
1 
 

Final Report 

 

Assessment of a Novel Application of Biochar to Improve Runoff Water 

Quality from Vegetated Roofs 

 
Project G101643/G200355: 3/1/2013 – 5/31/2016 

 
Ishi Buffam and Dominic L. Boccelli 

University of Cincinnati 

 

 

 

 

 

 

 

 

 

 

 

 

  



2 
 

 

Table of Contents 

1. SUMMARY .....................................................................................................................................3 

2. PROBLEM AND RESEARCH OBJECTIVES ...........................................................................................4 

3. COLUMN STUDIES ON BIOCHAR-AMENDED VEGETATED ROOF SUBSTRATE (2013-2014)...................5 
3.1 METHODOLOGY....................................................................................................................................... 5 

3.2 PRINCIPAL FINDINGS ................................................................................................................................ 7 

4. BATCH EXPERIMENTS TO DETERMINE SORPTION KINETICS (SPRING 2014) .......................................9 
4.1 METHODOLOGY....................................................................................................................................... 9 

4.2 PRINCIPAL FINDINGS ................................................................................................................................ 9 

5. EFFECT OF BIOCHAR PRETREATMENT ON WATER HOLDING CAPACITY (SPRING 2015) .................... 11 
5.1 METHODOLOGY..................................................................................................................................... 11 

5.2 PRINCIPAL FINDINGS .............................................................................................................................. 12 

6. EFFECT OF BIOCHAR-AMENDED SUBSTRATE ON HYDRODYNAMICS IN PLOTS (SPRING 2015) .......... 12 
6.1 METHODOLOGY..................................................................................................................................... 12 

6.2 PRINCIPAL FINDINGS .............................................................................................................................. 14 

7. ISOTHERM SORPTION EXPERIMENT (2015-2016) ........................................................................... 16 
7.1 METHODOLOGY..................................................................................................................................... 16 

7.2 PRINCIPAL FINDINGS .............................................................................................................................. 17 

8. SORPTION MODELING (2015-2016) ............................................................................................... 18 
8.1 METHODOLOGY..................................................................................................................................... 18 

8.2 PRINCIPAL FINDINGS .............................................................................................................................. 19 

9. PLOT-SCALE EVALUATION OF IMPACT OF BIOCHAR ON WATER AND NUTRIENT RETENTION ........... 19 
9.1 METHODOLOGY..................................................................................................................................... 19 

9.2 SIGNIFICANT FINDINGS ........................................................................................................................... 21 

10. SIGNIFICANCE ............................................................................................................................. 23 

11. PUBLICATION CITATIONS ............................................................................................................ 24 

12. STUDENTS SUPPORTED BY THE PROJECT ..................................................................................... 25 

13. PROFESSIONAL PLACEMENT OF STUDENTS .................................................................................. 26 

14. NOTABLE AWARDS AND ACHIEVEMENTS .................................................................................... 26 

15. REFERENCES ............................................................................................................................... 27 

  



3 
 

 

1. Summary 

Vegetated (green) roofs – a type of urban green infrastructure – have been demonstrated to 

improve stormwater retention and provide energy savings, but can also serve as a source of 

inorganic nutrients nitrate (NO3
-
), ammonium (NH4

+
) and phosphate (PO4

3-
) through runoff.  An 

early study using biochar – a type of activated carbon – within the green roof substrate (soil mix) 

suggested that an amended soil mix could improve the effluent water quality from vegetated 

roofs. The overarching objective of this project is to improve our understanding of the water 

quality benefits associated with the use of a biochar-amended substrate mix within vegetated 

roof technology.  Our central hypothesis is that biochar can enhance the ability of vegetated 

roofs, which can already reduce the quantity of stormwater runoff, to decrease nutrient loading 

by binding nutrients as the runoff passes through the amended green roof substrate. In the first 

year of the project (2013-14), using column experiments in the lab we demonstrated that the 

incorporation of biochar substantially increased the water holding capacity of the substrate, 

reduced and delayed the efflux of NH4
+
 and slightly delayed the passage of NO3

-
, but had little 

effect on PO4
3-

. We also carried out experiments on the dynamics of sorption kinetics, which 

suggest a two-phase sorption mechanism onto biochar, the slower process taking several days to 

reach equilibrium. In the second phase of the project (2014-2015), our research group carried out 

a pilot study on green roof test plots and developed a method for making continuous 

measurements of evapotranspiration on the plots. In the final phase of the project (2015-2016), 

we scaled the experiment up and measured the effect of biochar on nutrient retention, water 

retention, and plant vitality in green roof plots, carried out detailed batch experiments on 

sorption/desorption equilibria of standard and biochar-amended green roof substrate, and 

developed a mathematical model to describe the nutrient sorption dynamics. Our results indicate 

that biochar has excellent potential as a low-cost amendment to green roof substrate to improve 

downstream surface water quality by increasing water retention and by strongly binding NH4
+
, 

one of the nutrients of concern. 
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2. Problem and Research Objectives 

A significant issue many urban centers face is the direct discharge of untreated sewage into 

receiving waters due to overburdened and antiquated combined sanitary and stormwater sewers. 

While conventional grey infrastructure approaches to mitigating combined sewer overflows 

(CSOs) tend to be disruptive and costly, the use of urban green infrastructure (UGI) – generally 

defined as implementations (often vegetated) to reduce stormwater surface runoff by increasing 

infiltration and evapotranspiration – can mitigate overflow events and the associated deleterious 

impacts, while contributing other co-benefits. Green infrastructure techniques have been gaining 

traction for reducing urban stormwater runoff and improving water quality (e.g., NYC 

Department of Environmental Protection, 2011), and are one of the best management practices 

for CSO reduction recommended as part of the integrated green infrastructure program by 

Cincinnati’s Metropolitan Sewer District (www.projectgroundwork.org).  Vegetated (green) 

roofs – a type of UGI – are becoming increasingly popular with for example >20% coverage of 

the flat roof area in cities like Stuttgart, Germany. These installations are expected to continue to 

proliferate in the near future with stated goals of 20% coverage of large buildings in Washington, 

D.C. by the year 2025 (Deutsch et al. 2005) and 50-70% coverage of city owned buildings in 

Toronto and Portland (Carter and Laurie 2008). Vegetated roofs have been demonstrated to 

improve stormwater retention (Bliss et al, 2009; Getter et al, 2007; Carter and Rasmussen, 2006, 

Mentens et al, 2006; Van Woert et al, 2005) and provide energy savings (van Woert et al, 2005), 

but also serve as a source of organic carbon, nutrients, and metals through runoff (Berndtsson et 

al., 2010).  There is concern that the water quality benefits of green roofs related to reduced CSO 

events, may be offset by the direct contribution of organic carbon and nutrients in runoff from 

these systems. Runoff from vegetated roofs often contains very high concentrations of nutrients, 

particularly phosphorus but also organic carbon and sometimes inorganic nitrogen (Berndtsson et 

al. 2009; Berndtsson et al. 2010; Oberndorfer et al. 2007; Buffam and Mitchell 2015; Gregoire 

and Clausen 2010). Thus, there is a need for further study into the potential water quality benefits 

and, potential, negative impacts associated with nutrient release. These are at high enough levels 

to contribute to eutrophication in downstream waterways, and to date no clear solution to this 

ecosystem disservice has been found and tested. 

A novel potential solution to this problem has been identified: the integration of biochar into the 

vegetated roof substrate. Biochar is the term given to biomass, such as wood, which has 

undergone pyrolysis to generate a carbon-rich product.  The production of biochar is similar to 

the process which creates charcoal but is distinct in that the end product is meant to be used as a 

soil amendment.  The purpose of this soil amendment is to increase soil productivity, sequester 

carbon, and filter percolating water (Lehmann, 2009).  Adding biochar to soils can improve the 

ability of the soil to absorb phosphorous (Lehmann, 2002; Beaton, 1960; Downie, 2007), absorb 

metals by increasing cation exchange rate (Lehmann, 2009), and increase water holding capacity 

(Piccolo, 1996). 

Biochar is a proven technology to improve water quality but it has not been extensively 

challenged in the treatment of green roof effluent.  The multifaceted claims of biochar, 

specifically, improved soil fertility, carbon sequestration, and improved effluent water quality 

(Lehmann, 2009), suggest the technology could reduce threats to ecosystems receiving runoff, 

create cost savings due to reduced green roof maintenance through nutrient retention, and 

increase effectiveness of green roofs to retain water.  Evaluation of this application is necessary 
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to determine the true effectiveness of this possible game changing technology for green roofs. 

One previous study (Beck et al., 2011) carried out in Portland, OR has shown qualitatively that 

biochar is capable of improving effluent water quality (i.e. phosphorous, nitrate, organic carbon) 

and reducing runoff volume in green roofs.  However, this study did not examine the temporal 

dynamics of sorption, nor the changes in performance by varying biochar concentrations in the 

media, instead using a fixed proportion of 7% biochar. 

The overarching objective of this project is to improve our understanding of the water quality 

benefits associated with the utilization of a biochar-amended soil mix within vegetated roof 

technology.  Our central hypothesis is that biochar can enhance the ability of vegetated roofs to 

improve water quality by binding nutrients (N and P) as the runoff passes through the amended 

green roof medium.  While vegetated roof technology has been demonstrated to reduce rainfall 

runoff, additional research has demonstrated a potential degradation in the effluent water quality 

(Oberndorfer et al. 2007; Berndtsson et al. 2010).  Recent research has shown a net leaching of 

dissolved nitrogen and exceptionally high levels of inorganic phosphorous in green roof runoff, 

both from full-scale green roofs and small-scale experimental plots (Buffam and Mitchell 2015). 

The use of biochar – an inexpensive activated carbon – is expected to improve the ability of 

vegetated roofs to retain nutrients.  The rationale for understanding the water quality impacts of 

a biochar-amended soil medium is to evaluate the benefits for use within vegetated roofs an part 

of an integrated stormwater management plan, which would benefit designers and planners in 

assessing the potential impact to water quality conditions within a regional design setting.  

Our project had three associated objectives: 1) evaluating the abiotic capabilities for nutrient and 

stormwater runoff retention due to enhanced sorption properties of biochar-amended soil 

medium via column reactors; 2) evaluating biotic and abiotic capabilities for nutrient and 

stormwater runoff retention due to enhanced sorption properties of a biochar-amended soil 

medium in vegetated green roof plots; and 3) developing a model for representing the hydraulic 

and water quality performance of vegetated roofs with and without biochar. In the first year of 

the project we carried out the first objective, while the second and third objectives were carried 

out during years 2-3. 

 

3. Column Studies on biochar-amended vegetated roof substrate (2013-2014) 

3.1 Methodology  

3.1.1 Column experiment design. We designed and carried out column studies in order to 

determine the nutrient holding capacity and water-holding capacity of biochar-amended 

vegetated roof substrate. Fixed bed column reactors (7 cm diameter, Figure 1) were packed with 

four different treatments in duplicate of combined biochar and commercial green roof media 

(with biochar proportions of 0%, 2%, 7%, and 14% of total weight) at 10 cm of media depth to 

conform to common extensive green roof construction. Biochar samples used were derived from 

a wood-based feedstock from chips or grounds, 3 mm minus, >70% carbon sorption >8% butane 

ash up to 23% but with low buffering at 500C. The growing medium used was a proprietary 

aggregate based extensive blend from Tremco Roofing Inc, (Cincinnati, OH), sieved through a 2 

mm sieve.  
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Figure 1. Left panel: Column setup showing pump, four columns varying in % biochar integrated into substrate, 

and beakers collecting continuous runoff water samples. Right panel: Collection bottles showing, from left to right, 

runoff water from 0%, 2%,7%, & 14% by mass biochar/ substrate mixtures. Note the decreasing brown color for the 

high biochar mixtures, indicating removal of dissolved humics. 

The columns were flushed during 24 hours with 1 year’s worth of artificial rain water (ARW), 

equivalent to 1 meter depth, immediately prior to the beginning of the experiment. This was done 

so that the experiment would not be dominated by the initial release of nutrients from the 

substrate and would instead behave as a more established green roof. The concentrations of 

compounds in the ARW were determined by using the NADP precipitation averages from 2007 

to present for the Oxford, Ohio station (OH09) (http://nadp.sws.uiuc.edu/NTN/ntnData.aspx). 

The flow rate was then reduced to 1cm/h to simulate a heavy, yet realistic, rain event. This 

treatment was continued for 24 hours, followed by a “heavy nutrient” mix containing ARW 

enriched with approximately 3 mg/L each of NH4-N, NO3-N, and PO4-P. This heavy nutrient 

mix was added at the same flow rate for 48 hours. This was determined to be long enough to 

observe the breakthrough of nutrients. This was followed by a 48h flush out using ARW. Thus, 

the total experiment length was 120 hours. 

3.1.2 Water Quality Collection and Analysis. Water samples were collected at 1 hour intervals 

throughout the entire experiment, and enough samples analyzed to adequately construct the 

breakthrough curves (in practice, typically one sample every 4 hours). We collected a total of 

120 per treatment (n=4) per trial (n=2) for a total of 960 samples. Column effluent and batch 

samples were collected in acid-washed high-density polyethylene containers, filtered at 0.45 m, 

frozen to preserve and subsequently analyzed for the concentrations of the inorganic nutrients 

ammonium, nitrate and phosphate. Colorimetric techniques were used at a microplate scale 

(Ringuet et al. 2010) for nitrate (Doane and Horwath, 2003), ammonium (Weatherburn, 1967), 

and phosphate (Lajtha et al., 1999). Initial pilot study samples for the concentration of metals 

common in the urban environment including copper (Cu) and zinc (Zn), revealed that the green 

roof substrate was a sink for these metals when loading occurred at a level to be expected in 

urban environments. Even in the absence of biochar, effluent concentrations of these metals were 

below the detection limit (Atomic Absorption spectroscopy). Therefore, detailed breakthrough 

curves were not generated for these elements, and focus was rather placed on inorganic nutrients, 

which have been shown to be a pervasive issue in green roof effluent.  
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3.2 Principal Findings 

In summary, we found that the incorporation of biochar into vegetated roof substrate 

substantially reduced and delayed the efflux of NH4
+
 and slightly reduced and delayed the 

passage of NO3
-
, but had little effect on PO4

3-
 (Figure 2). Biochar also increased the water-

holding capacity of the substrate (Figure 3), which has important implications for the stormwater 

runoff reduction potential of green roofs. When averaged over the entire 5-day experiment, the 

volume-averaged mean concentrations (directly proportional to total flux) were reduced in the 

high-biochar treatment by up to 75% for ammonium and 17% for nitrate, while all columns were 

a slight net source of phosphate regardless of biochar amendment (Figure 4). 
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Figure 2. Nutrient break through curve of (A) 

ammonium, (B) nitrate, and (C) phosphate for 

vegetated roof substrate columns amended with 0%, 

2%, 7%, & 14% w/w biochar. Each point represents 

an effluent sample taken every 4 hours, which was 

then analyzed for nutrient concentration. The hard 

lines (grey and red) represent the concentration of 

the input water over the length of the line (1 day 

with ARW, 2 days with ARW+high nutrients, and 2 

days with ARW again).  
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Figure 4. Volume-averaged mean effluent nutrient 
concentrations for the entire 5-day experiment, for 
columns varying in biochar % integrated into green 
roof substrate. Error bars represent standard error of 
the mean for duplicate trials. The horizontal dotted 
lines represent the volume-averaged influent 
“precipitation” concentration in the experiment. 
Substrate alone resulted in a 34% reduction in NH4-
N, with higher biochar resulting in a reduction of up 
to 76% of NH4-N. NO3-N fluxes were not affected 
by substrate alone, but the higher biochar treatments 
resulted in a 17% decrease in NO3. PO4-P fluxes 
were not affected significantly by either substrate 
alone, or biochar amendments; though all columns 
were a slight source of PO4. 

Figure 3. The water holding 
capacity was measured by the wet 
weight of the columns at the finish 
of the experiment. Increasing 
biochar had the effect of increasing 
water retention, with the 14% 
biochar treatment nearly doubling 
the water retention relative to the 
biochar-free control – this in spite 
of a lower initial mass for the high 
biochar column. 
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4. Batch experiments to determine sorption kinetics (Spring 2014) 

4.1 Methodology 

Pilot batch studies were carried out to determine the sorption kinetics for nutrients in vegetated 

roof substrate with and without biochar. Batch experiments were run with a known ratio of 

biochar to growing medium in solutions with a known concentration of three nutrients - 

ammonium, nitrate, and phosphate. The solutions contained either artificial rainwater (ARW) 

containing nutrients at levels observed in local precipitation, or ARW + 20 mg/L of NH4-N, 

NO3-N, and PO4-P. Samples were taken periodically and analyzed for nutrient concentration. 

Two sample levels were prepared per treatment, 0% biochar and 14% biochar, measured by 

mass. The 0% contained no biochar and 1.00 g of growing medium. The 14% contained 0.14 g 

biochar and 0.86 g growing medium. The mixtures were placed in 50 mL centrifuge tubes along 

with 40 mL of either ARW or the 20 ppm nutrient spike, depending on the treatment. Five 

centrifuge tubes were used per sample per treatment (20 total).  Once the treatment water was 

added to the mixtures, the tubes were immediately placed on a shaker table shaking 100 rpm at 

25C. The table was covered to ensure no light penetrated the tubes to control for any 

photocatalytic activity that may ensue. Samples were taken at five time points- 10 min, 30 min, 

1hr, 24 hr, and 96 hr- and vacuum filtered through a 0.45 l filter then immediately frozen for 

further analysis. A second iteration of the same experiment also included a 100% biochar 

treatment, and added 12 hr, 48 hr, and 120 hr timepoints as well as additional replicates 

(triplicates), but was otherwise identical to the pilot study. Nutrient concentrations of the effluent 

were determined using a spectrophotometer (Figure 5) as described in Section 3.1.2 above. 

 

  

Figure 5. Left panel: Undergraduate research assistant Pat Wright pipetting out standards for use in nutrient 

analysis. Right panel: Side view of five 96-well microplates showing color development used in nitrate analysis. 

 

4.2 Principal Findings 

The objective of the batch study was to determine the kinetics and equilibrium concentrations for 

standard and biochar (14%)-amended substrate, subjected to two different initial nutrient 

concentrations in solution (ARW and 20 ppm). For the small-scale batch study, the hypothesis 

was that that for ammonium, nitrate, and phosphate, the concentration of nutrients in the effluent 

will be reduced with a higher ratio of biochar to growing medium. This was corroborated for 

ammonium (Figure 6), low concentrations of nitrate, and high concentrations of phosphate but 
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rejected for low concentrations of phosphate because final concentrations were higher than initial 
values (data not shown). The 14% biochar amendment was quite effective at binding and 
reducing concentrations of ammonium from ARW- though equilibrium was not reached after 96 
hours as well as reducing concentrations from a 20 ppm spike and coming to equilibrium in 1 
hour (Figure 6). This conclusion is congruent to Yao et al. (2011) finding in that biochar does 
have the ability to bind contaminants from water. This is also supported by the effect biochar had 
in reducing nitrate concentrations from ARW (data not shown). With phosphate, the opposite 
occurred and phosphate was leached out of the substrate into the ARW, as was seen by Buccola 
(2008). However, when initial phosphate concentrations are increased to 20 ppm, biochar did 
show the capability to bind phosphate with equilibrium reached at 1 hour (data not shown). 

In the batch study, the biochar appeared to come to an initial equilibrium with the water for 
several hours then followed by a later decrease in concentration. This may indicate that multiple 
equilibria exist that could include binding sites on the surface of the biochar as well as deeper 
within the particle. This would entail a fast and slow cycle, where the slow cycle is the binding 
of nutrients to the surface sites, and the slow cycle is the nutrients diffusing further into the 
biochar particles to inner binding sites. This would seem plausible because the diffusion process 
through solids takes longer than surface binding and would account for the ~23 hour period of 
equilibrium. As a consequence of the complicated kinetics, estimated time to equilibrium varied 
substantially among treatments (Table 1; Table 2), but an initial equilibrium was generally 
reached within 24 hours for all analytes regardless of starting concentration. 

 

Figure 6. Left panel: The addition of 14% biochar to substrate decreases the concentration of NH4 in ARW while 
substrate alone is a source of NH4. Right panel: For the high ammonium spike solution, both substrate alone and 
substrate + 14% biochar result in a gradual decrease in ammonium over time, presumably due to sorption. A fast 
initial drop (within 1 hour) followed by continued gradual decline in both experiments suggests multiple 
mechanisms of sorption. Missing points represent missing analytical samples in this pilot study. 

 

Table 1. Approximate time of equilibrium reached for each analyte and treatment, in the pilot batch kinetic study. 

 

_________________________________________________________________________________________________
Analyte	 0%	ARW	 14%	ARW	 0%	20ppm	 14%	20ppm	
_________________________________________________________________________________________________
NH4	 	 	2	hrs		 N/A	 	 30	min		 >24	hr	
NO3	 	 1	hr	 	 >24	hr		 N/A	 	 N/A	
PO4	 	 N/A	 	 24	hr	 >30 min 1 hr
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Table 2. Approximate time of equilibrium reached for each analyte and treatment, in the second batch kinetic study. 

 

5. Effect of biochar pretreatment on water holding capacity (Spring 2015) 

5.1 Methodology 

We designed and carried out a column study of the water retention capacity of green roof 

substrate vs. biochar of differing particle size distributions. Fixed bed column reactors (7 cm 

diameter, Figure 1) were packed with four different treatments, at 5cm depth: commercial green 

roof substrate, and three different treatments with 100% biochar, differing only in the size 

distribution of the biochar particles. One column was filled with raw biochar including some 

larger pieces, one was filled with biochar that had been sifted to have particles smaller than 2mm 

and one with biochar that had been blended in a blender on high for 3 bursts of 15 seconds. All 

columns were treated with a 2.5 cm/hour rainfall by using a Cole Palmer Masterflex L/S vacuum 

pump for approximately 3.5 hours. Biochar samples used were derived from a wood-based 

feedstock from chips or grounds, 3 mm minus, >70% carbon sorption >8% butane ash up to 23% 

but with low buffering at 500C. The growing medium used was a proprietary aggregate based 

extensive blend from Tremco Roofing Inc, (Cincinnati, OH), sieved through a 2 mm sieve.  

 

 

Figure 7. Column setup showing pump, four columns comparing the water retention capacity of green roof substrate 

(far left) vs. biochar varying in the particle size distribution. Note the brown color of the water coming from the 

substrate only column, indicating high dissolved humic material content. 

Analyte 0% ARW 14% ARW 100% ARW 0% 20ppm 14% 

20ppm 

100% 

20ppm 

NH4
+
 30 min 1 hr 1 hr 12 hr 12 hr 1 hr 

NO3
-
 24 hr 48 hr 12 hr 1 hr 1 hr 1 hr 

PO4
3-

 12 hr 24 hr 24 hr 12 hr 12 hr 12 hr 
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5.2 Principal Findings 

Biochar is much less dense than green roof substrate, but has a higher water holding capacity 

(Figure 8). We found that when we scaled the amount of water retained to the total mass of the 

material, biochar held about three times as much water as the vegetated roof substrate, and the 

three types were relatively equal to one another in their water holding capacity (Figure 8). With 

pure biochar mixes, when saturated 70+/-3% of the weight of the columns was water, while the 

remaining 30% of the weight was biochar. In contrast, saturated vegetated roof substrate was 

25% water and 75% substrate by mass. We also found that blending resulted in fine particles of 

biochar which packed into the column more densely, resulting in a density of 0.29 g/ cm
3 

when 

dry, and 1.01 g/ cm
3 

when fully saturated. Vegetated roof substrate had a dry density of 1.00 g/ 

cm
3
, and a wet density of 1.33 g/ cm

3
. Raw and sifted biochar were lighter still, with densities of 

0.14-0.18 g/cm
3
, and wet density of 0.40-0.69 g/ cm

3
. As a consequences of these differences, 

the overall mass of the 192 cm
3
 (5 cm depth) columns varied substantially among the treatments. 

This has implications for construction of full-scale green roofs, which ideally have a high 

moisture holding capacity but are relatively lightweight. We chose to continue using raw biochar 

for future plot-scale experiments, since the pretreatment of the biochar (sifting, blending) was 

labor intensive and did not substantially affect the moisture-holding capacity per unit mass. 

 

Figure 8. Substrate/biochar mass and water retention in 192 cm
3
 substrate or biochar (raw, sifted, blended) columns.  

(Left panel) Mass in grams; (Right panel) Mass as a % of total. Although blending and sifting affected biochar 

density, the water holding capacity as a proportion of the total weight was essentially identical for all of the biochar 

columns, which all held much more water per unit weight than did the substrate alone.  

 

6. Effect of biochar-amended substrate on hydrodynamics in plots (Spring 2015) 

6.1 Methodology 

We carried out a pilot study using small-scale green roof test plots (Figure 9). The purpose of the 

pilot study was to develop a method for continuous measurement of evapotranspiration on green 

roof test plots, as well as determine the differences among evaporation rates among three plots 

with differing proportions of biochar incorporated into the substrate. Three small (30.5 cm x 61 
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cm) green roof test plots were constructed. Each plot was comprised of two Eco-Roof green roof 

trays, with one placed on top of the other. The substrate was held by the top tray and the bottom 

was empty and lined with 6 millimeter UV resistant polyethylene greenhouse sheeting 

(Greenhouse Mega Store). This bottom tray served the purpose of making the setup leak resistant 

and included a spigot with plastic tubing which allowed for easy collection of runoff. The 

outflow was collected in 10 liter HDPE carboys. The top tray was lined with a single layer of 

geotextile and held the Tremco extensive green roof growing media being used as a substrate 

mix and two plots also included biochar from Bluegrass Biochar, identical to that used in the 

experiments described in Sections 4 and 5 above. The substrate mix in the top tray reached a 

uniform depth of 8cm throughout the tray. Once two trays were fitted together and lined with 

plastic and textile they were positioned at a 4% slope atop of an Adam CPW Plus-35 scale, 

linked to the Adam DU program on a PC, which logged masses for all plots at a 10 minute 

interval. This made it possible for us to view water loss due to evaporation in real time.  

 

 
Figure 9. Caitlin Shaw overseeing plot and scale setup for continuous recording of weight changes due to 

evaporation from biochar-amended vegetated roof substrate. 

Once the empty plots were secured atop their individual Adam CPW Plus-35 scale with data 

collection using the ADAM DU program, each of the three plots was filled with a substrate mix 

of 0, 5 or 10% biochar by mass. All plots were treated with 4 liters of tap water using a watering 

can at a slow pace (approximately equivalent to a 1” rainfall). The mass of the plots when water 

finished dripping is the saturated weight and was used to calculate water holding capacity. We 

then incubated the plots undisturbed for 11 days in the lab with ambient light and temperature, 

during which time the change in weight was recorded every 10 minutes as an indication of 

evaporation rate. After 11 days we oven dried each plot at 70 degrees Celsius for 48 hours. The 

weight after being oven dried provided us with a dry weight. The dry weight was subtracted from 

the saturated weight to yield the water holding capacity of each plot.  
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6.2 Principal Findings 

 

Note, given the exploratory nature of this preliminary study which was primarily devoted to 

methods development, we only conducted a single replication of each treatment. Therefore, no 

statistical difference can be inferred until further tests can be completed.  

1. The plot with 10% biochar substrate held the most water (Figure 10), retaining 3.29 liters 

(22.1 % v/v) despite having the lowest mass The 5% biochar plot retained 3.02 liters 

(20.3 % v/v) and the control (non-amended) substrate retained the least with 2.89 liters 

(19.4% v/v).  

 

Figure 10. Water holding capacity as a percentage of total volume, for three vegetated roof plots with substrate and 

amended with either 0%, 5%, or 10% biochar by mass. All three plots were the same volume; the high biochar plots 

were lighter due to the low density of biochar. 

 

2. The plot with 10% biochar substrate had the fastest average rate of evaporation, losing 

7.20 ml/hour on average over 11 days (Figure 11). The non-amended substrate and the 

plot with 5% are almost even averaging a loss of 6.73 ml/hour and 6.74 ml/hour 

respectively. 
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Figure 11. Weight change of each green roof plot (vegetated roof substrate alone, 5% biochar mix, 10% biochar 

mix) during 11 day incubation period. Evaporation rates were similar for all three treatments. 

 

Our results demonstrate that biochar positively impacts the water holding capacity and that 

evaporation rates were not strongly affected by the use of biochar. Note, the experimental plots 

were tested indoors in climate controlled (air conditioning/heat) were the average temperature 

was approximately 20 degrees Celsius.  These conditions are much different than the normal 

outdoor conditions a green roof would typically experience. Variability of the evaporation rate 

will occur as a function of precipitation input, wind speed, wind direction, sunlight exposure, 

ambient relative humidity and temperature for outdoor applications.  

Biochar increased the effectiveness of the green roof substrate by increasing the substrate’s water 

retention capacity, but no significant impact on the rate of evaporation or the length of time the 

substrate can retain water could be inferred. All three plots (with identical volume) lost water to 

evaporation at very similar rates and retained water for approximately the same length of time. In 

another study, non-vegetated biochar amended plots retained 2-7% more water than the control 

plots, but the volume of water retention actually decreased by 1-3% when the plots include 

vegetation (Beck et al., 2011).  Our study saw an increase in the volume of water retained, 

consistently, upon addition of biochar.  

The main purpose of this study was development of a method for continuous measurement and 

recording of changes in plot weight, to get at evaporation and ultimately evapotranspiration rates. 

This succeeded and a working method was developed, but given the exploratory nature of this 

preliminary study, we conducted just a single replication of each treatment. Therefore, no 

statistical difference can be inferred until further tests can be completed. The scales are fieldwork 

scales and were covered in water resistant contact paper for our study. This will make it possible 

for the setup to be taken outside for ambient environmental exposure during subsequent 

experimental trials. In order to have more certainty and to better evaluate biochar’s ability to 

retain water more replications would be required.  
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Future studies will examine the effects of biochar on plant vitality, particularly if biochar has an 

effect on the transpiration rate of plants by increasing water availability. Further plot studies 

must be conducted in order to continue to evaluate different combinations of substrates that 

could enhance green roof effectiveness and performance. We predict, due to biochar’s ability to 

retain water, the plots with increasing biochar will produce the densest vegetation because plants 

will not need to compete for water , and possibly nutrients, as much as in other plots. Based upon 

the increase biochar can provide to water retention, designers of vegetative roofs should give 

serious consideration to the amending substrate with biochar. Its ability to increase the water 

retention of substrate would increase the effectiveness of the roof and may reduce the frequency 

of when the vegetation experiences water stress. 

 

7. Isotherm Sorption Experiment (2015-2016) 

7.1 Methodology 

We carried out a set of batch experiments in the lab to generate data for isotherms to describe 

sorption by green roof substrate, with and without biochar amendment. A typical Freundlich 

isotherm is an empirical relation between the concentration of nutrient adsorbed by an adsorbent, 

and the equilibrium concentration of the nutrient in solution. To find the average time to reach 

equilibrium concentrations of NH4-N, NO3-N & PO4-P, a preliminary batch study was 

conducted (See Section 4 above). From that study, the average equilibrium time for all the 

nutrients were ca. 24hr or less with few exceptions. Based on these kinetic studies and a search 

of the literature for similar experiments, we chose a 24-hour time interval for our isotherm 

experiments. This time interval was selected to achieve a balance between reaching near-

equilibrium conditions with respect to sorption/desorption, vs. allowing minimal biological 

(microbial) impacts on nutrient concentrations, which become more important as the experiments 

are run for longer. 

 

To evaluate the potential for biochar, growing medium and biochar-growing medium mixture to 

remove nutrients from solutions of different concentrations, batch experiments were set up in 

50mL centrifuge tubes. Each tube received either 1g of growing medium (“0% biochar”); 1g of 

biochar (“100% biochar”); 0.95g of growing medium & 0.05g of biochar (“5% biochar”); or 

0.86g of growing medium & 0.14g of biochar (“14% biochar”). Then 40ml of various 

concentration solutions were added: 0ppm, 1ppm, 2ppm, 5ppm, 10ppm, 15ppm, 20ppm, 30ppm, 

50ppm, 100ppm of NH4-N, NO3-N & PO4-P. To prepare the solutions, 0ppm solution with no 

nutrients and 100ppm solution with NH4NO3, KH2PO4, K2HPO4 salts were made and serial 

dilutions were performed by mixing the 0ppm & 100ppm solutions in the appropriate ratio. 

Before they were diluted, pH and conductivity were adjusted so that pH and conductivity value 

approximate the pH and conductivity value of effluent from a vegetated roof. Commonly the pH 

value of green roof effluent is ca. 7 and conductivity is in the range 150-300µS/cm for green roof 

runoff originating from rainwater (e.g., Buffam et al. 2016). To adjust the pH and maintain 

relatively low specific conductivity, NaHCO3 and HCl were added in appropriate amounts 

calculated from chemical equilibrium equations. Then, all of the centrifuge tubes were placed 

horizontally in a fully darkened shaker table (to control for any photocatalytic activity) for 24 

hours at 100 rpm at 25°C.  
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Following the incubation, samples were syringe filtered through a 0.45µm Millipore HA filter 

(Figure 12) and then immediately frozen for further analysis. The tubes with 100% biochar were 

pre-filtered using a paper filter and then syringe filtered through a 0.45µm Millipore HA filter. 

Nutrient concentrations of the effluent were determined using a spectrophotometer as described 

in Section 3.1.2. The adsorbed amount of nutrient (q) in adsorbent has been calculated from the 

difference of initial and final equilibrium concentration. 

 

 

 
 
Figure 12. Environmental Engineering MS Student Nabila Farah Tasneem filtering batch isotherm samples after 

incubation, in preparation for nutrient analysis. 

 

For each treatment and nutrient, the adsorbed amount vs equilibrium concentration was then 

plotted in logarithmic scale and fitted with a best fit line corresponding to the Freudlich isotherm 

analysis (Eq. 1): 

 

𝑞 = 𝐾𝐶𝑒
1

𝑛          (Eq. 1) 

 

where q = the mass of species absorbed/mass of adsorbent; and Ce = the equilibrium 

concentration of adsorbable species in solution. This equation gives us the value of Freundlich 

isotherm parameters K and 1/n which were then used in sorption modeling (Section 8).  

 

7.2 Principal Findings 

As expected from the column experiments, different nutrients behaved differently in terms of 

adsorption. NH4-N showed considerable absorption at a range of initial concentrations, PO4-P 

showed little interaction with biochar or substrate at any concentration, while NO3-N had 

intermediate behavior: net adsorption up to 5ppm but little effect at higher concentrations. The 

amount of adsorption increased with the initial concentration of nutrient as expected, but also 
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varied by treatment (Fig. 13). The behavior of 5% and 14% mixture was generally intermediate 

between the pure substrate and pure biochar treatments.  

 

 

Figure 13. Example isotherm plots for calculating Freundlich isotherms for sorption/desorption of ammonium (top), 

nitrate (middle) and phosphate (bottom). The pure substrate (left column) and pure biochar (right column) results are 

shown; the mixtures of 5% and 14% biochar showed results generally intermediate of the two pure substances. The 

linear fit to the data gives values of the Freundlich isotherm parameters K and 1/n for use in sorption modeling. 

8. Sorption Modeling (2015-2016) 

8.1 Methodology 

A mathematical model was developed in MatLAB to represent the adsorption behavior of NH4-

N, NO3-N, and PO4-P respectively, in the presence of extensive green roof growing medium 

alone, as well as growing roof medium amended with varying concentrations of biochar. For 

modeling sorption, we chose the Homogenous Surface Diffusion Model (HSDM) based on 

Fick’s second law of diffusion. This is the most general form of mathematical model for 

representing a fixed bed column with single adsorbent. The assumptions of this model are: (1) a 

plug flow system; (2) the column is saturated with constant hydraulic loading and no 

backwashing; (3) radial concentration gradient is ignored; (4) the composite adsorbent mix is 

homogeneous; (5) no solute interactions during the diffusion process. The model requires the 

estimation of four parameters: K, 1/n, Ds and Kf, and is fit using data from the fixed-bed column 

studies (Section 3). The Freundlich isotherm parameters K and 1/n were determined from the 
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batch isotherm experiments as described in Section 7, while the remaining two parameters (Ds 

and Kf) are determined with a nonlinear least square fitting function using the Levenberg 

Marquardt Algorithm, appropriate when there are multiple parameters (Traegner and Suidan, 

1989). The process is based on using the difference between solution of the model equations and 

the experimental data to continuously improve on an initial guess of the values of unknown 

parameters. 

8.2 Principal Findings 

Initial model runs suggest that the sorption/desorption behavior of the studied nutrients can be 

successfully represented with the HSDM modeling approach (Figure 14). This modeling work 

continues as part of Nabila Tasneem’s MS thesis, which will be completed in 2016. 

 

Figure 14. Example sorption model fit for the column experiment, with (Left panel) initial estimates for all four 

parameters (K, 1/n, Ds, Kf) to represent phosphate dynamics in the 0% biochar treatment, and (Right panel) 

exploration of sensitivity to variation in the Ds parameter. 

 

9. Plot-scale evaluation of impact of biochar on water and nutrient retention 

9.1 Methodology 

A plot-scale field study was established in May 2015 to test the effect of biochar amended 

substrate in green roof plots on water and nutrient retention. Twelve experimental plots were 

established side by side (Figure 15). The plots contained varying quantities of biochar mixed into 

the substrate to a depth of 7 cm.  Two replicates of each of the following treatments were 

assembled:  vegetated plots containing substrate without biochar (control plots); vegetated plots 

containing substrate amended with 5% biochar by weight; and vegetated plots containing 

substrate amended with 10% biochar by weight.  In addition, duplicate plots of the same design 

were constructed without vegetation (non-vegetated plots).  Each plot consisted of two HDPE 

plastic trays with the dimensions of 60 cm by 29.2 cm (EcoRoof Inc.). These plots contained 

basic green roof components: a filter layer in the form of geotextile fabric (DeWitt Filter Fabric, 

Forestry Supplies, Jackson, MS), a drainage board in the form of corrugated plastic and a 

waterproof layer in the form of plastic sheeting to assist in the drainage of water from the plots.  

Substrate was a proprietary aggregate-based blend (Tremco Roofing Inc., Cincinnati, OH). 
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Biochar was obtained from Bluegrass Biochar, identical to that used in the earlier experiments 

described in this report.  

The vegetation was established with cuttings of mixed Sedum species from Emory Knoll Farms, 

MD (Figure 15).  Species included Phedimus takesimensis, Sedum kamtchaticum, S album, S. 

album var. murale, S. aizoon, S. spurium ‘John Creech’, S. spurium ‘Roseum’, S. spurium 

‘Schorbuser Blut’, S. spurium ‘Fuldaglut’, S. middendorfianum diffusm, S. rupestre ‘Angelina’, 

S. reflexum ‘Blue Spruce’, S. kam. floriferum var. ‘Weihenstephaner Gold’, S. hybridum 

‘Immergrunchen’, S. sexangulare, and S. acre.  The vegetated plots contained an even proportion 

of each Sedum species at a density of 600 g m
-2

 total.  Sedum species are especially successful, 

in terms of plant coverage and survival, in green roof installations in the American northeast and 

Midwest (Durham and Rowe, 2007; Butler and Orians, 2011, Starry, 2013).  During plant 

establishment, the plots were located at the University of Cincinnati's greenhouse (Rieveschl 

Hall, Cincinnati, OH).  After plant establishment, the plots were moved to a nearby rooftop 

(Rieveschl Hall, UC campus). 

 

Figure 15. Biology MS Student Alicia Kosielski planting a mixture of Sedum cuttings for the plot-scale experiment. 

Plots were initially established in a greenhouse setting.  

Flushes with known volumes of deionized water were performed periodically.  Each plot was 

outfitted with a spigot and tygon tubing to allow for the collection of water into a collection 

bucket.  Water retention was measured as the amount of water that was collected from each plot 

subtracted from the amount of water added to each plot. Effluent was collected, then filtered 

using 0.45 m Millipore HA membrane filters, and pH and conductivity were measured as well 

as the concentrations of inorganic N and P as described in Section 3.1.2. 
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9.2 Significant Findings 

The Sedum mixtures established successfully in all plots, with no obvious effect of biochar on 

plant growth or health after the first growing season (Figure 16).  

 

 

Figure 16. Example overhead photos of plots, four weeks after propagation from cuttings. From left to right: 0%, 

5%, and 10% biochar treatments containing a diverse assemblage of Sedum spp.  

Below are average results from flushes after 3 and 5 months of growth (Fig. 17), representative 

of the results we have seen so far during the first growing season in the greenhouse. The effect of 

biochar showed an increase in water retention (30%) and increase of pH (+0.5 units), while the 

presence of plants had the effect of decreasing specific conductivity (salt concentration) in the 

effluent water. The greater water retention (thus lower runoff) is in agreement with the results 

from our column and other lab-based studies. During this initial period, biochar has not had a 

measurable effect on effluent conductivity or concentrations of phosphate, nitrate, or ammonium. 

This is an interesting result because it seems to contrast with the results from the column study 

and sorption batch study, where we clearly saw greater binding of ammonium by biochar than by 

growing medium alone. However, in the plot study all treatments have fairly low ammonium in 

the effluent, even those with growing medium alone; this may explain why we don’t see a 

treatment effect due to the addition of biochar. Note, this study had a relatively small sample size 

(two replicates of each treatment and two flushes analyzed so far) and it may be that differences 

will develop over time. Graduate student Alicia Kosielski has proposed a follow-up to this study 

for her MS thesis, building on these results to carry out a similar study but increase the number 

of replicates to 6 for each treatment, and to carry out the experiment over at least a 1-year period 

under natural climate and precipitation conditions. 
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Figure 17. Effect of biochar % and plant presence/absence on runoff water quality and amount, in plot experiments.  
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10. Significance 

The integration of biochar is a potential breakthrough in reducing water quality degradation by 

green roof runoff, but very little is known about the sensitivity to variation in the proportion of 

the biochar amendment, or the dynamics of sorption kinetics or equilibria. Our project has 

demonstrated that a biochar amendment has the potential to substantially decrease ammonium 

leaching from green roofs, by up to 75% for the high biochar (14% w/w) treatment, in the 

presence of high ammonium load. The high biochar treatment also doubled water holding 

capacity of the substrate, a finding with great significance for green roof design for stormwater 

runoff reduction. A qualitatively similar result was observed in field plots, with a 30% reduction 

in runoff volume on average, during the first growing season. This is of particular note because 

on a per-mass basis, biochar is no more expensive than typical commercially available green roof 

substrate mixes. The patterns of breakthrough curves also give insight into likely 

physicochemical mechanisms of nutrient binding. Specifically, the inflections in the curve 

suggest a dual-layer sorption mechanism for the biochar for ammonium and phosphate, with 

initial surficial sorption occurring within a few hours followed by a slow sorption process taking 

a few days, perhaps limited by diffusion into the interior of biochar particles. Follow-up work 

using different sorption breakthrough models and isotherms are underway, to further explore the 

sorption/desorption dynamics. 

This study evaluates a low-cost option for improving the effluent water quality of vegetated roof 

technology, which is becoming increasingly more important as part of green-engineered 

solutions for stormwater management. The research demonstrates the water quality 

improvements associated with a biochar-amended green roof, but also includes a modeling 

component that will provide a tool for use within an integrated assessment framework both 

within and beyond the Ohio River Valley. As a result, the positive impact of this project will be a 

significant step forward in developing a more integrated infrastructure solution for storm water 

management by illustrating the potential impacts of biochar-amended vegetated roofs on CSO 

and nutrient management in urban environments. 
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11. Publication Citations 

 

Journal Articles:  

 

Buffam, I. and M.E. Mitchell. 2015. Nutrient cycling in green roof ecosystems. Chapter 5 in R. 

Sutton, ed. Green Roof Ecosystems, Springer, New York (May 2015; Research from this project 

is highlighted, though not the focus of the entire chapter). 

 

Invited Seminars 

Buffam, I. May 2016. Can Vegetated Roofs Improve Urban Water Quality? An exploration of 

factors influencing water and nutrient retention. Invited Seminar, Ethiopian Institute of Water 

Resources, Addis Ababa University, Ethiopia.  

 

Presentations at Conferences 

*Indicates student presenter 

Buffam, I. and *M.E. Mitchell. October 2015. Is black the new green? Impact of biochar 

amendments on water and nutrient retention in vegetated roof substrate. Cities Alive: 13th annual 

Green Roofs and Walls Conference, New York City, NY, USA. 

*Shaw, C., *A. Kosielski, *M.E. Mitchell and I. Buffam. October 2015. Impact of Biochar-

Amended Substrate on Water Holding Capacity and Evapotranspiration Rate in Green Roof Test 

Plots. Cities Alive: 13th annual Green Roofs and Walls Conference, New York City, NY, USA 

(poster, presented by I. Buffam). 

*Hochwalt, P., *M.E. Mitchell, D. Boccelli, *D. Divelbiss, and I. Buffam. November 2014. 

Biochar enhances water and nitrogen retention in green roof substrate. Cities Alive: 12th annual 

Green Roofs and Walls Conference, Nashville, TN, USA (poster, presented by I. Buffam). 

*Hochwalt, P. and I. Buffam. April 2014. “Can biochar increase nutrient binding and water 

holding capacity in vegetated roof growing medium?” University of Cincinnati 2014 

Undergraduate Research Symposium, Cincinnati OH, USA (poster presentation). 

*Wright, P., P. Hochwalt and I. Buffam. April 2014. “A batch study of the sorption kinetic 

properties of biochar amendment to vegetated roof growing medium” University of Cincinnati 

2014 Undergraduate Research Symposium, Cincinnati OH, USA (poster presentation). 

*Divelbiss, D., P. Hochwalt, M. Mitchell, D. Boccelli, and I. Buffam. May 2014. “Black Is The 

New Green - Enhancing Green Roof Performance With Novel Substrate”. Confluence Water 

Technology Innovation Cluster, 2014 Water Symposium, Covington, KY, USA (oral 

presentation). 

Hochwalt, P., M.E. Mitchell, D. Boccelli, D. Divelbiss, and I. Buffam. November 2014. Biochar 

enhances water and nitrogen retention in green roof substrate. Cities Alive: 12
th

 annual Green 

Roofs and Walls Conference, Nashville, TN, USA (poster presented by I. Buffam). 
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12. Students Supported by the Project 

This project provided research opportunities for 4 graduate students and 4 undergraduate 

students, including directly funding two MS student and two undergraduate students (Table 1). 

Paul, Pat, Dan and Mark participated in the design and pilot testing of the column experiments 

during spring 2014 (led by Paul), as well as carrying out the column experiments, nutrient 

analysis, and data analysis. Paul, Pat and Dan subsequently presented results of their research at 

local or regional conferences, as did PI Buffam. Steven Doyle began as a research technician 

helping with analysis during 2014, and Nabila Tasneem began her MS project in 2014-2015 

modeling adsorption dynamics based on results from the column and batch experiments from 

spring 2014. She is expected to finish and defend her MS thesis based on this research later in 

2016. Caitlin Shaw carried out a plot-scale pilot experiment and developed the method for 

measuring continuous evapotranspiration from biochar-amended green roof plots, as an 

independent undergraduate research project during spring semester 2015. Alicia Kosielski began 

as an MS student in 2015 and was supported on this project during 2015-2016; she is carrying 

out plot-scale experiments to examine the effect of biochar integration on water retention, 

nutrient retention, and plant growth and vitality in green roofs. She is scheduled to defend her 

thesis in 2017, so will continue building on this work even after the funded project has 

concluded. 

 

Student name Degree sought Period on project Association/role of student 

Dan Divelbiss PhD, Environmental 

Engineering 

2013-2014 Planning and advisory role, 

presentation of results 

Mark Mitchell PhD, Biological 

Sciences 

2013-2015 Planning and advisory role, 

mentoring undergraduate students 

Nabila Farah 

Tasneem 

MS, Environmental 

Engineering 

2014-2016 MS research directly funded by 

grant during 2015 

Alicia 

Kosielski 

MS, Biological 

Sciences 

2015-2016 MS research directly funded by 

grant during 2015-2016 

Paul Hochwalt BS, Biological 

Sciences 

2013-2014 BS research directly funded by 

grant  

Steven Doyle BA, Environmental 

Studies 

2014-2015 Undergraduate lab technician, 

partially funded by grant 

Pat Wright BA, Environmental 

Studies 

2014 Undergraduate independent 

research associated with project 

Caitlin Shaw BA, Environmental 

Studies 

2015 Undergraduate independent 

research associated with project 
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13. Professional Placement of Students 

 Mitchell, Kosielski and Tasneem continue as students at UC, and continue to work in our 

research group. Mitchell was awarded a Research Assistantship during 2013-2015 on a 

grant entitled “Environmental Research Training Program for Teachers”, funded by 

Duke Energy with Buffam as a Co-PI. Thus, Mitchell was not directly funded by this 

USGS/NIWR grant, but played an advisory/mentoring role to undergraduate students on 

the project. 

 Steven Doyle - Graduated with a BS in Environmental Studies in 2015, and is now an 

MS student in the Environment and Natural Resources program at Ohio State University 

 Paul Hochwalt – Graduated with a BS in Biological Sciences, is now in MD program at 

University of Cincinnati Medical School 

 Dan Divelbiss – Student Contractor, U.S. EPA (2014); Entered private sector, 

entrepreneur: Chief Growing Officer and Founding Member at Waterfields, LLC (2013-

present) 

 Caitlin Shaw - Graduated with a BA in Environmental Studies Spring 2015 and is now in 

the MS program in Geology at Ohio University 

14. Notable Awards and Achievements 

 Ishi Buffam (PI) - 2016 Earth Day Environmental Teacher Award, Greater Cincinnati 

Earth Coalition 

 Mark Mitchell (Graduate Assistant) - American Scandinavian Foundation Research 

Award ($20,000) 

 Mark Mitchell (Graduate Assistant ) - Graduate School Dean’s Fellowship Award, 

University of Cincinnati ($20,000, full stipend) 

 Steven Doyle (Undergraduate student) - 2015 UC-wide McKibbin Award nominee - for 

outstanding Environmental Studies student 

 Steven Doyle (Undergraduate student) - Steven Doyle – Selected as undergraduate 

mentee in GSUM/SUMR-UC program  

 Mark Mitchell (Graduate assistant) – 2014, Green roof research featured in UC Graduate 

School Annual Report 

 Paul Hochwalt (Undergraduate Student) – 2014 University of Cincinnati STEM 

Excellence in Research Award, Biology: This award included a $500 honorarium and 

was awarded based on Paul’s research funded by this project. 

 Ishi Buffam (PI) – 2014 University-Wide Nominee, Simons Investigator in Mathematical 

Modeling of Living Systems 
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