
ABSTRACT 
Designing a green roof is a challenging 

proposition. Selecting an appropriate vegetated 
roofing system can be an exceedingly complex 
task due to the number of factors involved. A 
framework is needed to streamline this decision-
making process.This paper discusses the creation 
of a framework describing the decision process 
involved in the design of vegetated roofing sys­
tems.Through a series of interviews with experts 
and case studies of built projects, the available 
knowledge is being captured and organized in 
order to determine the critical parameters affect­
ing design decisions.An initial set of six case study 
projects in North America has been analyzed, and 
six critically important evaluation categories were 
identified: stormwater management, energy con­
sumption, acoustics, structure, cost, and compli­
ance with regulatory guidelines and governmental 
incentives. These six factors are addressed indi­
vidually and in interaction with one another in the 
context of a decision support system for green 
roof designers. A weighted environmental index 
is used to determine the most feasible green roof 
systems for a particular project. The decision-
making framework described in this paper will 
ultimately be adaptable to digital processing and a 
computer-based design assistance tool. 
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THE DESIGN PROCESS 
The demand for vegetated roofs in North 

America is growing. Spurred in part by the 
U.S. Green Building Council’s Leadership in 
Energy and Environmental Design (LEED) 
program and other green building initia­
tives, many owners and designers are look­
ing to green roofing as a strategy to mini­
mize the negative influence of a building 
project on the environment. In Germany, 
significant research into the performance of 
green roofs, and governmental and industry 
support of this technology, have led to its 
widespread use. In North America, many 
practitioners are now being called upon to 
include green roofs in their project designs. 
A decision support system is needed to 
assist these designers in comparing the 
suitability of various vegetated roofing sys­
tems in the context of specific projects. 

When commissioned to design a green 
roof, design professionals rely on building 
codes, industry sources, local trends, and 
conventional wisdom, as well as their own 
experience. Unfortunately, many of these 
sources have not yet significantly incorpo­
rated green roofing technologies and do not 
typically represent a comprehensive picture 
of the information available to assist in the 
design process. The creation of a framework 
for vegetated roof system selection consti­
tutes the first step in the effort to collect, 
organize, and present the available knowl­

edge on green roofing in North America in a 
form that is readily usable by designers of 
green roofing systems for a given locale and 
climate region. The framework will address 
many of the possible benefits, as well as 
potential pitfalls of green roofing in an effort 
to provide a broad view of the possibilities 
and limitations inherent in these systems. 

Design frequently involves a series of 
trade-offs to obtain the “optimal” solution to 
a design problem. Green roofs have many 
different characteristics based on a variety 
of parameters. One of the most critical of 
these, depth of the system, is used to dis­
tinguish an extensive green roof (typically 
with 6" or less of growing media) from an 
intensive green roof (typically with more 
than 6" of growing media). In the design of 
green roofs, one example of a design trade-
off would be balancing increased roof run­
off retention, thermal mass, and sound 
insulation benefits gained from specifying a 
deeper system against the increased cost of 
providing adequate structural capacity in 
the roof deck and additional growth media. 

Roof system designers typically weigh 
factors like these using intuition or past 
experience as a guide. But since vegetated 
roofing is a relatively complex and compar­
atively new technology to many practition­
ers, an explicit rational method to help 
organize and rank the tradeoffs made dur­
ing the design process would be useful. 
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Because it evaluates green roof perfor­
mance in light of multiple parameters, both 
in isolation and in combination, the deci­
sion-making framework will allow designers 
to make appropriate, informed design deci­
sions about the type of systems to imple­
ment on building projects. They will be 
assisted in creating roof systems that go 
above and beyond the stipulations of codes 
and industry standards. By focusing on the 
environmental impact of various roofing 
systems, the decision-making framework 
for vegetated roofing system selection will 
help designers provide more ecologically 
sound solutions for building owners. 

SUMMARIES OF SIX EVALUATIVE CATEGORIES AND 
CASE STUDY OBSERVATIONS 

Six initial case study projects listed 
below were evaluated to determine key 
design criteria for inclusion in the frame­
work for vegetated roofing system design. 
The case study projects were selected to 
represent a range of building types, loca­
tions, and owner considerations. Additional 
case studies are underway to broaden the 
findings. 

•	 Montgomery Park Business Center, 
Baltimore, MD (2002) 

•	 Life Expression Chiropractic Center, 
Hazleton, PA (2001) 

•	 Chicago City Hall, Chicago, IL (2001) 
•	 Ford Dearborn Truck Assembly 

Plant, Dearborn, MI (2002) 
•	 Mountain Equipment Cooperative 

(MEC), Toronto, ON (1998) 
•	 Jordan N. Carlos Middle School Art 

Building, Woodward Academy, 
Atlanta, GA (2004) 

In order to develop a useful framework 
for green roofing design, it is necessary to 
sort the pertinent design parameters into a 
manageable number of elements. Six such 
elements have been identified based on dri­
ving concerns raised in the analysis of the 
case study projects and on discussions with 
green roof designers and building owners. 
The main issues relevant to each parameter 
are summarized here, along with available 
rules of thumb or other methods for evalu­
ating vegetated roofing systems’ perfor­
mance relative to each parameter. This is 
followed by a brief discussion of how these 
criteria are manifested in the examined 
case study projects. 

Stormwater 
Vegetated roofing systems may be con­

ceptualized as a means to replace much of 

the permeable ground that has been dis­
placed by buildings and paved surfaces. 
Green roofs reduce both the quantity and 
flow rate of water entering sewer systems, 
which in urban, densely populated areas, 
can become overtaxed during storms1. 
Filtration of stormwater occurs as the water 
slowly passes through the layers of the 
green roof assembly. 

According to Katrin Scholz-Barth2, a 
typical extensive green roof retains an aver­
age of 75% of incident rainwater, while the 
remaining 25% is released as run-off, with 
a substantial time delay that effectively 
reduces the peak flow to be accommodated 
by stormwater management systems. These 
rule-of-thumb figures vary in response to a 
variety of factors, including the time of year, 
the duration and intensity of storms, and 
the moisture content of the soil prior to 
storm events3. 

Studies are in progress, such as the 
Green Roof Infrastructure Technology Dem­
onstration Project in Toronto, to determine 
the effects of the depth of a green roof on its 
efficacy as a stormwater control system. 
Research is also currently underway at a 
variety of sites to determine the water qual­
ity benefits of green roofs, and these perfor­
mance criteria will be incorporated into the 
framework as they become available. 

Several of the case study projects illus­
trate how green roofs are used as a compo­
nent of stormwater management systems. 
The two green roofs at Montgomery Park 
were designed primarily as stormwater mit­

igation devices that reduce the impermeable 
area of the existing site. The same is true on 
a smaller scale at the Life Expression 
Chiropractic Center (Figure 1), where the 
green roof intercepts and delays the flow of 
incident rainfall, allowing it to flow through 
a gapped fascia at the eaves. The green roof 
on Ford’s new truck assembly plant at the 
Rouge complex is also part of a comprehen­
sive plan to manage stormwater. [Editor’s 
Note: See “Ford Rouge Center Dearborn 
Truck Plant Green Roof Project, February 
2004 Interface.] The roof is expected to pre­
vent 447,000 gallons per year, or 50% of the 
rainfall incident on the roof, from entering 
the storm sewer4. The modular green roof 
installed atop the middle school art building 
at the Woodward Academy contributes to 
stormwater management on the site. The 
green roof slows the rate and reduces the 
volume of run-off to be held in a concrete 
tank located beneath the parking lot before 
it is slowly released to the city’s storm sewer 
system. 

Energy 
Vegetated roofing systems lower the 

ambient temperature at the roof surface 
through the processes of evaporation and 
transpiration, as well as through air con­
vection and shading provided by the plants. 
The soil medium and air trapped within the 
plant layer are believed to provide some 
degree of thermal insulation, but this effect 
is dependent on climate and soil moisture 
and is difficult to quantify. Intensive green 

Figure 1 - Life Expression Chiropractic Center, Hazleton, PA. 
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Figure 2 - Mountain Equipment Cooperative (MEC), Toronto, ON.
 

roofs of significant depth also possess ther­
mal mass properties that moderate and 
delay the effects of outdoor temperature 
swings on the building’s internal tempera­
ture. 

Christopher Wark of SHADE Consult­
ing, LLC5 has established a method to esti­
mate the “Q” value of green roofing systems, 
a calculated value that gives some indica­
tion of their overall energy performance rel­
ative to one another and to traditional roof­
ing. A factor such as this will be a useful 
performance criterion in evaluating green 
roof systems. 

The potential for energy savings also 
often motivates owners to install green 
roofs. At both the Life Expression Chiro­
practic Center and the Toronto MEC store 
(Figure 2), the green roof generally lowers air 
temperatures above the roof surface as 
compared with traditional roofing, poten­
tially lowering temperatures at the roof 
membrane and inside the building. 
Unfortunately, it is often impossible to iso­
late the thermal effects of the green roof 
from the thermal effects of building insula­
tion incorporated into the roof assembly. 
Additionally, both temperature and heat 
flow reduction are difficult to quantify in the 
absence of monitoring equipment, which 
was the case for most of the case study pro­
jects. 

The green roof atop Chicago City Hall, 
however, was fitted with thermal data col­
lection equipment. The roof garden there is 
projected to save the city $3,600 in heating 

and cooling per year6, or $0.18 per square 
foot of green roof per year. 

Vegetative solar shading at the roof and 
walls of Ford’s new truck plant minimizes 
heat gain. According to Green Roofs for 
Healthy Cities, the project’s engineers 
expect the green roof to reduce energy use 
by seven percent4. To help verify these 
claims, Ford has recruited experts from gov­
ernmental organizations and the University 
of Michigan to collect and interpret building 
performance data7. 

Daniel Bedard, construction manager at 
the Woodward Academy, expects the ther­
mal benefits of the green roof on the art 
building to offset, at least in part, the high­
er cost of green power purchased by the 
school in the form of renewable energy cer­
tificates. These certificates support the use 
of wind, 
l a n d f i l l  
n a t u r a l  
gas, and 
solar ener­
gy sources. 
In all cas­
es, further 
study is 
needed to 
determine 
the energy 
benefits to 
be derived 
from green 
roofs. 

Acoustics 
In addition to providing hydrological 

and energy benefits, green roofs also pos­
sess certain desirable acoustical properties. 
Several green roofs have been implemented 
in the vicinity of airports to protect against 
noise transmission. A report by Roofscapes, 
Inc.8, a Philadelphia-based green roof 
provider, describes the use of green roofs on 
structures lying in the flight path of air­
planes as a measure to minimize the effects 
of expansion at the airport in Frankfurt, 
Germany. Similarly, the Gap 901 Cherry 
project in San Bruno, California, designed 
by William McDonough + Partners, is 
claimed in the Green Roof Awards of 
Excellence9 to attenuate noise from the 
nearby San Francisco airport by up to 50 
decibels by virtue of the mass of its growing 
media. Peck, Callaghan, Kuhn and Bass10 

cite a German study by Minke and Witter11 

demonstrating that a green roof with a 12­
cm (5-inch) substrate layer can decrease 
noise transmission by 40 decibels, while a 
20-cm (8-inch) substrate layer can decrease 
noise transmission by 46 decibels. Peck et 
al.10 also state that the growing medium 
dampens the effect of low-frequency noise 
while the plants themselves block high-fre­
quency noise. Based on rules of thumb 
such as these, it will be possible to rate var­
ious green roof systems based on their abil­
ity to reduce noise. 

Structure 
Structural loads frequently are control­

ling factors in green roof design. A variety of 
lightweight manufactured growing media 
have been developed to minimize green roof 
weights while providing sufficient depth to 
sustain plant life. Particularly with inten­
sive systems, plant weights must also be 
taken into consideration when determining 

Figure 3 - Chicago City Hall, Chicago, IL. 
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green roof system loads. In addition, green 
roof systems must resist the wind loads 
present at the roof surface. Strategies for 
wind resistance include parapet walls and 
photodegradable mesh used to protect the 
plants and growing media from wind scour 
until the plants are fully established12. 
Structural loads are fairly easy to quantify; 
lighter green roof systems are generally pre­
ferred over heavier systems due to their 
compatibility with typical roof construction 
in North America. However, any index of 
performance must also take into account 
the effects of wind on plants and the poten­
tial for roof membrane uplift. More robust, 
heavier systems or systems with protective 
meshes or other devices will likely perform 
better, especially during the critical plant 
establishment phase. A composite index 
reflecting both a green roof system’s contri­
bution to vertical loading and response to 
wind loading will need to be established. 

Structure was viewed as a controlling 
factor in most of the case studies, limiting 
the weight of the green roof system and, 
therefore, the depth of media and type of 
plants selected. 

At Montgomery Park, because the 
20,000 s.f. green roof was installed over an 
existing train shed, weight considerations 
controlled the design and required the 
existing steel roof framing to be structural­
ly augmented. The green roof system used 
has a saturated weight of only 18 pounds 
per square foot (psf)13. 

The design of the roof garden at Chicago 
City Hall (Figure 3) reflects the structure of 
the existing roof deck. According to Kevin 
Laberge, environmental engineer with the 
city of Chicago, the trees located in the 
intensive planting areas (18" deep) are cen­
tered over building columns, while semi-
intensive planting areas (4 - 8" deep) are sit­
uated in raised beds that coincide with for­
mer skylights. The remainder of the roof 
garden is extensive (3 - 4" deep). According 
to project specifications, the maximum 
allowable structural loads within these 
planting areas are 90 psf, 75 psf, and 30 
psf, respectively. To avoid overloading the 
existing structure, polystyrene insulation 
above the roof membrane was used to cre­
ate the contours of the garden. 

At the Woodward Academy’s new art 
building (Figure 4), load constraints on the 
roof structure limited the green roof load to 
35 psf, according to R. Alfred Vick (person­
al communication, September 23, 2004), 
the project’s landscape architect. The grow­
ing medium was saturated with water and 

subjected to a load test to determine the 
maximum allowable depth of 6-1/2". The 
green roof modules were installed above 3" 
of gravel ballast to prevent roof membrane 
uplift, which is especially critical in the 
absence of a parapet wall at the perimeter. 

Cost 
The price of green roofing varies widely, 

depending upon the system selected, the 
local availability of material and labor, and 
the accessibility of the project to the green 
roof installer, among other factors. Green 
roofs that are touted as economically com­

petitive are frequently proven to be so when 
subjected to a life cycle cost analysis that 
takes into account the expected longer life 
of the green roof when compared with a tra­
ditional system, as well as the avoided costs 
of energy and stormwater management and 
any other financial incentives. A methodol­
ogy for life cycle cost analysis including ini­
tial, replacement, and maintenance costs 
will be included in the design of the frame­
work. 

Cost was perhaps the most complex 
parameter investigated in the case study 
projects and was often tied to compliance 
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Figure 4 - Jordan N. Carlos Middle School Art Building, Woodward Academy, Atlanta, GA.
 

with governmental or other incentives. The measure the capacity of green roofing to 
Ford Motor Company hired William meet other governmental incentives and to 
McDonough + Partners to assist in the revi­ meet various code stipulations. 
talization of the Ford Rouge complex (Figure In the case study projects, code require­
5), a project slated to take 20 years and cost ments often supported the use of green 
$2 billion. McDonough estimates that the roofing as a measure to improve the quality 
green roof alone saved the company $5 mil- of the urban environment. 
lion by avoiding the construction of a new The Montgomery Park Business 
stormwater treatment plant, which would Center’s green roof was part of a larger set 
have otherwise been required7. In many of of strategies that led to the project winning 
the projects, cost was intertwined with the U.S. Environmental Protection Agency’s 
other factors, such as the desired thermal Phoenix award for excellence in brownfield 
benefits of the system or the need to redevelopment. The green roof met the Code 
upgrade the roof structure to support a of Maryland Regulations stipulating that all 
green roof. Performance goals for the green redevelopment projects must reduce exist-
roof were often balanced with the need to 
specify a system that would meet budget 
constraints. Further investigation is needed 
to derive meaningful relationships between 
cost and other parameters. 

Compliance 
When considering the viability of green 

roofing in North America, governmental 
incentives and regulatory requirements fre­
quently become an important factor in the 
decision to employ vegetated roofing on a 
particular building. The U.S. Green 
Building Council’s Leadership in Energy 
and Environmental Design program has 
catalyzed the use of green roofs on projects 
seeking certification. LEED itself is a 
numerical tool that can be used to rank 
project alternatives, but in this framework, 
LEED point ratings will be incorporated into 
a constructed attribute scale that will also 

ing site imperviousness by 20%, provide 
water quality control for 20% of the site’s 
impervious area, or employ a combination 
of these strategies14. 

The green roof at Chicago City Hall was 
the initial demonstration project of the 
Chicago Department of Environment’s 
Urban Heat Island Initiative6. Results of the 
project include guidelines for future green 
roof projects in Chicago, a performance 
specification for green roofs, and data 
demonstrating environmental benefits. 

Building codes also limit the use of 
green roofs as occupied space in some 
cases. Access to both Chicago City Hall’s 
green roof and the modular green roof sys­
tem on the art building at the Woodward 
Academy in Atlanta is limited to mainte­
nance personnel and escorted visitors due 
to liability considerations in the absence of 
a parapet or railing at the roof edge of both 
projects. 

THE STRUCTURE OF THE FRAMEWORK 
The decision-making framework is a 

calculation of the positive influence of vari­
ous green roof systems on the environment 
as compared with one another and with a 
reference (non-vegetated) roof. Designer 
system inputs include specific information 
about the project and weight factors to 
account for the importance of different 
green roof parameters according to the per­
spective of the individual using the frame­
work. For example, if the site is located near 
a busy airport, the acoustic performance 
might be given more weight than for anoth­
er, more rural site. The body of the frame­
work is a set of functions that assigns value 

Figure 5 - Ford Dearborn Truck Assembly Plant, Dearborn, MI. 
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to the characteristics of the different green 
roof system types on a cardinal scale. These 
value functions are being drawn from avail­
able research and data collected from green 
roof sites in North America and from applic­
able industry rules of thumb such as those 
discussed above. Output from the frame­
work will consist of a series of non-domi­
nated solutions drawn from a set of green 
roof system types available in North 
America. The structure of the framework is 
depicted in Figure 7 and described in more 
detail below. 

Figure 7 is an influence diagram of the 
decision situation a roof designer faces 
when selecting a green roofing system type 
for a particular project. The diagram can be 
divided into user inputs, framework calcu­
lations, and framework output. Inputs are 
represented by rectangles in Figure 7, with 
initial inputs shown in bold type. First, the 
project location and characteristics are 
determined. Project location is a key input 
to the decision-making framework, as it 
establishes the values of the climate, utility, 
and code variables that affect the outcome 
of the decision. The reference roof type and 
characteristics such as roof size, building 
use, and site classification as urban, sub­

urban, or rural are also initial inputs to the to the waterproof membrane. Separately 
framework. The reference roof type can be considering the green roof and the reference 
defined as the green roof system minus its roof in this manner allows the designer to 
green roof components and most commonly isolate the effects (both positive and nega­
consists of the layers from the roof deck up tive) of the green roof system. This is partic-

Figure 6 - Montgomery Park Business Center, Baltimore, MD.
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Figure 7:  Influence diagram of vegetated roofing design decision process.
 

Equation 1 

where EI is the environmental index,
 
wi is the relative weight of parameter i,
 

(Vi)1 is the environmental quality of parameter i with the project, 


(Vi)0 is the environmental quality of parameter i without the project, and
 

m is the total number of parameters16.
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index that gives a numerical value to each 
of the green roof types considered, as com­
pared to the reference roof. The environ­
mental index is based on the Battelle 
Method15, an evaluation system that was 
originally developed to rank various water 
resource management projects. The envi­
ronmental index is calculated as shown in 
Equation 116. 

In this case, each environmental quality 
parameter is one of the six contemplated 
criteria: stormwater, energy, acoustics, 
structure, cost, and compliance. Figure 7 
depicts the process whereby the framework 
evaluates one green roof system at a time, 
comparing it with the reference roof select­
ed by the designer. The framework will reit­
erate multiple times, using calculated val­
ues for each of the green roof system types 
within its library, and yielding results for 
each. 

The output of the framework will be a 
list of feasible solutions to the design prob­
lem. Because of the complexity of the analy­
sis, it is unlikely that one solution will best 
satisfy all six evaluative criteria. Therefore, 
the weight factors assigned by the designer 
will be used to determine which roof system 
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ularly helpful when assisting an owner in 
justifying the decision to use a green roof. 

Finally, the designer, often in coopera­
tion with the owner, must establish the 
importance of each green roof parameter by 
assigning it a weight factor. A library of de­
fault weight factors, determined by a survey 
of green roof experts, is being included in 
the framework. Because green roofs are 
considered desirable for different reasons, 
depending upon the perspective of the 
building owner and the location of the pro­
ject, different sets of weight factors are 

being made available for selection by the 
designer. The framework is also being 
equipped with a library of 20 to 30 green 
roof types representing a variety of exten­
sive and intensive systems. Values for each 
of these green roof systems are automati­
cally input into the framework. 

Once these inputs are established, they 
are processed through a set of equations 
that assign a weight and a value to each 
parameter. These functions are represented 
by rounded rectangles in Figure 7. The 
objective function yields an environmental 



type or types will be recommended. For 
example, a thin extensive system might be 
less expensive and less structurally 
demanding than a somewhat thicker inten­
sive system that provides greater run-off 
reduction. If the user has valued low first 
cost and minimal structural impact more 
highly than stormwater mitigation benefits, 
it is likely that the thinner system will be 
chosen in this hypothetical example. 

Coupled with his or her own intuition, 
observations, and judgment, the results of 
the rational decision-making approach will 
guide the designer in choosing a system 
that will effectively meet the project’s con­
straints and opportunities. 

One future goal for the framework is to 
replace the library of existing green roof sys­
tem types with an interface that would 
allow a designer to generate a fully cus­
tomized roof system. Another is to add data 
and lessons learned from additional green 
roof projects to continue to refine the frame­
work. The ultimate goal of this research into 
the process of green roofing design is the 
creation of an interactive, computerized tool 
to assist roof designers in the selection of 
vegetated roofing systems. 
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