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Preface 

In 2014, I was accepted to the master’s degree program in Sustainable Design in the School 

of Architecture at the University of Texas at Austin. I spent my first semester as a graduate 

student, abroad in Munich, Germany. There, I was part of the team working to design the 

NexusHaus – a house that competed in the U.S. Department of Energy (DOE) Solar 

Decathlon in October of 2015 (NexusHaus, 2016). During that semester, the team 

discussed the option of adding a vegetated (green) roof to the house we were designing. 

After visiting many German and Austrian facilities with such roofs, I discovered a new 

love for this roofing technology.  

During this semester, the Austin’s Lady Bird Johnson Wildflower Center director, Dr. 

Mark Simmons, visited Munich to present the work they had done in the Wildflower Center 

which included developing a green roof with native Texas plants that did not need much 

maintenance and survived the Texas summer heat and drought. I spoke to Dr. Simmons 

about my personal interests in green roofs and about my failed attempt to influence the 

team to include a green roof in the NexusHaus design. This chat led to the idea of 

developing a thesis proposal that included green roofs and solar panels as a single assembly 

system on top of the same roof in hot climates. My interest in learning more about such 

combination continued. While thinking about a thesis topic for my master’s in Sustainable 

Design, and with a background in electrical engineering, I knew that this was the perfect 

opportunity to combine both career paths. 

Dr. Simmons directed me to the work of the German architect Manfred Koehler, who 

combined photovoltaics (PVs) and green roofs in commercial buildings in Berlin, 

Germany. Koehler’s work consisted using green roofs as a passive methodology to lower 
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the surface temperatures of photovoltaic solar panels installed on buildings for in-situ 

electricity production. Green roofs through evaporation allow the solar panels to cool off, 

which is significant in the summer, when ambient temperatures can achieve over 40°C. 

This rise in surface temperature also increases panel’s temperature, which affects the 

energy conversion efficiency. Green roofs did work as a passive cooling technology for 

solar panels, and there were positive impacts on both technologies when combining them 

above the same roof in template climate (such as Germany) (Koehler, Wiartalla, & Feige, 

2007). However, this research remains an unexplored in warmer climates like Austin. 

During the first weeks of February, upon my return to Austin, I met once again with Dr. 

Simmons at the Lady Bird Johnson Wildflower center. We discussed the opportunity of 

making this project a reality at the Center (where the roof test plots were already 

established). We discussed how to approach the research – the types of plants that we would 

use, irrigation, and most importantly the research funding. He also showed me and 

explained the research about green roofs that was developed at the Center: several test plots 

that resembled different roofing technologies were constructed and tested to understand 

which was the optimal plant-soil mix for green roofs, while also understanding how these 

green roofs compared to white and dark membrane roofs. We discussed what I needed to 

do in order to update the roof plots and install solar panels on top of the green, black, and 

white roofs to test the hybrid system during spring and summer, when it was crucial to see 

the efficiency of the system as a whole. It seemed like the project was meant to be: the test 

plots were ideal since they were all the same area and the green roofs were functional for 

Austin. Also, having the opportunity to work and learn from Dr. Simmons for this project, 

was more than ideal. After the brief meeting we agreed to use the Wildflower Center 

facilities, and Dr. Simmons would be one of my mentors.  
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Unfortunately, this did not work out as planned during that week in early 2015. After I had 

just purchased a few solar panels, and had started brainstorming on how to install them at 

the Wildflower Center, Dr. Simmons passed away. It was September of 2015. Less than a 

year ago, and only a few months before I had planned on graduating, I lost a mentor and a 

thesis reader. Also, due to the untimely passing of Dr. Simmons I was left without any 

connection to the Center. I felt that I was back to square one: What should my thesis be 

about? 

At that point, I contacted several colleagues in Austin. This is when I met Lauren Stanley, 

who had worked with Dr. Simmons when she built her green roof on top of the Stanley 

Studios in east Austin. This green roof was designed to have native Texas grasses and 

wildflowers including agave, yucca, prickly pear, yaupon hollies, bluebonnets, black-

eyed Susans, and prairie coneflowers (Sanders, 2011). After several meetings, she agreed 

to let me install on her roof. After several months of delay, I started collecting data. The 

research officially started in early May of 2016.  

  



 viii 

Acknowledgements 

 

A huge thanks to Lauren and Lars Stanley, who opened their studio doors, beautiful roof 

garden, and their indispensable knowledge to help me in every way and anyway they could. 

I couldn’t have done it without you. For this research, I was mainly concerned on finding 

a functional and accessible green roof to install six solar panels and monitoring equipment, 

and the Stanley Studio roof was the perfect candidate. Also, another big thank you to Jim 

Kohler, for being a wonderful mentor, and for all the brainstorming, logistics, and 

installation help. I am not sure how I would have done it without them. Thank you.  

Thank you to my thesis advisors: Dr. Petra Liedl and Dr. Ananth Dodabalapur for 

providing me with needed insight to complete this project. A huge thanks to my 

grandfather, David Nelson, for being the non-official thesis advisor. To Dr. Joshua Rhodes 

and Dr. Michael Webber for sharing valuable data. Thank you to Dr. Ross Baldick, for a 

quick informal chat that allowed me to start thinking on how I could make all this work. 

Also, a big thank you to Dr. Sarah Dooling, Dr. Steven Moore, Dr. Kristine Stiphany for 

the support provided during the first phases of this thesis – when it all seemed impossible. 

To my family, mainly my parents and my sister, for being my pillars always, for letting me 

fly solo, for supporting me in every decision, and for being the best. To my friends, thank 

you for the timely distractions and for all the support when it was most needed. 

 



 ix 

Abstract 

 

Green roofs and solar panels as a single assembly system in Austin, TX 

 

Andrea F. Tosi, MSSD 

The University of Texas at Austin, 2016 

Supervisor: Petra Liedl  

 

Abstract: Green roofs and solar panels are used as sustainable technologies in the built 

environment. As any technology, these too have their limitations, especially in hot climates like 

Austin. First, the efficiency of solar panels reduces as their internal resistance increases with higher 

temperatures. Second, the plant’s roots extend horizontally in shallow growing medium such as that 

in green roofs. Therefore, the plant’s roots overheat, and these green roofs become, the not-so-

wanted, brown roofs. This research was developed to understand how these two technologies 

interact with each other as a single assembly system specifically how: 1) green roofs, through 

evaporation, can cool off the solar panels, and 2) solar panels can provide shade to cool off the 

plant’s roots.  

In this study, I present the results of combining green roofs and solar panels in Austin. I 

aim to understand how plants provide a passive form of cooling for the solar panels and if 

so, how power production is increased, and how the plants react to the shade produced by 

the solar panels and if this can keep the plant’s roots cooler.  
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 1 

Introduction 

With this thesis I explored how solar panels and green roofs work as a single assembly 

system in Austin, TX. Solar panels and green roofs are two sustainable practices that in the 

last decade have become extremely popular due to their potential to mitigate global 

warming. Green roofs have several benefits when designed and implemented correctly. 

They cool down the temperature around and inside a building due to evaporation and 

therefore, reduce the energy consumption and GHG emissions while decreasing the UHI 

effect, protect the building’s roof membrane, and reduce storm water run-offs (Liu & 

Backaran, 2003). Solar panels generate in-situ, clean energy. They are also easily 

transported and can be installed in the most remote places where there is no electrical grid 

infrastructure. The prices of solar energy have decreased significantly since 2009 (Nunez, 

2015), making this technology even more appealing. When combining these two practices 

as a single assembly, research has shown that in temperate climates, such as Germany, 

there are additional benefits and synergies between the technologies. However, it remains 

unclear how these two technologies can benefit each other in hot climates where both of 

these technologies suffer. 

In Austin, during the summer, ambient temperature will easily reach over 40°C, causing 

the surfaces in the city to achieve even hotter temperatures. On green roofs, the plant’s 

roots suffer when exposed to heat. The roots grow horizontally where the soil remains hot, 

and they cannot find deeper, cooler soil to grow vertically. The plants will suffer from high 

temperatures and green roofs often become “brown roofs” when the plants die due to heat 

(NPS, 2016).  

Solar panels are less efficient in hotter climates due to power production decreasing when 

exposed to extreme heat. This is because the internal resistance of the panels increases with 

temperatures in the case of crystalline and poly-crystalline silicon. Therefore, it is 
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important to find ways to cool down the panels in hot climates in order to improve their 

power production efficiency (Heim, 2012). Another important factor for this thesis is 

population growth in Austin and the direct impact to the loss of pervious cover in the city. 

Having a combined system composed of solar panels and green roofs that works in Austin 

could help mitigate some inherent issues that come with expanding cities. According to the 

last census, Austin has been one of the fastest growing cities in the United States 

(Weissmann, 2015). The city is expected to grow by over two million people by 2020 

(Gordon, 2009). With this growth comes an increase in impervious cover due to increases 

in the road systems, commercial areas, and low and high-density residential buildings. 

Population growth is also responsible for higher electrical demands during on and off peak 

hours, causing the city’s electric plants to emit more Green House Gas (GHG) when 

generating power from non-renewable sources.  

With this Master thesis, I aim to answer the over-arching question: What are the benefits 

in combining green roofs and solar panels over the same roof in Austin. As sub-questions, 

for further detail, I want to answer the following questions: 

1) Can green roofs, through evaporation, cool off solar panels enough to increase 

power efficiency? 

2) Can solar panels provide enough shade to plants on green roofs in order for their 

roots to not overheat and avoid having green roofs turn in to “brown roofs”? 

In order to answer this question, I collected surface temperature of roofs and solar panels, 

as well as voltage data. I analyzed how these correlated to one another. I also obtained 

irradiance data from the University of Texas’ Webber Energy Group, and ambient 

temperature data from Weather Underground (Weather Underground, 2016). I evaluated 

the data to help me understand how the surface temperature of three different roofing 

technologies compared to one another in terms of surface temperature, and how this surface 
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temperature affected the solar panels’ temperature. This analysis helped me understand if 

there were any benefits in combining green roofs and photovoltaics under a single system. 

Taking advantage of the evaporative cooling from green roofs, solar panels could be cooled 

down in order to target nominal operating cell temperature (NOCT) conditions. Equally 

important, solar panels can provide shade and help the plants thrive in hot climates such as 

Austin.  

This thesis is organized as follows: first, I present the reader with a literature review that 

overviews the three main themes in this work, green roofs, solar energy, and the 

combination of both for a greater benefit. The literature review gives a background on the 

two major components of this work. Second, I continue with the core of this thesis with 3 

chapters: 1) the combined system, which is divided in how the system is built electrically 

and installed on top of the Stanley Studio in east Austin; 2) data analysis, which 

compromises the major section of this report, where I analyze the data I obtained for a 

month in one-hour increments; and 3) results and recommendations, the final chapter where 

I summarize the research, explain the results, and give recommendations for planners and 

developers who are interested in combining these technologies in hot climates. I finalize 

this research with lessons learned and conclusions about the future of solar panels and 

green roofs as a single assembly system for Austin. 
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Literature Review 

The purpose of this section is to understand the importance of this thesis and the gap in the 

literature. The literature review is threefold: first, I present the studies developed on the 

efficiency of solar panels and the temperature effect; second, I introduce literature about 

the benefits and constraints of green roofs in hot climates; and finally, I summarize the 

research that has been developed about combining both technologies.  

The objective is to provide background on the limitations and benefits of both green roof 

and solar panel technology; as well as to orient the reader on the reasons why I decided to 

research on this topic for Austin. 

 

Temperature Effect 

This first section of the literature review focuses on the temperature effect in solar panels: 

as the operating temperature of crystalline or polycrystalline silicon photovoltaic modules 

increases the efficiency decreases. This is due to the increase in the internal resistance of 

the panel with heat (Harvey , Bennet, Blackwell, & Falconieri, 2015). Although 

temperature is a key variable for solar performance, the literature shows that wind speed 

and radiation are important when trying to decrease the panels temperature compared to 

the surface they are installed. The installation of the solar system will also play a key role 

in the variance of operating temperature at the module level. 

Garcia, Alonso; Balenzategui, J.L. “Estimation of photovoltaic module yearly 

temperature and performance based on Nominal Operation Cell Temperature 

calculations” Renewable Energy 29 (2004): 1997-2010 

A photovoltaic system is highly influenced by the temperature of the panel. Usually this 

dependence is included in the NOCT. In this research, Garcia and Balenzategui addressed 

two objectives: 1) how suitable is it to determine the NOCT of panels in hot climates, and 
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2) how to apply NOCT values in order to simulate annual energy yields. This study showed 

that under the same irradiance, but during times when the module’s internal temperature 

was higher, the NOCT values were different by 2-3°C. This difference was not significant 

when power production was simulated for the annual performance. More importantly, in 

order to predict the module’s temperature and performance specified in the NOCT, one 

must take into account the different encapsulations and structures of the solar panels. 

Ali, Humada; Hojabri, Mojgan; Hamada, Hussein; Samsuri, Fahmi. “Performance 

evalution of two PV technologies (c-Si and CIS) for building integrated photovoltaic base 

on tropical climate condition: A case Study in Malaysia” Energy and Buildings 119: 

233-241. 

This study highlighted the importance of analyzing photovoltaic systems under actual 

climatic conditions, especially in tropical climates. It is important to note that the chemistry 

used in solar panels will act differently under the same temperature. Poly-crystalline 

Silicon (p-Si) solar panels is affected more by temperature than amorphous Silicon (a-Si). 

Humada et al. analyzed and compared the performance of crystalline Silicon (c-Si) and 

copper-indium-diselenide (CIS) technologies. The research showed that CIS technology, 

although more expensive, yields to higher energy generation by almost 23% annually in 

hot climates.  

Nagengast, Amy, Chris Hendrickson, and H. Scott Matthews. “Variations in 

Photovoltaic Performance due to Climate and Low-Slope Roof Choice.” Energy and 

Buildings 64 (2013): 493–502. Web. 3 Feb. 2015.  

Amy Nagengast’s research paper on the variations in photovoltaic performance due to 

climate and roof slope determined the right roof slope for photovoltaic panels by using 

regression equations from a Pittsburgh study. This experiment was developed in three 

warm cities: San Diego, CA; Huntsville, AL; and Phoenix, AZ. The research introduced 
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the possibility of combining green roofs and photovoltaic panels in warm cities. Making a 

design decision the type of roof was key. The team studied how cool air, above a green 

roof increased PV outcome compared to dark roofs, and the difference in the electricity 

output between panels installed above a green and a dark roof. Finally, what were the 

different outcomes. The research described how the temperature coefficient for mono-

crystalline and thin film solar panels were important factors used to calculate PV 

efficiency. Although PV efficiency increased when solar panels were installed above a 

green roof, these improvements did not reflect the economic investment of installing such 

a combined system. However, other benefits to green roofs, like their ability to reduce the 

electrical consumption in a building and prolongation of the roof’s life, should be 

considered when running a cost-benefit analysis.  

Skoplaki, E.; Palyvos J.A. “Operating temperature of photovoltaic modules: A survey of 

pertinent correlations” Renewable Energy 34(2009): 23-29 

The operating temperature of solar panels can affect performance explicitly or implicitly. 

This study described how operating temperature of a solar panel affects performance 

through implicit correlations. Variables such as angle of installation and mechanical 

equipment were considered in their analysis. The research used software to model the 

explicit and implicit cases, concluding that the operating temperature was a key variable 

for solar power generation. However, most literature that discussed temperature as a 

variable that affects module performance, used the same “free standing” solar systems that 

are directly affected by wind speed. Therefore, this research shows that in order to 

understand the correlation between temperature and performance, it is key to also 

understand the solar application, the mounting geometry, and/or the building integration 

levels. 
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Green Roofs in hot climates and other roofing techniques 

This section is the largest for the literature review due to its importance in this research. 

First, articles of green roofs in different hot climates are described; however, it also 

includes articles that discuss how different roof technologies can help mitigate the common 

UHI effect. This mitigation is important in any city around the globe, but more importantly 

in hot climates. 

Sailor, David J., Elley, Timothy B., and Gibson, Max. “Exploring the Building Energy 

Impacts of Green Roof Design Decisions – a Modeling Study of Buildings in Four 

Distinct Climates.” Journal of Building Physics 35.4 (2012): 372–391. Web. 2 Feb. 2015.  

The use of energy modeling software EnergyPlus was used in Sailor’s research to 

determine the effects of different roof surfaces (black, white, and vegetative) and general 

energy consumption in buildings in different climates. The simulation included two 

relatively new constructions of a prototype office and a multi-unit residential building. The 

article discussed the benefits of green roofs: improving air quality, protection of the roof’s 

surface, and reduction of storm water runoff, UHI effect, noise, and indoor energy use. 

EnergyPlus was used as the modeling software and ASHRAE 2004 as guideline for the 

building prototype accounting for the proper climate zones in each city that was modeled. 

During the simulation, a baseline green roof was compared to conventional roofs and to 

highly reflective roofs in Phoenix, AZ, Portland, OR, Houston, TX, and New York, NY. 

Another comparison was done by modifying the green roof and comparing it to the 

baseline. It is important to note that these green roofs were assumed to not be irrigated. 

This research showed that in modeling the type of roof used in new building (which have 

high levels of roof insulation), green roofs had greater energy savings compared to other 

roofs.  
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Simmons, Mark T. et al. “Green Roofs Are Not Created Equal: The Hydrologic and 

Thermal Performance of Six Different Extensive Green Roofs and Reflective and Non- 

Reflective Roofs in a Sub-Tropical Climate.” Urban Ecosystems 11.4 (2008): 339–348. 

Web. 1 Mar. 2015.  

Dr. Simmons´ research was developed at the wildflower center in Austin to determine the 

performance design of green roofs with native Texas plants compared to reflective “white” 

roofs and to dark roofs. This research compared the temperature inside the building to at 

the surface temperature of the roof as well as the water runoff from medium and big rain 

events in Austin during 2007, when using green roofs, reflective (white) and non-reflective 

(black) roofs. The experiment compared, besides the dark and white roofs, 6 different 

designs of green roofs. The results of the research showed that during warm days, indoor 

temperature was significantly lower with green roofs, however during colder periods there 

was no difference. The temperature at the roof’s surface was different, showing green roofs 

were up to 18 °C cooler than dark roofs. Water runoff was also tested, however in rainfall 

events greater than 10mm of rain, the green roofs showed difficulty in retaining the water 

according to the design of each green roof. Dr. Simmons concluded that in order to have 

an effective green roof, it must be designed for a specific area.  

Markham, Jared, and Todd Walles. “Making Green Roofs Simple.” Environmental 

Design & Construction 6.6 (2003): 58. Web. 1 Mar. 2015.  

In the article, Markham explained the benefits of installing a green roof in large buildings 

with large roof areas. Locales in Germany and Tokyo have already implemented a policy 

to plant vegetation in some parts of such roofs. North America is starting to catch on to the 

trend, especially Canada, and some states like Oregon, Washington, Illinois, and Maryland. 

The study described the basic design of a conventional (built-in) green roof and the layers 

the designs need in order to be successful such as the depth of soil needed, the materials to 
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contain water runoff, and the type of vegetation. The research also described some 

disadvantages of green roofs such as weight loads on the building. Modular green roofs are 

easier to install on any roof, since these are pre-planted and can be modified according to 

the building. They are also cheaper and lighter while also allowing for simpler 

maintenance.  

Wong, Nyuk Hien et al. “Investigation of Thermal Benefits of Rooftop Garden in the 

Tropical Environment.” Building and Environment 38.2 (2003): 261–270. Web. 1 Mar. 

2015.  

In this article the researchers answered how the surface temperatures can be reduced with 

different Leaf Area Index (LAI) from different plants. The research was developed in 

Singapore during 17 days in the months of October and November. The more foliage the 

plants have and the more area they cover, the better the cooling effect from the green roof 

compared to the surrounding area and to the building’s interior. The study not only tested 

the surface temperatures on green roofs versus dark roofs, but also tested the ambient 

temperature, humidity, and global temperature at 300, 600, and 1000 mm above the roofs 

and showed that green roofs are able to cool the ambient temperature around them and 

therefore, effectively mitigate the UHI effects in tropical climates.  

Santamouris, M. “Cooling the cities – A review of reflective and green roof mitigation 

technologies to fight heat island and improve comfort in urban environments” Solar 

Energy 103 (2014): 682-703 

The most documented phenomenon of climate change is the UHI effect which makes cities 

much hotter compared to the surrounding suburban areas. In this research, Stantamouris 

analyzed tens of studies in order to show the state of the art on reflective roofs and green 

roofs. Highly reflective roofs showed an average decrease in city ambient temperature, 

while green roofs – if applied at city scales – could reduce this temperature anywhere from 
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0.3 to 3°C. The research showed that in order to compare the mitigation potential of these 

technologies, four key parameters should be accounted: solar radiation intensity, ambient 

temperature, humidity, and wind speed and precipitation. These determine the heat storage 

and surface temperature of the roofs and directly affect the building’s internal temperature. 

Also, extreme sensible and latent heat are highly correlated with ambient temperature. 

Additionally, precipitation is highly correlated with latent heat in green roofs. Second, the 

high albedo values in reflective roofs decrease the heat absorption in roofs, causing a lower 

heat convection into the building; also green roof’s present a high emissivity that ranges 

from 0.9 to 0.95 depending on the vegetation. A third parameter for this comparison was 

the thermal variables, which defined the heat stored and transmitted to the building. Finally, 

the authors took into account hydrological variables mainly on the latent heat of green 

roofs. The result concluded that green roofs present higher mitigation potential during peak 

heat times of over 400 W/m². However, both technologies show significant opportunities 

for urban climatic improvements.  

Zinzi, M. and Agnoli, S. “Cool and green roofs. An energy and comfort comparison 

between passive cooling and mitigation urban heat island techniques for residential 

buildings in the Mediterranean region”. Energy and Buildings 55 (2012): 66-76 

Global warming and urban sprawl cause a variety of environmental hazards. One such 

hazard is the already mentioned UHI effect. When analyzing city density, approximately 

20-25% of the urban surfaces are roofs, and therefore show a potential of being areas where 

cool and green roofs can be installed to mitigate such conditions. This research aimed to 

make a comparison between cool and green roofs through modeling in different cases. 

Results showed that green roofs are affected by climatic conditions, and therefore can be 

very hard to model. However, simulations did show that cooling effects of these roofs will 
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depend on how wet they are. On the other hand, simulations showed that cool roofs are 

more effective in the hotter regions of the Mediterranean.  

 

Combined System 

In this section of the literature, I selected articles that have already done preliminary 

research on combining these two systems -mainly in temperate climates. However, some 

research was done in hotter climates such as northeastern Spain. The articles show positive 

results when combining these two systems under the same area. 

Chemisana, D., Lamnatou., Chr. “Photovoltaic-Green Roofs: An Experimental 

Evaluation of System Performance.” Applied Energy 119 (2014): 246–256. Web. 31 Jan. 

2015.  

The article verified the positive alliance between green roofs and solar panels. This 

research was conducted in Lleida, Spain which has a Mediterranean climate. Several 

investigations showed that the efficiency of solar panels was directly linked to the 

temperature – with increasing temperature, the efficiency of the solar panel decreases 

which explains the benefits of green roofs. It described a few experiments performed to 

understand the performance of a system that combined both technologies. The 

experimental procedure was explained in detail with descriptions of weather conditions, 

precipitation ranges, wind speeds, and times when the data was collected. This experiment 

showed that green roofs improved the efficiency when compared to a gravel roof. 

Lamnatou, Chr., and D. Chemisana. “A Critical Analysis of Factors Affecting 

Photovoltaic-Green Roof Performance.” Renewable and Sustainable Energy Reviews 43 

(2015): 264–280. Web. 2 Feb. 2015.  

“A Critical Analysis of Factors Affecting Photovoltaic-Green Roof Performance” 

describes and compares different experiments where green-roofs and solar panels were 
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combined as a single assembly system. The study presented several factors that are 

associated with a combined system Such benefits included the electrical output 

improvement which depended on plant species, weather conditions, evapotranspiration, 

and roof reflectance. Buildings where such systems were installed received additional 

benefits since they produced in-situ electricity. The panels provided protection to the plants 

from the direct sunlight exposure, while also utilizing the roof for potential activities like 

urban agriculture. The article also introduced ways to increase the system’s value such as 

innovative policies, subsidies from the government to promote green roofs, specializing 

and training installers, and choosing low-cost plants. Finally, the paper emphasized the 

combined technology should be promoted for sustainable buildings in warm climates.  

Koehler, M., Wiartalla, W., Feige, R. “Interaction between PV-Systems and Extensive 

Green Roofs” Greening roofs to sustainable communities. Minneapolis; April  

29–May 1, 2007.  

The research by Manfred Koehler with the University of Applied Sciences 

Neubrandenburg and Ufafabrik (Berlin) titled “Interaction between PV-Systems and 

Extensive Green Roofs” aims to improve photovoltaic technology. Two power plants 

(53KWpeak and 19KWpeak) were installed on top of already existing green roofs in 

Berlin, Germany. For this research they installed solar panels on green roofs and on 

bitumen (black) roofs. Some panels were installed at 8°, 20°, 30° inclinations, and others 

were installed to follow the sun (tracking system). They also used different inverter 

technologies for each panel. Koehler concluded that green roofs yield an improvement in 

electricity production from the panels, that both green roofs and solar panels offer 

protection from solar radiation and reduce the roof’s aging rate, and finally that solar 

tracking systems will result in higher PV production output.  



 13 

Torres Lobera, Diego; Valkealahti, Seppo. “Dynamic thermal model of solar PV systems 

under varying climatic conditions” 

As the operating temperature of a solar panel increases, the voltage and therefore, the power 

production of the panels decreases. Changes in climatic conditions will dynamically affect 

the thermal performance of photovoltaic modules. In this work, Torres Lobera and 

Valkealahti showed that the temperature of the roof played an important role in radiation 

losses. In cloudy days, the temperature of the roof can be compared to the ambient 

temperature because of the low irradiance level on the module. Such assumption is also 

fair for buildings with green roofs that do not absorb so much heat (unlike dark roofs). 

Because green roofs will have a surface temperature closer to the ambient temperature, 

then these will not affect the panel’s temperature through radiation, making these surfaces 

optimal to install solar panels in combination with vegetated roofs. 

“French Law Mandates Green Roofs, Solar Panels.” Triple Pundit: People, Planet, 

Profit. N.p., n.d. Web. 6 Apr. 2015.  

In March 2015, the French parliament passed a law that requires new buildings to be either 

covered or partially covered in vegetation or solar panels since both have been shown to 

mitigate the UHI effect in cities. France lags solar production in Europe with 613MWatt 

installed compared to Germany, Spain and Italy. This installation accounts for only one 

percent of the energy consumption in France. The article also explains the UHI effect and 

the reason why cities are warmer than rural areas. According to a study from Michigan 

University, green roofs could save the building up to $200,000 over its lifetime even though 

the initial installation costs are higher than installing a conventional roof.  
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Chapter 1 

  

The system 

 

In this chapter, I present detailed description of the installed system composed of a 

functional green roof in Austin, TX and amorphous silicon solar panels. I first define the 

system boundaries – the limitations to the research. Then, Icontinue with a detailed 

description of the electrical system that contains solar panel and the data acquisition 

equipment. Finally, I detail the green roof, its soil depth, composition, plants, and area. 

This experiment was developed on top of the Stanley Studio offices in east Austin, where 

there is a functioning green roof. The roof is in its majority covered with vegetation. 

However, about 2 feet around the edge of the roof there is a walkway made out of wood. 

On this walkway, on the northern edge, I placed two membranes, one black and one white, 

in order to simulate dark and highly reflective roofs in the city, respectively. I added these 

membranes to understand how the surface below the solar panels could impact the solar 

panel’s power production. Having different surfaces allowed me to compare and analyze 

correlations between the surface and panel temperature. In this experiment I compared 

between three different cases: 1) two solar panels installed on top of a black membrane, 2) 

two solar panels on top of a white membrane, and 3) two solar panels on top of the 

vegetated portion of the roof. The relationship between power production and temperature 

effect in the system was tested by comparing the voltage output from the panels installed 

on top of the different roof membranes versus the ones installed over the green roof. 

Temperature of the panel and the surface, as well as the panel’s voltage output were the 

three main variables analyzed during this research. In Figure 1. I show a schematic of where 

each set of panels was installed in relation to the roof.  
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Figure 1. Roof schematic 

 

The schematic shows the panels in relation to the green, black and white surfaces. The 

black and white areas were equal, however, as the schematic shows, these were much 

smaller than the green roof. It is important to note that on the green roof, a large line of 

Cacti covers the southern edge of the roof, these are not casting any shade on the green 

panels. 

Figure 2. shows the final installation at the beginning of the experiment in early April when 

Bluebonnets where at their seasonal peak. To the left of the picture, the solar panels were 

installed above vegetation. To the right (and side-by-side) the panels were installed above 

white and on black membranes. It is important to note that to the far right another set of 

solar panels can be viewed. These serve the Stanley Studio offices in the ground below the 

green roof and they are not part of this experiment. 
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Figure 2. Final installation  

 

System Boundaries 

As in any field project, one of the more important steps is to define the system boundaries. 

For this research, there were several constraints taken into account in order to define these 

boundaries correctly. For this project, the limitations were economical, infrastructural (roof 

and the panels), schedule, and weather (2016 was a wetter and milder spring than other 

years, which was not ideal for the data collection).  

Ideally, this experiment would have been developed on a roof that had the same area of 

green, white and black roofs; or in a place that, like the Lady Bird Johnson Wildflower 

Center, had test plots with simulated roofs (dark and light membrane, as well as vegetated 

green roofs with native grasses and succulents) exposed to the same conditions.  
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Black, white and green roofs have a defined albedo; therefore, for this research, I was 

looking for a place that had specific albedos of: 0.8 for the highly reflective roof (white 

surface), 0.1 for the black roof, and for the green roof somewhere in between, 

understanding that the albedo of green roofs will be variable. Usually, through evaporative 

cooling, a green roof could have an albedo of any value between the 0.7-0.85 range 

(Garrison et. al. 2012). Unfortunately, I did not find roofs that would give me all three 

specified albedos. Therefore, once I found a functional green roof over the offices of the 

Stanley Studies, I used white and black membrane to cover a section of the roof and assume 

these to be the highly reflective (white) and non-reflective (black) roofs. The specifications 

for these membranes were not available. 

Although the green roof was functional as a green roof for Austin, the roof was also one 

major constraint to this research. The majority of the roof is vegetated, leaving just a small 

area around it to experiment with different type of surfaces where I tested out the highly 

reflective and dark surfaces. I was able to add membrane to the un-vegetated area of the 

roof. However, this area is not a common prototype of the building’s roof since it is a 

wooden walkway, not a roof per se. The area that spanned the black and the white 

membranes was smaller than the area under the panels above the green roof. This was due 

to the limited area without vegetation, and only a small portion of the roof ended up shaded 

by the panels. In Figures 3 and 4 below, the wooden structure that surrounds the green roof 

is visible. In the picture to the right, the wooden walkway is covered with the white and 

dark membranes mentioned above.  
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          Figure 3. Wooden Walkway            Figure 4. Membrane below panels 

 

Figures 3 and 4 show the limited space around the wooden walkway on the perimeter of 

the green roof. The panels installed on top of the black and white membrane have a limited 

area compared to the green roof.  

The black and white membranes were installed side by side on the northern edge of the 

green roof in order for the panels to face the south. I used left over membranes from the 

Stanly studios, and unfortunately I was not able to get the brand name or specifications for 

them. The black surface is to the east, while the white is installed further west. A closeup 

of these installations is seen in Figure 5 and 6. The panels above the green roof were located 

at the center of the green roof over an area without any shading from the cactai or bigger 

trees around the area. 
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                     Figure 5. White roof       Figure 6. Black roof  

 

Figure 5 and 6 show the structures I built to hold down and install the panels at an optimal 

angle. However, because the research was meant to span several months of the year, this 

angle is slightly higher than the optimal 26° recommended by Rhodes and Upshaw (Rhodes 

et. al., 2014). This was done in order to account for the low solar angles in the winter 

months. All panels were set up to the same angle. Therefore, the comparison and analysis 

was one-to-one. 
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                      Figure 7. Green roof                        Figure 8. Green roof under panels  

 

As in the pictures for the white and black membrane (Figure 5 and 6, respectively), Figures 

7 and 8 show a closeup of the area around and below the panels installed on the green roof. 

At the moment of installation there were already several plants growing in the area. This 

was important as a starting point to see if these plants could thrive under the shade or not. 

A second constraint to this research was the equipment used for data collection and the 

limited funding. In order to obtain the right set of data that included irradiance, ambient 

temperature, humidity, voltage, and current, I needed a weather station and very expensive 

data loggers (mainly for current). This was not possible due to limited funds. As a result, I 

used temperature sensors and loggers, as well as voltage loggers to collect the data. The 

irradiance data was obtained from the Webber Energy Group at The University of Texas 

at Austin. Unfortunately, the lab had some issues with their sensors and I was only able to 

get data for the first 18 days of May. Therefore, only about a third of the data I collected 
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has irradiance data paired with it. The current was not necessary in the end, since I only 

used voltage to analyze power production. 

The overall objective of the research was to collect data throughout the year in order to 

compare the hotter and cooler days. The electrical system was ready to be installed by 

December of 2015; however, Lauren Stanley, the roof’s owner, suggested purchasing more 

solar panels for shading purposes. This way I could get a better idea of how the shading 

would play an important role. This factor was key to understand how the panels could help 

the plants. The installation was delayed due to getting new panels and preparing new 

structures for installation.  The green roof was also a hold-up. After the winter, the roof did 

not have many plants. In early March some grasses and other plants were seeded, and it 

wasn’t until April that I was able to install the system once those seeds started sprouting. 

Due to timing, the data collected only spanned the spring and early summer months. The 

core of the research, namely understanding how the combined system would work, was 

possible since I was able to get data in May and beginning of June. 

Although data was collected for some weeks in April, that month’s data was not analyzed 

due to the heavy rains in Austin. This was not a typical year for rainfall in Austin. In the 

first half of 2016 about 88 cm of rainfall were recorded. This amount of rain was usually 

the average annual rainfall in prior years. This, of course, is great for the green roof, since 

irrigation was not necessary. However, the irradiance for the panels was not ideal for power 

production. The overall objective was to understand how this system would function under 

hot climate, and April remained cooler than an average month. 

 

The green roof 

The green roof is located in east Austin over the offices of the Stanley Studio Architects. 

Installed in 2009 it is an extensive green roof approximately 10cm deep. The green roof 
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spans across a rectangular space. It was designed using a non-proprietary system of 

waterproof layer, aluminum edging, drainage and water retention layer, growth medium, 

and native Texas plants (Stanley Studios, 2010) such as prairie grasses, wildflowers, as 

well as drought and heat tolerant ground covers. The roof lies on a 1:12 pitch shed roof, 

with an inclination from south to north. The total area of the green roof is 525 square feet. 

Every year, the roof plants get replanted from seed since most die during the summer due 

to lack of water – the owners use this roof as an experimental area to try out different 

vegetation and maintenance methods to better understand what works in Austin. The 

wildflowers are not re-seeded since they follow their annual cycle and start growing at the 

beginning of spring. The Cacti on the southern edge of the roof have survived several 

winters and remain the sole plant alive throughout the year. A couple of succulent plants 

live through the summer heat and drought as well. 

This year was no exception for the wildflowers and the seeding of the plants. In mid-March 

several plants were seeded and due to the rain received in April and May, there was no 

extra irrigation maintenance required for these to thrive through the spring. The Texas 

Bluebonnets were already flowering by the time the seeding occurred, and during the 

installation of the solar panels on the roof. The following pictures show a chronological 

advance of the green roof through the spring and early summer (from top left to bottom 

right). This will give the reader an idea of how the green roof progressed during the weeks 

of data collection. It follows the same pattern as any garden on the ground and, as will be 

explained in the analysis sections, like any garden, a roof garden also needs irrigation for 

survival, even though only native plants are considered.  
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Figure 9. Green roof viewed from the East     Figure 10. Green roof viewed from the North 

 

During the first weeks of April, the green roof already had some Bluebonnets. These plants 

were not seeded during mid-March period. However, several of the plants that were seeded 

in early spring started sprouting at the time of the system’s installation. Within just a few 

weeks, by early May, these plants grew to about 10 cm high. This is clearly shown in Figure 

11 below. 
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Figure 11. Plant growth by the first week of May 

 

By early May, the vegetation covered the roof in its majority. Sprouts got taller and the 

green roof got greener. During the month of April and beginning of May, the rain fall kept 

the vegetation healthy. By this time, the Bluebonnets started dying off, and other 

wildflowers appeared, as can be seen in Figures 15 and 16. By the end of May, the roof 

became a full grown garden. Wildflowers, other than Bluebonnets, grew in May as well as 

the Texas native grasses.  
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    Figure 12. Bee on a Blue Bonnet  Figure 13. Ladybird on white wildflower 

 

 

      
                Figure 14. Full grown grass      Figure 15. Texas Indian Paintbrush  
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Figure 16. Texas grasses and Prairie Fleabane wildflowers  

 

It is visible in these pictures that the wildflowers and grasses are growing healthy after they 

were planted in early March. The rain fall during this time was much more than any other 

year, which resulted in another research limitation since the summer heat started later than 

it would usually start.  

All of these plants had no issue of growing in a shallow layer of soil, and as long as there 

was enough irrigation, the grasses thrived. This green roof is also a great example that a 

roof can have a variety of plants living together.  

 

Electrical components and system  

The electrical system was composed of the solar panels, each connected to a 21.5ꭥ resistor 

as a load sink, and two types of thermometers: one attached to the bottom of the solar 
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panels and a second that was placed on the surface under the shade of the panels. All 

equipment had logging capabilities and collected data every two minutes. 

All solar panels used in this research project had the exact same dimensions, amorphous 

Silicon chemistry, and were from the same manufacturer. Each panel was named after the 

surface where they were installed on top of. From here, throughout the report, I will 

describe the panel that was installed above the vegetated surface as the “green” panel. I 

will do the same for the other two, referring to the panels as “black” and “white”. The solar 

panels were amorphous silicon, with a maximum power of 18 Watts and maximum short 

circuit current of 1.2 Amps. Their physical dimensions are 91.44 x 31.24 x 1.27 cm and 

each weighed about 3.5 kg (Nature Power, 2016). They were connected to a 21.5ꭥ resistor 

from where the voltage was logged. The solar panels were installed at a 30°, and spanned 

1.83m on each surface (2 are used over each surface). Although there were two panels per 

surface, the data was collected only from one of the panels; the other panel was used for 

shading purposes only.  

There were two sets of thermometers logging the temperature data. One was for the solar 

panels and the other for the surfaces. For the solar panels, the thermometers were attached 

to the back of the solar panels with duct tape. Therefore, the temperature recorded was not 

a measurement of the internal temperature of the panel, but it gave a good idea of how hot 

these panels got when compared to the ambient or surface temperatures where they are 

installed. The thermometers used are Elitech RC-4 temperature data logger. They measure 

temperature with an NTC internal thermal resistor and have a range of measurement from 

-30 to +70°C at a 0.1°C resolution.  They are waterproof and powered by a battery. Each 

thermometer is 80 x 34 x 14 mm and weights approximately 30g (Elitech, 2016). 

The second type of thermometer was used for the surfaces below the panels. These 

thermometers are the Inkbird THC-4 Temperature and Humidity Data Logger. Their 
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measurement range is from -30 to +60°C at a 0.1°C resolution. Each thermometer has a 

probe that was either taped to the surface (in the case of the white and black membranes) 

or stuck in the soil (in the case of the green roof). The thermometer is 9 x 5 x 1.7 cm. 

Prior to putting the circuit together, and building the system to install on the green roof, I 

made sure each resistor was the same, using a power source from a laboratory to measure 

the accuracy as precisely as possible. I connected each resistor to the power source and put 

5 and 20V across each resistor for three consecutive times one minute apart. Using a 

laboratory voltmeter, I also measured voltage across the resistor to make sure it matched 

the power source. After six measurements, the voltage across the resistors all matched the 

power source. I concluded there would be no need for calibration, and I connected these to 

the panels directly. Any mismatch on the voltage after connecting panels and resistors, was 

coming directly from the panels.  

I calibrated the panel, once I made sure all three resistors were equal to one each other. 

This calibration was important to know the initial differences between each panel before 

setting them on different roofs. I placed all the panels over a cement driveway and once 

the panels had been in the sun for a while, I measured the voltage from each panel across 

each resistor three times. Table 1 below shows these voltages.  

 

Table 1. Voltage Output for panels 

 1 2 3 Average Difference 

Green Roof 11.7 11.7 11.4 11.6 0 

White Roof 11.5 11.7 11.6 11.6 0 

Black Roof 10.3 10.2 10.2 10.23 -1.37 
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The panels above the green and the white roof, according to the calibration, were producing 

the same amount of power. The panels above the black roof was producing less. This was 

accounted in the analysis section below.  
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Chapter 2 

Data, Analysis, and Results 

In this chapter explain in detail how I collected the data and how I evaluated the results. 

I’ve divided this chapter in three major sections: 1) Data: where I will describe the data I 

collected and how I organized it; 2) Analysis: where I explain what the data is expressing; 

and finally 3) Results: where I detail the graphical and statistical analysis performed to 

make sense of the data. 

 

Data Collection 

The data is divided in quantitative and qualitative data. The quantitative data will aim to 

answer the first research question: How can the installation surface (green, black, or white) 

affect the temperature of the panels? Will this effect be enough to have a positive impact 

on power production from the solar panels? The qualitative data aims to answer the 

question of how the panel’s shade can impact the plants below the panels. 

I collected data for the month of May and the first couple of weeks of June of 2016. The 

data collected included voltage across a resistor connected to the panels, temperature on 

the surface below, and the temperature behind the panels for every two minute interval. 

This data was then averaged to the hour in order to have smoother curves and eliminate the 

noise when graphically analyzing the points. By organizing the data in a per hour basis, I 

was also able to include the irradiance data obtained by the Webber Energy Group and 

ambient temperature from the Weather Underground database (Weather Underground, 

2016). 

I organized the data by day with Microsoft Excel. I created a new column that indicated 

the hour when each data point was taken with Excel’s function “hour”. Once this column 

was populated, I used the Subtotal tool under the Data toolbar to average out all the two-



 31 

minute data to the hour. Table 2 shows an example of the final result of the data tables for 

each day.  

 

Table 2. Organized Data 

 

 

Having data organized by day was helpful to overview the overall day to day interactions 

between the different components of the system. I graphed the day-to-day results (shown 

in Appendix A). However, by doing so there was no clear pattern to analyze. 

The second step was to make the data more meaningful. I removed the day-to-day view, 

and took it a level of detail further: I analyzed hour to hour during every day selected for 

analysis. Table 3 shows this data in more detail. This table also organizes the data to better 

understand what is happening hour-to-hour during the analysis phase. 

 

 

Time 

[hh:ss]

Control 

[°C]

Black 

Surface 

[°C]

Green 

Surface 

[°C]

White 

Surface 

[°C]

Black 

Difference

Green 

Difference

White 

Difference

Black 

Panel 

[°C]

Green 

Panel 

[°C]

White 

Panel 

[°C]

Black 

Voltage 

[V]

Green 

Voltage 

[V]

White 

Voltage 

[V]

Irradiance 

[W/sqm]

Temperature 

[°C]

0:00 25.23 22.53 25.36 23.12 -2.71 0.13 -2.12 22.16 22.17 21.98 0.00 0.00 0.00 -1.39 23.30

1:00 24.91 23.05 25.08 23.30 -1.86 0.17 -1.61 22.87 22.78 22.72 0.00 0.00 0.00 -0.64 23.30

2:00 24.66 22.90 24.89 23.30 -1.76 0.24 -1.36 22.90 22.81 22.77 0.00 0.00 0.00 -0.63 23.30

3:00 24.43 22.45 24.76 22.94 -1.98 0.32 -1.49 22.33 22.40 22.18 0.00 0.00 0.00 0.28 23.30

4:00 23.99 21.14 24.46 22.00 -2.85 0.47 -1.99 21.02 21.31 20.92 0.00 0.00 0.00 -0.59 22.20

5:00 23.59 21.29 24.17 21.84 -2.30 0.58 -1.75 21.08 21.28 20.94 0.00 0.00 0.00 -0.10 22.20

6:00 23.29 21.35 23.96 21.76 -1.94 0.67 -1.53 21.09 21.25 20.98 0.02 0.04 0.03 1.29 22.20

7:00 23.33 22.70 23.87 22.62 -0.63 0.54 -0.70 22.39 22.40 22.27 0.97 1.29 1.37 72.77 22.80

8:00 24.28 26.90 24.52 26.06 2.61 0.24 1.78 27.47 28.40 28.21 3.05 3.59 3.86 221.73 24.40

9:00 25.97 30.07 25.58 28.88 4.10 -0.40 2.91 33.16 32.65 33.62 4.43 4.32 4.78 312.07 25.60

10:00 26.70 28.21 25.96 27.84 1.51 -0.74 1.14 30.31 29.44 30.29 2.75 2.84 3.09 145.60 24.40

11:00 26.45 25.48 25.70 25.77 -0.97 -0.75 -0.68 27.06 26.49 26.94 1.60 1.80 1.78 80.28 20.00

12:00 27.04 25.77 25.20 25.42 -1.27 -1.84 -1.62 32.44 31.46 32.25 8.77 9.52 9.99 576.65 23.90

13:00 31.57 34.75 26.70 33.40 3.18 -4.87 1.82 47.74 45.11 47.45 11.09 11.02 11.83 714.85 25.60

14:00 32.97 36.39 28.05 35.45 3.42 -4.92 2.49 44.63 43.09 45.48 9.82 10.02 10.72 608.09 27.20

15:00 34.53 35.73 28.96 35.91 1.20 -5.57 1.38 45.89 44.05 46.43 7.06 6.73 7.08 385.33 26.70

16:00 33.48 35.00 28.71 33.73 1.52 -4.77 0.24 40.07 38.18 40.03 7.68 7.96 8.43 503.07 27.20

17:00 33.79 34.41 29.14 33.55 0.61 -4.65 -0.24 37.86 36.10 37.97 4.51 4.47 4.80 289.58 28.30

18:00 32.74 32.40 29.17 31.97 -0.34 -3.58 -0.78 33.99 32.48 34.28 2.88 2.53 2.74 181.11 27.20

19:00 30.57 26.72 28.11 27.64 -3.84 -2.46 -2.92 27.17 26.61 26.98 0.96 0.84 0.91 34.49 26.10

20:00 28.85 24.63 27.14 25.54 -4.22 -1.71 -3.31 24.18 24.09 24.01 0.04 0.02 0.02 1.13 25.60

21:00 27.70 23.66 26.46 24.64 -4.04 -1.23 -3.06 23.42 23.46 23.33 0.00 0.00 0.00 -1.64 25.00

22:00 26.56 22.16 25.78 23.33 -4.40 -0.78 -3.23 21.76 22.08 21.73 0.00 0.00 0.00 -1.61 24.40

23:00 25.61 21.47 25.16 22.50 -4.14 -0.46 -3.11 21.00 21.35 20.97 0.00 0.00 0.00 -1.21 23.90
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Table 3. Data organized per hour 

 

 

Although the description and tables mentioned above where important for quantitative 

analysis, I also collected data for the qualitative section of this panel which was in picture 

form. Several of these pictures have already been shown in previous sections of this report, 

however in the analysis section, I will show the progress of the green roof and the plants 

below the panels with the pictures taken during the data collection period. 

 

Analysis 

Following the literature review, I selected the methods used in Chemisana and Lamnatou 

to continue with my analysis. In their research, Chemisana and Lamnatou collected two 

months’ worth of data, but only selected five days to do the analysis. In order to be as 

precise with their analysis they selected sunny days with no wind. This allowed them to 

keep the variables as controlled as possible on a testing scenario. For this research, I did 

not have access to any wind data; however, from the irradiance data, I was able to select 

the sunnier days for the analysis. The analysis days were selected using figure 17 and Table 

4 shown below.  

Day at 

10:00am

Control 

[°C]

Irradiance 

[W/sqm]

Black 

Panel 

[°C]

Green 

Panel 

[°C]

White 

Panel 

[°C]

Black 

Surface 

[°C]

Green 

Surface 

[°C]

White 

Surface 

[°C]

Black 

Difference

Green 

Difference

White 

Difference

Black 

Voltage 

[V]

Green 

Voltage 

[V]

White 

voltage 

[V]

Temperature 

[°C]

5/3 26.13 661.55 36.15 35.63 34.28 23.87 21.08 22.38 -2.27 -5.05 -3.75 10.83 10.41 11.50 16.10

5/4 30.07 656.52 38.82 37.67 36.82 27.07 22.68 24.85 -3.00 -7.38 -5.22 10.72 10.33 11.39 24.40

5/5 34.12 661.80 42.96 41.67 41.05 30.29 24.81 28.10 -3.84 -9.31 -6.02 10.89 10.75 11.67 26.70

5/6 34.47 661.44 41.11 41.06 41.08 29.16 25.53 27.51 -5.31 -8.94 -6.96 10.84 10.72 11.64 25.60

5/10 30.01 622.15 43.69 43.66 44.28 33.56 26.68 32.62 3.55 -3.33 2.61 9.83 10.42 11.13 28.30

5/13 28.00 603.78 42.65 40.52 42.38 32.47 25.05 31.25 4.47 -7.43 6.20 9.88 10.15 11.03 26.70

5/17 22.03 75.48 22.47 22.36 22.40 21.28 21.80 21.68 -0.75 0.52 -0.12 1.80 1.82 1.94 20.00

5/18 22.62 267.39 27.67 28.04 27.22 23.07 20.86 20.97 0.45 -2.22 0.12 5.10 5.12 5.70 19.40
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Figure 17. Irradiance plotted against day 

 

The curves reflected in orange were determined as sunny days. These were selected for 

analysis. The orange lines in Figure 17 and the columns in Table 4 represent the days that 

were selected for analysis. The values in W/sqm of hourly irradiance are labeled per day 

in Table 4. 

 

Table 4. Irradiance data 

 

 

Time 3-May 4-May 5-May 6-May 7-May 8-May 9-May 10-May 11-May 12-May 13-May 14-May 15-May 16-May 17-May 18-May

6:00 2.62 1.42 0.89 1.43 1.29 1.16 0.57 0.04 2.07 1.29 2.21 1.16 2.21 -0.4 1.44 2.44

7:00 82.54 77.69 83.2 81.05 79.07 51.65 47.41 10.72 28.9 72.77 74.51 39.15 54.42 26.94 26.12 35.87

8:00 250.08 250.01 258.63 262.18 250.32 97.31 231.1 84.07 97.98 221.73 184.88 198.37 159.42 106.35 44.62 138.32

9:00 482.66 480.44 482.26 490.06 509.99 91.24 385.23 336.12 427.35 312.07 418.75 298.75 225.93 107.9 49.7 213.45

10:00 661.55 656.52 661.8 661.44 608.08 81.75 452.77 622.15 645.82 145.6 603.78 358.65 276.47 84.77 75.48 267.39

11:00 845.03 839.93 836.33 846.98 817.99 66.66 471.01 793.66 809.76 80.28 772.11 274.47 318.21 347.15 359.82 625.74

12:00 946 941 910.28 947.45 924.62 151.93 543.52 895.87 852.3 576.65 764.31 131.32 250.68 474.59 525.09 755.31

13:00 978.2 974.45 930.95 978.52 953.92 81.93 685.25 894.36 686.59 714.85 863.26 58.44 349.58 540.5 552.91 780.14

14:00 944.6 940.02 927.41 943.38 820.19 83.56 842.9 746.75 358.87 608.09 735.07 57.89 285.3 697.85 755.77 689.41

15:00 839.32 836.65 799.38 840.89 432.78 305.03 766.08 723.99 503.67 385.33 485.07 17.42 207.21 542.93 783.2 625.69

16:00 654.6 654.74 637.85 653.86 562.66 163.88 592.14 542.59 452.12 503.07 368.9 18.6 134.65 241.56 645.52 191.93

17:00 473.56 477.88 367.09 475.52 383.53 72.06 461.05 412.78 270.87 289.58 321.24 52.8 122.24 114.11 430.29 194.91

18:00 242.47 245.38 157.03 246.55 227.48 67.02 241.7 214.56 169.77 181.11 166.56 106.98 64.73 161.61 125 104.03

19:00 70.43 70.54 46.42 70.47 64.84 24.11 70.03 25.89 55.21 34.49 77.37 90.54 13.53 63.88 52.63 20.4

20:00 -1.61 -2.28 -2.03 -2.42 -1.71 -0.21 -1.04 -1.68 -0.86 1.13 0.19 3.39 -4.73 1.6 0.63 0.56
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Table 4 above shows days of optimal and non-optimal irradiance in orange and grey, 

respectively. The times when irradiance reached levels above 500 W/sqm were selected 

for analysis. The analysis in the following section is done for hours between 10:00am to 

4:00pm.  

All data was analyzed using the eight days selected. Each day was then divided to the hours 

where there was sunshine and the panels were producing power. These hours were from 

10:00am to 6:00pm. For analysis purposes, I’ve only selected even hours to show. The 

analysis is split between quantitative and qualitative analysis. 

 

Quantitative Analysis 

The quantitative analysis has six parts to it: First I reviewed the panel temperature as a 

dependent variable on surface temperature, and I showed the correlation of each scenario 

to understand if there is a strong correlation between temperatures. Second, I analyzed if 

there is temperature dependence in the power production. I did so by analyzing the 

correlations between the panel’s temperature and the voltage output of each panel. Finally, 

I plotted the voltage to the irradiance to understand the correlation of these two variables 

and compared this correlation to the correlation of panel temperature to voltage. 

 

1) Temperature vs. Temperature 

I analyzed the surface to panel temperature using the graphs shown in this section.  To be 

specific, I evaluated how the surface impacts the panel’s temperature. These graphs show 

how each of the three surfaces compares to the temperature of the panels. As expected, the 

surface temperature is cooler than the panel’s temperature. This is due to added heat from 

the panel’s power production. 
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Figure 18. Surface and Panel Temperatures at 10:00 am 

 

Early in the morning the green roof stayed overall cooler at the surface compared to the 

other two surfaces. This lower temperature was not reflected at the panel level. Overall, the 

black panel stayed hotter than the other two panels, but this temperature difference was not 

greater than 2.5°C. As the days warmed up, so do the surfaces and the panels. By noon, the 

panels were reaching temperatures closer to 50°C and the surfaces were reaching over 

30°C. 
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Figure 19. Surface and Panel Temperatures at 12:00 pm 

 

At noon, all surfaces were about 10 °C hotter than at 10:00 am. The green roof was no 

longer the cooler surface on all days, but it stayed closer to the temperature of the white 

and black roofs, possibly due to the sun’s angle at that time. The black panel was again 

the hottest panel and the difference in temperatures was not over 2.5°C. 
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Figure 20. Surface and Panel Temperatures at 2:00pm 

 

By 2:00 pm all panels were exposed to sunlight for several hours, the panels remained 

very hot (in the 50°C range), and on most days the temperatures between them was not 

significantly different. The surfaces maintained similar temperatures when compared to 

the noon temperatures; with the green roof staying around the same temperature as the 

other two surfaces at the beginning of May, but getting cooler towards mid-May. This is 

possibly due to rain fall recorded during the cooler days. 
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Figure 21. Surface and Panel Temperatures at 4:00 pm 

 

By 4:00 pm, on average, the panel above the green roof remained cooler compared to the 

other two surfaces. Similar activity in temperature happened in the prime hours of sunshine 

in the afternoon. Again, the green surface stayed cooler in mid-May compared to the 

beginning of May.  

 

 
Figure 22. Surface and Panel Temperatures at 6:00 pm 
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In the above figure, the temperature decreased significantly on the panel’s temperature, 

almost reaching the surface temperatures. During this time of the year, sunsets in Austin 

were happening around 8:00 pm. Therefore, this decrease in panel temperature might be 

mainly due to the panel not producing as much power, and not due to the fact that the panel 

was warming up from ambient conditions. 

 

2) Correlation: Temperature to Temperature 

This section compliments section 1 with correlation graphs. Here, I used statistical analysis 

to evaluate if there is a positive correlation between the temperatures of the three different 

surfaces compared to the temperatures of the panels installed above such surfaces. The 

following three graphs describe the temperature correlation between panel and surface on 

the green, black, and white cases. The graphs were plotted with the surface temperature as 

the independent variable on the x-axis, while the panel temperature was plotted as the 

dependent variable on the y-axis. 

 

 
Figure 23. Correlation between Surface and Panel Temperatures on White Scenario 
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The strongest correlation between surface and panels was observed on the white scenario. 

Here it was clear that there is a strong, positive, and linear correlation between the white 

surface and the solar panel installed above this surface. The white panel is hotter to the 

surface by approximately 1.58°C, with a correlation of 0.84. 

 

 
Figure 24. Correlation between Surface and Panel Temperatures on Black Scenario 

 

From the graph describing the temperatures on the black scenario, there was also a very 

linear, positive correlation. The panel temperature was on average 1.49 °C greater than 

the black surface, with a strong correlation of 0.83. 
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Figure 25. Correlation between Surface and Panel Temperatures on Green Scenario 

 

The green scenario, although it maintained a linear correlation between temperatures, it 

was not nearly as strong as the correlation seen on the black and white cases. For this case 

there was a correlation of only 0.53, where the panel’s temperature is on average 1.38°C 

more than the green surface. 

 

3) Temperature vs. Voltage 

The analysis done in the following section aims to answer how the temperature and voltage 

are changed by the hour. The same type of analysis as in section 1 was done in this section, 

where the days were plotted on the x-axis. The temperature was plotted on the left y-axis 

and the voltage was plotted on the right (secondary) y-axis. Again, the analysis is done 

from 10:00 am to 6:00 pm. 
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Figure 26. Panel Temperatures and Voltages at 10:00 am 

 

Figure 26 shows that as the solar power production starts, the panels’ temperatures 

remained relatively similar to one another. Despite this similarity in temperature, the 

voltage produced by each panel varied with 1 to 2V, if not more on some days. Overall, 

the panel above the white surface produced more compared to the other two (which stay 

relatively similar to one another). 
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Figure 27. Panel Temperatures and Voltages at 12:00 pm 

 

By noon, when the sun was hitting all panels at approximately the same angle, the panel 

above the white surface was once again producing more than the other two. At this time, 

there was a clear difference in power production between the panels installed on top of the 

green and the black surfaces. The panel above the green panel was producing more than 

the one above the black surface. The green roof also remained cooler compared to both 

black and white surfaces. Although there might be some correlation that the hotter panels 

are producing less (as is the case for the black scenario), it was not clear with this analysis 

that the only variable affecting production would be the panel temperature. When analyzing 

the panel above the white surface, this panel was producing more, its temperature was 

similar to the panel that was producing less (black). It is safe to assume there are no hard 

correlations between panel temperature and voltage (or power production). 
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Figure 28. Panel Temperatures and Voltages at 2:00 pm 

 

Again, the panels temperatures stayed relatively close to one another. The white panel 

produced more than the other two panels. The same patterns were occurring at 2:00 as they 

at noon. In summary, the green follows after the white, and the panels above the black 

surface lacks behind the two. The same will be shown below, with the figure showing the 

variables at 4:00 pm. 
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Figure 29. Panel Temperatures and Voltages at 4:00 pm 

 

At 4:00 pm, the temperatures again remained close to each other. However, the panels 

reduced significantly in power production. This is visible with the voltage levels plotted. 

As the panels produced less, there was less of a difference in production between cases. 

This is most likely due to the amount of direct radiation at this time of the day. 

 

 
Figure 30. Panel Temperatures and Voltages at 6:00 pm 
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4) Correlation: Voltage to Temperature 

The following graphs show the actual correlation, at panel level, between the panel’s 

temperature and the voltage. In the following graphs, I’ve plotted the temperature as the 

independent variable on the x-axis and the voltage, as the dependent variable on the y-axis 

for the three different cases. Here, we are looking for a strong negative correlation – as the 

panel temperature increases, the voltage decreases – The following graphs show a positive 

correlation. This result agrees with the literature on how amorphous silicon (the panels 

used for this research) do not have temperature dependence like crystalline silicone does. 

As amorphous panels get hotter, these can produce more (Carlson, Lin, & Ganguly, 2000).  

I based the correlation results shown in the following graph on the literature review since 

this topic is out of scope for this research. The panels used for this research do not show 

the temperature dependency known to affect crystalline or poly-crystalline silicon cells.  

 

 
Figure 31. Correlation between Panel Temperatures and Voltages on Green Scenario 
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The graphs above show there is a positive linear correlation between panel temperature 

and voltage above the green roof. This case shows the strongest correlation of the three. 

As the panel’s temperature increases, so does the voltage. This positive, linear correlation 

was also the case for the black and white cases. This was contrary to the hypothesis first 

discussed in this research, which was defined as there being a negative correlation 

between the two variables.  

 

 
Figure 32. Correlation between Panel Temperatures and Voltages on Black Scenario 
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Figure 33. Correlation between Panel Temperatures and Voltages on White Scenario 

 

For the black and the white surface correlations shown in Figures 32 and 33, the panel and 

voltage have (again) the same positive correlation that the green roof has. The positive 

correlation between all three cases is very close to one another. However, the panels 

installed above the white surface show a smaller correlation than the black or green roofs.  

 

5) Irradiance vs. Voltage and Temperature vs. Humidity 

The following graphs are not a full analysis as the other sections are. These set of graphs 

were developed to understand how the variables such as irradiance impact power 

production, and how humidity affects the surface and panel temperatures. For this section, 

I chose to only show the noon data, since at this time we can safely assume the sun is 

directly shining on all panels equally. The graphs for irradiance and humidity for the extra 

analysis hours are found in Appendix B and C, respectively. 
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Figure 34. Voltage and Irradiance at 12:00 pm  

 

The correlation between irradiance and voltage was much greater than the panel’s 

temperature vs. voltage correlation. As the irradiance increased, so did the power 

production, which was expected. This, as it is shown in Appendix B, is the case for all 

hours of the day. The sunnier days are the first few days in May, where on May 17th there 

is some shading. May 17th was also a day when humidity was high. Therefore, the low 

irradiance on this day was probably due to rain events that day, which would have caused 

lower temperatures, power production, and irradiance. 
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Figure 35. Humidity and Temperatures at 12:00 pm  

 

The humidity graphs, like the irradiance graphs, were developed to get some reference to 

how the climate was affecting the system. On May 17th, the humidity was highest, which 

easily reflected the rain events recorded during that day. The surface and panel 

temperatures are also at the lowest points, and the temperature between surfaces and panel 

was very close. The cooler the day, the closer the panel and surface temperatures are to one 

another. This was also due to the low amount of power production resulting in lower 

internal heat in the panels (during periods of low irradiance). Further analysis on this 

relation is shown in Appendix C. 
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Qualitative: Shade for Plants 

For the qualitative analysis I used pictures taken throughout the time of data collection and 

compared how the plants react to the shade of the panels. I show a chronological set of 

pictures that I used to analyze the interactions between panels and green roofs. 

 

       
      Figure 36. All panels on the roof       Figure 37. Initial stages of data collection 

 

The system was installed initially in April; however, data was not collected at this point of 

time due to the heavy rains reported in 2016. During this time, the wildflower started 

sprouting. In early April, bluebonnets were at full bloom and they covered the majority of 

the green roof for the first few weeks of the research. Under the panel’s, the bluebonnets 

also bloomed around and under the shade produced by the panels.  
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Figure 38. Plants growing under the shade 

 

At the beginning of May, as the research continued, and after many of the April showers, 

several types of plants were growing under the shade of the panels. Many of the grasses 

and wildflowers were growing throughout the green roof – in both shaded and un-shaded 

areas. However, one type of plant started growing only in the shaded areas of the roof, 

specifically below the panels. A close-up of this plant is seen in Figure 39.  
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Figure 39. Detail of the plant under the shade  
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Figure 40. Plants under the panels 

 

By the early week of May, the Bluebonnets where still in bloom (as in seen in Figure 40). 

Many other grasses started growing as well. These were growing across the roof, including 

areas under the panels. This was the case for several weeks in May, and with every passing 

week a different type of wildflower would bloom on the green roof. It is important at this 

point to mention that during May there were several days of sunshine, but there were also 

many nights and days were a lot of rain events kept the green roof well irrigated. 

In Figures 41, 42 and 43, the variety of wildflower growing on this vegetated roof can be 

seen: a mix of Yucca, Black-eyed Susans, Daisies, Golden Waves, and Cacti. All plants 

were thriving in the sunnier portions of the roof, however, many were also enjoying the 

shade under the panels, as well as other shaded areas on the roof. All flowers, with 

exception of the yucca and the cacti, have an annual cycle and short blooming periods. The 

grasses are native Texas grasses. 
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Figure 41. Texas grasses in May  Figure 42. A variety of Texas native plants 

 

 
Figure 43. Yucca, golden waves, cacti, and panels 
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Figure 44. Chickweed below the panel’s shade 

 

In early June, the chickweed grew rapidly under the solar panel’s shade. This plant was 

only visible along areas of the roof that were under shade – either from the panels, or the 

southeast corner that had a large shaded area coming from a tree. This was the one case of 

a plant growing and preferring the shade over sunnier areas. This presented a possible 

symbiosis when combining these solar panels as shading elements on green roofs. 

However, the panels shade is not the only factor allowing the plants to thrive on the green 

roof. As the following pictures show, the green roof thrived, and the solar panels provided 

an added benefit to some plants, as long as there is a sufficient amount of irrigation (as was 

the case of April and May in 2016). Figures 45, 46, and 47 below show how one week of 

no-rain, the wildflowers and drought resistant grasses did not survive the hot weather and 

no irrigation periods in early June. 
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Figure 45. A week without rain  

 

 
Figure 46. Dead plants under the shade  
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Figure 47 provides a general view of the green roof in mid-June, when the grasses and 

wildflowers died. It is important to mention that the Cacti plants on the southern edge of 

the green roof thrive throughout the drought. Alongside the Cacti, and around the roof’s 

edges, the succulents also thrive the lack of irrigation. The Yucca plants, located in 

several places on the green roof survived the lack of rain, a couple of these can be seen in 

to the left of the panels. 

 

 

Figure 47. Drought-resistant plants 

 

Results 

From the analysis developed in the prior section, I have concluded four major points that I 

summarized in this section. The first two major points are explained further to understand 

how I can answer my first research question: Can the vegetation of green roofs provide 

passive cooling to solar panels and help solar panels become more efficient? The third 
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point in this section, explains how I answered the second research question: Can solar 

panels provide a shading element that helps plants on the green roof thrive in hot weather? 

The final point, proves that green roofs are cooler roofs, and better to install compared to 

other roofing technologies in growing city that experiences hot summers. 

 

1) There was a visible, linear, and strong correlation between surface and panel 

temperature:  

I compared the surface to panel temperature in order to understand if the surface where 

solar panels were installed would impact the panel’s temperature in anyway. If cooler 

surfaces mean cooler panels, then this is a positive impact, and therefore it should be 

recommended that solar panels should be installed on top of cool surfaces.  

There was a positive correlation between the two temperatures on the three different cases 

compared in this research. The black and white surfaces showed a greater correlation with 

the panel’s temperature compared to the green surface. This is due to the green roof starting 

off hotter in the early hours, and then staying cooler as the panels get hotter throughout the 

day; whereas the black and white surfaces and panels heat and cool off with the sun’s direct 

radiance. The vegetated roof helps both the surface and the panels stay cooler when 

compared to the black and white surfaces. 

 

2) Correlation between panel temperature and voltage is positive: 

When I analyzed the relationship between the solar panel’s temperature and the power 

produced, the results showed that the hotter the panels, the more power is produced – 

specially on the panel above the white roof. The correlation graphs show a positive 

correlation, meaning that as temperature increases, so does the voltage. This, of course, is 

not the result expected at the beginning of the research. 
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As I mentioned in the analysis section, this positive correlation is most likely due to the 

low temperature dependence of amorphous silicon solar cells shown in the literature 

(Carlson, Lin, & Ganguly, 2000). The literature stated that amorphous silicon solar cells 

tend to have a positive temperature dependency at a specific range (Akhmad, et al., 1997) 

This is the case in this research, where the hotter the panel, the more power it is producing.  

Although there was a correlation between having cooler surfaces, and therefore cooler solar 

panels, these cooler panels do not produce more electricity in amorphous silicon solar cells. 

The surface where panels were installed will indeed impact the panel’s temperature; 

therefore a cooler surface should be used in the built environment when installing 

crystalline or poly-crystalline solar cells. However, when using amorphous solar silicon 

panels, there will be no added benefit in cooling the panels to get more power output. 

 

3) Green roofs need to be maintained and irrigated in hot climates: 

This research showed that green roofs could effectively work well in hot climates, if these 

are irrigated properly. Otherwise, stakeholders should consider installing either Cacti or 

sturdy, drought resistant succulents on their green roofs. Adding elements that provide 

extra shading to plants, such as solar panels, can impact the green roof positively. As this 

research showed, the presence of solar panels will not negatively impact these plants 

negatively. Plants will thrive in well maintained green roofs that have access to irrigation, 

Certain plants will be even healthier when adding a shading components such as solar 

panels.  

When answering the second question to this research, having a combined system composed 

of green roofs and solar panels, the added shade will not affect the vegetation life cycle, 

and can actually provide shelter to certain species of plants.  

 



 61 

4) Green roof stays cooler throughout 

This point agrees with the literature. Green roofs do, in effect, stay cooler than black or 

white roofs. An important finding was that there is no drastic fluctuation in surface 

temperature between day and night when having green roofs. As Figure 48 shows, the 

green roof under the panel’s shade on a hot day (May 5th), at the hottest time, the green 

roof and panel above it stay cooler. Also, the black and white roofs have spikes in 

temperature as the day gets hotter, something that is not seen with the green roof. 

This lower temperature fluctuation can result in more effective energy management inside 

the building, while it could also provide the solar panels with a more stable temperature 

area to be installed. However, the panel’s temperature will increase according to the 

ambient and power production, not just the surface temperature. 

 

 
Figure 48. Surface, Panel and Ambient Temperatures 

 

Figure 48 shows how the surface temperatures increased when compared to ambient 

temperatures, and how solar panels are even hotter than the surfaces above where they are 
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installed. Therefore, it was important to have cooler surfaces in cities, where, due to the 

UHI effect, the ambient temperature is hotter than the non-rural areas. Vegetated roofs 

provide surfaces to be cooler as seen in the Figure 48, while also increasing pervious cover 

in the city. A win-win situation for growing cities like Austin. 
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Chapter 3 

Future Research and Recommendations 

In this chapter I present the reader with recommendations for future research in the subject 

of combining green roofs and solar panels in hot climates. First, I present topics that remain 

unexplored as part of this work. This section also adds some literature review on the 

economics of installing green roofs and the added benefits these have such as rainwater 

collection. Such benefits could also benefit solar panels since this water can be utilized for 

irrigation and water-cooling for the panels. Additional research I developed as a Master of 

Science student is shown in the final section of this chapter. In this work, I mapped where 

these technologies can be combined and installed on The University of Texas at Austin 

campus and West Campus neighborhood. Additional research with this scope can be 

developed further in order to understand the impacts of installing this system at a city-scale.  

 

Additional Research Recommended 

A more detailed research in this topic should be done in order to understand how certain 

type of plants could be more effective in cooling off solar panels. In doing so, researchers 

should consider using crystallized or poly-crystallized silicon solar cells that truly have a 

temperature dependence to understand how different type of plants can impact power 

production in hot regions. This should be a research developed to compare the type of green 

roofs, since I have already presented with the comparison of green roofs to more 

conventional roofs. 

Additional research in this topic should be done to understand the optimal height of 

installation of solar panels above the green roofs. As I was doing this research, I received 

many questions about the growth of the plants and what would be the ideal distance 

between the plants and the solar panels. However, I did not explore the height variable in 



 64 

this research since it would have added an extra layer of complexity; this would have 

required more time for data collection and analysis that was out of the scope of the research. 

Solar panels have advanced greatly in the past decade. Translucent or fully transparent 

panels have been introduced in the market and soon they will probably be commercial 

(Lendino, 2015). Research developed to understand how different levels of transparency 

of solar panels could affect plants growth. Transparency was also not included in this 

research due to the availability of such technology in the market. 

 

Economic Feasibility 

Green roofs and solar panels are two expensive technologies that will add cost to building 

development. However, as this section shows, green roofs and solar panels add value to 

the built environment. In this section I present the reader with additional research that 

details how green roofs can be an investment in the built environment.  

 

Breuning, Joerg. “The Economics of Green Roofs from the Perspective of the 

Commercial Client” Green Roof Technology. Web. 3 Apr. 2015  

In this cost benefit analysis, Breuning makes a point to have a detailed description of the 

cost for green roofs since he believes that ecological system – such as vegetated roofs – are 

the first to be “value engineered” in the construction industry. His purpose is to eliminate 

such economic reservations. The cost benefit analysis is analyzed for the system itself, the 

maintenance over 40 years and additional cost of having more structure to hold up the 

weight load of the roof The article concludes that $330/sqm is the total cost of such system 

for 40 years. The benefits the green roof gives to the building include extending the lifespan 

of the roof, insulating the building, and reducing repair costs which all together account for 

$320/sqm which makes the system almost net-zero. Additional benefits to green roofs 
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include tax incentives in the built environment, wastewater charges, and other incentives 

such as insuring of roofing warranties which account for another $90/sqm. Therefore, the 

total payback of the green roof is $80/sqm for 40 years.  

 

Blackhurst, M., Hendrickson, C., and Matthews, H. “Cost-Effectiveness of Green 

Roofs.” Journal of Architectural Engineering16.4 (2010): 136–143. Web. 3 Apr. 2015.  

Life-cycle assessment (LCA) was developed to determine the benefits of green roofs. The 

phases for this LCA article were material production, on-site construction, and use; they 

modeled the energy consumption, GHG emission, and storm water runoff. In the article 

“Cost-Effectiveness of Green Roofs” material prices, energy conservation, storm-water 

management and greenhouse gas emissions reductions were analyzed to get costs and 

benefits of green roofs. Quantifying private and social costs and benefits can help change 

policy on installing processes for green roofs. However, due to the different designs of 

green roofs for different cities, the model should be normalized to have a better cost 

analysis for green roofs. The results obtained by this article were obtained from analyzing 

the replacement of traditional roofs with green roofs concluding that reducing the UHI 

effect might be the most significant benefit to green roofs.  

 

Clark, Corrie, Peter Adriaens, and F. Brian Talbot. “Green Roof Valuation: A 

Probabilistic Economic Analysis of Environmental Benefits.” Environmental Science & 

Technology 42.6 (2008): 2155–2161. Web. 6 Apr. 2015.  

Due to the high installation costs of green roofs, green roofs are not considered during the 

building design phase. This research conducted at the University of Michigan aims to 

integrate the storm water run-off, energy, and air pollution benefits of green roofs to make 

an economic model that can allow the construction industry to add green roofs to buildings. 
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The study assumed that a conventional roof would have to be replaced after 20 years and 

ran the cost analysis for a 40-year system. By valuating the infrastructure of the building 

and by allowing different cases. Overall the green roofs presented lower costs for the 

benefits obtained when compared to conventional roofs over 40 years. 

The research presented above, shows several economic cases for green roofs. Although 

these can be expensive they do present several benefits to the built environment. As this 

research has shown, these benefits are not harmed by adding solar panels above the plants 

on green roofs. Solar panels could support the growth of certain plants that need shade.  

 

Mapping areas for the combined system in the campus area  

This section presents a previous research I developed as a graduate student. I present this 

research here because I believe it adds great value in understanding the potential of having 

this system as a combined technology. Here, I only three of the maps (those that directly 

relate to this thesis). The research was developed to see the available area for combining 

these two technologies. For the analysis I considered only flat roofs as potential roofs for 

installation; from the flat roofs, I considered those that were under low amounts of shade 

to benefit power production and amount of sunshine to the plants. I started off this research 

by understanding the study area with a 3D map. Then, I studied the area to understand the 

ratio of pervious versus impervious area. Finally, I add the main analysis map that shows 

the potential of existing roofs to have this technology installed. With the research I 

concluded that by having a combined system installed on the available roofs, the city of 

Austin could see a 5% increase in renewable energy generated by solar, while adding 

pervious cover to the city’s landscape. I also underlined the importance of having a separate 

research that could be replicated to see the potential in other areas in Austin. 
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Figure 49. 3D Model of the Study Area 

 

The study area shows the 40 Acres and west campus area from The University of Texas 

at Austin. This map shows several tall buildings close to the core of the campus, but other 

lower buildings towards the west. The area is limited to the west by Lamar, to the east by 

the interstate highway 25, to the north by Dean Keaton, and to the south by Martin Luther 

King (MLK) boulevard. The taller buildings showed potential for such a combined 

system since these will have flat roofs, and the shading from other structures would not 

an issue. 
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Figure 50. Pervious vs. Impervious Areas in the study area 

 

This map was important to the research in order to understand the ratio between pervious 

and impervious area in the study. Overall, only 28% of the whole study area is vegetated. 

This is an issue for growing cities: as more impervious area spans the city, the hotter it 

will get. The fact that building can provide an area for vegetation to be added to the urban 

area shows great potential to increase pervious cover. This, as literature has shown, can 

help mitigate the UHI effect and allow for cooler cities.  
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Figure 51. Existing buildings in study area 

 

This final map reveals the existing type of roofs – whether buildings that already have 

solar, green roofs, both, or neither. The buildings in purple are buildings that have flat 

roofs where a system as the one I suggest in this research could be installed. The reason 

for this is that gardens will do better on flat surfaces, and then the solar panels can be 

installed at an angle for maximum power production, while allowing for sun to get to the 

plants. 
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Conclusion 

A combined system composed of solar panels and green roofs in Austin, TX can be 

successful. Although there are no clear added benefits of combining these two technologies 

under the same roof, there aren’t any negative impacts. In chapter two, I underlined the 

correlations that exist when combining different types of surfaces with solar panels. The 

cooler panels are those installed above the cooler surfaces, mainly the green and white 

surfaces. Having cooler surfaces that lead to cooler panels, will not lead to higher power 

production efficiency in solar panels made out of amorphous silicon. 

Green roofs in Austin, need additional irrigation, apart from the one coming from rain 

events, since the city can go through large periods of drought. When installing a green roof, 

developers must consider rainwater harvest and air conditioning condensate as sources of 

irrigation to the green roofs (Wanielista, Hardin, & Kelly, 2008). 

In the case for hot cities, it is recommended that cool roofs and surfaces are installed in the 

built environment. For the Austin building code, all new buildings must have highly 

reflective roof. Green roofs, although not highly reflective, are cool roofs that work in 

Austin. with the right combination of native plants and irrigation.  

Having this combined system will not harm either technology. This research was done so 

that those who are developing new urban environment can refer to it and take advantage of 

the results  and be able to utilize the same areas for two sustainable technologies. By doing 

so, developers are using tools to mitigate issues that result from the expansion of 

impervious cover in growing cities. Green roofs present the perfect path to design our cities 

more sustainably. Solar panels, as sources of production of renewable energy, can also help 

cities and their grid get modernized with more distributed power capacity installed across 

the city. 
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This research has shown that utilizing the same area for these two technologies is possible, 

and combining green roofs with solar panels have no adverse impacts to the building, or to 

either technology.  
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Appendix A 

Day-to-Day analysis and Matlab code 

The day-to-day analysis was done to analyze temperature and voltage on a daily basis. This 

helped me get an idea of what was going on in a general level, however for explanation 

purposes, I had to go a level deeper for analysis. In Appendix A, I present the MATLAB 

code and graphs I to represent the daily data, 

1) Panel Temperature vs. Voltage – Matlab Code followed by graph  

 
clc 

 

filename='week1'; %name for excel data 

%create array for data call 

% semana = ['D:\Users\Andrea\Documents\Spring_2016\Thesis\day-day 

Analysis\May13-20'] 

semana = 'D:\Users\Andrea\Documents\Spring_2016\Thesis\day-day 

Analysis\May13-20'; 

dias = cell(6,2); 

dias(:,1) = {semana}; 

dias(:,2) = 

{'May_13';'May_14';'May_15';'May_16';'May_17';'May_18'}; 

 

fntsz = 12; lw = 1.7; 

 

for i=1:length(dias); 

     

    week1 = xlsread(dias{i,1},dias{i,2}); 

    timeX=week1(:,1); 

    t3 = datetime('05/05/2016','Format','MM/dd/yyyy') + timeX; 

    %xmin=datenum(t3(211)); 

    %xmax=datenum(t3(631)); 

  

    black_voltage= week1(:,12); 

    green_voltage = week1(:,13); 

    white_voltage = week1(:,14); 

     

    black_panel = week1(:,9); 

    green_panel = week1(:,10); 

    white_panel = week1(:,11); 

     

    irradiance = week1(:,15); 
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    amb_temp = week1(:,16); 

     

%     black_voltage = week1(:,15); 

%     green_voltage = week1(:,16); 

%     white_voltage = week1(:,17); 

     

    figure ('windowstyle','docked'); % 

    set(gcf,'color','white','name',[dias{i,2}]) % 

     

    yyaxis left; 

    

plot(t3,black_panel,'k:','DatetimeTickFormat','HH:mm','linewidth'

,lw), hold on, 

    plot(t3,green_panel,'g:','color',[0.3 0.8 

0],'DatetimeTickFormat','HH:mm','linewidth',lw), hold on, 

    

plot(t3,white_panel,'r:','DatetimeTickFormat','HH:mm','linewidth'

,lw), hold on 

        

    

plot(t3,black_voltage,'k','DatetimeTickFormat','HH:mm','linewidth

',lw), hold on, 

    plot(t3,green_voltage,'g','color',[0.3 0.8 

0],'DatetimeTickFormat','HH:mm','linewidth',lw), hold on, 

    

plot(t3,white_voltage,'r','DatetimeTickFormat','HH:mm','linewidth

',lw), hold on 

     

    

plot(t3,amb_temp,'b','DatetimeTickFormat','HH:mm','linewidth',lw)

, hold on 

     

    set(gca,'fontsize',fntsz,'ylim',[0 

60],'ytick',0:5:60)%'FontWeight','bold') 

    legend('Black Panel','Green Panel','White 

Panel','location','northwest') 

    ylabel('Temperature [°C] || Voltage [V]'); 

     

    yyaxis right 

    

plot(t3,irradiance,'m','DatetimeTickFormat','HH:mm','linewidth',l

w), hold on, 

     

    %set(gca,'fontsize',fntsz,'ylim',[-100 1000],'ytick',-

100:100:1000)%'FontWeight','bold') 

    ylabel('Irradiance [W/sqm]'); 

    set(gca,'fontsize',fntsz,'ylim',[-50 1000],'ytick',-

50:100:1000) 
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    legend('Black Panel','Green Panel','White Panel',... 

           'Black Voltage','Green Voltage','White Voltage',... 

            'Ambient Temperature','Irradiance',... 

           'location','northwest') 

    grid on; box on; 

    xlabel('Time');   

    name = char(dias(i,2)); 

    str = strcat({'Analysis '},name(1:find(name=='_')-1),{' 

'},name(find(name=='_')+1:end)); 

    title(str); 

end 

 

 
Figure 52. Day-to-day Analysis: Voltage and Temperature vs. Irradiance 

 

2) Surface vs. Panel Temperature– Matlab Code followed by graph  

 
clc 

 

filename='week1'; %name for excel data 

%create array for data call 

% semana = ['D:\Users\Andrea\Documents\Spring_2016\Thesis\day-day 

Analysis\May13-20'] 

semana = 'D:\Users\Andrea\Documents\Spring_2016\Thesis\day-day 

Analysis\May13-20'; 

dias = cell(6,2); 

dias(:,1) = {semana}; 

dias(:,2) = 

{'May_13_hour';'May_14_hour';'May_15_hour';'May_16_hour';'May_17_

hour';'May_18_hour'}; 

 

fntsz = 12; lw = 1.7; 
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for i=1:length(dias) 

     

    week1 = xlsread(dias{i,1},dias{i,2}); 

    timeX=week1(:,1); 

    t3 = datetime('05/05/2016','Format','dd/MM/yyyy') + timeX; 

     

    xmin = 42516; 

    xmax = 20:00; 

%     blackY = week1(:,7); 

%     greenY = week1(:,8); 

%     whiteY = week1(:,9); 

 

      black_surface = week1(:,3); 

      green_surface = week1(:,4); 

      white_surface = week1(:,5); 

       

      black_panel = week1(:,9); 

      green_panel = week1(:,10); 

      white_panel = week1(:,11); 

       

      irradiance = week1(:,15); 

    %  amb_temp = week1(:,16); 

     

    figure ('windowstyle','docked'); % 

    set(gcf,'color','white','name',[dias{i,2}]) % 

    

plot(t3,black_surface,'k:','DatetimeTickFormat','HH:mm','linewidt

h',lw), hold on, 

    plot(t3,green_surface,'g:','color',[0.3 0.8 

0],'DatetimeTickFormat','HH:mm','linewidth',lw), hold on, 

    

plot(t3,white_surface,'r:','DatetimeTickFormat','HH:mm','linewidt

h',lw) 

    plot(t3,black_panel,'k-

','DatetimeTickFormat','HH:mm','linewidth',lw), hold on, 

    plot(t3,green_panel,'g-','color',[0.3 0.8 

0],'DatetimeTickFormat','HH:mm','linewidth',lw), hold on, 

    

plot(t3,white_panel,'r','DatetimeTickFormat','HH:mm','linewidth',

lw); 

    

plot(t3,irradiance,'m','DatetimeTickFormat','HH:mm','linewidth',l

w); 

    

plot(t3,amb_temp,'b','DatetimeTickFormat','HH:mm','linewidth',lw) 

    grid on; box on; 
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    set(gca,'fontsize',fntsz,'ylim',[15 

60],'ytick',15:5:60)%'FontWeight','bold') 

    xlabel('Time'); ylabel('Temperature [°C]'); % 

    legend('Black Surface','Green Surface','White Surface',... 

           'Black Panel','Green Panel','White Panel',... 

           'Irradiance','Ambient Temperature',... 

           'location','northwest') 

    name = char(dias(i,2)); 

    str = strcat({'Analysis '},name(1:find(name=='_')-1),{' 

'},name(find(name=='_')+1:end)); 

    title(str); 

end 

 

 
Figure 53. Day-to-day Analysis Temperature vs. Irradiance 

 

3) Temperature Offset – Matlab Code followed by graph 

  
clc 

 

filename='week1'; %name for excel data 

%create array for data call 

% semana = ['D:\Users\Andrea\Documents\Spring_2016\Thesis\day-day 

Analysis\May13-20'] 

semana = 'D:\Users\Andrea\Documents\Spring_2016\Thesis\day-day 

Analysis\May13-20'; 

dias = cell(7,2); 

dias(:,1) = {semana}; 

dias(:,2) = 

{'May_13';'May_14';'May_15';'May_16';'May_17';'May_18';'May_19'}; 

 

fntsz = 12; lw = 1.7; 
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for i=1:length(dias) 

 

    week1 = xlsread(dias{i,1},dias{i,2}); 

    timeX=week1(:,1); 

    t3 = datetime('05/05/2016','Format','dd/MM/yyyy') + timeX; 

     

    blackY = week1(:,6); 

    greenY = week1(:,7); 

    whiteY = week1(:,8); 

     

     

    figure ('windowstyle','docked'); % 

    set(gcf,'color','white','name',[dias{i,2}]) % 

    

plot(t3,blackY,'k','DatetimeTickFormat','HH:mm','linewidth',lw), 

hold on, 

    plot(t3,greenY,'--','color',[0.3 0.8 

0],'DatetimeTickFormat','HH:mm','linewidth',lw), hold on, 

    

plot(t3,whiteY,'r:','DatetimeTickFormat','HH:mm','linewidth',lw) 

    grid on; box on; 

    set(gca,'fontsize',fntsz,'ylim',[-10 10],'ytick',-

10:5:10)%'FontWeight','bold') 

    xlabel('Time'); ylabel('Temperature [°C]'); % 

    legend('Black','Green','White','location','northwest') 

    name = char(dias(i,2)); 

    str = strcat({'Analysis '},name(1:find(name=='_')-1),{' 

'},name(find(name=='_')+1:end)); 

    title(str); 

end 

 

 
Figure 54. Temperature Offset 
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Appendix B 

Irradiance and Temperature graphs 

 

 
Figure 55. Voltage and Irradiance at 10:00 am 

 

 
Figure 56. Voltage and Irradiance at 2:00 pm 
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Figure 57. Voltage and Irradiance at 4:00 pm 

 

 
Figure 58. Voltage and Irradiance at 6:00 pm 
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Appendix C 

Full set of Temperature vs. Humidity 

 

 
Figure 59. Humidity and Temperatures at 10:00 am 

 

 
Figure 60. Humidity and Temperatures at 2:00 pm 
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Figure 61. Humidity and Temperatures at 4:00 pm 

 

 
Figure 62. Humidity and Temperatures at 6:00 pm 
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