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ABSTRACT 

STUDYING THE IMPACT OF DIFFERENT GREEN ROOFTOP DESIGNS ON 

STORMWATER 

 

Alia Gholoom, M.S. 

 

George Mason University, 2017 

 

Thesis Director: Dr. Viviana Maggioni 

 

 

 

Green roofs are sustainable infrastructures used widely to reduce stormwater runoff, 

decrease urban heat island, improve air quality, and increase the aesthetic value of the urban 

environment. The hypothesis tested in this work is that the performance of green roofs can 

be enhanced if solar power panels are placed on top of the vegetated green roofs to provide 

shading and lower surface temperature and sun exposure. A research experiment was 

designed at the George Mason University campus in Fairfax, VA, to assess and quantify 

the impact of different rooftop configurations on stormwater with and without the presence 

of solar panels. Roof configurations included vegetated roofs, bare soil pallets, and 

experimental controls, i.e., traditional flat surfaces used for both residential and 

commercial building. Four water quality indicators – temperature, conductivity, pH, and 

Total Dissolved Solids (TDS) – were sampled during mid-May – mid-November 2017. 

Vegetated green roofs were able to reduce stormwater runoff when compared to any 
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conventional roof and bare soil surfaces, thanks to leaf interception and root uptake. In 

terms of stormwater quality, bare soil and vegetated roofs showed a small decrease in 

stormwater temperature and a large increase in conductivity and TDS concentration, due 

to the fact that stormwater carries nutrients, metals, and suspended solids present in the soil 

through infiltration. However, vegetated green roofs were shown to decrease both 

conductivity and TDS with respect to the bare soil pallets and the deeper the soil substrate 

layer in the green roof, the larger improvement was observed. Moreover, vegetated roofs 

equipped with solar panels were able to overall reduce both conductivity and TDS. Thus, 

equipping vegetated roofs with solar panels has the potential to improve stormwater 

quality. 
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CHAPTER 1: INTRODUCTION 

Green infrastructures are “natural and managed green areas in both urban and rural setting” 

providing ecological benefits to both users and the environment (Davies et al. 2006). Green 

infrastructures belong to the wider categories of i) LIDs (Low Impact Development) that 

emphasize the use of natural and environmental elements for improving and protecting 

water quality (Davies et al. 2006) and ii) BMPs (Best Management Practices) that promote 

storm water runoff reduction and hydrologic negative impacts prevention (Emerson and 

Traver 2008). The Environmental Protection Agency (EPA) defined green infrastructures 

as “an approach to water management that protects, restores, or mimics the natural water 

cycle” (US EPA n.d.). 

Many types of green infrastructures have been implemented globally, including 

rain gardens (planted depression near a runoff area), green roofs (roofing tops that are either 

partially or completely covered with vegetation), permeable paving (several sustainable 

layers of base and sub-base that reduces surface runoff), and blue roofs (a type of roof that 

stores rainfall water). All these approaches aim to make our environment more sustainable 

by reducing energy consumption and emphasizing social interaction. Not only green 

infrastructures affect the environment positively, but they also promote interactions among 

people, flora, and fauna, educational learning, sport activities, and the pleasure of a 

beautiful landscape (O’Brien et al. 2017). 
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A common example of green infrastructures is green roofs, which are roofs covered 

with plant, grass, and vegetation mix that aim to reduce runoff and greenhouse emission, 

and increase sustainability using renewable and efficient energy systems (Clark et al. 2008) 

. There are two main categories for green roofs: intensive and extensive (Figure 1). The 

intensive roofs can support diverse types of plant, which need deep layers of growing 

media. Because of remarkable added weight to the building, this type of green roofs is 

suitable only for very sturdy structure, parking decks, and new buildings. Because of the 

lower depth of plant roots, the extensive type is more compatible with existing structures, 

but the range of plants that can be used is more limited (Carter and Keeler 2008). 

 

 

Figure 1: types of green roofs based on substrate depth. Retrieved from 

https://www.pinterest.com/pin/136374694941675502/. 

 

https://www.pinterest.com/pin/136374694941675502/
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Figure 2: Green roof impact on stormwater runoff. Retrieved from 

http://www.eng.uwo.ca/research/greenroof/. 

 

One of the most noticeable benefits of green roofs is stormwater retention (Getter 

et al. 2007). In the case of a large rainfall event, combined sewer systems (i.e., sewers that 

collect rainwater runoff, domestic sewage, and industrial wastewater in the same pipe) may 

experience overflow (CSO: combined sewer overflow), which causes the discharging of 

untreated sewage into local streams and rivers. Green roofs have the potential to prevent 

or mitigate CSO, by decreasing the discharge peak, the capacity of pollutant transport, and 

erosion ((Doug et al. 2005); Carter and Keeler 2008) . The extent of the stormwater runoff 

reduction depends on the vegetation type and depth (Figure 2). Specifically, an experiment 

conducted by (Soulis et al. 2017) evaluated the relationship between runoff reduction and 

rainfall depth on three types of vegetated green roofs. A total of thirty lysimeters with two 

substrate depths of 8 cm and 16 cm were used. Results indicated that the deeper the 

http://www.eng.uwo.ca/research/greenroof/
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substrate depth, the higher runoff reduction, and the more support for deeper plant rooting. 

In addition, due to infiltration from the vegetation, the processes of drainage and 

consequent runoff are delayed.  

Another environmental advantage of green roofs is the reduction of energy 

consumption, which results from lowering the roof top temperature because of shading and 

evaporation cooling that would also decrease the heat flux into the building (Wong et al. 

2003). Green roofs have therefore the potential to mitigate urban heat island effect (Figure 

3; (Bianchini and Hewage 2012). In the wintertime, green roofs also act as insulation on 

top of the roofs preventing roofs from freezing (Liu et al. 2016). 

Green roofs have been shown to have a direct role in improving air quality, as the 

common greenhouse gases (NO2 and CO2) are consumed by plants, by therefore reducing 

their concentration in the atmosphere (Carter and Keeler 2008). Specifically, Yang et al. 

2008 demonstrated that a total of 1,675kg of pollutants were removed in one year in 

Chicago thanks to green roof implementation. 

However, several downsides and challenges exist when designing and building 

green roofs. For example, vegetation lifetime is directly dependent on the location and the 

local regional climate. Savi et al. 2016 studied factors impacting vegetation survival for 

Mediterranean green roof plant types and concluded that high substrate temperatures 

represent a more significant stress factor for plants than a drought. The performance of 

green roofs can be less than expected if vegetation was exposed to high temperatures for 

longer periods. Green roofs were studied under extreme climate conditions by (Klein and 

Coffman 2015), who also showed that the green roof performance decreased due to the 
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high temperature exposure affecting the vegetation lifecycle. In this case, vegetation 

requires more water supply through an irrigation system that adds maintenance and 

operation cost (Köhler et al. 2002). 

 

 

Figure 3: Green roof impact on energy consumption. Retrieved from 

http://intermountainroofscapes.com/benefits 

 

In addition to sun exposure, the quality and type of materials used to build green 

roofs play a critical role in the performance of green roofs. For instance, Bianchini and 

Hewage (2012) studied different types of polymers, such as polyethylene and 

polypropylene, to reduce the additional weight of green roofs. When polymers are used, 

green roof materials had to be replaced by more environmentally friendly and sustainable 

products. Materials used to construct green roofs should be of light weight and high quality. 

http://intermountainroofscapes.com/benefits
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Nevertheless, heavy components and materials pose a threat to the safety of green roofs 

and may cause structure failure.  

Green roofs are designed to handle a certain amount of weight on top of the 

vegetation and soil layers. A green roof collapsed in Chicago, Illinois (Figure 4a) due to a 

heavy precipitation event that accumulated over time that prevented the snow from melting 

and infiltrating through the vegetated roof (Fountain 2011). Another green roof collapsed 

on top of a supermarket in Latvia (Figure 4b) causing fifty-four lives lost and many injured. 

Reasons for the collapse were identified to be associated with the material type selection 

that added extra loads (“Green Roof Collapse in Latvia” n.d.). 

The effect that green roofs have on stormwater quality has been also studied in the 

past. Specifically, green roofs have been shown to act as a source of legacy metal pollution. 

An experiment conducted by (Speak et al. 2014), demonstrated that runoff from an aged 

green roof had higher concentration in lead and iron than conventional roofs. Another study 

conducted by (Malcolm et al. 2014) presented a comparison between green roof and gravel 

roof to quantify the amount of nutrients generated from the runoff from each roof type. 

They concluded that the concentration of mercury in green roofs was higher than in gravel 

roofs and that green roofs leached significantly higher concentrations of phosphorus and 

nitrogen compared to the gravel roofs. Although green roofs reduce runoff volume, they 

do not always reduce pollutant concentration in water nor improve water quality. Many 

experiments proved that the soil depth is the main influencer on adding nutrients that affect 

the storm water quality. (Kok et al. 2016) evaluated an extensive green roof in Malaysia 
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and suggested that the soil layer was the potential contributor of high phosphorus 

concentration in the runoff. 

 
Figure 4: Green roof collapsed in a) St. Charles, Illinois. Retrieved from 

https://green.blogs.nytimes.com/2011/02/18/green-roof-collapses-in-illinois/; and b) 

Latvia. Retrieved from http://www.greenrooftechnology.com/green-roof-blog/green-roof-

collapse-in-latvia. 

 

https://green.blogs.nytimes.com/2011/02/18/green-roof-collapses-in-illinois/
http://www.greenrooftechnology.com/green-roof-blog/green-roof-collapse-in-latvia
http://www.greenrooftechnology.com/green-roof-blog/green-roof-collapse-in-latvia
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On the other hand, some studies have showed that green roofs were able to improve 

water quality by reducing the concentration of some pollutants. (Razzaghmanesh et al. 

2014) examined stormwater quality from both extensive and intensive green roofs in 

Adelaide, Australia for a total of nine months and compared them to asphalt and aluminum 

roofs, considered as the experimental controls. Their results showed that the overall 

contaminant concentrations in runoff from both intensive and extensive green roofs 

decreased during the study period, although the quality of water was not good enough to 

be used for potable purposes. Another study evaluated four green roofs configurations in 

Madras, India during March - June 2013 (Vijayaraghavan and Joshi 2014). The authors 

observed that vegetated green roofs generated better quality runoff with less conductivity 

and total metal ion concentration than un-vegetated roofs. 

There are several approaches that can be adopted to mitigate the above-identified 

disadvantages of green roofs and improve their performance. This work proposes to study 

the performance of a green roof equipped with solar power panels. Solar panels, if placed 

on top of the roof vegetated area, have the potential to minimize sun exposure, which 

reduces plant stress and turns into an enhanced roof ecosystem (Hui and Chan 2011). A 

study case has been implemented at the George Mason University campus located in 

Fairfax, Virginia, to assess the improvement in green roof performance due to the presence 

of solar power panels in terms of vegetation health, as well as runoff water quality and 

quantity (Figure 5). 
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Figure 5: Green roof setup.  
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CHAPTER 2: METHODOLOGY 

2.1 Experimental set-up 

A green roof has been designed and implemented on top of the Rappahannock Parking 

deck roof at the George Mason University Fairfax campus, VA. The green roof design 

consists of two 8ft by 12ft and 2ft high tables made of timber wood with identical 

components. One of the two tables is equipped with solar power panels mounted on top of 

the pallets. Each table has 15 squared pallets of 26-inch dimension that form a 3 × 5 matrix 

as shown in (Figure 6). 

 

 
Figure 6: Design of the green roof table with roof configurations for the two tables. 

 

Starting from the left, the first row consists of Shenandoah sedum vegetation with 

6-inch soil depth. The second and third rows have mixed green vegetation (described in 
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section 2.3 and shown in Figure 7) with depths of 4 inches and 3.3 inches, respectively. 

The forth row has 3 bare soil pallets with the 3 different depths. The last row to the right is 

the “do nothing” experimental control that consists of three typical building roof top 

covers: asphalt shingles, a white vinyl liner, and a wooden half inch oriented strand board 

(Figure 7). 

 

 
Figure 7: Vegetation pallets of a) 3.3’’, b) 4’’, and c) 6’’ soil depth and experimental 

control surfaces: d) asphalt shingles, e) a wooden board; and a white vinyl liner. 

 

Buckets are placed underneath each pallet to collect stormwater runoff, whose 

quality is tested after each rainfall event (Figure 8). One weather station is also located on 

site and includes two wind speed and direction devices, one rain gauge, humidity meter, 

temperature sensor, and solar radiation. Two cameras are installed to provide continuous 
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monitoring of the system. In addition, two load cells were installed, one beneath the white 

squared pallet to measure the weight of the pallet and another load cell holding the bucket 

to measure the volume of water in the buckets. 

The solar panels mounted on top of one of the two tables are not only used to reduce 

vegetation sun exposure, but also to generate power to operate the weather station, sensors, 

and the data loggers that record all measurements, including soil moisture, temperature, 

heat flux, precipitation, and wind speed and direction. Synthesis power, SP50P 50W 12V, 

Poly solar panels were used for the system. Each panel contains a 36-cell poly crystalline 

module with an aluminum frame. These panels perform at great efficiency even under low 

light conditions. Moreover, they are designed to withstand heavy precipitation loads such 

as snow and high wind pressure. One actuator is attached to the side of the table to control 

the movement of all the fifteen panels. The actuator rotates the panels to maximize power 

generation by tracking maximum sunlight angle.  

Stormwater quality has also been assessed. Specifically, several water quality 

indicators have been measured during a 6-month period (mid-May – mid-November 2017), 

such as conductivity, total dissolved solids (TDS), pH, and water temperature, which will 

be described in detail in section 2.4. Water samples were collected after each rainfall event 

that occurred at the site during the study period (Figure 8). 
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Figure 8: a) Buckets set up underneath tables and b) stormwater quality data collection . 

 

2.2 Site description 

The George Mason University main campus is located in Fairfax, Virginia, which falls in 

the Piedmont Northern Virginia region and receives one of the highest measurements of 

rainfall per year. Specifically, Fairfax, VA has a record of average rainfall of 42 inches 

every year, while the average rainfall in the United States is 39 inches (Figure 9; “Virginia 

Climate” 2016). The average number of sunny days in Fairfax, VA is 198 days a year, 

which suggests that solar power panels have the potential of being beneficial to green roofs 

in the area. 
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Figure 9: Location of the project, the Rappahannock parking deck roof at the George 

Mason University campus in Fairfax, VA. Retrieved from 

https://www.google.com/maps/search/google+earth+rappahannock+parking+deck+gmu/

@38.8349619,-77.3101491,868m/data=!3m1!1e3.  

 

Daily measurements of weather conditions were obtained from the weather station 

that was mounted at the project site. Measurements were recorded every minute and Table 

1 shows monthly averages for the study period. The highest temperature (88°F) was 

recorded during the month of July and the lowest temperature (55°F) was recorded during 

the month of October. The driest month was June with a cumulative rainfall of 0.043 inches 

and the rainiest month was May with 0.29 inches of cumulative rainfall. Similarly, solar 

radiation was as high as 579 umols/m2/sec in June and as low as 360 umols/m2/sec in 

October. 

https://www.google.com/maps/search/google+earth+rappahannock+parking+deck+gmu/@38.8349619,-77.3101491,868m/data=!3m1!1e3
https://www.google.com/maps/search/google+earth+rappahannock+parking+deck+gmu/@38.8349619,-77.3101491,868m/data=!3m1!1e3
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Table 1: Weather observations at the Rappahannock parking deck, George Mason Fairfax 

Campus, VA during the study period (mid-May – mid-November 2017).  
 

Temperature (°F) 
Relative 

Humidity (%) 

Solar 

Radiation 

(umols/m2/sec) 

Rain (Inches) 

 High Average Low Average  Average  Cumulative 

May 76 68 59 77 378 0.29 

June  84 76 62 61 579 0.043 

July 88 80 68 68 526 0.28 

August 83 75 64 72 459 0.12 

September 79 70 58 71 411 0.058 

October 81 70 54 75 360 0.061 

November 76 48 22 80 N/A 0.15 

 

2.3 Vegetation 

Native vegetation was chosen for this project because of its adaptation to local 

environmental conditions, less water needs, and its ability to provide habitat for animal 

species. Moreover, native plants do not need chemicals, like fertilizers and pesticides, to 

grow and thrive. 

The 3.3-inch and 4-inch vegetated pallets include a mix of several sedum varieties. 

Specifically, according to the Eco-Roofs standard sedum plants mix tables, shown in 

Appendix 1, these extensive mixed vegetation pallets combine sedum album, sedum 

spurium “album superbum” and sedum hybridum ‘Czar’s Gold’ (Figures 7a and 7b). 

Sedum album is drought and dry soil tolerant, highly spread in the region, requires low 

maintenance, and has a role in wildlife value by attracting bees and butterflies. The sedum 

spurium requires full sun exposure, is partial shade tolerant, requires low maintenance, and 
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is air pollution and erosion tolerant. The sedum hybridum is usually chosen for dry and hot 

locations with full sun exposure. This type survives dry soil and requires low maintenance. 

The sedum hybridum attracts butterflied and is deer and rabbit resistant. 

The intensive green roof pallets with a 6-inch deep soil layer include two types of 

vegetation: Calamagrostis Karl Foerster and Panicum Shenandoah (Figure 7c). The 

Calamagrostis grass type requires low maintenance and has blooming season from May to 

February. It can survive erosion, wet soil, and air pollution. The Panicum Shenandoah type, 

on the other hand, tolerates cold and dry winter seasons, dry soil, and erosion. Both types 

are recommended for rain gardens or similar applications. 

2.4 Water quality indicators 

Stormwater collected underneath each pallet was tested during May – November 2017 after 

each rainfall event. According to USGS (United States Geographic Science), water quality 

is defined as “a measure of the suitability of water for a particular use based on selected 

physical, chemical, and biological characteristics” (Gail E. Cordy, 2001). The following 

sections describe each water quality parameter that has been constantly monitored during 

the duration of the project. 

2.4.1 Temperature and pH 

Potential of Hydrogen (pH) is a measure of acidity and alkalinity of water soluble 

substances. It ranges from 1 to 14, with 7 as the neutral point. Values below 7 indicate 

acidity, with 1 being most acidic. Values above 7 indicate alkalinity, with 14 being most 
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alkaline. This scale is a logarithmic scale in which two adjacent values increase or decrease 

by a factor of 10 (Murphy 2005). 

 

 

Figure 10: Water quality instrumentation: a) pH and temperature meter; b) TDS and 

electrical conductivity meter; and c) conductivity probe. 

 

A pH meter, pH- 80 model, was used to measure both temperature and pH of water 

(Figure 10a). The instrument was first calibrated using pH 4, 7, and 14 calibration 

solutions. Then, the meter sensor was dipped into the water to be tested. In order to remove 

air bubbles or electric charges, the meter was lightly swirled before each reading. To have 

a stabilized reading, the meter was kept in the water for about 20 seconds. The meter was 

rinsed after each usage. Observed values range from 0 to 14 for pH and 1-55°C (32-130°C) 

for temperature with an accuracy of  0.2 and  2% for pH and temperature respectively. 
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2.4.2 Conductivity and Total Dissolved Solids (TDS) 

Conductivity is defined as a measure of the ability of water to pass an electrical current and 

is measured in micromhos per centimeter (µmhos/cm) or microsiemens per centimeter 

(µs/cm). Distilled water has a conductivity in the range of 0.5 to 3 µmhos/cm (EPA 2012). 

The presence of inorganic total dissolved solids (TDS) is one of the factors affecting the 

level of conductivity present in water such as anions of (chloride, nitrate, sulfate, and 

phosphate) and/or cations of (sodium, magnesium, calcium, iron, and aluminum). Organic 

compounds like oil, phenol, alcohol, and sugar are not good conductors of electrical current 

and therefore have a low conductivity when in water (Das et al. 2003) Any change in the 

ionic composition of aquatic samples can be detected using a conductivity probe. However, 

a conductivity probe does not indicate the ion responsible for the change in conductivity 

level, but only the level of TDS (Vernier Co, Dissolved Oxygen Probe manual). TDS value 

combines the sum of all ion particles that are smaller than two microns (0.0002 cm) with a 

unit of mg/L. ATDS factor is used in the conductivity calculations which is constant and 

dependent on the type of solids dissolved in water (Perlman 2014). The lower TDS value 

is, the better quality of water exists. Pancellent TDS &EC meter is used in this work. The 

tip of the sensor is inserted in the water for ten seconds and measurements are recorded 

(Figure 10b). 

In addition to TDS, salinity is another factor that contributes to conductivity levels. 

It is defined as the total concentration of all dissolved salts in water. These electrolytes 

form ionic particles as they dissolve, each with a positive and negative charge (Wagner et 
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al. 2006). Salinity values are unitless but are often followed by the notation of practical 

salinity units (PSU), Parts per thousand or grams/kilogram (1 ppt = 1 g/kg). 

Moreover, temperature affects conductivity levels directly such that the warmer the 

water, the higher the conductivity. For this reason, conductivity is reported as conductivity 

at 25°C (Figure 11). 

 

 

Figure 11: Relationship between conductivity and temperature. Retrieved from 

http://www.fondriest.com/environmental-measurements/parameters/water-

quality/conductivity-salinity-tds/. 

 

In this project, the conductivity probe with order code CON-BTA (Figure 10c) was 

used to measure the amounts of conductivity in collected samples from pallets. This sensor 

was linked with Vernier LabQuest2 interfaces to collect data. The low range of 

conductivity probe, which is between 0 to 200 µs/cm (0 to 100 mg/L TDS) was considered. 

For Low Range, accuracy factor calibration is  8% of full-scale reading. At the beginning 
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of the measurement, the tip of the conductivity probe was rinsed with distilled water. The 

inside and outside of the electrode cell were blotted dry to avoid water droplets diluting the 

sample to be tested. Then the tip of the probe was inserted into the sample to be tested. The 

elongated cell was completely submerged in the water and there were no bubbles around 

the electrode surface. Between 10 to 15 seconds waiting for the reading on data logger to 

stabilize while the probe was swirled. The probe was rinsed with distilled water before 

taking another measurement. 

2.5 Objectives 

The overall goal of this work is to improve our understanding of green roof performances, 

particularly if combined with solar power panels. More specific objectives of this work are: 

• To assess the efficiency of green roofs in reducing stormwater runoff; 

• To evaluate the effect of equipping green roofs with solar panels on stormwater 

quality drained from the vegetation pallets; and 

• To investigate the impact of different green roof setups, in terms of different 

soil depths and vegetation types, on stormwater quality. 
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CHAPTER 3. RESULTS AND DISCUSSION 

Stormwater quality measurements were collected after each rainfall event during mid-May 

– mid-November 2017. A rainfall event is defined in this project as any precipitation event 

that took place for a period longer than four hours at the study site. In case of heavy rainfall 

events that lasted for more than a day, data collection was conducted in the morning of the 

day after the end of the rainfall event. A total of 16 rainfall events with an average 

cumulative rainfall of 0.14 inches was observed from May 25th through November 8th.  

This chapter presents results of the stormwater quantity and quality analysis for the 

different roof types considered in this work. Specifically, section 3.1 discusses the ability 

of each roof type, including experimental controls, bare soil rooftops, and vegetated pallets, 

in retaining stormwater. Next, data analysis for each water quality indicator, including 

temperature, conductivity, pH, and TDS, was performed. Section 3.2 quantifies and 

discusses the impact of different roof types on these indicators, whereas section 3.3 focuses 

on the efficiency of equipping green roofs with solar panels in improving stormwater 

quality. 
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3.1 Stormwater infiltration 

This section focuses on evaluating each roof type and their impact on stormwater runoff 

reduction and retention. Stormwater runoff can pick up pollutants, debris, dirt, and flow 

into the sewer system or directly into rivers, lakes, and groundwater. Retaining part of it in 

the soil and/or vegetation of a green roof has the potential to reduce stormwater runoff. 

As shown by Kok et al. (2016), the extent of this reduction depends on the vegetation type 

and depth. Specifically, the deeper the substrate depth, the higher runoff reduction is 

expected. In addition, due to vegetation root uptake, the processes of drainage and 

consequent runoff should be delayed in the vegetation pallets than in the bare soil trays. 

Thus, the number of empty buckets after each rainfall event was recorded and analyzed to 

verify this hypothesis. Records are shown in Table 2. 

As expected, the highest average percentage of empty buckets after all rainfall 

events is observed in the vegetated pallets. There is a noticeable difference between the 

average percentage of the experimental controls (32%) and the vegetated green roofs 

(37%). The buckets underneath the bare soil pallets were empty 35% of all events, which 

is slightly larger than the experimental controls, but lower than the vegetated pallets. 

Furthermore, the three types of experimental controls show similar percentages of 

empty buckets regardless of the type implemented, which is also expected since 

experimental controls are all flat surfaces that drain water immediately. The presence of 

soil in the pallets slows down the stormwater runoff with respect to the traditional roof 

surfaces. Different substrate depths present slightly different number of empty buckets, 

with the 3.3” depth showing the largest stormwater runoff reduction, which is in contrast 
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to what observed in the literature. This may be due to the fact that the difference in soil 

depth is not large enough to impact the stormwater reduction and/or retention. 

 

Table 2: Percentage of empty buckets during the 16 rainfall events for each roof type. 

Roof type Empty buckets (%) 
Average empty 

buckets (%) 

CTRL 1 34 

32 CTRL 2 31 

CTRL 3 31 

BS 3.3” 38 

35 BS 4” 34 

BS 6” 34 

VEG 3.3” 34 

37 VEG 4” 38 

VEG 6” 40 

 

Vegetation and its roots increase the rate of water retained in the soil. The number 

of empty buckets underneath the vegetated pallets varies depending on the soil depth: as 

the depth increases, the number of empty buckets increases as well. Deeper soil substrates 

allow more vegetation growth and larger and deeper roots have the potential of retaining 

more water. Overall, these results are promising since vegetated green roofs show a 
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reduction/retention of stormwater runoff when compared to the experimental controls and 

bare soil pallets. 

3.2 The impact of different roof types on stormwater quality 

Several roof setups are evaluated here in terms of their impact on stormwater quality. 

Average water quality measurements and their standard deviation during the study period 

are shown in Figure 12 for the three experimental controls (in black), the three bare soil 

pallets of different depths (in red), and the three vegetation setups (in green). Water quality 

indicators were collected at each table (with and without solar panels) - for a total of six 

experimental controls, six bare soil pallets and eighteen vegetation pallets - and averaged 

together for the different roof types. The buckets underneath the two tables were kept in a 

controlled system, thanks to refined plastic walls that were added to all sides of the two 

tables to prevent, as possible, wind, temperature, and any atmospheric condition to affect 

the water characteristics in the buckets. 

The different roof configurations do not show any substantial impact on stormwater 

temperature. The experimental controls, bare soil pallets, and green roof trays show 

temperature averages between 18.6°C and 21°C with standard deviation values ranging 

from 4.9°C to 5.5°C. This is expected since stormwater was sampled the day after the 

rainfall event, which caused the water in the buckets to change its characteristics over time. 

However, a decrease in temperature, even if small, is observed going from the experimental 

control to the bare soil pallets, and to the vegetated roofs, which bodes well for future 

vegetated green roof applications. 
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The experimental controls present the same range of temperature averages and 

variances around those mean values. Thus, different roof surfaces in a small-scale system 

as the one for this project, whether asphalt shingles, refined plastic, or wooden strand 

board, does not impact the stormwater temperature significantly. Because of the period of 

study that included changing seasons and combination of hot and cold days, the variance 

shows a wider scale of values. Similarly, the bare soil and vegetated pallets for the three 

different soil depths have very similar temperature mean and variance. 

On the other hand, conductivity shows large variability across the different roof 

setups with averages ranging from 16µs/cm to 223µs/cm. The experimental controls 

present the lowest conductivity compared to the vegetated and bare soil pallets. The soil 

and vegetation substrates in the system add nutrients and metals to stormwater runoff, as 

also indicated by Kok et al. (2016), which is expected to increase the water conductivity. 

However, the bare soil pallets show higher conductivity values than the green roofs, 

indicating that vegetation roots can retain part of the metals and nutrients, by therefore 

improving stormwater quality. The behavior of TDS is very similar to the one of 

conductivity. Overall, the TDS values are the highest for the base soil pallets, which shows 

that vegetated green roofs can retain some of the dissolved solids in the soil and plant roots 

more than the bare soil substrate alone. 
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Figure 12: Average values of a) temperature, b) conductivity, c) pH, and d) TDS for the 

experimental controls (where C1 corresponds to asphalt shingles, C2 to wood, C3 to refined 

plastic), the bare soil pallets (where B1 corresponds to the 3.3” deep bare soil, B2 to 4” 

deep bare soil, and B3 to 6” deep bare soil), and the vegetated pallets (where V1 

corresponds to the 3.3” deep vegetated soil, V2 to the 4” deep vegetated soil, and V3 to the 

6” deep vegetated soil). 

 

Conductivity and TDS values among the experimental controls are similar to each 

other in terms of average and variance around the mean. Unlike the experimental controls, 

conductivity for bare soil pallets show a dependence on the soil depths: as soil depth 

increases, conductivity average and variance also increase gradually. On the other hand, 

TDS is comparable for the different soil depths. The vegetated pallets show a different 
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behavior when varying vegetation type and soil depth. Both 3.3’’ and 4’’ vegetated pallets 

present similar mean and variance values, indicating that increasing soil depth by 0.7’’, the 

difference in conductivity and TDS values is insignificant. However, the 6’’ green roof 

present higher conductivity and TDS than the other two green roofs, demonstrating that 

extensive and intensive green roofs may have different impacts on stormwater quality. 

The ideal pH level for drinking water falls in the 6 - 8.5 range and the average 

values obtained from the different roof configurations lie within that same scale. Overall, 

the experimental controls, and the asphalt shingles in particular, showed the largest 

standard deviation. The large variability around the mean is probably due to the fact that 

the experimental controls are flat surfaces that drain water immediately and do not modify 

the rain properties substantially. In other words, the pH of stormwater from the 

experimental controls can be considered very close to the one of rainfall. On the other hand, 

the soil and vegetation pallets seem to modify the rainfall pH and have less variability 

around the mean, because of the soil constituents that are carried in the runoff. In order to 

quantify the differences among the three main roof configurations, the Mean Relative 

Difference (MRD) is computed for each of the four water quality indicators for i) bare soil 

pallets with respect to the experimental control, ii) vegetated pallets with respect to the bare 

soil pallets, and iii) vegetated pallets with respect to the experimental control (Table 3). 

The MRD is defined as: 

MRD =  
𝑊𝑄𝐼𝑖−𝑊𝑄𝐼𝑟𝑒𝑓  

 𝑊𝑄𝐼 𝑟𝑒𝑓
    (1) 

where WQI corresponds to each water quality indicator considered in the study, i refers to 

the roof setup to be evaluated, and ref corresponds to the roof setup used as benchmark. 
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Table 3: MRD values of water quality indicators for the three configurations in the system 

against a benchmark (unitless). 

 BS/CTRL VEG/BS VEG/CTRL 

Temperature -0.05 -0.01 -0.06 

Conductivity 6.5 -0.27 4.5 

pH -0.08 0.03 -0.05 

TDS 6.7 -0.03 6.5 

 

A negative value of MRD indicates an improvement in water quality for that 

specific roof setup with respect to the benchmark. Lower stormwater temperature, 

conductivity, and TDS correspond to better water quality. The MRD values for temperature 

indicate that, although the values between vegetation and bare soil are similar and close to 

each other, the bare soil and vegetation show some improvements in temperature reduction, 

i.e., 5% and 6% reduction respectively. 

The MRDs for conductivity indicates that bare soil substrates increase conductivity 

by a 6.5 factor with respect to the flat surfaces. Nevertheless, the vegetation pallets have 

the capability to lower conductivity by a factor of 0.27 with respect to the bare soil and, 

thus, substantially improve stormwater quality by retaining part of the nutrients and metals 

in their roots. Likewise, both vegetation and bare soil layers increase TDS by a factor of 

6.5 and 6.7, respectively, with respect to the experimental controls. Once again, rainfall 

infiltrates the soil layer and carries a percentage of nutrients and metals contained in the 

soil before draining into the buckets. As for conductivity, vegetation retains some of those 
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suspended solids and reduces TDS by 3% with respect to the soil-only trays. In terms of 

pH, both bare soil and vegetated trays reduce the pH levels when compared to the 

experimental controls, by 8% and 5%, respectively. 

3.3 The effect of solar panels on stormwater quality 

The effect of equipping a green roof with solar panels on stormwater quality is investigated 

here, in terms of temperature, conductivity, pH, and TDS. Averages and standard 

deviations of the four water quality indicators collected at each table (the one equipped 

with solar panels and the one without) are shown in Figure 13 for the experimental control, 

the bare soil pallets, and the vegetated ones. 

Similarly, to what observed in the previous section, temperature averages show 

little variability among different roof configurations and between the two tables. As 

previously discussed, stormwater was laying in the buckets for some time before being 

sampled, which reduced the differences in water temperature among the roof types. To 

overcome this inconvenience, future research work should rely on automatic sensors that 

collect temperature measurements continuously over time before, during, and after the 

rainfall event. 
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Figure 13: Water quality indicators for the table with no solar panels and the one 

equipped with panels: a) temperature, b) conductivity, c) pH, and d) TDS. 

 

For all three rooftop configurations, conductivity and TDS are higher in the table 

with no solar panels than in the one with panels. Vegetation in the table with panels 

presented a longer life cycle than the vegetation in the table with no panels. As shown in 

Figure 14, the table equipped with solar panels was able to provide shading and coverage 

from direct sun exposure to the plants, which were therefore thriving more than in the other 

table. Healthier and deeper vegetation roots and are able to uptake more nutrients, metals, 

and dissolved solids by thus reducing conductivity and TDS. However, TDS for the bare 
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soil pallets and experimental controls are comparable in the two tables, which suggests that 

vegetation solar panels have a more significant impact on green roofs than the other two 

configurations. 

 

 

Figure 14: Difference in the 3.3’’ vegetation growth as of September 14th, 2017 in 

a) the table with solar panels and b) table with no panels. 

 

Moreover, pH level values are generally higher in the water underneath the pallets 

in the table with no panels. The surfaces of all the pallets in the table with no panels are 

warmer than the surfaces in the table with panels, therefore, it is expected that rainfall will 

change its properties one in contact with the surface. The vegetated pallets in the table with 

no panels present the largest variances, due to the different behavior of each soil depth and 

vegetation type when exposed to sunlight. MRD values are computed for the four water 

quality parameters to assess the efficiency of equipping each one of the three roof setups 

with solar panels (Table 4). No change in the stormwater temperature is observed when 

solar power panels are combined to any of the rooftop systems considered in the study. 
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Table 4: MRD calculations for the three configurations for table with panels vs. table 

with no panels (unitless). 

 CTRL BS VEG 

Temperature 0.00 0.00 0.01 

Conductivity -0.31 -0.18 -0.18 

pH -0.05 0.01 -0.11 

TDS 0.62 0.06 -0.51 

 

Conductivity lowers at least by a factor of 0.18 (for bare soil and vegetation) when 

introducing solar panels to the system. Similarly, pH levels and TDS concentrations can be 

also improved if solar panels are combined with vegetation green roofs, as a decrease by a 

factor of 0.11 and 0.51 is observed in pH and TDS, respectively. This is promising 

especially if combined to the results discussed in the previous section, which showed an 

increase in conductivity when green roofs replaced traditional roof surfaces. By combining 

solar panels with vegetated roofs, stormwater quality in terms of conductivity can be 

meliorated. 
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CHAPTER 4: CONCLUSIONS 

Green roof applications are proven to reduce runoff and have an impact on stormwater 

quality. The performance of green roofs is maximized when solar power panels, which 

provide shading for the vegetation and generate power, are combined to the system. This 

work presents a first attempt to quantify the effect of equipping green roofs with solar 

panels on stormwater quantity and quality. Specifically, a research experiment was 

designed to evaluate stormwater runoff from different green roof setups, including 

traditional building roof surfaces, bare soil, and vegetation, at the George Mason University 

campus in Fairfax, VA. Four water quality indicators – temperature, conductivity, pH, and 

TDS – were considered to assess the performance of green roofs equipped with solar power 

panels. Water quality was tested during mid-May – mid-November 2017 after each rainfall 

event. 

Collected data indicate that vegetated roofs equipped with solar panels have the 

potential to reduce stormwater runoff – by retaining part of it in the soil and vegetation 

roots and by leaf interception – with respect to surfaces traditionally used in residential and 

commercial buildings. Moreover, deeper vegetation soil substrates allow for larger and 

deeper roots, which have the potential to retain more water. 

In terms of stormwater quality, bare soil and vegetated roofs show a small decrease 

in stormwater temperature and a large increase in conductivity and TDS concentration. 
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This is expected as stormwater carries nutrients and metals present in the soil through 

infiltration in different percentages depending on the substrate depth and composition 

through the draining process. However, vegetated green roofs have the ability to decrease 

both conductivity and TDS levels in the stormwater runoff infiltrated in the substrates at 

higher rates than the bare soil pallets. Vegetation roots can retain an amount of nutrients, 

metals, and dissolved solids, which results in lower conductivity and TDS values with 

respect to bare soil. The greater the soil substrate layer in the green roof, the better roof 

performance in improving stormwater quality is observed. Furthermore, vegetated roofs 

equipped with solar panels are able to reduce both conductivity and TDS by factors of 0.18 

and 0.51 respectively. Thus, equipping vegetated roofs with solar panels can improve 

stormwater quality in terms of conductivity and TDS. 

Due to limitations in the data collection, which usually happened the day after the 

rainfall event, temperature did not change as expected. Water present in the buckets 

changes its characteristics over time, which affected the readings of the water quality 

devices. Sample size is another major limitation in the presented work, which should be 

extended to all four seasons. These limitations could be easily overcome in the future by 

deploying automated sensors in the buckets to collect measurements continuously 

throughout the day and the rainfall events.  

Future research should focus on the temperature of the top surfaces for all 

configurations and record soil moisture values in each of the bare soil and vegetation pallets 

to evaluate the impact of solar power panels on temperature and soil moisture. To better 

understand the role of each green roof configurations and solar power panels in runoff 
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reduction, the volume of runoff should be analyzed. Additional water quality indicators, 

such as phosphorous and nitrite/nitrate concentrations, should also be considered to provide 

a more comprehensive assessment on the efficiency of green roofs in improving 

stormwater quality.  
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