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Abstract. Urban land area in the United Statesis pro-
jected to increase to 8.1% of total land area by the year
2050. These human-dominated environments create condi-
tions that degrade both terrestrial and aquatic ecosystems.
If cities are to reduce their environmental impact, innova-
tive practices must be developed that replace ecosystem
services lost during the urbanization process. This study
evaluated the performance and feasibility of using vege-
tated or green roof systems for urban ecosystem remedia-
tion. The stormwater retention performance of athin-layer
green roof was evaluated using an experimental field test
plot. Average stormwater retention was found to be
dlightly under 78% of rainfall from storm events over the
course of one year. The additional stormwater storage cre-
ated on the rooftop allowed for a curve number of 86 to be
developed for the green roof. This curve number was then
used in amodeling analysis of Tanyard Branch watershed,
a highly urbanized watershed in Athens, Georgia. Spatia
analysis demonstrated how impervious surface cover
could be reduced in the watershed by using green roofs.
Total impervious area in the downtown commercial zone
was reduced 20% when all the roofs were greened. Roof
greening also resulted in significant hydrologic changes in
the watershed. A benefit-cost analysis (BCA) was aso
performed for the life cycle of the green roof system. In
Tanyard Branch, the net present values of green roofs are
greater than traditional roofing although expected changes
in technology, energy prices, and market conditions were
shown to reduce green roof life cycle costs to below tradi-
tional roofing costs. A green roof policy was developed
for Athens, GA based on the performance and economic
analysis of the experimental green roof. This policy uses
private incentives and public demonstration sites to pro-
mote green roof infrastructure. A stormwater best man-
agement practice specification for green roofs was created
that may be included in future versions of the Georgia
Stormwater Management manual. Green roofs are shown
to be a potentially valuable tool for increased sustainabil-
ity in highly developed urban areas.

INTRODUCTION

One specific component of the built environment of-
ten overlooked is the use of the rooftop as environmen-
taly beneficial space. Rooftops comprise a large propor-
tion of surface land area particularly in downtown regions
of the city as building footprints can occupy entire city
blocks. Transforming the rooftop space into an environ-
mental amenity can add value to the building owner and
perform ecosystem services in the city. This transforma:
tion can be accomplished by applying vegetation and en-
gineering growing mediato the roof surface and creating a
“green” roof. The rooftop is then able to retain and utilize
stormwater for plant growth, reduce building temperatures
through shading by the plants and evaporative cooling,
and increase urban habitat. The practice of designing and
building green roofs is becoming increasingly popular
with architects, landscape architects, stormwater managers
and ecological design firms in densely developed urban
aress.

There are two general types of modern green roof sys-
tems: intensive and extensive. Intensive systems are char-
acterized by deep (> 6") growing media, opportunities for
a diverse plant palate on the rooftop and high cost and
maintenance requirements. Extensive systems are de-
signed to be lightweight and easily retrofitted on existing
roof surfaces. They contain thin growing media depths (2-
6”") and can support a limited number of drought-tolerant
plants that thrive in the limited water and nutrient condi-
tions. Extensive systems are by far the most common in
Germany with over 80% of green roofs being extensive in
2002 (Harzmann, 2002)

The objectives of this study were 1) to evauate the
stormwater retention performance of an extensive green
roof system, 2) to examine the watershed scale effects of
widespread extensive green roof implementation, 3) per-
form a cost-benefit analysis of extensive green roof sys
tems, and 4) evaluate policy tools that may encourage
green roof implementation. The interdisciplinary nature of
this study reflects the recognition that urban environments
must be studied halistically to include human decision-
making as an essential biotic component in the structure of
the urban ecosystem for remediation to be successful.



METHODS

Study site

The data used in this study were generated from an
experimental vegetated roof site established on the cam-
pus of the University of Georgia in October, 2002. One
part of the roof site contains a 42.64 m’ extensive green
roof test plot with an identical gravel roof control plot.
Adjacent to the stormwater green roof test plot, a second
experimental roof was constructed using a modular
extensive green roof system. An analysis of the thermal
conductivity of growing media as well as energy load
modeling was performed on this roof. Automated
measurement of in situ micrometeorological parameters
such as humidity, air temperature, windspeed, radiation,
and soil temperature were combined with laboratory
anaysis of the engineered growing medium providing
local data for simulation modeling. The simulation
programs used were eQuest and HYDRUS-1D, a building
energy model and a combined heat and moisture
simulation, respectively. Additional details of this test plot
can be found in Hilten (2005).

Stormwater performance

The stormwater plots were instrumented with weirs
beneath the roof deck and Druck PDCR 1800 pressure
transducers were mounted to the bottom of the weir boxes
alowing stormwater retention performance of the green
roof to be evaluated. Storm events were continuousy
monitored from November, 2003 — November, 2004.
Additional details of this study can be found in Carter and
Rasmussen (2005) and Carter and Rasmussen (2006).

A detailed rainfall-runoff analysis was then performed
in the Tanyard Branch watershed using ArcView 3.2 and
StormNet Builder, a stormwater modeling software pack-
age that uses EPA’s SWMM 5.0 analysis engine and curve
number infiltration method for routing runoff through a
watershed. Using a composite curve number method, run-
off was modeled at four spatial scales and with all roofs
and only flat roofs greened. The scales were at the water-
shed, subwatershed, zoning level, and parcel level. Addi-
tional details of this study can be found in Carter and
Jackson (in press).

Economicsand policy

The data collected from the experimental green roof
test plots were also used to develop a benefit cost analysis
(BCA) for thelife cycle of extensive green roof systemsin
an urban watershed. The net present value of green roofs
was then compared to atraditional roofing scenario given
private and social benefits generated by the green roof
such as stormwater retention, energy savings, air quality
benefits, and extension of the roof life. A discount rate of
4% was applied over the roof’s life cycle and sensitivity

analysis was performed to determine how the model as-
sumptions may affect the results. Additional details of this
study can be found in Carter (2006).

To establish a green roof policy in Athens, GA, a
comprehensive review of international and domestic green
roof policies was performed. Green roof policies fall un-
der four general categories of technology standards, per-
formance standards, direct financia incentives and indi-
rect financial incentives. Necessary conditions for green
roof policy implementation were identified and recom-
mended policies then applied to local conditions in Ath-
ens, GA. Additiona details of this study can be found in
Carter (2006).

45

40

35
30

25 M | mexisting

DOall flat roofs
:|  green

peak flow (m%/s)

20

Ball roofs green
15

10

15.85 195
design storm (cm)

Figure 1. Peak flow for five design storms with roof greening
scenarios

RESULTS

Stormwater performance

Stormwater mitigation performance was monitored
for 31 precipitation events, which ranged in depth from
0.28 to 8.43 cm. Green roof precipitation retention de-
creased with precipitation depth; ranging from just under
90% for small storms (< 2.54 cm) to dlight less than
50%for larger storms (> 7.62 cm). Runoff from the green
roof was aso delayed - average runoff lag times increased
from 17.0 minutes for the black roof to 34.9 minutes for
the green roof, an average increase of 17.9 minutes. Pre-
cipitation and runoff data were also used to estimate the
green roof curve number, CN = 86.

Modeling watershed outflow volumes resulted in sig-
nificant peak flow reductions when al rooftops were
greened in the watershed, particularly for smaller storm
events. The 1.27 cm storm event resulted in peak flow
volumes of 1.62 m?s for existing land uses. Greening all
the roofs produced a 26% reduction in peak runoff vol-
umes for the 1.27 cm storm resulting in peak flows of 1.19
m*/s (Figure 1). Greening all the roofs also resulted in a
peak flow in the 1 year, 24 hour storm event which was



less than the existing 2 year 24 hour storm event peak
flow. For larger storms, there was less reduction in peak
outflows, athough the peak outflow of 32.97 m’/s from
greening all the roofs for the 100 year, 24 hour storm was
very similar to the peak outflow of 32.23 m®/s from the
existing 50 year, 24 hour storm. Greening all flat roofs
reduced peak flows by about half as much as greening all
roofs, similar to CN results for the watershed scenarios.
Green roof implementation did not result in any peak flow
lag times occurring across the watershed. There was, how-
ever, a dlight increase in outflow volumes on the faling
limb of the green roof hydrographs.

Composite curve numbers modeling reveded dra
matic differences particularly in flat green roof stormwater
retention performance depending on the scale under
evaluation. Existing land use in the watershed produces
0.481 ha-m of stormwater runoff for a 1.27cm storm
event. When all the flat roofs are greened, this is reduced
to 0.391 ha-m or 18.9%. At the subwatershed scale, re-
ductions range from 7.7% to 36.3% depending on the lo-
cation of the watershed. The zoning classification ranges
from 0% reduction in single family residential zone to
39.9% in the downtown commercial zone. Among indi-
vidual parcels, wide variation exists even within the same
zoning class. For example, one parcel in the downtown
commercial zone retained nearly 91% of the 1.27 cm
storm event where over 80% of the site was covered in
rooftop. Another parcel in the same zone provided no
stormwater retention asit contained only surface parking.

Economicsand policy

Compiling all the discounted costs and benefits asso-
ciated with green and traditional roofing systems allows
for a net present value (NPV) test to be performed. Using
a 4% discount rate over 40 years, the total costs of install-
ing thin-layer green roof systems on the flat roofs in the
Tanyard Branch watershed are $27,451,153. The tota
costs of traditional built-up roofing systems the over this
same time period is $21,552,206. Social benefits of green
roofs equal $3,283,488.37 and a socid NPV of
$24,167,665 which is 12.14% more than traditional roof-
ing (Table 1).

Private analysis was performed on a 929 m?roof. This
results in a total construction cost of $144,478 for green
roofs and 113,353 for conventional roofs at a 4% discount
rate on a 929 m’ building. Total private benefits from
green roofing for the private building totaled $9,634. This
is 18.87% more than typical roofing.

Sensitivity analysis evaluated how changes in energy
prices, construction costs, and discount rate affects the
NPV of the roofing systems. When these values were al-
lowed to randomly vary over 10,000 trials, the average
NPV of green roofs is less than the current NPV of black
roofs meaning that over the roof’s life cycle it is cheaper

to install green roofs than their traditional counterpart
(Table 1).

Policy recommendations for Athens, GA include pri-
oritizing areas of the jurisdiction where green roofs will be
most effectively used. Density credits and stormwater util-
ity fee credits also are encouraged. Demonstration projects
and a commitment to greening publicly-owned buildings
will help overcome the educational and institutional road-
blocks to green roof installations.

Table 1. Comparison of green and conventional roof net
present value (NPV)

Privateroof ($

Public water shed ($)

conservative  average conservative average

Green roof 144,378.20 108,474.13 27,451,153.64 20,624,589.43
costs
Green roof 9634.38 19,040.24  3,283,488.37  5,077,495.58
benefits
Green roof 134,743.80 89,433.89  24,167,665.27 15,547,093.85
NPV

Conventional  113,352.95
Roof NPV

113,352.95 21,552,206.10 21,552,206.10

Green/black 1.19 0.79 1.12 0.72
roof cost
ratio

CONCLUSIONS

The stormwater management capabilities of an exten-
sive green roof system were evaluated in detail. A number
of green roof stormwater management functions were
documented from this evaluation. This extensive green
roof is capable of retaining over 90% of the rainfall from
small storm events. In Georgia, these small storms com-
prise most of the rainfall events that occur annualy, with
total storm volumes being the key precipitation factor
rather than storm intensity.

Using the Tanyard Branch watershed as a case study,
spatial analysis applied the green roof hydrologic results
to a broader scale and included effects on the receiving
water body. The reduction in the amount of total impervi-
ous area in the watershed was dramatic for downtown ar-
eas near the urban core. It was found that the scale of
analysis is critical for prioritizing areas of the watershed
which would benefit the most from green roof implemen-



tation. In this case, local zoning classifications were found
to provide sufficient spatial disaggregation while not be-
ing overwhelmingly data intensive. Green roof storage
across the watershed was sufficient to mimic the prede-
velopment abstraction from urban forests. At the parcel
scale, initia abstraction values from hydrologic models
were met when rooftops covered over 30% of the site.

The cost-benefit analysis shows that under present
market conditions, it is understandable why green roofs
have not begun to be implemented on a large scale. The
net present value of extensive green roof systems costs
12% more to society and 18% more to private interests
than traditional roofing practices. Considering reasonable
assumptions about the maturation of the green roof indus-
try in this country decreases the premium $0.40 on every
dollar resulting in cost savings when green roofs are in-
stalled. This sensitivity analysis justifies the use of public
funds and policy incentives to encourage green roof im-
plementation.

An evaluation of green roof policies allowed salient
and successful features of the policies to be identified and
a new model policy to be developed and applied in Ath-
ens, GA. A number of voluntary incentive programs in-
cluding density bonuses and stormwater utility fee credits
offer efficient and politicaly feasible alternatives to the
establishment of a green roof technology standard. The
public benefits provided by the green roofs, however, give
policy makers an opportunity to create public demonstra-
tion projects and incorporate green roofing standards in
the jurisdiction’s existing green building policy.

The practice of extensive roof greening has been
shown to have a profound effect at a variety of scales and
for a variety of purposes in the urban environment. This
study focused primarily on the hydrologic impacts of
green roof systems and the consequential stormwater
management opportunities provided by the practice. Green
roofs were found to be an important stormwater manage-
ment tool particularly in highly developed areas of a wa-
tershed for small storm events. The feasibility of retrofit-
ting extensive green roof systems into the existing urban
landscape aso allows for environmental mitigation to be
performed in areas where this may have been previoudy
been economically impractical. This work integrates the
different disciplines of ecology, hydrology, engineering,
economics, and environmental policy into a cohesive
analysis critical to understanding how future cities may be
made more ecologicaly benign. Using innovative prac-
tices such as green roofs may not entirely remove the im-
print of humanity on natura systems, but they do provide
ecosystem services in the urban landscape that may allow
for a levels of sustainability not yet achieved in human-
dominated ecosystems.
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