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Executive Summary 

Businesses contribute to the degradation of ecosystem services, but also depend on these 

services for their daily operations. The degradation of ecosystem services increasingly poses a 

material risk to corporate performance, reputation, and profit, yet most businesses do not 

incorporate ecosystem services into their decision-making processes. 

In collaboration with The Nature Conservancy, we developed a framework to 

demonstrate to businesses how they could incorporate ecosystem services into projects on sites 

where they operate, using the case of green infrastructure for stormwater management. We 

developed a framework to inform business decisions about stormwater management by 

analyzing reasons a business might adopt green infrastructure through different stages of the 

decision-making process. We believe our framework fills a critical gap that has prevented 

businesses from adopting green infrastructure more widely. Specifically, the framework helps 

businesses to explicitly compare green and gray infrastructure options, predict green 

infrastructure performance, identify additional ecosystem service benefits, and consider how 

those additional benefits bring direct business value.  

To inform a business’s initial consideration of whether to manage stormwater, we 

explored business drivers of stormwater management, including regulation, operations, site 

infrastructure, and stakeholder relations. To inform a business’s decision of whether to use green 

or gray infrastructure to manage stormwater, we compared green and gray options based on their 

1) purpose, including water quantity reduction, water quality improvement, or conveyance; 2) 

costs, including capital costs and operations and maintenance costs; 3) lifetime; and 4) 

performance, in terms of quantity of stormwater retained and nitrogen, phosphorus and total 

suspended solids removed. We also identified ancillary (additional) benefits that green 

infrastructure provides but gray infrastructure does not, and we discussed methods of valuing 

these benefits.  

We then applied this framework to the Stream and Wetland Assessment Management 

Park, a constructed wetland on the Duke University campus, to demonstrate how green 

infrastructure performance modeling can help businesses decide whether to install stormwater 

best management practices (BMPs). We assessed the utility to business of two simple 

biophysical models, the Jordan/Falls Lake Stormwater Nutrient Load Accounting Tool and the 
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Ecosystem Services Identification and Inventory tool, by using them to predict the performance 

of Duke’s constructed wetland.  

We found regulatory drivers to be most important to business of the drivers we 

considered. We found that the cost and performance of green infrastructure technologies vary 

widely and that there is a lack of comparable data on green and gray infrastructure performance. 

Both of these limit business adoption of green infrastructure. We recommend that future studies 

collect comparable data on green and gray infrastructure technologies. We argue that businesses 

are most likely to incorporate the value of ancillary benefits when they are defined as “benefit-

relevant indicators,” especially when indicators can be used in ecosystem valuation tools and 

when valuation methods meet a strong business driver.  

Because business’s uncertainty about green infrastructure performance is a major hurdle 

to wider business adoption of green infrastructure, we used the Jordan/Falls Lake Stormwater 

Nutrient Load Accounting Tool and the Ecosystem Services Identification and Inventory tool to 

model BMP performance. Our goals in this effort were to assess whether models would be easy 

for businesses to use and to see whether the two models would yield similar predictions of BMP 

performance. We discovered that they were relatively easy to use, but that the many complex 

assumptions embedded in these models made it challenging to interpret model outputs. We also 

discovered that due to these models’ different goals, different data inputs, and different methods 

of calculating performance, they provided very different predictions of BMP performance. The 

Jordan/Falls Lake Stormwater Nutrient Load Accounting Tool predicted two out of the three 

constructed wetland BMPs to improve water quality and stormwater volume retention, and one 

BMP to decrease water quality. The Ecosystem Services Identification and Inventory tool largely 

did not predict that Duke’s constructed wetland would improve water quality or stormwater 

volume retention. These model predictions conflict with observations made on-site showing that 

the constructed wetland BMPs improved water quality and stormwater retention. Thus, we 

recommend that further studies quantitatively validate model predictions on multiple sites.  

 While we used stormwater management as our scope, this framework can be applied to 

other environmental management issues. Additionally, while we focused on green infrastructure 

projects occurring within a business site, we realized that businesses can work with surrounding 

landowners to implement green infrastructure projects at a more extensive scale. Further work 

can build on this framework to explore the implications for decision-making contexts that 

involve both public and private actors.  
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1. Introduction 

Ecosystems provide humans a number of goods and services, from the direct 

provisioning of products (e.g., timber from forests) to the regulation of systems (e.g., flood 

control from wetlands). As a whole, these goods and services can be thought of as ecosystem 

services (Millennium Ecosystem Assessment 2005). As early as 2001, the Millennium 

Ecosystem Assessment began formalizing the contribution of ecosystem services to human 

welfare. The Millennium Ecosystem Assessment (2005) identified four different categories of 

services: provisioning, regulating, cultural, and supporting. Provisioning services supply material 

goods and energy outputs for direct consumption. These goods may include raw materials such 

as timber, minerals, water, and food. Regulating services manage resource quality and natural 

processes that affect human well-being. The most common services regulate air, water, and soil 

quality and moderate extreme events. Cultural services are nonmaterial benefits that contribute to 

human welfare, such as the recreational or aesthetically pleasing aspects of ecosystems. 

Supporting services allow for the healthy functioning of an ecosystem, for example by providing 

habitat or maintaining genetic diversity. By forming the foundation for biodiversity, supporting 

services underpin all other types of ecosystem services.  

The Millennium Ecosystem Assessment (2005) estimates that 60% of ecosystem services 

are either presently degraded or unsustainably managed. Degradation will likely worsen in the 

coming decades due to population growth, economic expansion, and climate change (Hanson et 

al. 2012). The increasing demand for natural resources, as well as the decreased capability of 

ecosystems to provide those resources, will place added pressure on the services businesses 

depend on. (The Economics of Ecosystems and Biodiversity 2012; World Business Council for 

Sustainable Development 2010). 

Businesses contribute to the degradation of ecosystem services via land development, 

resource extraction, and the release of pollutants. However, businesses also depend on those 

services for their daily operations (Hanson et al. 2012). As these services are diminished, 

businesses are increasingly at risk of lowered corporate performance, reputation, and profit 

(Mulder and Clements-Hunt 2010). For example, the loss of natural environments can lead to 

higher damages from natural disasters and floods (Clements et al. 2013). Additionally, many 

businesses depend on reliable water sources for operations (Reddy et al. 2015). However, these 
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same businesses, through poor wastewater or stormwater treatment practices, are degrading their 

water sources, leading to increased costs, unpredictable water supply, and reputational damages 

(The Economics of Ecosystems and Biodiversity 2012). 

While clearly important to business value, ecosystem services are often not incorporated 

into decision-making (Daily et al. 2009; Reddy et al. 2015). Ecosystem services are “rarely 

monitored [and] usually undervalued – by governments, businesses, and the public – if indeed 

they are considered at all” (Daily et al. 2009). Businesses that accurately identify, value, and 

incorporate ecosystem services into their decision-making can advance the broader recognition 

of ecosystem services in business and society.  

We aimed to address the main challenges facing businesses when trying to incorporate 

ecosystem services into decision-making. We developed a framework to help businesses 

overcome these challenges in order to invest more in the production of ecosystem services, using 

stormwater management as an example. This framework can be applied, with slight 

modifications, to other environmental management issues that may affect ecosystem services.  

1.1. Current Business Practices Regarding Nature and Ecosystem Services  

 The last decade has seen an increase in corporate practices that assess ecosystem service 

impacts and dependencies (Waage and Kester 2015). Companies have primarily engaged in three 

practice areas: 1) setting corporate standards, policies, or targets, 2) estimating monetary values 

of nature, and 3) incorporating ecosystem services into decision-making (Waage and Kester 

2014). 

1.1.1. Setting Corporate Standards, Policies, or Targets 

One way that companies value ecosystem services is by establishing internal standards or 

by joining global commitments (Waage and Kester 2014). In a 2014 survey of 613 major 

corporations in the United States, 79% explicitly published their environmental policies (Ceres 

and Sustainalytics 2014). Understanding that business activities will inevitably affect ecosystem 

services, some companies implement policies requiring carbon, nutrient or conservation offsets 

or easements. These offsets or easements are one way for businesses to counteract the land or 

ecosystem service degradation they inflict by improving or preserving ecosystem services in 

another area (The Economics of Ecosystems and Biodiversity 2012). Under Wal-Mart’s “no net 
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loss”, the company conserves one acre of land for every acre they develop (National Fish and 

Wildlife Foundation 2015). Despite the existence of such policies, many companies struggle to 

actualize their policies or effectively measure their results (Aiarna et al. 2015). The 2014 survey 

referenced above showed only 19% of the 600 companies had strong environmental policies 

(policies directly relevant to company operations accompanied by a system for implementation) 

and only 6% had specific biodiversity policies (Ceres and Sustainalytics 2014).  

 Another common corporate approach is commitment to third party standards that 

preserve ecosystem services. The United Nations Global Compact (2016) has collected close to 

8,000 commitments from business executives “to implement universal sustainability principles 

and to take steps to support United Nations’ goals”. These companies have agreed to adhere to 

the standards and recommendations put forth by the Global Compact’s general assembly, such as 

annually reporting their environmental impacts. To support these actions, the Global Compact 

has published a corporate action framework that advances best policies and practices for 

ecosystem service impact management and tracking (United Nations Global Compact and 

International Union for Conservation of Nature 2012). 

1.1.2. Estimating Monetary Values of Nature 

Several companies monetize their ecosystem service dependencies and impacts. Not only 

can the valuation of ecosystem services help inform decision-makers, but it can help companies 

sustain revenue, reduce costs, and better manage future risks and opportunities (World Business 

Council for Sustainable Development 2011). Businesses can use any of the three main categories 

of valuation methods: revealed preference, stated preference, and cost-based (World Business 

Council for Sustainable Development 2011). Each of these methods approaches monetization 

differently, and each may be more or less appropriate depending on the ecosystem service they 

value.   

 Revealed preference methods monetize ecosystem services by observing individual 

market choices (Pascual and Muradian 2008). When direct markets exist, the value of the 

ecosystem service is equal to its market price, such as the price of timber. When there is no direct 

market, an individual’s choice with respect to an ecosystem service can reveal that service’s 

value. For example, the value of open space can be revealed through higher property values for 

homes near parks. The revealed preference method is most appropriate when valuing 
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provisioning or cultural services that provide direct use value (World Business Council for 

Sustainable Development 2011). 

 Stated preference methods rely on questionnaires and surveys to value ecosystem 

services (Pascual and Muradian 2008). Participants state their willingness to pay or willingness 

to accept a hypothetical change to an ecosystem. The stated preference method is most 

frequently used to value ecosystem services that lack markets or that provide non-use value 

(World Business Council for Sustainable Development 2011). 

Cost-based methods identify the avoided costs or market tradeoffs that are realized by 

maintaining an ecosystem service (World Business Council for Sustainable Development 2011). 

Value is derived from the costs of replacing an ecosystem service through artificial means or 

from the damages that would accrue if the ecosystem service disappeared (Pascual and Muradian 

2008). As an example, the cost of a wastewater treatment plant could be used to derive the value 

of a wetland that would provide an equivalent quality of water. The cost-based method is most 

appropriate when valuing regulating services that provide indirect use value (World Business 

Council for Sustainable Development 2011). 

 One large hindrance to the adoption of these valuation methods is their development by 

the scientific community without consideration for their business applications (Hartmann 2011). 

Few ecosystem service valuation tools have been tested in corporate settings, and those that have 

been tested have not been compatible, due to time and cost, with existing business practices 

(Waage and Kester 2015; Bagstad et al. 2013). In these few cases, businesses have primarily 

used these methods as an accounting approach to understand how their operations impact 

ecosystem services, instead of how these services can act as traditional financial assets. For 

example, Puma has an environmental profit and loss account, which monetizes the costs of their 

actions on ecosystem services (Puma 2015). A further problem is that these valuation methods 

often solely value benefits to the public, not direct benefits to a business (Waage and Kester 

2015; DiMuro et al. 2014). In order for these tools to be practical for corporate use, the tools 

must allow for direct incorporation into business decision-making. 

1.1.3. Incorporating Ecosystem Services into Decision-making  

Some companies and organizations have begun integrating ecosystem valuation into 

corporate practices. The World Business Council for Sustainable Development, World Resources 
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Institute, and Meridian Institute developed a five-step framework to help standardize the 

approach companies can take when valuing ecosystem services. This framework, the Ecosystem 

Services Review, helps business managers develop strategies that minimize risk through 

capitalizing on ecosystem-focused opportunities (Hanson et al. 2012). Risks may stem from 

operational, regulatory, reputational, market-related, or financial factors. As an example, water-

dependent companies may face higher costs in the future due to water scarcity. Identifying and 

valuing these ecosystem risks and opportunities will help businesses plan for future projects 

(Hanson et al. 2012).  

 While the Ecosystem Services Review framework develops strategies to address risks 

and opportunities, other frameworks assist businesses in the implementation of these strategies. 

The Corporate Ecosystem Valuation framework, also developed in collaboration with the World 

Business Council for Sustainable Development, is designed to help businesses incorporate 

ecosystem services into operations (World Business Council for Sustainable Development 2011). 

This framework centers on the cost of environmental degradation and the environmental benefits 

of ecosystem services (World Business Council for Sustainable Development 2011). The 

framework’s main steps are to set a corporate goal, develop a valuation plan, value such services, 

communicate the results to internal and external stakeholders, and finally, embed the values from 

such services into existing corporate procedures (World Business Council for Sustainable 

Development 2011).  

 The combined Ecosystem Services Review and Corporate Ecosystem Valuation 

frameworks provide a holistic and generalized approach advising businesses on how to begin 

integrating ecosystem service valuations into operations. Due to these frameworks the business 

community is improving their understanding of ecosystem services. In 2013 more than 47 

companies identified the importance of natural capital and ecosystem services in their corporate 

reports (Waage and Kester 2014).  

In order for businesses to integrate ecosystem services into decision-making successfully, 

the process must not involve too much uncertainty or be excessively time consuming or costly 

(Waage and Kester 2014). Unfortunately, businesses often lack the modeling and analytical tools 

necessary to understand how their actions affect ecosystems. Businesses must overcome this 

hurdle if they are to quantify the biophysical production of ecosystem services necessary for any 
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meaningful corporate assessment (Bagstad et al. 2013). While a number of biophysical models 

have emerged in recent years, decision-makers often lack the expertise, capacity, or resources to 

assess which model best applies to their situations (Waage and Kester 2015). These models are 

difficult to compare, because each model defines ecosystem services differently and produces 

outputs with different units (Waage et al. 2011). Despite these complexities, businesses will 

overwhelmingly benefit from widespread use of these models (Waage et al. 2011). 

1.1.4. Providing Ecosystem Services through Implementing Green Infrastructure  

A number of businesses and organizations integrate ecosystem services into their 

decision-making by installing green infrastructure. Broadly defined, green infrastructure is a 

network of natural or semi-natural areas designed and managed to deliver a wide range of 

ecosystem services (European Commission 2013). Green infrastructure may either simulate 

natural ecosystems with man-made elements or preserve current ecosystem services (DiMuro et 

al. 2014). Most importantly for our project, green infrastructure is in its opposition to gray 

infrastructure, which are structures that accomplish a more limited set of purposes (Osment et al. 

2015). 

For a number of years, cities have been implementing green infrastructure as a cost-

effective way to tackle problems such as stormwater management while also providing 

additional environmental benefits (The Nature Conservancy 2013). Six U.S. cities have saved 

between $50 million and $6 billion by investing in green infrastructure instead of traditional gray 

infrastructure solutions (Osment et al. 2015). Since 2011, Philadelphia has saved $5.6 billion 

utilizing green infrastructure to meet federal stormwater regulations, while simultaneously 

creating natural habitat, beautifying neighborhoods, and enhancing public spaces (Philadelphia 

Water Department 2016a). Because of installations in cities such as Philadelphia, green 

infrastructure is gaining traction; between 2011 and 2013 green infrastructure projects that 

address watershed systems tripled (Bennett and Carroll 2014). 

Despite this promising trend among municipalities, few businesses adopt green 

infrastructure practices (Osment et al. 2015). Green infrastructure’s performance uncertainty 

leads many businesses and engineers to install more predictable gray infrastructure options 

(Osment et al. 2015). An additional hurdle to green infrastructure’s adoption is that many of the 

benefits of ecosystem services accrue to the public and not directly to a business (Waage and 
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Kester 2015; DiMuro et al. 2014). When the public reaps significantly more benefits than the 

company, companies are less likely to invest in such projects (Reddy et al. 2015). Overcoming 

the aforementioned challenges is essential for widespread business adoption of green 

infrastructure. 

There have been efforts to help businesses overcome these hurdles in order to adopt green 

infrastructure more widely. The World Resources Institute developed a green-gray analysis 

methodology in order to compare green and gray infrastructure on equal terms (Gartner et al. 

2013). This is a six-step process, which involves specifying the objective, developing portfolios 

of green and gray infrastructure to meet the objective, modeling outcomes of portfolios, 

quantifying present value of benefits and costs, comparing portfolios, and accounting for risk and 

uncertainty. The methodology recognizes that modeling outcomes is the trickiest step, which is 

why uncertainty and risk need to be accounted for through sensitivity analyses, multiple 

scenarios, and use of expected values (Gartner et al. 2013). However, the methodology suggests 

that the development of more robust models will ultimately reduce the difficulty of predicting 

performance of different infrastructure options (Gartner et al. 2013). While certainly true, the 

methodology does not take into account how well these models would fit into traditional 

business decision-making contexts. 

Additionally, the World Business Council for Sustainable Development (2015) developed 

a set of tools to make the business case for green infrastructure. These tools include a decision 

tree to determine if a project is suitable for green infrastructure, a checklist to understand all the 

relevant criteria to accurately assess green and gray infrastructure, and ProjectSelect, a cost-

benefit analysis tool to compare financial costs and benefits of green and gray infrastructure, as 

well as non-financial co-benefits. These non-financial co-benefits are social and environmental 

benefits that are ancillary to the investment objective. They often include the benefits of 

ecosystem services that accrue to the public. To use ProjectSelect, businesses rate the importance 

of each co-benefit and score them on a custom performance scale. For example, a company can 

score recreational benefits on a binary, ordinal, numerical, or other custom scale, then multiply 

the score by its weighted importance. After a user does this for each co-benefit, there is a final 

score for each infrastructure outcome, which allows for a comparison of the co-benefits provided 

by green and gray infrastructure. However, this tool assumes that a business can easily prioritize 
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different social and environmental benefits, which may be difficult when these benefits are 

public goods. However, if businesses can directly link these co-benefits to business value, it may 

be easier to prioritize these co-benefits. This may also lead to a more persuasive business case 

for green infrastructure.      

1.1.5. The Nature Conservancy and Dow Chemical Company Collaboration  

The Nature Conservancy (TNC) and Dow Chemical Company (Dow) have collaborated 

to amass expertise and develop tools that aid businesses in the identification, valuation and 

incorporation of green infrastructure (Malik et al. 2015). In the final year of their collaboration 

the tools and expertise were shared with the broader business world to enable widespread 

ecosystem preservation and adoption (Malik et al. 2015). 

The TNC-Dow collaboration is using these tools at a number of pilot sites to measure the 

costs and benefits of utilizing nature-based solutions (green infrastructure) to address Dow’s 

corporate and operational needs (Malik et al. 2015). In their first pilot site in Freeport, Texas, the 

team evaluated different options for Dow to secure a reliable source of water despite growing 

pressure from climate change and increased demand from other water users in the region (Reddy 

et al. 2015). Dow’s business-as-usual option was to expand a nearby reservoir, however the 

collaboration discovered that restoring an upstream flood basin was a cost-effective method to 

secure the same amount of water. The flood basin restoration would additionally provide other 

environmental benefits, such as improved natural habitats, to the region (Reddy et al. 2015).  

In Institute, West Virginia, the collaboration compared the environmental and economic 

benefits of three greenbelt designs on Dow property. TNC and Dow discovered that landscaping 

options that re-vegetated the area with native plants and restored stream flow were cost-effective 

methods to maintain ecosystem services when compared to traditional grass lawns. The re-

vegetation and stream restoration also allowed Dow to save on the greenbelt’s construction and 

maintenance costs (Malik et al. 2015). 

 These two cases demonstrate the importance of accurately modeling biophysical 

production of ecosystem services at the scale of a business site, as well as linking the production 

of these services to business value. In the Freeport case, Dow ultimately did not choose to 

implement the flood basin restoration due to challenges with investing in projects that generate 

plentiful public goods (Reddy et al. 2015). This reveals the importance of translating public 
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benefits into business value. The Institute case illustrated the necessity of properly quantifying 

ecosystem services on-site, as the nature-based solutions were only cost effective after 

accounting for all of the ecosystem services they would provide (Malik et al. 2015).  

1.2. Objectives 

In collaboration with TNC, this Master’s Project helped advance methods for businesses 

to account for the value of ecosystem services in decision-making. We addressed the two 

primary challenges facing businesses in understanding their impact on ecosystem services and 

the benefits they receive from ecosystem service preservation: 1) the need to identify and value 

how green infrastructure projects yield ecosystem services that directly contribute to business 

value, not just public value; and 2) the challenges of using simple models to predict green 

infrastructure performance. In order to narrow down the extensive range of ecosystem services, 

as well as to facilitate the development of concrete examples, we assessed the challenges and 

benefits associated with businesses implementation of green infrastructure for United States 

stormwater management. 

Our central investigative question was: How can businesses address these valuation and 

modeling hurdles to encourage green infrastructure adoption for stormwater management? 

More specifically, we answered the following questions: 

1) What motivates businesses as they make decisions on stormwater management? 

2) What are the range of technologies that address stormwater management? 

3) How do these technologies compare across key performance criteria? 

4) What limitations and barriers inhibit business adoption of green infrastructure 

technologies? 

5) What additional ecosystem services do green infrastructure technologies generate, 

and how are these additional ecosystem services relevant to the business decision-

making process? 

6) How does performance modeling influence technology investment decisions? 
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1.3. Methods 

We developed a framework which businesses can use to more effectively identify, assess, 

and value ecosystem services. Though we focused on stormwater management to provide a 

concrete example of how to use this framework, the framework can be applied to other issues. 

This framework could be useful for any business managing an environmental issue where green 

infrastructure options are available.  

1.3.1. Stormwater Management Case Study 

 Business development and expansion can exacerbate the need for effective stormwater 

management. Expanded development causes rainfall runoff to occur with greater intensity and 

frequency, leading to high levels of nutrients, sediments, and pollutants in runoff, and significant 

riverbank erosion (EPA 2015d; Figure 1). Nutrient loading to rivers and streams can lead to 

over-enrichment and a loss of oxygen (Lautenbacher et al. 2003). The cumulative impacts of 

non-point source pollution in stormwater runoff can impact aquatic ecosystems more than the 

discharge from treated wastewater (Goonetilleke et al. 2005). Businesses in particular face 

significant risks from polluted and impaired waterways due to many businesses’ dependence on 

fresh water (Russi et al. 2013). 

 
Figure 1: Comparing runoff from urban development and a forested ecosystem. Source: Fletcher 

et al. (2011). 
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Stormwater nutrient loading and pollution significantly impacts the economic prosperity 

of communities downstream (Braden and Johnston 2004). Some examples include impaired 

waterways that provide fewer opportunities for recreation, such as fishing, swimming, or 

boating; eutrophication in fishing communities producing low annual catches for sport anglers; 

and increased water treatment costs for municipalities (Braden and Johnston 2004). 

Research has shown that green infrastructure projects are a cost effective way for cities to 

manage stormwater when compared to traditional gray stormwater infrastructure options (Jaffe 

2010). However, many of the benefits that come from green infrastructure stormwater 

management projects (such as greater aesthetic and recreation benefits, reduced stormwater 

management costs, and reduced risk of flooding) accrue either to municipal wastewater utilities 

or to the general public (so-called positive externalities, Jaffe 2010). A traditional profit-

maximizing business would prioritize investments that improve the company bottom line over 

those that generate positive externalities. As a result, municipalities have greater incentives to 

implement green infrastructure than private businesses do (Reinhardt 1999). Green infrastructure 

adoption among private businesses will increase overall social welfare through the production of 

positive externalities.  

In chapter 2, we develop the framework to more accurately assess green infrastructure 

solutions for stormwater management. We use the following steps to carry out our framework: 

1) Identify the business drivers of stormwater management implementation. 

2) Identify the range of options businesses can use to manage stormwater. 

3) Develop the criteria on which to compare stormwater projects. 

4) Analyze the barriers hindering business implementation of green infrastructure 

stormwater projects and ways to mitigate those limitations. 

5) Investigate the additional ecosystem service benefits that come from green infrastructure 

stormwater projects and the strategies by which businesses quantify and value these 

benefits. 

Utilizing steps 1-5, in chapter 3 we apply the stormwater management framework to 

Duke University’s Stream and Wetland Assessment Management Park (SWAMP). Our objective 

is to illustrate how the framework can be applied to a specific business decision, with a focus on 

the two major challenges we have identified: 1) the need to identify and value the contribution of 
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ecosystem services from green infrastructure projects to direct business value, and 2) the 

challenges of using simple models to predict green infrastructure performance. The ultimate 

objective of this case is to assess the relevance of green infrastructure performance modeling and 

ancillary benefit valuation in the decision-making process. 
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2. Stormwater Management Framework 

In this chapter, we develop a framework with which a business can assess the complete 

suite of benefits green infrastructure provides in the context of stormwater management. 

2.1. Business Drivers of Stormwater Management 

Businesses face a number of different drivers for implementing stormwater management 

practices. We identify four categories of drivers: drivers relating to regulation, site infrastructure, 

operations, and stakeholder relations, each of which we will explain in more detail (Figure 2). 

These drivers also represent proximate objectives for business decisions regarding stormwater 

management. Before considering any additional benefits of a project, these objectives need to be 

satisfied. 

 

Figure 2: Business drivers for stormwater management. Business drivers have been divided into 

categories: regulation, site infrastructure, operations, and stakeholder relations. 

2.1.1. Regulation 

Businesses must comply with stormwater regulations across different scales of 

government. These regulations can manifest as requiring specific project types in order to obtain 

permits or opportunities to earn revenue or recognition by exceeding baseline requirements. 

Businesses may also choose to undertake stormwater management projects in order to reduce the 
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risk of more stringent regulation in the future, to prepare for future regulation, or to build 

goodwill with regulators and the community.1 

The federal Clean Water Act requires states to regulate and manage stormwater runoff 

from three categories of sources: industrial facilities, construction sites, and municipal separate 

storm sewer systems (EPA 2015c). To accomplish this task, states issue National Pollution 

Discharge Elimination System permits, which specify technology standards or water quality 

limits (Levy et al. 2014). The opportunities and risks for business to adopt green infrastructure 

within each of these categories varies. 

Industrial Facilities: 

The Environmental Protection Agency (EPA) issues each state a General Permit for each 

industry category under the Clean Water Act.2 Although the exact specifications vary across 

states, most states require industrial facilities within their borders to develop a stormwater 

pollution prevention plan in order to maintain compliance within the industry-wide general 

permit. Under this system, businesses must identify the actions and control measures taken to 

minimize pollution in stormwater runoff at their sites “using control measures that are 

technologically available, economically practicable, and achievable in light of best industry 

practice” (EPA 2015b). Cross and Duke (2008) note that this process grants significant flexibility 

to facilities, “but also enormously increases the complexity [for state officials] of verifying 

facilities’ compliance, compared with numeric limits [of wastewater permits]”. While the 

stormwater pollution prevention plans must be updated and maintained (EPA 2015b), their 

approval at the time of initial permitting provides little incentive to businesses to implement 

practices that would provide additional ecosystem benefits beyond what is needed for 

compliance. 

Construction Sites: 

 EPA developed a permit system for construction sites greater than one acre that is similar 

to the system for industrial facilities. States have the option to use EPA’s model permit or 

                                                 

 
1 In the realms of greenhouse gas regulation and carbon markets for instance, this type of anticipatory action is 

common among businesses (Karbassi et al. 2015). 
2 Industrial categories include timber, paper, chemicals, oil and gas, recycling, light manufacturing, etc. A complete 

list can be found at EPA’s website (http://www.epa.gov/npdes/stormwater-discharges-industrial-

activities#factsheets). 

http://www.epa.gov/npdes/stormwater-discharges-industrial-activities#factsheets
http://www.epa.gov/npdes/stormwater-discharges-industrial-activities#factsheets
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develop more stringent standards of their own. While a stormwater pollution prevention plan is 

also necessary in this case, permit coverage is terminated once the land disturbing activities 

cease (EPA 2015c). 

Municipal Separate Storm Sewer Systems: 

When a business falls within the jurisdiction of a municipal separate storm sewer system, 

it is subject to that locality’s established guidelines.3 EPA grants municipalities flexibility in 

developing their stormwater management plans. As a result, the methods utilized by 

municipalities in setting standards varies significantly across the nation (Sinha et al. 2014; White 

and Boswell 2007; see examples in Table 1). However, generally there is a continuum along 

which these policies lie. This continuum can be defined based on the flexibility the policy offers 

to businesses and the strength of the link to measurable stormwater retention benefits. Many 

municipalities will use a combination of tactics to achieve their stormwater management goals 

(see Box 1). We highlight a range of possible tactics below (Water Environment Research 

Foundation 2010a; Water Environment Research Foundation 2010b; Water Environment 

Research Foundation 2010c): 

1) Municipalities construct and manage stormwater infrastructure. Municipalities finance 

this infrastructure through bonds or general funds without direct stormwater management 

fees on businesses or residents. 

2) Stormwater fees have no link to the quantity of stormwater runoff; fees are based solely 

on lot size or property value. 

3) Stormwater fees are based on property characteristics impacting stormwater, such as 

impervious surface area. 

4) Stormwater fees are based on stormwater runoff volume. 

5) Building or development codes require specific technologies. 

6) Households or businesses act voluntarily to improve stormwater management in order to 

receive recognition awards, such as a plaque or listing in a directory. 

7) Municipalities offer education and outreach programs on the benefits of stormwater 

management. 

                                                 

 
3 Note that industrial facilities within a municipal separate storm sewer system are regulated under both a General 

Permit for industry as well as under the often stricter regulations of the municipality (Cross and Duke 2008). 
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Table 1: Examples of tactics used by municipalities to manage stormwater. 

Example Description Fee 

Washington DC, 

Department of Energy and 

Environment Stormwater 

Permits and Trading 

Program  

(Center for Watershed 

Protection 2013) 

 

Regulated sites must retain rainfall volume equal to 

the runoff from an 80th percentile storm (0.8”). At 

least 50% of the required retention must be achieved 

through on site best management practices (BMPs), 

while the remainder may be achieved through off-site 

BMPs or purchased stormwater retention credits. See 

Appendix 1 for more details on this program. 

 

$3.50 (in-lieu 

fee) or ~$2 for 

credits per gallon 

Durham, NC, Stormwater 

Utility  

(City of Durham 2016) 

Non-residential properties are charged stormwater fees 

based on impervious surface area. 

$6.75 per month / 

2,400 square feet 

impervious 

surface area 

 

North Carolina, Universal 

Stormwater Management 

Program 

(North Carolina Department 

of Environmental Quality 

2016d) 

Voluntary recommended guidelines to maintain 

consistency throughout the state. Sites must maintain 

and treat water generated from up to 1” storms. 

N/A 

 

Given the suite of regulatory environments for managing stormwater, businesses should 

identify the risks and opportunities that come from green infrastructure stormwater management 

projects in their local areas. Key questions for consideration include: 

● Do the local regulations require specific project types, constraints on surface type, 

regulation of outflow, or regulation of pollutant loads? (Compliance) 

● Do the local regulations provide incentive for going “beyond compliance”? (Opportunity) 

● Do current regulations provide incentives for project retrofits or do they predominantly 

impact initial permits? (Opportunity) 

● Does poor stormwater management increase the chances of greater regulatory pressure in 

the future? (Regulatory Risk Management) 

● Does implementing effective stormwater management practices generate goodwill from 

regulators? (Regulatory Goodwill) 
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Box 1: Chicago Stormwater Management Plan 

The city of Chicago has regularly struggled with managing stormwater in the city and 

polluted discharges into Lake Michigan. In 1972, the city embarked on what is projected to be 

a nearly 60 year project to expand their gray infrastructure capacity: the Tunnel and Reservoir 

Plan is an underground system of tunnels and reservoirs designed to manage overflow events 

from the city’s combined sewer system (City of Chicago 2014a; Garrison and Hobbs 2011). 

In recognition of the difficulty of this undertaking, the city implemented or updated a number 

of other policies related to stormwater management. These include: 

 permitting standards for new development that require stormwater volume and flow 

controls based on lot size (City of Chicago 2014b), 

 city funded projects on public land including tree planting programs and installations 

of pervious pavement in alleys and on roadways (City of Chicago 2014a), 

 education outreach for homeowners and businesses on the benefits of green 

infrastructure (City of Chicago 2014a), and 

 financial and regulatory incentives, in the form of reduced permitting fees or fast-track 

status, for new construction incorporating practices such as Green roofs or LEED 

design (though only a subset of LEED policies are focused on stormwater 

management, Garrison and Hobbs 2011). 

The city does not charge ongoing stormwater fees. “As a result, the costs and fees associated 

with green infrastructure are not separated out from those of traditional infrastructure 

services. The absence of a dedicated stormwater fund limits opportunities for the city to 

provide incentives for reductions in impervious surfaces or the use of green infrastructure 

practices” (Garrison and Hobbs 2011). As such there is little direct incentive for existing 

businesses to incorporate stormwater volume reductions on or off-site. 

Answers to these questions will enable businesses to better prioritize project options and identify 

project criteria with which to drive decision-making. 

2.1.2. Site Infrastructure 

 Effective stormwater management has clear benefits for watershed-scale flood risk 

mitigation (Braden and Johnston 2004). At the same time, organizations may also find the need 

to manage stormwater in order to reduce the risk of localized flooding, which can impose 

substantial costs. For example, Episcopal High School in Baton Rouge, Louisiana installed a rain 

garden in order to mitigate regular flooding due to poor drainage (Odefey et al. 2012). On a 

larger scale, reducing on-campus flooding was one of the drivers behind Emory University’s 

development of a stormwater management plan in 2007 (Emory University 2007). Residential 



18 

developments and homeowner associations also often install stormwater projects to manage 

localized flooding on roads or residential lots (Odefey et al. 2012).4 In these cases, a profit-

maximizing business will primarily be concerned with how a stormwater project manages runoff 

volume such that it reduces damages and costs. 

2.1.3. Operations 

 Water risk assessments are becoming increasingly common in the business world (Rozza 

et al. 2013; CDP 2015). Businesses are finding that it is in their long-term strategic interest to 

assess risks to their water supply, as maintaining high quality water sources is essential in many 

industries. For example, Dow has undertaken extensive planning and modeling to limit water 

risk at its facility in Freeport, Texas, especially in the face of climate change (Reddy et al. 2015). 

Stormwater management can be driven by a need to reduce water scarcity, reduce water 

treatment costs for production, or to maintain water levels for sufficient energy production 

(Schulte et al. 2014). Encouraging stormwater infiltration, as opposed to rapid runoff, can 

supplement existing groundwater supplies and reduce the risk of water management issues in the 

future. 

Stormwater management can not only reduce water pollution but can also serve as a 

source of water for productive uses (Rozza et al. 2013). For instance, Ford Motor Company 

captures stormwater for washing vehicles at its facility in Barking, England (Ford Motor 

Company 2013). The Solaire, a residential tower in New York City, captures stormwater to use 

in its cooling tower and for irrigation, reducing its energy demand and increasing tenant 

satisfaction (Natural Resources Defense Council 2016). 

2.1.4. Stakeholder Relations 

Effective stormwater management practices can lead to stronger relationships with both 

local and global stakeholders. From a business perspective, “the voluntary provision of public 

goods [...] may be motivated by the desire to adhere to personal or social codes of ethics or by a 

desire to manage corporate assets in the interests of many stakeholders” (Reinhardt 1999). 

Improving local or regional water quality through business practices can engender closer 

                                                 

 
4 A number of other examples can be found at the American Society of Landscape Architects case study website 

(https://www.asla.org/stormwatercasestudies.aspx). 

https://www.asla.org/stormwatercasestudies.aspx
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relationships with stakeholders and build a stronger brand. Acting in such a way as to provide 

public benefits is known as corporate social responsibility and has the ultimate goal of sustaining 

long-term profits (McWilliams 2000). Conversely, poor management can lead to clear economic 

loss. “Companies perceived to mismanage scarce water resources are likely to suffer damaged 

reputations, especially when their operations negatively affect basic human and environmental 

needs or contravene legal requirements” (Schulte et al. 2014). 

2.2. Best Management Practices for Stormwater Management 

Businesses have a number of technological options from which to choose in order to meet 

the business drivers discussed above. One attribute on which these options vary is the extent to 

which they mimic natural ecosystems. Green infrastructure options, such as a constructed 

wetland, mimic a natural ecosystem, whereas, gray infrastructure options, such as a metal drain 

filter, are man-made and lack natural elements (Talberth and Hanson 2012). A number of options 

exist in between these two extremes (Davies et al. 2006). A tree trench, a system of trees 

connected to an underground storage structure, employs both natural and man-made components 

(Shroeder 2011). Thus a green-gray infrastructure continuum exists as seen in Figure 3. These 

“activities or structural improvements that help reduce the quantity and improve the quality of 

stormwater runoff” are collectively known as best management practices (BMPs) (North 

Carolina Department of Transportation n.d.).  

 

Figure 3: Green-gray infrastructure continuum. 
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BMPs on the green infrastructure side of the continuum deliver a wide range of 

ecosystem services, in addition to satisfying the same function as gray infrastructure BMPs 

(European Commission 2013; World Business Council for Sustainable Development 2015). In 

order to facilitate a comparison of BMPs by businesses, we identify a number of criteria that are 

important to businesses, such as costs and performance. However, in order to make a meaningful 

comparison between BMPs across the green-gray continuum, the BMPs must match on two key 

characteristics: 1) the BMP’s primary goal and 2) the size of the area the BMP is meant to 

address. While we recognize that there are many available stormwater BMPs, we select ten to 

illustrate the variability among these characteristics.  

2.2.1. Goal of Best Management Practices 

The driver behind the stormwater management decision often dictates which specific 

BMP to implement (Figure 4). Specifically, there are three main issues BMPs are designed to 

address: water quantity, water quality, and stormwater conveyance (Tennessee Department of 

Transportation 2007; Pennsylvania Bureau of Waterways Engineering and Wetlands 2005). 

Water quantity can refer to reducing the peak flow rate, which reduces erosion, or reducing the 

total runoff volume. Water quality refers to reducing the pollutants in runoff, and is largely 

driven by regulation. Stormwater conveyance refers to collecting and transporting runoff to a site 

where it is either discharged or treated further.  

Depending on the reasons for undertaking a stormwater management project, businesses 

may need to consider a variety of project characteristics and prioritize some characteristics over 

others. Understanding the specific business driver will help a business identify the BMP attribute 

that may be most relevant, or of highest priority, when making tradeoffs. For example, if risk of 

flooding is the primary driver, then runoff volume is the primary BMP attribute of concern, as 

opposed to runoff quality. 
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Figure 4: Business drivers influence choice of best management practice. The green squares 

identify the key characteristic of a BMP (or BMP attribute) that ultimately satisfies the business 

driver (in blue). 

2.2.2. Scale of Best Management Practices 

The physical footprint and the size of the area in which the BMP receives and manages 

stormwater can differ among BMPs. Thus, it is important for a business to know the scale at 

which a particular BMP operates. It is not useful to compare a BMP that manages runoff from a 

certain number of acres of land with a BMP that measures in cubic feet per second, due to their 

different design capacities and units for measuring performance. Additionally, regulations can 
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vary depending on the size of a project (EPA 2015c). Therefore, we create three size scales to 

compare like projects: residential (small), commercial (medium), and industrial (large) (Table 2). 

 

Table 2: Range of stormwater best management practices selected for comparison. We identified 

a variety of BMPs that encompass a range of sizes and positions along the green-gray continuum. 

Further description of each can be found in Table 3 and Appendix 2. 

  Green Green/Gray Gray 

Residential Rain Garden Porous Pavement Dry Well 

Commercial Green Roof 
Tree Trench, 

Retention Pond 
Drain Filter 

Industrial 
Constructed 

Wetland 
Detention Basin Stormwater System 

 

Residential-scale BMPs are those that can be implemented at a single household or 

storefront, such as a rain garden or dry well. These do not require much space at all. Thus they 

can be stand-alone practices such as when a business or homeowner voluntarily engages in 

stormwater management. Commercial-scale BMPs are those that can be implemented at the 

neighborhood or shopping complex level. These bigger parcels of land require a different set of 

BMPs. Tree trenches and retention ponds are some examples of commercial-scale BMPs. 

Finally, industrial-scale BMPs are those that can be implemented at the level of a municipality or 

industrial facility. Because of the large area of land under control by cities, BMPs at this scale 

often work in conjunction with one another. For example, runoff collected by one BMP may be 

transported by another BMP, and possibly treated by a third BMP before being discharged. 

Detention basins and stormwater systems are some examples of industrial-scale BMPs that store 

and transport stormwater to filter out sediment and pollutants. 
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Table 3: Definitions and examples of stormwater best management practices. 

BMP Description 

 

Rain Garden 

 
Source: Hymel n.d. 

 

 

A shallow depression that includes plants and 

a layer of mulch to absorb rainwater and 

facilitate the filtering of water as it passes the 

garden. 

 

-Quantity Control 

-Green Infrastructure 

-Residential 

Green Roof 

 
Source: “Green Roof of Chicago City Hall” 2008 

 

 

 

A man-made roofing structure that is partially 

or completely covered in vegetation. 

 

-Quantity Control 

-Green Infrastructure 

-Commercial 

 

Constructed Wetland 

 
Source: Philadelphia Water Department 2016d 

 

Mimics a natural wetland to allow for the 

vegetative uptake and settling of 

contaminants. 

 

-Quality Control 

-Green Infrastructure 

-Industrial 
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BMP Description 

 

Porous Pavement 

 
Source: National Ready Mixed Concrete 

Association n.d.  

 

 

A special pavement to allow rainwater to 

infiltrate the underlying soil, thus reducing 

the amount of runoff.  

 

-Quantity Control 

-Green/Gray Infrastructure 

-Residential 

Tree Trench 

 
Source: Yale University 2015 

 

 

A system of trees connected to an 

underground storage structure which will 

eventually drain out into an existing sewer 

system. 

 

-Stormwater Conveyance 

-Green/Gray Infrastructure 

-Commercial 

Retention Pond 

 
Source: Florida Pond Cleaning 2015 

 

A permanent pool of water designed to 

receive runoff, thus allowing for the settling 

of nutrients and sediments. 

 

-Quality Control 

-Green/Gray Infrastructure 

-Commercial 
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BMP Description 

 

Detention Basin 

 
Source: Clark County Environmental Services 

n.d.  

 

 

A depressed area which temporarily holds 

runoff, allowing water to be temporarily 

stored before being slowly released into 

nearby waterways. Typically the basins are 

dry between rainfall events. 

 

-Quantity Control 

-Green/Gray Infrastructure 

-Industrial 

Dry Well 

 
Source: Robillard n.d. 

 

 

Subsurface or excavated pits that are designed 

to temporarily catch stormwater from 

rooftops, allowing it to infiltrate into the soil 

below. 

 

-Quantity control 

-Gray Infrastructure 

-Residential 

 

Drain Filter 

 
Source: Songer 2010 

 

A man-made unit that is placed at stormwater 

drains, or other runoff hotspots, to filter 

pollutants, especially large suspended soils. 

 

-Quality Control 

-Gray Infrastructure 

-Commercial 
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BMP Description 

 

Stormwater System 

 
Source: P.M.P. Associates, LLC 2009 

 

 

A series of interconnected curbs, gutters, 

drains, and pipes that collect and convey 

stormwater to treatment facilities or to 

waterways where the runoff can be 

discharged. 

 

-Conveyance 

-Gray Infrastructure 

-Industrial 

2.3. Comparison of Stormwater Best Management Practices 

Businesses may consider a variety of criteria when implementing a stormwater BMP. 

Depending on the business driver being addressed, such as risk of flooding or compliance with 

pollution regulations (Figure 4), a business should consider not only the costs, size restrictions 

and lifetime of the BMP, but also the BMP’s ability to reduce runoff volume or improve runoff 

quality. To illustrate this comparison, we assessed the ten BMPs discussed above across a 

number of criteria. Data were collected from a combination of case study research, corporate 

performance data, and industry professional interviews.  

The criteria for initial comparison of the ten BMPs are capital costs (including material, 

construction, and installation costs), size, operation and maintenance costs, and lifetime. These 

criteria are the basic metrics on which a business might begin to compare infrastructure options. 

Next we investigate the removal efficacies for three primary pollutants of concern: phosphorous, 

nitrogen, and total suspended solids (EPA 2015d). Because the quantity of water transported 

downstream affects nutrient loading, we also compare runoff retention across BMPs. 

To facilitate comparison of like projects, in this example we illustrate a scenario in which 

a business is considering BMPs that mange nitrogen loading in order to meet a regulatory driver. 

After limiting the possible infrastructure options to those that reduce total nitrogen, we can 

further categorize the technology options by size (Table 4). Once in the size category that most 
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fits a business needs, the capital cost and operation and maintenance costs can be compared 

across applicable infrastructure options. Lastly, the approximate lifetime is the last criterion that 

businesses should use to compare technology options; however, careful note should be taken that 

the lifetime of most green infrastructure installations is unknown.  

 

Table 4: Stormwater best management practices designed for nitrogen removal compared across 

construction cost, size, operation and maintenance cost, and lifetime. 

Scale Technology Criteria 

 Cost Size O&M Cost Lifetime  

Residential 

 Dry Welli $4-$9/ft3 26.89 ft3  $0.2-$0.9/ft3/year 30 years 

 Rain Gardenii $3-$40/ft2 100-300 ft2 †  * 

Commercial 

 Retention Pondiii $3-$15/ft2  200 ft2 $0.10-$0.75/ft2/yeariv  † 

 Tree Trenchv $10-15/ft2  750-1,000 ft3  $100-500/yearvi *vii 

Industrial 

 Detention Basin $0.21-$0.38/ft2 viii  200 ft2  $0.006-$0.02/ft2/year  20-*yearsix 

 Wetland $1.39-$7.33/ft2x 21,775-43,550 ft2 xi $0.003/ft2/year xii 15/20-* years 

* Indicates that with correct installation and maintenance, the technology could theoretically last an 

indefinite number of years.  

† Indicates a lack of industry data.

                                                 

 
i StormTech: Subsurface Stormwater Management n.d. 
ii Low Impact Development Center n.d.  
iii Lake Superior Streams.org. n.d. 
iv 2.6-6.8 cents/1,000 gallons per day (Newport 2014). 
v City and County of Denver 2015. 
vi Plus $850 per tree and $1,500-$1,600 for installation. Alternatives include purchasing a prefabricated tree pit 

system including filter material, plants and some maintenance for $8-10,000 (Low Impact Development Center 

2007).  
vii Wenz 2016. 
viii Residential $3-$4/sqft. Commercial, institutional and industrial $10-$40/sqft (Pennsylvania Bureau of Waterways 

Engineering and Wetlands 2005). 
ix For residential applications (Stormwater Center n.d.). 
x Site restoration $66/sq yd. Site formation costs $12.50/sq yd plus an additional $5,500 per inlet/outlet. Cost of a 

typical 50,000 sq ft subsurface constructed wetland is $121,980 (Minnesota Pollution Control Agency 2014). 
xi Minimum size (Minnesota Pollution Control Agency 2014). 
xii $15-$20/sqft in US. $8-$15/sqft in Germany (Stormwater Center n.d.). 
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2.3.1. Sources of Comparison Data 

 For most of the BMPs, with the exception of wetlands and rain gardens, the technologies 

can be purchased on a unit-by-unit basis with the aforementioned lifetimes, sizes, and costs 

provided. For this analysis, we assume that the technology costs and corporate performance data 

provided by the various companies are representative of industry averages. For the wetlands and 

rain gardens that are not sold in units, the rates provided above are industry averages drawn from 

case studies and municipal or federal websites. For the technologies not sold by unit, the 

estimated data ranges vary more widely than for technologies sold by unit. This is not to say that 

data does not range for the unit-based technologies, only that the ranges have often been 

narrowed due to the specific infrastructure knowledge of individual companies. 

2.3.2. Site Installation and Treatment Area Sizes 

 When comparing BMP sizes, it is important to note the difference between the physical 

footprint, as in the area converted to a rain garden, and the size of treated area addressed by a 

technology, such as the watershed that feeds into a drainage basin. For this analysis, size refers to 

the physical footprint, while the treatment area is addressed by the categorized scale (residential, 

commercial, or industrial; see Table 2). It should be noted that state and federal stormwater 

regulations are often based on impervious area reductions, a function of the second way to size 

stormwater technologies, that of treatment area.  

2.3.3. Lifetime 

The lack of data on the lifetimes of stormwater infrastructure reveals a gap in industry 

knowledge. The widespread adoption of some of these technologies, such as the tree trench or 

rain garden, is so new that industry data on lifetimes is not yet available (Wenz 2016). 

Complicating the matter further for those technologies without vegetation (gray infrastructure), 

such as the drain filter, the use of stainless steel in construction often means installers do not 

know how long their product will last (Wenz 2016).  

2.3.4. Pollutant Removal 

  In examining the removal efficacies of the various BMPs, two separate issues need to be 

explored. First, not all technologies address pollutant removal, and those that do may only 
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address one pollutant rather than the three in our analysis. Many technologies, such as the rain 

garden and detention basin, are designed to hold excess stormwater; although they may filter 

pollutants, they do not do so as their main purpose. What this means in application is that BMP 

options may have to be chosen in regards to their removal rates of a single pollutant, regardless 

of whether or not the driver motivating such an installation addresses a single pollutant need. The 

second issue regarding pollutant removal is that removal efficacy can be measured in two ways, 

either in percentage of pollutants removed or in quantity of pollutants removed from a volume of 

water. The existence of the two methods of measuring pollutant removal illustrates the difficulty 

in understanding the pollutant removal capacities of green infrastructure. While both methods 

address the needs of their specific driver, businesses must be careful to only compare 

technologies using consistent methods for reporting efficacy. 

 When comparing pollutant removal efficacies, it is most useful to first break down BMP 

options to those that address the primary driver. For example, Figure 5 highlights the 

technologies that remove phosphorus. If phosphorus were the primary driver, than a business 

could remove the green roof and drain filter from their list of applicable BMP options. 

 

 

Figure 5: Average phosphorous removal efficacy across best management practices. Data on 

BMPs from Geosyntec Consultants, Inc., and Wright Water Engineers, Inc. (2012). 
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For pollutants such as nitrogen, the aforementioned step of categorizing technologies by 

pollutant removal efficacies may significantly reduce the initial number of BMP options (Figure 

6). Businesses should then consider limiting their BMP options to those that fit the scale of their 

operations.  

 
Figure 6: Average nitrogen removal efficacy across best management practices. Data on BMPs 

from Geosyntec Consultants, Inc., and Wright Water Engineers, Inc. (2012). 

The comparison of technologies across pollutant removal efficacies becomes even more 

paramount when businesses are facing a specific regulatory limit. Figure 7 illustrates an example 

of total suspended solids that all of the BMPs chosen for this analysis reduce.  

Looking at Figures 5, 6 and 7 for nitrogen, phosphorus and total suspended solids we can 

reach several conclusions. For phosphorus removal, the technologies with some element of 

vegetation are better at filtering out phosphorus than gray infrastructure (Figure 5). When 

comparing these BMPs, businesses need to know what pollutants are of most importance to 

them, and once armed with that knowledge weed down the list of possible BMPs to those 

technologies that best reduce that pollutant. 
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Figure 7: Average total suspended solids removal efficacy across best management practices. 

Data on BMPs from Geosyntec Consultants, Inc., and Wright Water Engineers, Inc. (2012). 

While pollutant removal can be a measure of efficacy in terms of percentage reduced, 

pollutant removal can also be measured in milligrams of pollutant removed per liter of water. 

The bars in Figure 8 illustrate average industry efficacy for phosphorous removal. Error bars that 

display the middle 50% of pollutant removal observations represent the variability of these 

results. The range in pollutant removal rates stems from variation in locations, operation and 

maintenance practices, and vegetation choices for particular BMPs. Similar graphs for nitrogen 

and phosphorus can be referenced in Appendix 3. 
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Figure 8: Average phosphorus removal in milligrams/liter for stormwater best management 

practices. The error bars represent the middle 50% of observed data. Data on BMPs from 

Geosyntec Consultants, Inc., and Wright Water Engineers, Inc. (2012). 

2.3.5. Volume Retention 

BMP performance on volume retention varies widely. Volume is normally measured 

using one of two methods, a measure of flow rate (cubic feet per second) or volume of water 

retained (Taghvaeian 2014). We conducted our analysis based on per unit volume of water 

emerging the BMP. Within the efficacies provided in Figure 9, some BMPs such as the green 

roof have large efficacy ranges (20%-100% efficacy). What this means in application is that the 

same BMP may perform quite differently on different soils or in different vegetation types. 

Businesses need to be cognizant of these performance uncertainties, and when possible should 

either base their predictions on case studies within the business’ region, or undergo model 

sensitivity analyses in order to determine more nuanced and precise results.  
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Figure 9: Average water volume retention of stormwater best management practices. Data on 

BMPs from Geosyntec Consultants, Inc., and Wright Water Engineers, Inc. (2012). 

2.4. Barriers to Green Infrastructure Implementation 

Like any other technology, green infrastructure comes with its own set of limitations. 

Depending on the technology, limitations may include nuisance fowl, extended lead times to full 

efficacy while vegetation matures, or modeling limitations such as the uncertainty that comes 

when predicting stormwater volume or nutrient reduction (Lancaster County Conservation 

District n.d.; Stormwater Center n.d.). Understanding these limitations, and identifying ways to 

mitigate them, is key to enabling business implementation of green infrastructure. 

2.4.1. Structural and Institutional Limitations 

Many limitations are shared among green and gray stormwater infrastructure options and 

are not unique to green technologies. Such limitations include the impracticality of installation in 

dense urban or suburban spaces where land costs for construction are high, the clogging of drains 

and filters by debris and fine sediments, and, most notably, conflicts with underground structures 

such as basements and foundations. Most stormwater technologies are at an increased risk of 

infrastructure failures from the freezing of shallow water depths followed by an onrush of water 
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that cannot be contained (San Francisco Water 2010). Aside from the common problems 

discussed above, each green technology comes with its own set of structural limitations.  

Wetlands pose a moderate risk to cold water systems when the storage of water at 

shallow depths heats water to a higher temperature than the cold water systems the water is 

released into can handle (Stormwater Center n.d.). This is most often a problem for fish 

spawning grounds and habitats sensitive to slight temperature changes. Wetlands are more 

susceptible than most technologies to surface icing, where shallow water freezes and the wetland 

is then unable to trap nutrients and sediment (Stormwater Center n.d.). In addition, wetlands are 

the largest infrastructure studied in this analysis, and as such demand extensive land 

requirements that often are not economically feasible in urban or even suburban areas 

(Stormwater Center n.d.). 

Rain gardens and green roofs suffer more than other BMP options from an extended lead 

time in which the vegetation necessary for the infrastructure to function at its highest potential is 

not established for 2-3 years after planting (Lancaster County Conservation District n.d.). While 

the plants are in their early growth phase they require more maintenance in the form of watering 

and weeding than is necessary later (Lancaster County Conservation District n.d.). This 

translates into higher operation and maintenance costs for the first couple of years and the 

necessity for temporary stormwater systems until the green infrastructure is operating at full 

potential. Green roofs are often prone to increased insurance cost due to potential liability issues 

relating to weight, drainage, root damage and possible personal injury (Peck et al. 1999). Wind 

can often be a limiting factor inhibiting the necessary growth of vegetation on green roofs (Peck 

et al. 1999). This is one factor that is often hard to counteract and should be thoroughly 

investigated before installation. 

Porous pavement is one of the most utilized stormwater infrastructure options. However, 

what makes porous pavement easiest to install and easiest to operate, most often hinders its 

success (Metropolitan Area Planning Council n.d.). The crevices between pavers are prone to 

clogging by sand and fine sediments. Without periodic cleaning, these obstructions can 

completely block the desired filtration benefits. Frost heave is also a serious problem for porous 

pavement (Metropolitan Area Planning Council n.d.). Frost heave happens when water is trapped 

and frozen beneath the soil surface and forces whatever is at or above the soil’s surface upwards 
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by a few inches (ConcreteNetwork.com n.d.). This uneven surface that is created will fail to 

infiltrate stormwater at an even rate, as it was designed to function. Frost heave can also affect 

other types of green infrastructure such as detention ponds (Metropolitan Area Planning Council 

n.d.). 

2.4.2. Challenges of Predicting Best Management Practice Performance 

Businesses considering installing stormwater BMPs need a method of predicting 

performance. As stated in the previous section, BMPs often have a wide range of anticipated 

performance with respect to primary benefits such as stormwater volume retention and pollutant 

removal. Part of the uncertainty associated with performance lies in the fact that these BMPs are 

site-specific and sometimes work in concert with one another. Without knowing how a BMP or a 

set of BMPs will perform on a business site, it is difficult for a business to know if their 

investment in green infrastructure will meet the business’s performance objectives.  

Models of varying complexity can help businesses predict the performance of different 

BMPs employed at a specific location. Models that can predict the performance of BMPs on site 

and prior to installation are especially valuable to businesses. However, models can range in 

complexity and can have different outputs. In order to determine an appropriate model, a 

business decision-maker needs to define modeling objectives. The Minnesota Pollution Control 

Agency (2015) highlights some considerations for model selection: 

● Is the objective to meet regulatory compliance? Is the model accepted by a regulatory 

agency? 

● Should the model consider land use changes? 

● How large a site does the model need to cover? 

● How a catchment area does the model need to cover? 

● What is the degree of expertise needed for the model? 

● Is hired outside expertise needed to run the model?  

Depending on the business’s objectives, the type of model employed will change. In general, the 

degree of model complexity needed is dependent on the strength of the business driver. When 

considering the business drivers in Figure 2, the need for complexity and accuracy for a model is 

highest at the left side of the diagram (strong regulatory driver) and lowest at the right side of the 

diagram (community goodwill and corporate sustainability measures).  
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In order to meet a strong regulatory compliance problem, such as a violation of 

stormwater regulations, the business may need to hire a contractor to use a government agency-

accepted, watershed-scale model. Often, these require time-consuming calibration methods 

(Jayasooriya and Ng 2014) and specialized skills such as programming, expertise in spatial 

analysis, and expertise in hydrology that the average decision maker in a business may not 

possess. In this case, it is likely that a business would seek a contractor from an environmental 

consulting firm (Rincon Consultants 2016; ESS Group 2016). Commonly used watershed-scale 

stormwater models in the regulatory and contracting spheres include Storm Water Management 

Model (SWMM), Soil and Water Assessment Tool (SWAT), System for Urban Stormwater 

Treatment and Analysis Integration (SUSTAIN) and Better Assessment Science Integrating 

Point and Non-point Sources (BASINS) (Cada 2015).  

If a business instead is interested in making a simple estimate of how BMPs can improve 

pollution reductions on a site, a different type of model might be used. In this particular case, 

while there is a regulatory driver, prediction of the exact quantity of water retained might be less 

necessary than under a case where there was no regulatory driver. For example, in many regions, 

a business can use a BMP calculator to acquire a preliminary application for a development 

permit. Municipalities throughout the United States have developed simple models known as 

BMP calculators that estimate the amount of pollutants that BMPs remove (Minnesota Pollution 

Control Agency 2015). BMP calculators are often calibrated for a specific geographic location 

and require fewer data inputs and less expertise to use than more complex models (Minnesota 

Pollution Control Agency 2015). BMP calculators operate on a site scale and are designed to be 

used in low-impact development projects (Minnesota Pollution Control Agency 2015). This 

makes them useful tools for businesses considering installing BMPs. Since these BMP 

calculators are relatively easy to use and are constructed to meet a regulatory requirement, there 

is little need to seek models of higher complexity.  

Installing green infrastructure in the hopes of raising community goodwill is another 

example where a complex model may not be necessary. For example, TNC and Dow developed 

the Ecosystem Services Identification and Inventory (ESII) tool to identify the ecosystem 

services on a site that would be gained or lost under alternative projects (EcoMetrix Solutions 

Group 2016). Dow how used this model to screen hundreds of development projects to 
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determine how those projects impact ecosystem services (Guertin 2011). The TNC-Dow 

collaboration discovered that corporations who want to consider the value of nature need a rapid 

and cost-effective assessment of how ecosystem services change under different scenarios 

(Guertin 2011). In this particular tool, having a user-friendly interface and simple-to-use 

methodology was emphasized over model precision (Guertin 2011). 

A range of tools exists to predict the effect of BMPs on nutrient pollution and stormwater 

volume. Such tools range in complexity and data requirements, including “catchment size, scale, 

human activities, climate, natural characteristics” (Jayasooriya and Ng 2014). The challenge of 

predicting BMP performance is that different models produce widely varying predictions of 

BMP performance, making it hard for businesses to know what model they should trust 

(Minnesota Pollution Control Agency 2015). We explore these challenges in detail in chapter 3. 

2.5. Ancillary Benefits of Green Infrastructure 

Green infrastructure stormwater BMPs can provide many ecosystem services in addition 

to the benefits they provide for stormwater management (hereafter collectively referred to as 

ancillary benefits). Ancillary benefits provide added business value once a primary business 

driver has been satisfied. In order for these benefits to be evaluated and valued in decision-

making, they must first be shown to be relevant to businesses. The presence of ancillary benefits 

can further incentivize green infrastructure projects if the benefits help businesses meet 

additional project objectives.  

In this section, we describe how businesses can explicitly link the ancillary benefits of 

green infrastructure stormwater management projects to business value. We then illustrate this 

process using two examples of common ancillary benefits, habitat provisioning and carbon 

sequestration. 

2.5.1. Benefit Relevant Indicators 

Olander et al. (2015) documented a need to better incorporate ecosystem services in 

federal agency decision-making. They developed a framework to enable federal agencies to 

discuss ecosystem services in terms that are relevant to their stakeholders and beneficiaries, 

instead of using ecological attributes that do not directly provide human welfare. The framework 

forces agencies to identify the causal relationship between ecological changes and the resulting 
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impacts on stakeholders. As one example, forest management activities can reduce fire intensity 

(an ecological characteristic). Although the importance of this change may be understandable to 

some experts, Olander et al. (2015) stress the need to follow the causal mechanism to include 

what they call “benefit-relevant indicators” (BRIs). They describe these indicators as “outcomes 

that are demonstrably relevant to human welfare, rather than biophysical measures that might not 

be relevant to human welfare” (Olander et al. 2015). A BRI in this example could be the number 

of people affected by airborne particulates from forest fires. This indicator both identifies the 

relevant beneficiaries and clearly demonstrates an outcome that is relevant to those stakeholders. 

The outcomes should ideally be quantifiable, but an inability to quantify the impact should not 

negate a BRI’s consideration in an analysis.  

Similar to federal agencies, businesses are also concerned with how their actions impact 

ecosystem services used in their operations and by their stakeholders. Using a methodology 

similar to that described in Olander et al. (2015), businesses can identify the BRIs that result 

from changes in ecosystem services due to their stormwater management decisions. In the case 

of a business, BRIs might reveal specific stakeholder impacts or highlight ancillary benefits to 

the business itself. Businesses will likely need to see the explicit link between ancillary benefits 

and business value in order for these benefits to be relevant in decision-making. Enabling 

businesses to identify the specific ways in which a service is relevant to their stakeholders, public 

policies, internal business policies, or to their bottom line is a way to make these links explicit. 

BRIs provide a framework for this process by making clear the specific benefit an ecosystem 

service provides to a stakeholder (Boyd and Banzhaf 2007; Olander et al. 2015).  

As one example, a business could identify the BRIs that result from the installation of a 

retention pond to achieve stormwater management goals. Retention ponds create habitat that may 

support species that provide direct provisioning services to humans. A possible BRI is the 

number of deer available for local hunters. This BRI could be relevant to a business if it 

enhanced the business’ reputation in the community. Increased habitat area may also make 

locations more attractive for recreation. A possible BRI for increased habitat area is the number 

of trips taken to this area by employees. This BRI would be relevant to a business if it improved 

employee satisfaction and retention. 
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As another example, green roofs have been found to collect dust and particulates and 

provide thermal retention and shade (Peck et al. 1999). These ecological characteristics could be 

linked to BRIs: 1) better air quality from the filtration of particulates reduces the incidence of 

employee health issues, and 2) improved thermal retention and shade reduces heating and 

cooling energy costs (Peck et al. 1999). 

As these examples reveal, many of the ancillary benefits provided by green infrastructure 

BMPs can benefit numerous stakeholders. The business driver categories identified in chapter 

2.1 (Regulation, Site Infrastructure, Operations, and Stakeholder Relations; see Figure 2) are a 

good starting point for businesses considering the link between ancillary benefits and business 

value. 

2.5.2. Valuation of Benefit Relevant Indicators 

A persuasive business case can be made when these BRIs are valued, preferably in 

monetary units. The choice of valuation methods depends on a variety of factors: the type of 

ecosystem service; whether the ecosystem services addresses a regulatory, site infrastructure, 

operational, or stakeholder-related business driver; and various time, data, and knowledge 

constraints (World Business Council for Sustainable Development 2011). Businesses also need 

to identify the beneficiaries of these monetary values. The value generated within the local 

community of hunters, while important to recognize, may not be explicitly comparable to the 

direct value of improved employee retention. Listed below are a variety of valuation methods 

and the scenarios in which they can be applied to monetize green infrastructure’s ancillary 

benefits. 

 

Revealed Preference Methods: 

Market Price Method 

The most direct way to measure the value of an ecosystem service is to look at its price in 

the market. Provisioning services, such as food or fish production, are often already bought and 

sold in markets, and thus have clear prices. In other cases, markets exist in order to dictate the 

price of an ecosystem service. For example, a number of states have promoted water quality 

trading programs to effectively put a price on nutrient reduction (Stephenson and Shabman 

2011). Similarly, carbon cap and trade programs or carbon offsets can reveal a price for carbon 
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sequestration (Goulder and Schein 2013). In a stormwater infrastructure context, one component 

of a wetland’s value could be estimated from the quantity of carbon sequestered and the value of 

carbon offsets. This method is most appropriate for provisioning or regulating services that meet 

an operational or regulatory driver. 

 

Production Function 

The production function method estimates the value of ecosystem services by treating 

them as a necessary production input for a final good sold in the market. The economic value of 

an ecosystem service can be estimated by observing the revenue change of a good before and 

after changes to the accompanying ecosystem service (King and Mazzotta 2015). For example, if 

stormwater runoff degrades the quality of soil for agriculture, the change in agricultural revenue 

from degraded soils can serve as a proxy for the value of green infrastructure that prevents such 

degradation. The production function is most effective at valuing provisioning or regulating 

services that are either direct inputs into business operations or are a marketed good.  

 

Hedonic Model 

The hedonic model is used to value ecosystem services that directly alter the price of a 

marketed good, most often land and housing prices (King and Mazzotta 2015). The ancillary 

value of a green roof can be calculated based on the difference in property values before and 

after a green roof’s installation. The hedonic model was used for just this scenario when 

GreenRoofs.org found an increase of up to 20% resale value for properties with an accessible 

green roof compared to those without (Tomalley and Komorowski 2010). Furthermore, there 

have been hedonic studies that have estimated the value of flood protection by looking at 

property values of houses inside and outside of a floodplain (Center for Neighborhood 

Technology 2010). Because runoff may pose a risk of flooding, this method can estimate the 

flood reduction benefits of green infrastructure. Thus, this approach can be appropriate for both 

cultural and regulating services that meet site infrastructure or stakeholder relations drivers.  
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Travel Cost Method 

The travel cost method uses survey results to identify the price of a recreational activity 

in terms of opportunity cost (Navrud and Mungatana 1994). This method assumes that the time 

and costs incurred while pursuing an activity estimate the total value of that activity (King and 

Mazzotta 2015). For a wetland, the value of the area’s recreational benefit can be derived from 

the travel costs incurred by visitors to the area. The travel cost method is most appropriate for 

valuing non-consumptive benefits, such as cultural services, that meet a stakeholder relations 

driver. 

 

Cost-Based Methods: 

Replacement Costs 

The replacement cost method values ecosystem services by calculating the cost of the 

gray infrastructure solution that would be needed to provide the same benefits as the lost 

ecosystem services (King and Mazzotta 2015). The gray infrastructure alternative must meet 

several conditions, including: 1) providing an equivalent benefit in both quality and magnitude to 

the ecosystem services lost, 2) representing the cheapest replacement option, and 3) providing a 

value that exceeds the cost of the original technology (EPA Science Advisory Board 2009). In 

one study, the replacement cost method valued the air quality benefits of trees, which replaced 

the need for an air scrubber (Kroeger et al. 2014). Similarly, stormwater green infrastructure 

options that reduce air pollutants can be valued in the same manner. This method best values 

regulating services that meet a regulatory driver. 

 

Avoided Costs/Damages 

Related to the replacement cost method, avoided costs/damages estimates the value of 

ecosystem services by monetizing the potential damages or costs a business would incur if the 

original ecosystem service did not exist (King and Mazzotta 2015). For example, the value of 

runoff-reducing green infrastructure could be estimated by calculating the avoided construction 

costs necessary to manage runoff with gray infrastructure. The avoided costs/damages method is 

best suited for regulating services that satisfy a site infrastructure or regulatory need.  
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Stated Preference Methods: 

Contingent Valuation 

The contingent valuation method utilizes surveys and interviews to determine 

participants’ willingness to pay for or willingness to accept hypothetical changes to an ecosystem 

service. While administering these surveys can be costly and time consuming, stated preference 

models are one of the few ways to value changes in ecosystem services for non-use values (such 

as the intrinsic value of species, Olander et al. 2015; Keeler et al. 2012). Because they are 

primarily used for non-use values, contingent valuation is most suitable for benefits provided by 

cultural services. 

Benefit transfer is one final way to estimate the value of ecosystem services. Benefit 

transfer is not a method in itself, because it estimates the value of ecosystem services using prior 

valuation studies. To perform benefit transfer, one takes a value estimated from a study in a 

certain location and context and applies it to a new context (King and Mazzotta 2015). For 

example, the value of flood alleviation due to green infrastructure in Michigan might be used to 

value flood alleviation in a new development in Minnesota. Benefit transfer is one of the most 

popular ways to value ecosystem services, because the valuation process can be completed very 

quickly (Olander et al. 2015). When primary research is costly or time-consuming, benefit 

transfer may be the only feasible option to value ecosystem services (Johnston et al. 2015). 

While applicable to any service, special care should be taken to ensure the accuracy of the 

valuation study, as well as how comparable the context of the valuation study is to the new 

context.  

While each method may be more or less appropriate to a particular ecosystem service 

(Table 5), the valuation method’s ultimate suitability depends also on the time, cost, and 

expertise needed to perform the valuation (Hartmann 2014). Oftentimes a tradeoff exists between 

the accuracy of valuation methods and their ease of use. Revealed preference methods typically 

require copious amounts of data and time, making them less appealing to a business (World 

Business Council for Sustainable Development 2011). Cost-based methods on the other hand can 

be completed within days to weeks; however, the methods require specific expertise in 

biophysical processes and engineering (World Business Council for Sustainable Development 

2011). Furthermore, while the market price method might seem most applicable to a business 
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context, very few ecosystem services have clear market prices (Hartmann 2014). The least 

applicable to a business seems to be stated preference methods as the costs and time required to 

administer these surveys can be large (Olander et al. 2015). Estimating values through benefit 

transfer remains the most common valuation method because the time and costs necessary are 

much smaller compared to other valuation techniques (Hartmann 2011).  

 

Table 5: Appropriate valuation methods depend on business driver (demand) and ecosystem 

service type. 

  Regulation 

Drivers 

Site Infrastructure 

Drivers 

Operational 

Drivers 

Stakeholder 

Relations Drivers 

Provisioning 

Services 
  

Market price, 

Production function 
Market price 

Regulating 

Services 

Replacement cost, 

Avoided 

costs/damages 

Avoided costs/damages, 

Hedonic model 
Production function 

Avoided 

costs/damages, 

Hedonic model 

Cultural 

Services 
  

Avoided 

costs/damages 

Travel cost method, 

Hedonic model, 

Contingent valuation 

 

2.5.3. Linking Benefit Relevant Indicators to Business Value 

In order to illustrate the methods by which a business can link BRIs to business value, we 

highlight the process for habitat provisioning and carbon sequestration. These two benefits are 

common outcomes for stormwater management projects (Garrison and Hobbs 2011) and yield a 

number of possible BRIs. The two charts below follow the ancillary benefits from specific 

ecosystem function, to how those benefits are linked to BRIs, and finally, to possible valuation 

methods. When considered together, the value of stormwater green infrastructure’s ancillary 

benefits may help sway business decision makers in favor of green infrastructure adoption.  

Habitat Provisioning 

 Habitat provisioning provides a number of ecosystem goods and services that can be 

linked to business value (Figure 10): 
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Figure 10: Linking habitat provisioning from green infrastructure to business value. BRIs 

related to stakeholder relations are highlighted separately because their value does not accrue 

directly to a business. Colored lines show different pathways for linking a BRI and valuation 

method to an ancillary benefit. A full explanation is provided in text. 

1) Voluntarily increasing habitat area reduces the risk of regulatory oversight from 

regulations such as the Endangered Species Act or more general land-use restrictions. For 

example, in what is commonly referred to as the “Safe Harbor” rule, the U.S. Fish and 

Wildlife Service developed partnerships with private entities to develop conservation 

plans in exchange for assurances for businesses that no additional land-use restrictions 

will be instituted (Thornton and Klebaner 2015; U.S. Fish and Wildlife Service 2011). 

The BRI of reduced risk of regulatory oversight can be measured through the avoided 

costs method of responding to regulation (shown in green). 

2) The U.S. Fish and Wildlife Service has increasingly engaged with stakeholders to 

facilitate the development of habitat exchange programs, where landowners can earn 
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revenue by placing critical habitat into long-term conservation areas (Wolfe et al. 2012). 

If such a program exists in the region and green infrastructure contributes to the 

generation of conservation areas, BRIs could be acres of available habitat for 

conservation or habitat credits generated. These habitat credits can then be sold to other 

entities in order to offset that entity’s development (Environmental Defense Fund n.d.). 

The market-price method can be used to value this habitat area through the price of the 

habitat credits (shown in dashed green). 

3) Habitat often provides recreational opportunities for employees and the larger community 

(Clements et al. 2013). Happier, healthier, and more active employees can reduce 

employer-provided health care costs, increase employee retention, and increase overall 

employee productivity (Clements et al. 2013). Each of these benefits could be an 

individual BRI. Reduced employer health care costs and hiring expenses would be valued 

using the avoided costs method (shown in red), while recreational opportunities for the 

community could be valued through either the travel cost method or contingent valuation 

(shown in orange).  

4) In some situations, improved aesthetics can benefit resale value of the property. Homes 

and businesses nearby green infrastructure, such as wetlands, rain gardens or green roofs, 

garner a premium when up for resale (Rain Garden Network 2016). In the case of a 

commercial or residential developer, this could result in increased rents from tenants. 

Increased resale value or rents because of the nearby green infrastructure would be 

valued using the hedonic method (shown in blue).  

5) An increase in natural habitat can lead to an expansion of goods and services available to 

the local community. Wetlands, for example, may produce fish habitat and thereby 

increase annual fishing permit sales, while rain gardens may improve bee habitat that 

supports crop or flower production. An increase in the number of catchable fish, or the 

marketable production of honey could be valued using the market-price method (shown 

in orange). 
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Carbon sequestration 

Some green infrastructure projects sequester carbon through plant growth or within the 

soil (Pataki et al. 2011). Carbon sequestration can be linked to business value through specific 

goods and services (Figure 11): 

 

Figure 11: Linking carbon sequestration from green infrastructure to business value. BRIs 

related to stakeholder relations are highlighted separately because their value does not accrue 

directly to a business. Colored lines show different pathways for linking a BRI and valuation 

method to an ancillary benefit. A full explanation is provided in text. 

1) Proactive voluntary carbon sequestration projects may curry favor with regulators during 

the development of carbon regulations. The reduced risk of regulatory oversight is 

therefore one possible BRI. The regulatory flexibility this provides to a business could be 

measured through the avoided cost of responding to regulation (shown in green). 

2) In some cases, carbon sequestration can be quantified and monetized through the 

generation of carbon offsets. This would allow a business to earn revenue from the 

carbon sequestration activities of their land. A BRI in this case would be the tons of 

carbon available for offset generation, which could be valued using the market price of 

carbon offsets (shown in dashed green). 
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3) Businesses are at risk of climate change impacts through both their site infrastructure and 

operations. As a result, facilities may face higher risks of flooding and increased 

exposure to extreme weather events. Reduced risk of severe weather impacts on a 

business would therefore be the BRI. A changing climate can also impact a company’s 

ability to secure access to resources. Climate change mitigation, through carbon 

sequestration, provides an opportunity for companies to reduce these risks. Both of these 

BRIs can be valued using either the avoided costs method or the production function 

(shown in red). 

4) Climate change mitigation efforts can garner goodwill from stakeholders and customers 

alike, because everyone benefits from carbon sequestration activities. The social cost of 

carbon, an estimate of the amount of environmental, social, and health damages resulting 

from one ton of carbon (Nordhaus 2011), is one way in which this benefit could be 

measured (shown in orange). Although this value will not accrue directly to the business, 

the value does give an indication of public goods generated, which can be useful in 

building goodwill with stakeholders. 

2.5.4. Evaluating Tradeoffs between Benefit Relevant Indicators 

 Businesses will need to evaluate tradeoffs between BRIs in order to compare alternative 

BMPs. Identifying ways through which BRIs are linked to business value provides insight to 

each BRI’s relative importance. Though monetary valuation is one possible tactic to compare 

across BRIs, not all BRIs can be valued in a meaningful way using monetary value. Even when 

BRIs can be described in monetary terms, not all dollars are equal to a business. For example, a 

dollar of public recreation benefit estimated using the travel cost method is not equal to a dollar 

of cost savings.  

Instead, business decision-makers can associate each BRI with its business value in order 

to get a qualitative idea of its importance. For example, a decision maker can assess which is 

more valuable, greater employee retention resulting from the aesthetic enhancement provided by 

a rain garden or the carbon sequestration provided by a green roof. This step often requires value 

judgments by the decision maker, and the outcome may change over time or under different 

leadership. Explicitly weighting BRIs helps to ensure that those BRIs that are difficult to 

quantify or value are not removed from the analysis. 
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2.6. Framework Summary  

In this chapter, we illustrated how businesses can more fully integrate the value of 

ecosystem services in the context of stormwater management decisions. This process first 

requires that a business understand the drivers behind stormwater management so that it can 

identify possible BMP alternatives and the criteria upon which those BMPs will be evaluated. 

The next step is to predict the performance and cost-effectiveness of the alternatives. Any 

ancillary ecosystem services provided by the BMPs need to be identified, defined in terms of 

their BRIs, and valued when appropriate. By incorporating ecosystem services into the analysis, 

these steps allow a business to evaluate the full range of costs and benefits associated with a 

BMP. In the following chapter, we illustrate how the framework can be applied to a stormwater 

management decision at Duke University as a case study for business. 
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3. Applying the Framework to Duke University’s Stream and Wetland 

Assessment Management Park  

In chapter 3, we apply the stormwater management framework developed in chapter 2 to 

Duke University’s Stream and Wetland Assessment Management Park (SWAMP). Our objective 

is to apply our framework to the SWAMP case with a focus on the two major challenges we have 

identified: 1) the challenge of selecting an appropriate model to predict green infrastructure 

performance and 2) the need to identify and value the contribution of ecosystem services directly 

to business value. The ultimate objective of the SWAMP case is to illustrate the importance of 

stormwater performance modeling and ancillary benefit valuation in the decision-making 

process.  

Following the steps of the framework, we: 

1) show how Duke University’s decision to install SWAMP can be generalized to 

businesses considering installing BMPs for stormwater management;  

2) predict SWAMP’s stormwater performance using two biophysical models, the 

Jordan/Falls Lake Stormwater Nutrient Load Accounting Tool (JFSAT) Draft 

Version 3.0 (North Carolina Department of Environmental Quality 2016a) and the 

Ecosystem Service Identification and Inventory (ESII) tool (EcoMetrix Solutions 

Group 2016); and, 

3) identify and, where possible, value the ancillary benefits of SWAMP to Duke 

University.  

3.1. Stream and Wetland Assessment Management Park 

We consider Duke University’s decision to construct the Stream and Wetland 

Assessment Management Park (SWAMP) as a proxy for a business’s decision to install 

stormwater BMPs on an undeveloped site. Staff from Duke University Wetlands Center, Duke 

Forest, and Department of Civil and Environmental Engineering collaborated to plan and install 

SWAMP in order to improve water quality and manage stormwater on Upper Sandy Creek 

(Figure 12). Impermeable clays in this watershed limit rainfall infiltration, leading to high 

volumes of nutrient- and sediment-laden runoff from Duke’s campus into Upper Sandy Creek 

(Flanagan et al. 2008).  
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Figure 12: Map of Sandy Creek catchment with the three phases of Stream and Wetland 

Assessment Management Park outlined. Inset map highlights individual components of the 

Stream and Wetland Assessment Management Park. (Map developed using data from the Duke 

University Wetland Center). 
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In 2000, the creek did not meet EPA’s recommended total phosphorous and total nitrogen 

levels (Flanagan et al. 2008). Given the problem of soils and runoff, Duke installed SWAMP to 

research restoration effectiveness, reduce runoff, and improve water quality. Specifically, the 

project aimed to reduce phosphorous, nitrogen, and sediment loading in the Upper Sandy Creek 

to meet EPA’s recommended standards (Flanagan et al. 2008).  

SWAMP encompasses three BMP installations designed to improve water quality and 

retain stormwater (Flanagan et al. 2008). In Phase I (Figure 13), researchers reconfigured and 

restored Sandy Creek to address the high levels of nutrient and contaminant runoff from Duke’s 

campus.5 In Phase II (Figure 14), Duke installed a wet detention pond/wetland hybrid to slow 

streamflow, hold excess stormwater, and retain nitrogen and phosphorus. In Phase III (Figure 

15), Duke built a stormwater treatment wetland to intercept campus runoff. Duke Wetlands 

Center researchers found that the SWAMP installation improved water quality in Sandy Creek 

by slowing streamflow and retaining stormwater, thus reducing nitrogen, phosphorus, and 

sediment loads. The three phases of restoration resolved many of Duke University’s negative 

stormwater impacts (Flanagan et al. 2008). 

 

Figure 13: Phase I of Stream and Wetland Assessment Management Park: stream channel 

restoration. Source: Duke University Wetlands Center (n.d.). 

                                                 

 
5 While stream restoration is not a stormwater BMP, we treat it as one here because stream restoration accomplishes 

the same goals as stormwater BMPs: reconnecting a stream with its floodplain both attenuates stormwater flow and 

improves water quality (Richardson et al. 2011). 
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Figure 14: Phase II of Stream and Wetland Assessment Management Park: wet detention pond. 

Source: Duke University Wetlands Center (n.d.). 

 

Figure 15: Phase III of Stream and Wetland Assessment Management Park: stormwater 

treatment wetland. Source: Duke University Wetlands Center (n.d.). 

3.2. Case Study Selection 

We chose SWAMP to illustrate a hypothetical site on which a business might install 

stormwater BMPs, on the grounds that: 
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1) At 8 hectares (Richardson et al. 2011), SWAMP is a plausible size for a business 

siting a stormwater BMP. 

2) Many of the drivers behind Duke’s decision to install SWAMP are similar to reasons 

that a business might install BMPs. 

3) SWAMP provides a range of benefits to Duke, many of which are relevant to 

businesses.  

 The three phases of SWAMP restoration are replicable by businesses interested in 

stormwater management. It should be noted, however, that Duke’s primary driver, to improve 

water quality (Richardson et al. 2011) rather than minimizing costs, resulted in the installation of 

larger than average stormwater BMPs (Gannon 2016). Stormwater wetlands and wet detention 

ponds are common stormwater BMPs used by municipalities and businesses to manage 

stormwater on-site. Phase III of SWAMP is 0.5 hectares (Richardson et al. 2011), which is 

similar in size to other constructed wetlands (see Table 4 in chapter 2.3). While the wet detention 

pond in SWAMP is coupled with a broader wetland area to create habitat (Richardson et al. 

2011), a business could potentially construct a simple wet detention pond to manage runoff. The 

restoration of 600 meters of Sandy Creek (Richardson et al. 2011) might be less feasible for a 

business to implement, given space and capital requirements (Richardson et al. 2011).  

Duke’s primary driver behind installing SWAMP was to improve water quality and retain 

stormwater. As a secondary goal, Duke desired to contribute to the literature on green 

infrastructure and restoration effectiveness (Richardson et al. 2011). Lastly, EPA’s concerns over 

water quality degradation in the Jordan Lake watershed provided a regulatory driver for Duke 

(Flanagan et al. 2008).  

Whether a business voluntarily commits to manage stormwater or faces a regulatory 

driver, SWAMP illustrates how BMPs can improve water quality and stormwater management, 

while providing additional benefits. Implementation of the three SWAMP phases reduced total 

nitrogen by 64%, total phosphorus by 28% (Flanagan et al. 2008), and retained nearly 500 metric 

tons of sediment a year (Richardson et al. 2011). In addition, SWAMP installation provided 

Duke with ancillary benefits including increased birdwatching and other recreational 

opportunities (Duke University Wetlands Center n.d.; eBird n.d.). 
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Given that Duke’s decision to install SWAMP is similar to a business’ decision to install 

BMPs, we use SWAMP to assess how well two simple models perform to predict BMP 

effectiveness. We assess model performance based on criteria important to business users, i.e. 

ease of use and predicted performance similar to actual performance reported in published Duke 

University Wetland Center studies (Richardson et al. 2011). Businesses will need to model BMP 

performance to ensure that any investment meets their stormwater management goals. To 

address such a need we compare how the outputs of two models would have affected Duke’s 

choice of BMP installations.  

3.3. Predicting Performance of Stream and Wetland Assessment Management Park with 

Models 

 Duke voluntarily chose to implement SWAMP to improve stormwater management, 

research BMP effectiveness and comply with voluntary EPA guidelines (Richardson et al. 2011). 

Using Duke’s decision as a proxy for another business’ decision, we assert that for regulatory 

risk management, a business might not need results from a complex model (see chapter 2.4.2). 

Accordingly, we use two simple models, the Jordan/Falls Lake Stormwater Nutrient Load 

Accounting Tool (JFSAT) (North Carolina Department of Environmental Quality 2016a) and the 

Ecosystem Service Identification and Inventory (ESII) tool (EcoMetrix Solutions Group 2016) to 

predict the performance of SWAMP BMPs as if we were a business considering implementing 

such a project.6  

3.3.1. Jordan/Falls Lake Stormwater Nutrient Load Accounting Tool 

North Carolina State University and North Carolina Division of Water Quality developed 

JFSAT to help developers modify their site plans in order to meet watershed nutrient loading 

targets associated with the Falls Lake and Jordan Lake Rules (Gannon 2016).7 Loading targets 

                                                 

 
6 In actuality, the Duke Wetlands Center used the more complex stormwater model, Storm Water Management 

Model (SWMM), and a wetland model they developed, the Wetland Solute Transport Dynamics (Kazezyilmaz-

Alhyan et al. 2007). Both require information that a business might have difficulty acquiring, including water 

velocity, rainfall intensity, evapotranspiration rates, and groundwater concentrations (Kazezyilmaz-Alhyan et al. 

2007). To a business that may not have familiarity with hydrology, nor the tools to measure key inputs, these 

particular models would not be useful for estimating SWAMP’s benefits.  
7 These Rules were established to improve water quality in the reservoirs supplying Raleigh, Cary and Wake 

County, North Carolina. The North Carolina Division of Water Quality established nutrient reduction strategies for 

stormwater runoff in the watersheds draining to these reservoirs. These nutrient strategies include nutrient loading 
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for the Upper New Hope Creek watershed are 2.2 lb/ac/yr of nitrogen and 0.88 lb/ac/yr of 

phosphorus (North Carolina Department of Environmental Quality 2016c). The tool’s nutrient 

loading parameters highlight whether a given development or BMP installation brings a business 

into compliance. The tool is uncomplicated to facilitate use by developers and municipality staff 

without hydrology expertise (Gannon 2016). The user only needs to enter land use type, 

geographic region, soil type, regional precipitation, and proposed BMP type in order to evaluate 

a given development. As a tool designed by the state of North Carolina to guide developers and 

municipalities through regulatory compliance, JFSAT is an appropriate model to apply to Duke’s 

decision to implement SWAMP.  

3.3.2. Ecosystem Service Identification and Inventory Tool 

The Nature Conservancy, Dow Chemical Company, and EcoMetrix Solutions Group 

created the ESII tool to help business quantify changes in ecosystem functions on their sites 

(EcoMetrix Solutions Group 2016).8 Similar to JFSAT, ESII is designed for employees without 

expertise in ecosystems or hydrology. The tool shows how changes in land cover on a business 

site ultimately affect the supply of ecosystem services. Thus, businesses can input changes in 

land cover, reflecting green or gray infrastructure, to predict ecosystem service impacts. While 

the ESII tool does not evaluate the regulation of phosphorus, ESII does have outputs for nitrogen 

and sediment removal in mg/L (EcoMetrix Solutions Group 2016). Lastly, ESII helps identify 

the ancillary benefits of ecosystem services and consider the possible tradeoffs9 in those 

services.10 

Because those without ecological knowledge may use the tool, ESII is well-suited for 

rapid business adoption. The tool is designed for “early stages of decision-making, and can play 

a vital part in site planning, impact assessments, and cost/benefit studies” (EcoMetrix Solutions 

Group 2016). ESII’s engineering outputs (e.g. mg/L) and area-weighted measurements will 

further facilitate comparison between green and gray infrastructure of varying sizes. Lastly, 

ESII’s range of ecosystem service outputs allow for the prediction of ancillary benefits such as 

                                                                                                                                                             

 

targets for developments (i.e., target quantities of nutrients in stormwater runoff in pounds per acre per year) 

(Gannon 2016). 
8 Interested businesses can access the tool at www.esiitool.com.  
9 Possible tradeoffs include air temperature regulation, flood mitigation and noise attenuation. 
10 For a full list of outputs, refer to the ESII Tool Glossary, available at http://tinyurl.com/zqy3rzx.  

http://www.esiitool.com/
http://tinyurl.com/zqy3rzx
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carbon sequestration. The aforementioned characteristics make the ESII tool suitable for 

stormwater infrastructure projects similar to SWAMP. 

3.4. Applying the Tools 

 In our analysis, the 2002-era, pre-restoration SWAMP site serves as a proxy for an 

undeveloped parcel of land where a business could choose to implement stormwater BMPs. We 

selected the JFSAT and the ESII tools since both can be used with minimal technical expertise 

(North Carolina Department of Environmental Quality 2016a; EcoMetrix Solutions Group 

2016). These two models provide different outputs: JFSAT gives decreases in total nitrogen, 

phosphorous, and stormwater volume (North Carolina Department of Environmental Quality 

2016a), while the ESII tool provides information on nitrogen removal rates, sediment removal 

rates, runoff volumes, and a suite of ancillary benefits (EcoMetrix Solutions Group 2016). We 

consider how the output of these two models might influence whether a business decides to 

invest in green infrastructure. Given the differences in the two models’ outputs, we do not 

directly compare ESII and JFSAT outputs, but rather consider them separately. 

In applying the tools, we consider two land cover scenarios: 

1) Pre-Restoration: Land use as of 2002, prior to the development of the SWAMP. 

2) SWAMP Installation (SWAMP): All land use changes that had occurred up to 2007, 

which include Phases I, II and III. This scenario also includes the replacement of a grass 

parking lot with a compacted gravel parking lot (a land use change unrelated to SWAMP 

installation).  

We apply the JFSAT and ESII tool to both scenarios and consider the outputs of each tool. We 

then evaluate how these outputs might influence a business’s decision to install the BMPs in 

SWAMP. 

3.4.1. Identifying Land Cover Changes for Models 

Since both models require area in different land covers as an input, we first identified the 

land cover configuration before and after restoration, using a combination of satellite imagery 

and on-site evaluation (Figure 16). The implementation of SWAMP led to a large increase in 

gravel areas, and a large decrease in wet forested areas (Table 6). This is because the installation 

of a compacted gravel parking lot and a number of new trails throughout the park increased the 
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compacted gravel land cover. Additionally, the installation of the reservoir within a poorly 

drained forest decreased wet forested areas. We analyzed identical land cover configurations for 

both tools.  

 

 

 

Figure 16: Land cover differences before and after Stream and Wetland Assessment 

Management Park installation. Created using information from the Ecosystem Services 

Identification and Inventory Tool, Google Earth and the Duke University Wetland Center. 
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Table 6: Land cover differences before and after Stream and Wetland Assessment Management 

Park installation. 

Land Cover Pre-Restoration 

(acres) 

SWAMP 

(acres) 

% Change 

Athletic/Recreational Fields 3.5 3.5 0.0 

Impoundment/Reservoir 0.0 1.8 --- 

Forest 39.1 39.6 1.4 

Gravel Area: Trail, Road, Staging Area, 

Compacted Gravel 
3.4 4.1 22.4 

Landscaped Areas 1.2 1.3 6.2 

Mixed Forest/Grassland 8.8 8.5 -2.7 

Stream/River (Perennial) 2.2 2.4 9.1 

Wet Areas 4.9 1.7 -64.3 

 

3.4.2. Methods for Applying the Jordan/Falls Lake Stormwater Nutrient Load Accounting Tool 

to the SWAMP Case 

In JFSAT, users input existing land cover on the proposed development site and specify 

land cover as it will be after development. After choosing geographic region, soil type and 

regional precipitation, the user inputs the type(s) of BMPs they propose to install. JFSAT then 

estimates the extent to which the BMP reduces nutrient loading (e.g., mass of nitrogen or 

phosphorus contributed by the given area), nutrient concentration, and volume of stormwater 

run-off post-development (see detailed methods in Appendix 4).     

JFSAT calculations only take into account runoff from within the development site, 

rather than the larger catchment area draining to a BMP. Because a BMP’s catchment area most 

likely does not mimic the exact boundary of a development site, a BMP may be treating runoff 

from off-site (Flanagan 2016). Whether this makes JFSAT predictions lower or higher than 

reality depends on whether nutrient sources or sinks are present in the BMP’s catchment area. 

For instance, large areas of impervious surface lying just outside of the development area would 

be nutrient “sources” that the tool does not take into account (Gannon 2016). If this were the 

case, the model would estimate lower nutrient loads flowing into the BMPs than exist in reality. 
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In the case of SWAMP, stormwater undergoes nutrient cycling while flowing down Sandy Creek 

before entering the site, meaning that JFSAT estimates higher nutrient loads than the actual 

nutrient loads entering the SWAMP BMPs (Flanagan 2016).  

In actuality, any BMP’s catchment area is a complex matrix of nutrient sources and sinks, 

which JFSAT simplifies by only taking into account the land area that a developer can control: 

the development site. Models do not exist that can precisely calculate nutrient flows through a 

catchment area into a BMP on the scale of a development site. Such models have not been 

developed because it would be too difficult and costly to model the complex process of nutrient 

cycling for such a small area (Gannon 2016). Quantifying nutrient sources and sinks outside of 

the development area is beyond the scope of this study. However, it is important to qualitatively 

consider how the presence of nutrient sources or sinks outside the development site could impact 

model results such that those results could be misleading and wrongly influence a business’s 

decision of whether or not to install a BMP. Thus, we investigate whether JFSAT predicts 

reduced nutrient loading from the three phases of SWAMP, as was found by Richardson et al. 

(2011). We do not directly compare JFSAT predictions of nutrient loading with empirical results 

because Richardson et al. (2011) calculated nutrient loading based on a single storm event, 

whereas JFSAT estimates loading as an annual average. 

Phase I, stream reconfiguration and reconnection with the floodplain, is an established 

practice for reducing nutrient pollution on forestland (North Carolina Department of 

Environmental Quality 2014b). However, it is not a stormwater BMP included in JFSAT. Thus, 

we used data collected by Neal Flanagan of the Duke University Wetlands Center to enter Phase 

I as a “custom BMP” in the tool. We entered these data on the concentrations of total nitrogen 

and total phosphorus in BMP effluent, percentage of stormwater volume that the BMP treats, and 

percentage of stormwater volume that leaves the BMP as untreated overflow. From these data, 

the tool calculates total nitrogen and total phosphorus in the outflow from Phase I. Phase II, a 

hybrid wetland/retention pond, was entered as a custom BMP in order to accurately model 

nutrient retention associated with this hybrid BMP. Phase III was entered as bioretention with 

internal water storage according to advice of Duke University Wetlands Center researchers 

(Flanagan 2016). The three BMPs were entered in sequence, so that the outflow from the first 

flows into the second, and the outflow from the second flows into the third. Note that the three 
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phases of SWAMP were numbered in the order they were constructed, rather than their order in 

the watershed; water flows through SWAMP from Phase I to Phase III to Phase II.  

3.4.3. Jordan/Falls Lake Stormwater Nutrient Load Accounting Tool Results  

JFSAT estimates that the nitrogen loading rate would decrease from 1.44 lb/ac/yr to 0.24 

lb/ac/yr following SWAMP installation. JFSAT estimates that the phosphorus loading rate would 

decrease from 0.39 lb/ac/yr to 0.06 lb/ac/yr (Figure 17). JFSAT also shows that installing 

SWAMP would decrease total stormwater runoff volume by more than a factor of two, from 

1,063,720 cubic feet to 456,790 cubic feet (Table 7). These results indicate that JFSAT shows 

SWAMP installation would reduce nutrient loading and stormwater volume. 

 
Figure 17: Total nitrogen and total phosphorus loading before and after Stream and Wetland 

Assessment Management Park installation. Data illustrate the asterisked rows in Table 7. 
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Table 7: Jordan/Falls Lake Stormwater Nutrient Load Accounting Tool predictions of 

stormwater parameters under pre-restoration scenario and installation of Stream and Wetland 

Assessment Management Park. Values relevant to regulatory compliance have an asterisk. 

 Pre-Restoration SWAMP 

Annual Runoff Volume (c.f.) 1,063,720 456,790 

Total Nitrogen Effluent Mean Concentration (mg/L) 1.33 0.51 

Total Nitrogen Loading (lb/ac/yr)* 1.44* 0.24* 

Total Phosphorus Effluent Mean Concentration (mg/L) 0.37 0.14 

Total Phosphorus Loading (lb/ac/yr)* 0.39* 0.06* 

 

We also analyzed JFSAT’s estimates of nutrient loading in the outflow from each phase 

of SWAMP. JFSAT showed Phase I would reduce nutrient loading as compared to pre-

restoration conditions, and Phase III would reduce loading as compared to Phase I (Figure 18). 

However, JFSAT predicts that Phase II would increase nutrient loading, which does not fit with 

published SWAMP results showing that each additional phase of SWAMP decreased nutrient 

loading (Richardson et al. 2011).11 

3.4.4. Jordan/Falls Lake Stormwater Nutrient Load Accounting Tool Discussion 

The main benefits of JFSAT for businesses are that it is relatively easy to use in terms of 

time and expertise required and that it provides outputs that let businesses in the Falls and Jordan 

Lake watersheds assess their compliance with stormwater rules (North Carolina Department of 

Environmental Quality 2016b). For the most part, JFSAT results also follow trends described by 

Richardson et al. (2011) showing that SWAMP installation would nutrient loading and 

stormwater volume. However, JFSAT’s prediction that nutrient loading would increase after 

Phase II does not fit with the published result that the three phases successively decreased 

nutrient loading. User error may also have contributed to anomalous model results; more 

                                                 

 
11 Because Richardson et al. (2011) calculated nutrient loading differently than JFSAT--based on a single storm, 

whereas JFSAT estimates loading as an annual average--we only compare Richardson’s results qualitatively with 

JFSAT predictions. 
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accurate estimates of land cover in the BMP drainage area would have improved model 

predictions.  

 

 

Figure 18: Outflow nutrient loading from each phase of Stream and Wetland Assessment 

Management Park, operating in sequence. Data as modeled by the Jordan/Falls Lake Stormwater 

Nutrient Load Accounting Tool. Note that the Phase III stormwater wetland was modeled as 

“Bioretention with Internal Water Storage (IWS)” according to expert advice (Flanagan 2016). 
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understand outputs that appear anomalous. There is no way to modify the inner workings of the 

model to allow for a better understanding of the outputs. On the basis of JFSAT model results, a 

business might wrongly decide not to implement Phase II of SWAMP because it appears to 

increase nutrient loading when in fact published results show that Phase II effectively removed 
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3.4.5. Methods for Applying the Ecosystem Service Identification and Inventory Tool to the 

SWAMP Case 

The ESII tool does not provide information on phosphorous impacts due to SWAMP 

installation since it does not report this metric (EcoMetrix Solutions Group 2016). However, a 

business can still use nitrogen, sediment, and runoff results from ESII to predict the impacts of a 

BMP on pollutant removal. 

To use ESII, a user identifies areas of relatively homogenous land cover. For each area, 

the user answers a series of multiple choice questions on different aspects of the land such as 

habitat type, vegetation cover, topography, soil permeability, water flow, soil disturbances, and 

degree of noise reduction. The ESII tool then takes answers to the multiple choice questions and 

translates how these features associated with the landscape interact with one another to influence 

a number of ecosystem services (EcoMetrix Solutions Group 2016). 

Using the land cover data generated from chapter 3.4.1 (Figure 16 and Table 6), we 

described the areas’ qualities using the automatically generated questions in ESII. We then 

analyzed land cover before and after SWAMP restoration using ESII tool generated outputs (see 

Appendix 5 for protocol).   

3.4.6. Ecosystem Service Identification and Inventory Tool Results 

Based on ESII tool outputs for nitrogen, sediment, and runoff quantity removal, it is not 

likely that a business would choose to install SWAMP. ESII shows that SWAMP would not meet 

the primary objective of pollutant removal. The outputs do suggest benefits to water quality due 

to an increased removal rate of sediment (Table 8), which matches similar findings by 

Richardson et al. (2011). However, according to the ESII tool, the installment of SWAMP 

produces results counter to what we would expect for nitrogen and runoff removal. Based on 

field data (Richardson et al. 2011), we expect water nitrate removal to increase; instead ESII 

shows a slight decrease (Table 8). Unlike the JFSAT tool, we also see an increase in runoff of 

nearly 100,000 gallons (Table 8). Neither of these ESII outputs of the predicted functions of 

SWAMP match the findings of Richardson et al. (2011). 
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Table 8: Ecosystem Services Identification and Inventory Tool outputs for pre-restoration 

scenario and Stream and Wetland Assessment Management Park installation. Values rounded to 

three significant digits. 

Units of Measure Pre-Restoration SWAMP % Difference 

Water Nitrate Removal (mg/l) 

(Area Weighted Average) 
0.21 0.20 -5.45 

Sediment Removal (mg/l)  

(Area Weighted Average) 
9.95 10.4 4.50 

Runoff (gal) 2,400,000 2,500,000 4.00 

3.4.7. Ecosystem Services Identification and Inventory Tool Discussion 

The ESII tool’s appeal stems from the fact that the data it requires is easy to collect and 

the tool provides access to a number of site-based metrics associated with ecosystem services, 

such as pollutant and runoff amounts. The outputs of the tool, however, predicted that the desired 

pollutant removal goals would not be achieved. If Duke used ESII to decide whether or not to 

build SWAMP, Duke would not have installed the suite of BMPs.  

The tool itself does have some flaws. For instance, some of the water pollution output 

units are not standard. ESII calls aquatic nitrogen pollutants NOx, which traditionally refers to 

nitrogen oxide pollutants in air, not water. The non-standard NOx definitions could be a problem 

for businesses, as the unfamiliar metrics may lead to the misinterpretation of ESII outputs and 

predictions.  

3.4.8. Recommendations for Business Use of Predictive Models of BMP Impacts 

Whether a business chooses a model like JFSAT, ESII, or another type of model entirely 

will depend on the problem the business is trying to solve. For a business that faces stormwater 

regulation on a new development site, JFSAT might be an ideal model choice because it 

produces outputs that directly relate to regulatory compliance. A business that voluntarily 

commits to improving stormwater management might use a model like ESII to generate a quick 

assessment of a number of ecosystem services at once. This will be demonstrated in section 3.5. 

We recommend that for best results, a business match the choice of model with their 

purpose for modeling ecosystem services. For instance, JFSAT was explicitly designed to model 
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BMP efficiency, while ESII was not. The ESII tool’s purpose is to estimate ecosystem services 

produced by different land cover scenarios; the current version does not seem equipped to model 

BMPs that do not involve extensive land cover changes.  

3.5. Assessing Ancillary Benefits of Stream Wetland Assessment Management Park 

As previously illustrated, model choice is crucial in anticipating how well a BMP will 

perform against a primary objective. The primary benefit of stormwater management is not the 

only benefit, however, that should be considered by a business. As will be explored here, 

SWAMP provides an additional suite of ancillary benefits to Duke University and the greater 

community. In this section, we show how these ancillary benefits provide explicit value to Duke 

by identifying benefit relevant indicators (BRIs) appropriate to Duke. These BRIs, as described 

in chapter 2.5, are a method to account for the specific benefit received by a relevant stakeholder 

to Duke (Olander et al. 2015). Where possible, we identify the valuation methods for each BRI. 

3.5.1. Recreation 

 Duke constructed a number of overlooks around SWAMP enabling visitors to view 

wildlife in the wetland. The recreational opportunities provided by SWAMP are available to a 

number of user groups including the public, Duke employees, and Duke students. A possible 

BRI for recreation is the number of visits by each of these groups to SWAMP. One example of 

the recreational benefits is birding. Following construction, eBird, a crowd-sourced public 

repository of bird sightings, identified SWAMP as a birding hotspot (Duke University Wetlands 

Center n.d.; eBird n.d.). The benefits obtained by the general public from increased opportunities 

for birding can be valued using the contingent valuation method. Bird watching is a cultural 

service that addresses a stakeholder relations driver, as outlined in chapter 2.5. A meta-analysis 

performed by Woodward and Wui (2001) found a mean value for birdwatching of $1212 per 

acre of wetland. While this monetary benefit does not accrue to Duke directly, Duke may 

qualitatively value improved relationships with the local community, such as might be achieved 

by providing birdwatching opportunities. By assigning a dollar value to the wetland, the BRIs 

allow Duke to better understand the wetland’s impact on the surrounding community, which 

might be relevant if stakeholder relations were one of the prime business drivers. 
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3.5.2. Educational and Research Opportunities 

 SWAMP has provided a number of educational and research opportunities for faculty, 

staff, and the local community. Research opportunities directly contribute to Duke’s mission as a 

research university. Duke could measure this opportunity using the BRI of dollars of grant 

funding received for research at SWAMP. Additionally, educational opportunities with local 

children and organizations improve Duke’s reputation in its community (Flanagan et al. 2008). A 

BRI for this stakeholder group would be the number of student visitors to SWAMP each year. 

3.5.3. Carbon Sequestration  

ESII predicted a small loss in carbon uptake performance post-SWAMP construction 

(Figure 19). Although we have previously shown that the ESII tool may not predict results that 

we expect in real life, we can anticipate that the reduction in carbon is real. In creating a 

detention pond, Duke lost forested areas during SWAMP construction. Forested landscapes 

sequester large amounts of carbon (Woodbury et al. 2007). 

 

Figure 19: Impacts of Stream and Wetland Assessment Management Park on carbon uptake as 

predicted by Ecosystem Service Identification and Inventory Tool. Percent performance provides 

a relative measure of how close the area is to optimal service production, which is represented by 

a score of 1 (EcoMetrix Solutions Group 2016). 
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The carbon reduction results from ESII analysis of SWAMP show that green 

infrastructure adoption can lead to ecosystem service tradeoffs. According to ESII predictions, 

SWAMP would be expected to improve sediment removal, but unfortunately also increase 

carbon emissions. The increase in carbon emissions matters to Duke because the university has a 

sustainability goal to be carbon neutral by 2024, and it must offset any increase elsewhere (Duke 

University n.d.). Carbon sequestration is a regulatory service that meets a stakeholder relations 

driver. Thus, carbon sequestration is a regulatory service that meets a stakeholder relations 

driver. The avoided costs method can value this change in carbon sequestration. As such, a BRI 

for carbon sequestration that directly relates to Duke’s goal is tons of carbon sequestered. Duke 

provides opportunities for its employees and departments to offset the carbon impacts of their 

actions at a price of $10 per ton CO2 equivalent (Duke University n.d.). This provides some 

indication of the costs Duke would incur by having to buy these offsets to make up for the 

increased emissions from SWAMP.   

3.5.4. Air Filtration 

Similarly, ESII results indicate that the implementation of SWAMP would impact the 

ecosystem’s ability to regulate air pollutants such as nitrogen oxide and particulate matter 

(Figure 20). Previous studies have shown a link between green infrastructure and reduced air 

pollutants, which are an important contributor to respiratory disease (Kroeger et al. 2014; 

Escobedo et al. 2008). Therefore a possible BRI is the reduction in number of sick days resulting 

from air pollution-related asthma attacks. There are several valuation methods available for this 

metric, the easiest of which involves multiplying the average cost of labor by the number of sick 

days reduced (Chapman Institute 2014). As made evident in Figure 20, ESII predicts a minor 

decrease in nitrogen pollutant removal, but a minor increase in air particulate pollutant removal 

due to SWAMP. The trade-off among these ancillary benefits is not always clear. To consider 

these trade-offs, businesses should refer back to their primary business driver, and thus BRIs of 

importance, in order to determine what trade-offs a business is willing to accept.   
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Figure 20: Impacts of Stream and Wetland Assessment Management Park on ancillary 

ecosystem services as predicted by Ecosystem Service Identification and Inventory Tool. Percent 

performance provides a relative measure of how close the area is to optimal service production, 

which is represented by a score of 1 (EcoMetrix Solutions Group 2016). 
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of North Carolina for installing SWAMP (Richardson 2016). This unique program provided 

another incentive to use specific BMPs in order to earn additional revenue for nutrient reductions 

in local watersheds (North Carolina Department of Environmental Quality 2016e). While 
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3.6. Assessing the Costs and Benefits of Stream Wetland Assessment Management Park 

The value of SWAMP’s ancillary benefits can be used in two ways to assist Duke’s 

decision-making. A cost benefit analysis of SWAMP would attempt to identify whether the 

complete set of benefits produced by SWAMP, both related to stormwater management and 

ancillary benefits, outweigh the costs of construction and maintenance. Alternatively, Duke 

could use the value of ancillary benefits to compare potential project alternatives for meeting 

their stormwater compliance objectives. Incorporating the ancillary benefits of SWAMP 

provides a more complete analysis of the project’s costs and benefits, which may ultimately 

impact the choice of BMPs. 

 Identifying the costs and benefits of SWAMP prior to its installation would allow Duke 

to predict whether the project would provide sufficient net benefits. Given the range of 

stakeholders identified in chapter 3.5, it may not be possible to value all benefits as direct costs 

or revenues to Duke, but they can still be assessed qualitatively (Table 9). As discussed in 

chapter 2.5, assessing the magnitude and direction of qualitative BRIs is still necessary in order 

to include them when considering tradeoffs between potential project objectives. Incorporating 

ancillary benefits (or ancillary costs) allows for a more complete assessment of net benefits. 

 

Table 9: Comparison of costs and benefits of Stream and Wetland Assessment Management 

Park. 

Costs Benefits 

● Construction ($281,908) 

● Operations and maintenance costs 

● Lost carbon sequestration 

● Avoided costs of regulatory action or fine 

for exceeding nitrogen limits 

● Increased community visits to SWAMP 

generating strong reputation in the 

community 

● Education and research opportunities 

● Revenue from selling nutrient offset credits 

 

We have seen with SWAMP how the investment decision becomes clearer when all 

benefits and costs are defined in a way that directly relates to business drivers. It is beyond the 

scope of this study, however, to conduct a thorough cost-benefit analysis for SWAMP. The steps 

of identifying the link between specific ecosystem services and business value, as well as valuing 
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a project’s impacts on ecosystem services, whether positive or negative, are vital for business 

adoption of green infrastructure. 

3.7. Case Study Summary 

For our case study, we compared the performance of two simple models intended for use 

during the planning stage to help businesses predict ecosystem services provided by green 

infrastructure. When critiquing these models, it is important to consider that planning is just the 

first step in implementing ecosystem service protection projects. Businesses should use more in-

depth models to aid them through the construction and maintenance of said projects. That being 

said, the two planning-oriented models we assessed, JFSAT and the ESII tool, provided very 

different predictions of stormwater BMP performance. Our analyses show that both models’ 

predictions might be improved if they took better account of nutrient sources and sinks in the 

watershed. JFSAT considers land within the development site to be nutrient sources and BMPs 

to be nutrient sinks (North Carolina Department of Environmental Quality 2016a), ESII only 

considers land cover in pollutant generation and removal and does not consider how pollutants 

might move, concentrate or dilute over a landscape.  

Our case study showcased how models can help businesses predict the ancillary benefits 

of installing stormwater BMPs. SWAMP impacts a number of ecosystem services beyond 

nutrient and stormwater retention. For instance, SWAMP provides recreational opportunities for 

both employees and the surrounding community. However, SWAMP also reduced the carbon 

sequestration capacity of the land, which negatively impacts Duke’s goal of carbon neutrality 

(Duke University n.d.). By identifying the benefit relevant indicators that might concern Duke 

(i.e., ways that these ecosystem services provide Duke with direct business value) we revealed 

additional benefits and costs that should be considered during project development and 

implementation. 

Finally, our analysis showed that while modeled predictions play a useful role, models 

should be validated using empirical data to see if the predictions are reasonable. We qualitatively 

evaluated the accuracy of modeled predictions by comparing them to Duke University Wetlands 

Center data on SWAMP (Richardson et al. 2011). Business consideration of ecosystem services 

would benefit from further studies that quantitatively evaluate model predictions across multiple 

sites.   
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4. Discussion 

To review, many businesses have yet to fully incorporate ecosystem services into their 

decision-making. While there have been efforts to encourage companies to define their 

relationship with nature, such as the United Nations Global Compact’s commitment to preserve 

ecosystem services (United Nations Global Compact and International Union for Conservation 

of Nature 2012), and efforts to monetize a company’s impact on the environment, such as 

Puma’s environmental profit and loss account (Puma 2015), few companies manage ecosystem 

services as a financial asset. This is a missed business opportunity, as ecosystem services can 

improve risk management, provide reputational gains, and improve profits (Hanson et al. 2012). 

 To help businesses capitalize on these opportunities, our project aims to help businesses 

better identify, assess, and value their relationship with ecosystem services when making 

infrastructure decisions. Working in tandem with The Nature Conservancy, we developed a 

framework that allows businesses of all types to successfully navigate the steps of ecosystem 

service identification, valuation, and incorporation into business planning. In this project we 

addressed the challenges facing businesses in the context of utilizing green infrastructure for 

stormwater management. Drawing on existing methods to encourage utilization of green 

infrastructure, we aimed to overcome two major hurdles that have prevented widespread 

adoption: 1) businesses are uncertain of the performance of green infrastructure, and 2) 

businesses fail to link ancillary benefits, such as recreational benefits, to business value. 

We hoped to add to the research of two efforts in particular, the green-gray analysis 

methodology by the World Resources Institute (Garner et al. 2013) and the set of tools developed 

by the World Business Council for Sustainable Development (2015). The World Resources 

Institute developed a green-gray analysis methodology based on standard alternative investment 

analyses, which outlines steps to compare green and gray infrastructure on equal terms (Gartner 

et al. 2013). This methodology shares similar features with our framework, such as identifying 

the goal of the project and the need to model project outcomes. The methodology further 

recognizes modeling results as a serious limitation to increased adoption of green infrastructure 

(Gartner et al. 2013). However, it stresses the development of more robust models as the key to 

overcoming this challenge, without giving much thought to the compatibility of these models 

with the business decision-making context. While certainly more robust models would help, we 
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outlined the characteristics of models that would be more appropriate in a business application. 

Specifically, we stressed the importance of matching the outputs of the model to the main 

objective of the project, which will help businesses choose models that better fit into existing 

financial models. 

The World Business Council for Sustainable Development (2015) recently developed a 

set of tools to help make the business case for green infrastructure. One such tool, ProjectSelect, 

is a spreadsheet-based model that explicitly compares green and gray infrastructure options 

through cost-benefit analysis. ProjectSelect allows users to evaluate the co-benefits, otherwise 

known as ancillary benefits, of infrastructure options (World Business Council for Sustainable 

Development 2015). The tool is limited in that it only allows users to rate the importance of each 

co-benefit, rather than equating the scores to financial value. For example, a company can score 

recreational benefits on a binary, ordinal, numerical, or other custom scale. While this scoring 

system may help businesses evaluate the relative benefits of green infrastructure, a more 

persuasive business case is made when businesses translate these co-benefits into dollar values to 

include in cost-benefit analyses. Our framework added to this work by highlighting how 

businesses can value the ancillary benefits of infrastructure options.  

While we believe our framework can lead to more widespread adoption of green 

infrastructure by businesses, we understand there are several limitations to its application. 

Firstly, the framework only applies to the consideration of green infrastructure projects entirely 

within a business site. It is likely that businesses may work with surrounding landowners to 

address stormwater issues at a broader, landscape scale, such as an industrial plant working with 

surrounding commercial foresters to minimize sediment in local waterways. Involving new 

stakeholders may alter the relative importance of individual project outcomes, as these 

stakeholders may have different primary objectives. In such a scenario, businesses will find more 

opportunities to achieve mutually beneficial outcomes by returning to the first step and reframing 

the business driver to reflect their stakeholder’s objectives. 

Secondly, our analysis did not fully address the validity of the models we chose. We 

qualitatively compared modelled BMP performance to empirical data, but we did not critically 

examine the assumptions and inner working of the models we chose. These models’ assumptions 

may be flawed and it is possible that a business would need a more complex biophysical model 
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for particular investment decisions and site requirements. Much more attention should be given 

to selecting a model that has been verified by experts to ensure that it would be appropriate for a 

given project context.  

Finally, we did not have the time to fully analyze the dynamic regulatory landscape. The 

large variation in stormwater regulations does not lend itself to the generalized framework we 

developed. Different stormwater regulations may impact the infrastructure decision process of a 

business, the BMP options such regulation would encourage or discourage, and the model choice 

for predicting project performance. A further analysis may highlight the regulatory environment 

in which green infrastructure would be better suited, allowing businesses to quickly gauge 

whether such green infrastructure options would be feasible before making a more detailed 

analysis using our framework.  

If we had had more time, we would have analyzed each limitation further. Ultimately, we 

hope this framework will help guide businesses through the steps of choosing and valuing green 

infrastructure installations.  
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5. Conclusion 

A large hindrance to business incorporation of ecosystem services into decision-making 

is the difficulty of predicting ecosystem service values. To address this problem, we developed a 

framework to inform a business’s decision to implement green infrastructure projects, which can 

protect a range of ecosystem services. Our framework highlights the importance of identifying 

the drivers for infrastructure adoption, the range of technologies and the criteria on which a 

business could compare these technologies, the methods of predicting performance of said 

technologies, and the methods of valuing the full range of benefits resulting from green 

infrastructure adoption in terms that can easily be incorporated into business decision-making 

contexts. It has been our hope that for a business desiring to install green infrastructure, our 

analysis provides an overview of current technologies, limitations, and considerations that can 

introduce them to the world of green infrastructure, and more broadly, ecosystem service 

valuation. 

In this study, we considered simple models that we believed businesses would be most 

likely to use. Given the wide variety of results that these models produced, we recommend that 

further research be devoted to the development of simple and accurate models to predict green 

infrastructure performance at the scale of a business site. In addition, we recommend that 

businesses using models to predict performance carefully select the correct model for their 

situation, as model results can directly impact whether or not a given project would appear to 

benefit to a business. 

Our SWAMP case study showed that businesses investing in green infrastructure face 

tradeoffs between protecting different ecosystem services. A given project will not protect all 

ecosystem services equally. To understand and accurately compare projects, models should 

consider tradeoffs between primary and ancillary benefits resulting from green infrastructure 

projects. The ESII tool was developed to be able to calculate changes in ancillary benefits. We 

recommend that further research be devoted to refining and developing models that compare the 

supply of multiple ecosystem services to inform business investments in green infrastructure. 

For green infrastructure to be successfully and widely adopted by businesses, additional 

academic and business case studies need to be devoted to overcoming modeling uncertainties as 

well as addressing the numerous structural and financial limitations hindering green 
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infrastructure. While many of the structural limitations of green infrastructure can be addressed 

through engineering, some of the financial limitations, such as increased insurance costs for 

green roofs, require continued business investment in order to facilitate industry acceptance.  

In light of our results, we hope businesses will be cognizant of the challenges they may 

face when trying to considering implementing green infrastructure, and rather than turn away 

from implementation, sponsor more research that will help overcome the challenges we have 

outlined. We hope to have made the case that despite the challenges, green infrastructure can be 

a cost-effective and beneficial way for businesses to protect ecosystem services. 
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Appendix 1: Innovative Policy Approach to Stormwater Management - 

Washington, DC 

The District Department of the Environment (DDOE) implemented a new system in the 

District of Columbia to allow tradable stormwater retention credits (SRC). Under current 

regulation, new construction or major renovations on land greater than 5000 ft2 must retain 

rainfall onsite equal to a 90th percentile storm (~1.2”). The new program allows those applying 

for a permit to achieve up to 50% of their required retention off-site through the purchase of 

SRCs (Branosky 2015; Van Wye 2012). 

SRCs can be generated throughout the city on regulated or unregulated sites that exceed 

their required rainfall retention. For instance, an existing establishment can voluntarily install a 

DDOE approved system for rainfall retention such as a green roof. Any additional retention 

above and beyond what is required under their current permit can be certified to earn up to three 

years of SRCs. Each SRC represents one gallon of retention for one year. DDOE estimates the 

number of credits earned based on the type and size of BMPs utilized (Branosky 2015). 

  DDOE provides no system of market exchange for credits, but rather encourages 

interested parties to engage in a contractual relationship. Buyers and sellers can indicate their 

interest in credits on the DDOE SRC registry. Ultimately, any project seeking a permit will have 

to certify that it has obtained the appropriate number of credits between both on- and off-site 

retention. Projects that are unable to obtain the necessary credits can pay an in lieu fee to the 

DDOE of $3.57 per gallon/year (Branosky 2015). 

Benefits of the SRC Model 

  A number of attributes enable the formation of an effective market around SRCs. The 1 

gallon/year unit is easily measurable and verifiable across a variety of project sites. DDOE can 

quickly and fairly accurate predict the amount of runoff that will be avoided via various projects. 

Encouraging the formation of a market and distributing the water retention throughout the city 

further compounds the environmental benefits of stormwater retention. 

Enabling off-site retention can result in greater overall water retention compared to acting 

only on site (Figure 21). For any rainfall event greater than 1.2”, the total amount of rain retained 

is equal under traditional regulatory systems versus SRC. However, utilizing SRCs increases the 

total amount of rain retained during small storms. For instance, a situation in which a regulated 
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entity achieves 50% of the required reduction off-site will yield twice as much total rainfall 

retention during a 0.6” storm. Both sites achieve full rainfall retention, compared to just the 

originally permitted site only utilizing half of its capacity. DDOE has calculated that utilizing 

off-site retention in this manner (via SRCs) can result in increased annual retention of over 50% 

when compared to retaining only on site (Van Wye 2012). 

 

Figure 21: Comparing water retention under traditional best management practices and 

Stormwater Retention Credit program. *100% rainfall captured represents the full amount of rain 

falling on the regulated site during a single event. 

Though the system uses water retained as its measureable unit, not all gallons of 

stormwater runoff have equal impact. In fact, the initial discharge often has higher levels of 

pollutants, such as metals and oils, and accumulated sediment (Sansalone and Cristina 2004). 

This “first flush” thus has a disproportionately strong environmental impact (Van Wye 2012; 

Maestre and Pitt 2005). As a result, encouraging off-site retention through the use of SRCs 

effectively doubles the amount of land area providing protection from this effect. 
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Challenges to effective implementation 

  DDOE faces a number of challenges before the young SRC trading program can be 

considered a success:  

● Scale – Currently only a few trades have been completed. The DDOE is aware of fewer 

than 10 voluntary projects that will be seeking SRC certification (Branosky 2015). 

Substantial environmental impact will only be realized if the number of projects involved 

in the market increases significantly over the coming years. This will likely depend on 

the number of regulated projects that find it financially advantageous to seek retention via 

SRC as opposed to on-site retention. 

● Demand – The SRC trading program is limited in that it can only require retention from 

new “major land disturbing activities” or “major substantial improvement activities.” 

DDOE estimates that roughly 1% of the total land area is subject to these requirements 

annually (Branosky 2015). 

Additionally, DDOE has a number of unique advantages in being able to implement this type of 

program. These advantageous may make it more difficult for other jurisdictions around the 

country to utilize a similar program. For example:  

● Regulation – DDOE is both the permit provider and the enforcer of the permits. They can 

set the rules regarding permit approval and also enforce the SRC process. This overlap in 

oversight is often not realized at the state level. 

● Watershed Overlap – DC lies entirely within the Potomac River watershed. Given the 

small size of the city, a gallon of retained rainfall is roughly equal in environmental 

impact anywhere within the jurisdiction. Other jurisdictions may have more trouble 

making sure improvements accrue within specific watersheds when boundaries overlap 

watersheds. 

  A number of environmental benefits are obtained through reducing stormwater runoff, 

including reduced stream erosion and lower sediment and water pollution levels. The DDOE 

SRC trading program encourages a wider adoption of stormwater BMPs (especially to those not 

currently under regulatory authority) by introducing a market for stormwater retention. The 

ultimate success of the program will hinge on active participation and sufficient demand from 

those facing stormwater retention restrictions.  
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Appendix 2: Definitions of Best Management Practices 

1. Rain gardens: 

Shallow depressions that include plants and a layer of mulch, to absorb rainwater and 

facilitate the filtering of water as it passes the garden (University of Connecticut n.d.; 

Chesapeake Bay Program's Urban Storm Water Workgroup 2012). Infiltration also occurs 

helping to clean the runoff as well as recharge groundwater supplies. Additionally, they improve 

the aesthetics of the land, and can provide habitat for birds and insects (Low Impact 

Development Center n.d.). For the purpose of this analysis, we treat rain gardens as a residential 

scale BMP that collects rainwater from roofs, driveways, or other residential impervious 

surfaces. 

2. Green roofs: 

Man-made roofing structures that are partially or completely covered in vegetation 

(Ecolife n.d.). This enables rainwater infiltration by reducing the total impervious surface of the 

land (EPA 2015e). By reducing stormwater runoff, green roofs directly help regulate flow 

control and indirectly help regulate water quality issues. Additionally, they help moderate 

temperature within the buildings and protect the man-made roof. For the purpose of our analysis, 

we treat green roofs as a commercial scale BMP. 

3. Constructed wetlands: 

Built to mimic natural wetlands and are designed primarily to treat discharges from 

stormwater runoff (EPA 2015a). By permanently holding a pool of water received from a 

drainage basin, wetlands allow for the vegetative uptake of nutrients and metals, as well as the 

settling of sediments (New Jersey Department of Environmental Protection 2004). While their 

main goal falls under pollutant removal, as mentioned earlier they provide many additional 

ecosystem services. For the purpose of our analysis, we treat wetlands as an industrial scale 

BMP. 
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4. Porous pavement: 

An infiltration practice that utilizes special pavement to allow rainwater to infiltrate the 

underlying soil, thus reducing the amount of runoff (Philadelphia Water Department 2016b). It is 

designed for volume control, to reduce the amount of runoff entering the sewer system. 

Typically, some permeable surface rests atop a stone bed allowing water to percolate down and 

be stored temporarily in the stone bed (Pennsylvania Bureau of Waterways Engineering and 

Wetlands 2005). Eventually, the water will infiltrate the soil, recharging groundwater. For the 

purpose of our analysis, we treat porous pavement as a residential scale BMP. 

5. Tree Trench: 

  Comprised of a system of trees connected to an underground storage structure which will 

eventually drain out into an existing sewer system (Philadelphia Water Department 2016c). 

Stormwater enters the structure through a man-made inlet, passing through tree roots where it 

either absorbed by trees, infiltrates into the soil below, or trickles out into a sewer system. In 

addition to reducing runoff, tree trenches increase the canopy of the area, which is associated 

with improved air quality and enhanced site aesthetics (Shroeder 2011). For the purpose of our 

study, we treat tree trenches as a commercial scale BMP. 

6. Retention ponds: 

Permanent pools of water designed to obtain runoff, thus allowing for the settling of 

nutrients and sediments (Davey Tree Expert Company n.d.). Typically, they are connected to 

other man-made structures, either as a means to receive water or to release water if capacity is 

reached. While they help with reducing runoff, their main purpose is pollutant removal because 

the permanent pool allows for the settling of pollutants. Because vegetation may be incorporated 

into the design, natural habitats can form allowing for recreational and aesthetic opportunities 

(Geiser 2014). For the purpose of our analysis, we treat retention ponds as a commercial scale 

BMP. 

7. Detention basins: 

Depressed areas which temporarily hold runoff, and are dry between rainfall events. They 

are connected to inlets and outlets, allowing water to be temporarily stored before slowly being 

released into nearby waterways (Geiser 2014). They are generally less effective than retention 

ponds at improving water quality as water constituents do not have much time to settle out. Their 
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main purpose, however, is flood control by reducing peak flow rates, and delaying the release of 

runoff to streams (Davey Tree Expert Company n.d.). Similar to retention ponds, vegetation can 

be included in the design, providing habitat, recreation, and aesthetics. For the purpose of our 

analysis, we treat detention basins as an industrial scale BMP. 

8. Dry wells: 

  Subsurface or excavated pits that are designed to temporarily catch stormwater from 

rooftops, allowing it to infiltrate into the soil below (New Hampshire Department of 

Environmental Services 2001). The purpose of dry wells is to control the volume of runoff from 

houses or buildings. Because of the gradual infiltration of the runoff into surrounding soils, 

groundwater recharge may occur (New Jersey Department of Environmental Protection 2004). 

For the purpose of our analysis, we treat dry wells as a residential scale BMP. 

9. Drain filters:  

  Man-made units that are placed at stormwater drains, or other runoff hot spots, filtering 

out pollutants. They are most efficient at removing oil or large suspended solids, such as trash, 

by catching such pollutants at storm grates, while still allowing runoff to flow into the drain (GEI 

Works n.d.). They act as pretreatment of runoff entering the sewer system but do not provide any 

other benefit than this purpose. For the purpose of our analysis, we treat drain filters as a 

commercial scale BMP. 

10. Stormwater systems: 

  The series of interconnected curbs, gutters, drains, and pipes that collect and convey 

stormwater to treatment facilities or to waterways where the runoff can be discharged. While 

they increase the area of impervious surface, they are necessary components that ultimately 

allow for the proper drainage and treatment of runoff (Tahoe Regional Planning Agency 2014). 

Thus, their only purpose is to collect stormwater and transport it elsewhere to be treated and 

must work in conjunction with several other BMPs. For the purpose of our study, we treat 

stormwater systems as an industrial scale BMP. 
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Appendix 3: Comparison of Stormwater Best Management Practices 

While nutrient removal can be measured in terms of efficacy or percent reduced, nutrient 

removal can also be measured in milligrams of nutrient removed per liter of water. The values 

presented in the appendix charts represent industry averages (Figure 22 – Figure 24). The range 

in nutrient removal rates stems from the wide swath of environmental conditions wherein BMPs 

can be installed. We chose to display nutrient removal in terms of mg/L in the appendixes rather 

than the main text because the graphs presented mirror the results presented in the efficacy 

percentage reductions. All of the ranges provided in the appendix charts will be displayed via 

error bars that highlight values in the middle 50% of nutrient removal observations. Across site 

sizes, total suspended solids indisputably has both the largest range in possible values and also 

the highest mg/L reduction average across the nutrients studied. This analysis pairs well with the 

efficacy percentages found for total suspended solids in the in-text charts. 

 

Figure 22: Phosphorus removal of stormwater best management practices in milligrams/liter. 

The error bars represent the middle 50% of observed data on the above technologies. Data on 

BMPs from Geosyntec Consultants, Inc., and Wright Water Engineers, Inc. (2012). 
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Figure 23: Nitrogen removal of stormwater best management practices in milligrams/liter. The 

error bars represent the middle 50% of observed data on the above technologies. Data on BMPs 

from Geosyntec Consultants, Inc., and Wright Water Engineers, Inc. (2012). 

  

 

Figure 24: Total suspended solids removal of stormwater best management practices in 

milligrams/liter. The error bars represent the middle 50% of observed data on the above 

technologies. Data on BMPs from Geosyntec Consultants, Inc., and Wright Water Engineers, 

Inc. (2012).  
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Appendix 4: Jordan/Falls Lake Stormwater Nutrient Load Accounting Tool 

Methods  

The Jordan/Falls Lake Stormwater Nutrient Load Accounting Tool (JFSAT) calculates 

runoff volume and pollutant loading based on the level of impervious surface associated with a 

given set of land uses (North Carolina Department of Environmental Quality 2014a). The tool 

assigns total nitrogen and total phosphorus runoff concentrations to different land use/land cover 

types based on averages from peer-reviewed studies. Then, it uses the median effluent 

concentration method to estimate the concentration of total nitrogen and total phosphorus in 

BMP outflow (Figure 25). The BMP outflow is a combination of treated effluent and untreated 

overflow (overflow has the same concentration of nitrogen and phosphorus as inflow). The tool 

developers calculated median effluent concentrations for a range of urban stormwater BMPs. 

When a user picks one of the BMPs from the drop-down menu, the tool estimates outflow 

loading using these median effluent concentrations they calculated. The user can model custom 

BMPs by entering site-specific data on median effluent concentrations and the volume of treated 

and untreated outflow. 

 

Figure 25: Hydrologic fate of incoming water and associated concentrations, as assumed in the 

Jordan Lake Stormwater Load Accounting Tool. Source: North Carolina Department of 

Environmental Quality (2014a). 
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For a fuller explanation of calculations used in the model, the following is sourced from the 

Jordan/Falls Lake Stormwater Nutrient Load Accounting Tool User’s Manual, version 3.0 

(North Carolina Department of Environmental Quality 2014a): 

 

The tool calculates runoff volume and pollutant loading using the Simple Method and 

BMP pollutant reduction using median effluent concentration.  

 

Impervious surface area within the catchment is used to calculate a runoff coefficient, Rv: 

Rv = 0.05 + (0.009 * I) 

where I = percent impervious surface in the catchment. 

  

Stormwater runoff volume is estimated based on runoff coefficient, catchment area and average 

annual precipitation: 

V = Rv * A * (P/12) 

Where V = runoff volume in ft^3 

A = catchment area in ft^2 

And P = average annual rainfall depth in inches 

  

The mass of pollutant loading, L, is estimated based on average annual pollutant load, fraction of 

rainfall events that produce runoff and concentration of the pollutant: 

L = [(P * Pj * Rv) * (C * A *2.27)] / 12 

where L = average annual pollutant load (lbs) 

Pj = fraction of rainfall events that produce runoff 

C = event mean concentration of pollutant (mg/L) 

 

The tool bases total nitrogen and total phosphorus concentration for different land use types on 

averages from peer-reviewed studies. The concentration of runoff from different land use types 

are assigned based on their level of impervious surface. 
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BMP efficiency is estimated based on the median effluent concentration method, where the mass 

of pollutant leaving the BMP is found by: 

 

Mass out = (EC outflow * Volume outflow * 6.2297 x 10^-5) + (EC overflow * Volume 

overflow * 6.2297 x 10^-5) 

  

where Mass out = average annual mass of pollutant flowing out of BMP (lbs) 

EC outflow = event median concentration of portion of outflow that is treated (mg/L) 

Volume outflow = volume of treated water leaving BMP (ft^3) 

EC overflow = event median concentration of overflow that is not treated (mg/L) 

Volume overflow = volume of overflow, untreated water leaving BMP (ft^3) 

  

The tool bases BMP median effluent concentration values on averages from peer-reviewed 

studies in the Mid-Atlantic. 

  

Percent mass removal of the BMP is calculated by: 

  

BMP % rem = ((ECinflow *Volume inflow * 6.2297 x 10^-5) – Mass out) / (ECinflow * 

Volume inflow * 6.2297 x 10^-5)*100 

  

Where EC inflow = event median concentration for inflow (mg/L) 

Volume inflow = volume of water flowing into the BMP (ft^3) 

  

Water flowing into the BMP can be released as treated outflow, bypass the BMP and remain 

untreated, or infiltrate into soil or be evapotranspired. BMP design determines the portion of 

water that is treated or evapotranspired. Local soil type determines the portion that infiltrates into 

the soil below the BMP. 
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Appendix 5: Background and Steps for Ecosystem Services Identification and 

Inventory Tool 

A user needs to define the boundaries of the site and delineate areas that are similar in 

attributes. These areas of homogeneity are called “map units” in the Ecosystem Services 

Identification and Inventory (ESII) tool. These map units were first defined for March 2002, 

before SWAMP was built. We used land cover from February 2007 images on Google Earth. 

Map units were then drawn directly into the ESII tool’s Web portal.12  

The “Streets View” was utilized for the most recent layout to determine the location of 

streams that were recontoured for SWAMP. Satellite images where deciduous vegetation had 

dropped their leaves were used to help differentiate coniferous evergreen vegetation from 

deciduous broadleaf vegetation. Map units were first defined for the 2016 layout and then 

adjusted to describe the 2002 layout.  

On February 6-7, the map units were loaded onto the ESII Tool 1.0.1 on the iPad and 

each map unit for 2007 was defined by ESII tool’s survey prompts.  

 The following changes were made: 

1. Phase I was a stream restoration and had recontouring to reflect sinuosity, but the original 

shape of the streams could not be clearly determined from satellite imagery. The shape of 

the 2002 streams remained unchanged from the shape of the 2007 shape of the stream. In 

the ESII tool, we expressed the streams as having "low" sinuosity in 2002 and as 

“medium” sinuosity for Phase II in 2016. Note that Phase I is divided into 2 map units in 

2016. The “no change” section is a straight stream that flows into the detention pond.  

2. The largest conversion in map units was the creation of the detention pond (Phase II). For 

2002 analysis, we merged the area around the detention pond and gave it the 

characteristics of a wet forest. Both types of landscapes were possible and there is 

uncertainty on what existed in 2002.  

3. The Phase III change is represented by a removal of the wetland site and an expansion of 

forests on either side of the wetland site.  

                                                 

 
12 https://analysistools.esiitool.com, version 1.1.4 

https://analysistools.esiitool.com/
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 Site boundaries and what to analyze is entirely up to the discretion of the user. Since a 

large portion of the site remains unchanged, we created 2 separate analyses that we performed 

strictly on map units that experienced a change between the two time points.  

There is an undefined increase in water provisioning services since the detention pond 

did not previously exist. Using Web portal of the ESII Tool, version 1.1.4, we ran the analysis 

for each scenario and downloaded the associated information in .csv format and analyzed data in 

Excel. 

 

  

https://analysistools.esiitool.com/
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