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Foreword

David W. Orr

An hour north of New York City, the Omega Institute operates 
a solar-powered wastewater system that looks and works like 
a tropical greenhouse. It was designed by John Todd and BNIM 
Architects to process 50,000 gallons of wastewater each day. 
The system combines indoor and outdoor wetlands to purify 
sewage without chlorine, aluminum salts, or other chemicals, 
and without fossil fuels. Plants, animals, and some of the most 
ancient organisms on Earth remove nitrogen and phosphorus 
from the waste stream and detoxify contaminants. It is a model 
of smart ecological design, good engineering, full-cost econom-
ics, and foresight. But the Omega Institute facility is only one 
small example of next-generation design applied to energy, 
water, transport, and waste-management systems. There are 
many others around the world that are revolutionizing infra-
structure, reducing costs, and improving resilience, as reported 
here by Hillary Brown.

Our existing infrastructure of wastewater plants, bridges, 
the electrical grid, pipelines, roads, and dams is rapidly deterio-
rating. The American Society of Civil Engineers estimates that 
its repair or replacement will cost $3.6 trillion. For financial rea-
sons alone it is a good time to rethink the way we design, build, 
and invest in public infrastructure. But the design assumptions 
underlying our existing infrastructure are crumbling along 
with the concrete, steel, wires, and pipes. The designers of the 
industrial infrastructure presumed an inexhaustible supply of 
cheap energy, the efficacy of simple and single-purpose solu-
tions to complex problems, and the necessity of brute-force 
mastery of nature, all executed with a bulletproof confidence 
in endless economic growth on a finite planet. The fatal short-
comings of that paradigm are massively documented and are 
becoming a daily bad-news story in our increasingly precarious  
experience.
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But a new ecological paradigm is reshaping the mindsets 
of the designers of the systems that provision us with food, 
energy, materials, transport, shelter, waste cycling, and security. 
Ecological designers and ecological engineers begin with the 
imperative to design with, not against, natural processes and 
flows. Following Kentucky writer Wendell Berry they are asking: 
What is here? What will nature let us do here? What will nature 
help us do here? The answers, particularly to the last ques-
tion, are surprisingly positive and point the way to a far more 
cost-effective, resilient, and sustainable infrastructure. Properly 
engaged, nature will in fact do a great deal of the work in engi-
neered systems for free. The detailed knowledge of how nature 
utilizes sunlight, purifies waste, and builds elegant structures 
without fossil fuels or toxic chemicals is changing the design of 
human systems. Without much fanfare, emerging fields such 
as biomimicry, ecological engineering, and ecological design 
are quietly transforming architecture, engineering, agriculture, 
forestry, urban planning, and infrastructure development.

The precepts of ecological design are straightforward:  
(1) use nature as the standard, not something to be overcome; 
(2) eliminate waste so that everything is food for other organ-
isms; (3) use only renewable energy; (4) preserve and enhance 
biodiversity; (5) distribute costs and benefits fairly within and 
across generations. The operating instructions derived from 
those precepts are: (1) “solve for pattern” across traditional 
boundaries of disciplines and bureaucratic silos so that every 
solution solves more than one problem and causes no new 
ones; (2) design systems that are resilient and repairable with 
redundant components; (3) emphasize proximity so that sup-
ply chains are mostly local or regional, as urban historian Jane 
Jacobs once proposed.

Short-term economic thinking is often used as an excuse for 
poor design. But the fact is that sooner or later we pay for sus-
tainable and resilient infrastructure (and lots of other things) 
whether we get it or not. We pay for ecologically incoherent 
design in human health, vulnerability to terrorism or acts of 
God, climate change, injustice, loss of biodiversity, and excessive 
operating and maintenance costs. Accounting for full life-cycle 
costs should cause us to reconsider the rules for investment in 
public infrastructure from a broader and longer-term perspec-
tive. Low first costs are not always cheaper. Avoided future costs, 
including those of disasters such as Hurricane Sandy, ought to 
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be calculated into infrastructure budgets. Investments that 
improve resilience and reduce our vulnerability to climate 
destabilization are a smart use of public and private capital. The 
point is that we will need to be as creative about financing new 
infrastructure are we are about designing it.

It is possible to design and build infrastructure for transpor-
tation, water management, and energy that reduces ecological 
damage, climate risks, and construction and maintenance costs, 
while improving human health and creating the economic 
foundation for broad-based and sustainable prosperity. This is 
not a distant possibility. In Next Generation Infrastructure, Hill-
ary Brown shows that the design know-how already exists and 
is being creatively deployed across the world in dozens of good 
examples. Next-generation infrastructure is not a luxury for the 
well-to-do. It is coming on line just as the climate forecast, for 
rich and poor alike virtually everywhere, is for much higher tem-
peratures, longer droughts, bigger storms, and higher-velocity 
winds. We will need a new infrastructure that is resilient in the 
face of much greater stresses than humans have ever experi-
enced before.

Hillary Brown is a brilliant guide to one of the most impor-
tant, if mostly overlooked, aspects of a resilient society. In her 
work as the originator and co-author of two important publica-
tions for New York City, High Performance Building Guidelines 
and High Performance Infrastructure Guidelines, and in her sub-
sequent work as a designer, author, and teacher she has devel-
oped an extraordinary depth of insight and experience. Next 
Generation Infrastructure is a vital chapter in the narrative we 
are writing about the human future and should be mandatory 
reading for planners, financiers, and public officials at all levels.
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1. Introduction:  
 Bold Endeavors Needed

There are sufficient resources to retrofit cities if we 
practice integrative infrastructure management . . . if 
we begin to manage the city as if it really were a living 
ecosystem, which of course it is, or was, and should be.

— Kenny Ausubel,  
Nature’s Operating Instructions:  

The True Biotechnologies

On August 1, 2007, four of the eight  
lanes of Minnesota’s I-35W highway bridge were closed 

to accommodate roadbed repairs. Evening rush-hour traffic was 

diverted into the four open lanes, creating an asymmetrical stress 

that compounded an underlying weakness in the bridge’s support 

H.Brown, Next Generation Infrastructure: Principles for Post-Industrial Public Works,
DOI 10.5822/ 978-1-61091-202-0_1, © 2014 Hillary Brown
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system. When the center span collapsed, 17 of the 111 vehicles on 
the bridge were cast into the Mississippi River, 108 feet below, kill-
ing 13 people and injuring 145 (fig. 1-1).1

The I-35W tragedy quickly became symbolic of the debili-
tated state of the once-noble Interstate Highway System—and 
of what many critics see as America’s disinvestment in its infra-
structure. But it also called attention to a broader problem: that 
a narrow focus on optimizing the various parts of complex sys-
tems may undermine the sustainability of the whole.

According to an evaluation conducted by the National 
Transportation Safety Board (NTSB), the primary cause of the 
failure was the initial undersizing of the steel plates that joined 
critical members of the bridge’s steel truss system, compromis-
ing the bridge’s structural redundancy, or ability to withstand 
extra stress. The NTSB highlighted four additional factors: sub-
sequent additions to the bridge deck had increased the dead 
weight of the structure;2 safety inspectors, who tended to 
focus on corrosion and cracks, had failed to notice the slight  

Figure 1-1. Cars remain on the collapsed portion of I-35W Mississippi River Bridge, in Minneapolis, Minnesota, 
four days after the August 2007 collapse. (Courtesy of Kevin Rofidal, US Coast Guard.)
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bowing—evident from photos—of the steel plates caused by 
structural stress;3 270 tons of repair-related loads, including raw 
materials, equipment, and personnel, had been positioned above 
the bridge’s weakest points just hours before the collapse; and 
traffic controllers had unwittingly added further stress to the  
structure.

What the NTSB’s account does not address, however, is an 
increasingly common problem in the design and management 
of complex systems: the failure to see and to appreciate the 
workings of the whole. In the case of the bridge collapse, any 
knowledge of existing problems likely remained within each of 
the separate departments responsible for design, repair, inspec-
tion, maintenance, and operations. Thus, it might be argued 
that better information flow among “bureaucratic silos” might 
have had produced a different outcome, perhaps even prevent-
ing the tragedy. As Paul Hawken, Amory B. Lovins, and L. Hunter 
Lovins observe in Natural Capitalism,

optimizing components in isolation tends to pes-
simize the whole system. . . . You can actually make 
a system less efficient while making each of its parts 
more efficient, simply by not properly linking up those 
components. If they’re not designed to work with one 
another, they’ll tend to work against one another.4

This book explores how we can optimize, rather than “pes-
simize,” the facilities and assets of public services—primarily 
energy, water, and waste management. The book arises from 
the confluence of several streams of thought. First, if we’re 
to chart a course for global sustainability, we must begin to 
decouple carbon-intensive and ecologically harmful technolo-
gies from critical infrastructure systems, namely the essential 
systems for contemporary society: water, wastewater, power, 
solid waste, transportation, and communication. Second, we 
have the opportunity, through the power of systems thinking, 
to imagine an alternative future and to take bold steps toward 
that potential. Lastly, although we possess the scientific and 
technological know-how to move forward, we are critically lack-
ing a policy and implementation framework to support such 
efforts.

Churning its way across the New York / New Jersey met-
ropolitan region, Hurricane Sandy vividly demonstrated the 
extreme vulnerability of urban systems to storm surges, which 
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are becoming stronger and more frequent due to climate 
change. It especially highlighted the interdependencies among 
infrastructure sectors. Inundating New York City’s vital arteries, 
floodwaters overwhelmed tunnels and sewers; closed bridges; 
shut down the electrical substations that control mass transit; 
curtailed gas supplies; and destroyed streets, buildings, and 
whole neighborhoods. For days and even weeks, failures trig-
gered by floodwaters deprived millions of electrical, heat, and 
water services.

One premise of this book is that our current patterns of infra-
structure development reflect an industrialized worldview—one 
that, in the interests of convenience, efficiency, and bureaucratic 
control, has largely isolated the various elements of our infra-
structural systems. A post-industrial viewpoint, by contrast, 
focuses on understanding how the parts of such systems relate 
to each other and to the whole. From this perspective, the “hard-
ware” of energy, water, and waste management is essentially 
viewed along ecological lines. Next-generation infrastructure 
means moving beyond compartmentalized thinking toward 
new, integrated approaches to planning, financing, construct-
ing, operating, and maintaining infrastructure. In both their con-
ception and design, the innovative projects highlighted in this 
book are less “object focused” and more “outcome driven.” They 
encourage us to move forward with greater sensitivity to the 
larger infrastructural context; to consider a location in terms of 
its economic, environmental, and social resources; and to share 
resources across different systems, thereby reducing costs and 
extending benefits. Through a systems approach to lifeline ser-
vices, we can begin to move more rapidly toward sustainability.

The Scope of the Problem

In Bold Endeavors: How Our Government Built America, and 
Why It Must Rebuild Now, Felix Rohatyn recounts the story of 
America’s entrepreneurial investments in infrastructure—from 
the transcontinental railroads and the Panama Canal to rural 
electrification and the Interstate Highway System—chronicling 
the unusual foresight and intrepid leadership behind each ini-
tiative and highlighting the manifold rewards, particularly 
economic growth.5 In the face of the imperative to repair and 
strengthen existing assets or to reinvent them altogether, what 
needs to be done, and where are we to begin?
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In 2009, the American Society of Civil Engineers awarded US 
infrastructure an average grade of D for adequacy and safety—
a grade that was raised to D+ in 2013, thanks to a pickup in 
incremental investments. The same 2013 report contended that 
repairing US infrastructure assets to achieve a “good” condition 
(essentially a grade of B) will require an estimated cumulative 
investment of $3.6 trillion by 2020—a figure that does not even 
begin to address growth or expansion.6 The following are some 
highlights from a few recent assessments:

• The United States loses 1.7 trillion gallons of drinking 
water annually through system leakage and 240,000 
water main breaks per year.7 The cost to upgrade distri-
bution, treatment, and storage would be $334.8 billion 
over 20 years.8

• Each year, more than 75,000 overflows from combined 
storm and sewage drains discharge 900 billion gal-
lons of untreated sewage into US waterways.9 The esti-
mated cost of updating and expanding wastewater and 
stormwater systems is $298 billion over 20 years.10

• The number of significant power outages has risen 
from 76 in 2007 to 307 in 2011.11 Between 2005 and 2009 
the United States experienced 264 large-scale black-
outs. Estimates for electrical-system upgrades call for 
$1.5 to 2.0 trillion in expenditures over 20 years.12

• Ensuring the safety and efficiency of existing mass-
transit systems will require between $18.2 and $29.6 
billion in annual improvements in 2012 dollars.13

• As of 2012, 11 percent of bridges were classified as struc-
turally deficient. To repair or replace substandard struc-
tures by 2028 would cost an estimated $76 billion.14

Funded at about 3.5 percent of total non-defense spend-
ing, and at roughly the same level since 1976, US infrastructure 
funding lags behind that of both developed and developing 
nations.15 Although the United States is roughly two and a 
half times the area of the European Union, the US will spend 
annually, on average, $150 billion—less than 1 percent of our 
GDP, compared to the European Union’s $300 billion during 
the decade 2010 to 2020.16 Infrastructure investment in the 
developing world also outpaces ours: relative to their GDPs, 
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India and China spend 8 and 9 percent, respectively, on public  
works.17

In April 2013, President Obama was pushing for investment 
in US infrastructure—one of his key priorities—for perhaps the 
fifth time. Among his proposed initiatives were a $50 billion eco-
nomic stimulus based primarily on transportation investments, 
and $10 billion in public funding that would leverage private 
investment through a newly created, independent National 
Infrastructure Bank18—pleas that have repeatedly fallen on the 
deaf ears of a Congress preoccupied with austerity. Yet Obama’s 
proposals parallel those of others around the world.

In the United States, those who fear that forestalling infra-
structure investment will cost the US its competitive edge, 
both economically and politically, are sounding the clarion call 
for action. The degraded state of US lifeline systems has failed 
to capture public attention. Infrastructure repairs and upkeep 
are notoriously unsexy expenditures, and politicians are more 
invested in cutting ribbons at new projects than in funding 
basic maintenance, a trend that has further undercut the con-
dition of our existing systems. Thus, despite the intermittent 
alarms sounded after catastrophic failures, there is little sense 
of urgency—or recognition that infrastructure systems are 
vital lifelines to economic growth, public health and safety, and 
other desirable social goals. Even more unusual is any under-
standing of how those lifelines are linked, directly or indirectly, 
to the integrity of natural systems.

Nature and Infrastructure

Human life depends on ecological services provided by nature—
from water purification to waste digestion to the regulation of 
natural hazards.19 These services originate in ecosystems: self-
organized aggregations of living and nonliving elements that 
exist in a state of symbiosis, sharing energy, information, and 
matter for mutual benefit.

Human-engineered energy, water, and waste infrastructure 
systems are, like natural ecosystems, tightly coupled.20 Electri-
cal power generation, for instance, relies on water cooling, while 
water distribution and wastewater treatment require electricity; 
electrical energy still relies on coal transported by rail. Transpor-
tation services, water treatment, and electricity generation all 
rely on information technology.21 Nonetheless, since the advent 
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of the industrial era, the convention has been to disaggregate 
the elements of infrastructural systems into different sectors, 
both physically and jurisdictionally, and to dissociate them from 
the natural ecosystem services on which they ultimately depend.

The industrial paradigm was largely responsible for estrang-
ing public works from the ecosystem services upon which they 
depend. Few infrastructural transactions remain visible; most 
services are distributed below grade or are wired high—and 
almost unseen—above. Power, water, and waste facilities are 
typically removed from populous areas. The web that connects 
public services, daily life, and the environment is rarely brought 
to mind: we don’t think “polluting coal combustion” as we flick 
on a light switch, and a refuse chute or garbage bin doesn’t 
summon images of vast landfills.

There are direct but not readily visible correspondences 
between ecosystem services and human-made systems. Water 
filtration and treatment are analogous to the natural ground 
infiltration that supplies aquifers and reservoirs, and also to the 
purification accomplished by wetlands. Incinerating waste or 
relegating it to a landfill are imperfect counterparts to natural 
microbial decomposition. And when we “generate” energy, we 
are essentially releasing the solar power stored in biomass.

As the unparalleled costs associated with the hurricanes of 
the past decade demonstrate, we suppress or deny the inter-
dependence of constructed systems, as well as their combined 
reliance on natural systems, at our peril. An evolving post-indus-
trial viewpoint—one that reflects the holistic perspective asso-
ciated with sustainability—emphasizes interconnectedness 
rather than separation. From this perspective, the constructed 
world is nested within the natural one and depends on its 
health and productivity. Natural ecosystems and human-made 
infrastructures are not simply a universe of discrete objects but 
rather are vital working parts embedded in networks that share 
energy, matter, and information.

When we move from an industrial to a post-industrial 
worldview, the question is no longer “How can we direct 
nature?” but “How can we capitalize on the connectedness of 
our critical systems to nature and to each other?”22 What if, for 
example, the services provided by power plants, sewage treat-
ment plants, and other elements of infrastructure were based 
on an ecological model of interdependency, instead of an indus-
trial model of segregation?
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Infrastructural Ecology

Nature’s operating patterns depend on integration rather than 
segregation of functions. We know, for example, that planting 
legumes near other crops may eliminate the need for chemi-
cal fertilizers; that spacing tree rows so that certain companion 
crops can be grown under and between them maximizes yield; 
and that planting nut-producing trees among wheat, soy, or 
other crop rows helps to protect against wind and to stabilize 
topsoil. These examples, drawn from the discipline of permacul-
ture, have an analogy in the realm of infrastructure: as we begin 
to recognize the beneficial links among infrastructural systems, 
we can capitalize on the efficiencies that emerge when shared 
components perform more than one function, or when energy, 
water, or waste is exchanged among them. Collectively, such 
synergies may lower carbon emissions, save resources, reduce 
or eliminate waste, and provide auxiliary civic benefits.

As David Holmgren, one of the founders of the practice of 
permaculture, has observed, “Integration of previously seg-
regated systems appears to be a fundamental principle driv-
ing post-industrial design.”23 Such integration is at the root 
of infrastructural ecology. Like the discipline of permaculture, 
infrastructural ecology takes its cue from the way that nature, 
when left undisturbed, already works: by optimizing the flows 
of resources and information in ways that are specific to the 
environmental context. For example, biotic systems—relying 
solely on energy gathered from the sun—“cascade,” or pass 
along energy, water, and nutrients in a closed-loop arrange-
ment that leaves no residual waste.

The term industrial symbiosis was coined in the late 1980s to 
describe innovative ways to locate energy infrastructure, indus-
try, and other commercial entities together for mutual benefit. 
The classic example of the “eco-industrial park,” established in 
Kalundborg, Denmark, in the 1960s and 1970s, resulted from 
a collaboration among public and private entities driven by a 
common interest: to optimize energy and resource use (fig. 1-2). 
Kalundborg’s hub is a coal-fired power plant whose waste heat 
warms greenhouses, a fish farm, and 3,500 homes. The power 
plant shares surplus steam with an oil refinery and a pharma-
ceutical company, eliminating heat pollution from the receiv-
ing waters. Fly ash scrubbed from the power plant’s waste stack 
replaces two-thirds of the virgin gypsum that would otherwise 
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be needed to manufacture sheetrock in the factory next door. 
Waste nutrients from the pharmaceutical plant feed a local 
pig farm, and waste from the fish farm is used locally as crop 
fertilizer. This web of waste reduction and reuse (22 separate 
exchanges as of 2011) generates new revenues for the partners, 
whose $60 million investment in the exchange infrastructure 
has produced $15 million in annual savings. Annually, moreover, 
CO2 emissions are reduced by 64,460 tons, and 3.9 million cubic 
meters (137.7 million cubic feet) of water were saved.24

Kalundborg’s mutually beneficial exchanges provide a 
model for what will be referred to here as post-industrial infra-
structural systems. This term highlights new ways of thinking in 
which constructed systems are continuous with and dependent 
upon natural systems and upon each other, and hegemony over 
nature is not assumed. A post-industrial outlook also implies 
less emphasis on things and more emphasis on relationships; 
greater attention to reciprocity between systems; more contex-

Figure 1-2. Kalundborg Symbiosis, Kalundborg, Denmark. (Adapted from Jacobsen 2006,  
Domenech and Davies 2011.) 
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tual, or “situated” knowledge; and, ultimately, more-adaptable 
regulatory institutions.

The End of the Industrial Paradigm

The critical infrastructural services that form the backbone of 
the US economy are largely a product of the modern industrial 
epoch. But these “legacy systems” are associated with a broad 
array of challenges. First, because a significant majority of the 
urban infrastructural systems in the US have deteriorated in 
performance or are nearing the end of their useful life, they 
will require costly replacements or upgrades. Second, carbon- 
and chemical-intensive facilities and processes pollute our air, 
water, and soil. Third, urbanization pressures require the expan-
sion of existing facilities or the addition of new ones—but pub-
lic awareness of the potential for associated encumbrances and 
harms (as well as public disappointment with past practices) 
have made the selection of appropriate sites increasingly dif-
ficult. Finally, legacy structures and services have proven vulner-
able to extreme weather, storm surges, flooding, and drought, 
and scientists predict that we will see an increase in the fre-
quency and intensity of these natural events due to a changing 
climate. Posing an even greater risk to the systems, perhaps, are 
the entrenched ways that we think about them. By separating 
naturally interdependent infrastructural systems into discrete, 
self-contained regimes, we amplify vulnerabilities while fore-
going efficiencies, cost savings, and other valuable dividends.

In 2000–2001, Californians endured multiple large-scale 
blackouts precipitated in part by drought and heat waves, and 
in part by energy traders’ manipulations of electricity prices. 
The resulting disruptions in the production and distribution 
of oil and natural gas caused major losses in Silicon Valley and 
in metallurgy-dominated economies in the northwestern part 
of the state.25 When the power outages triggered by Hurricane 
Katrina shut down petroleum pipelines on the Gulf Coast, 
nearly 10 percent of the US supply was affected, and the eco-
nomic effects rippled throughout the US economy.26 In 2007, 
a severe drought emptied the hydroelectric dam on Ecuador’s 
Paute River, causing rolling blackouts in Quito, Guayaquil, and 
other major cities.27 In 2010, during the hottest July on record 
in New Haven, Connecticut, increases in water demand, both 
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for irrigation and for the cooling towers of power plants and 
other buildings, boosted the flow rates in water mains, which 
scoured the sediment from water piping and yielded discon-
certing (though still usable) muddy brown tap water.28

How can our complex, increasingly interdependent utili-
ties continue to support a rapidly urbanizing world, subject 
to both carbon constraints and the impacts of a destabilizing 
climate? How might these critical technical networks be rei-
magined, to be made more efficient, less environmentally dam-
aging, and more resilient? Such questions are at the heart of 
the approaches and initiatives explored in this book. With a bet-
ter understanding of the connections and potential synergies 
among different services, we can not only reduce inadvertent 
disruptions but also take advantage of constructive exchanges, 
thereby achieving crosscutting benefits and lower costs—in 
short, optimizing the whole. To continue to provide lifeline ser-
vices, we must undertake such optimization much more effec-
tively than we do now.

Organization of This Book

The alternative paradigm proposed in this volume calls for 
more diversified, distributed, and interconnected infrastruc-
tural assets that simulate the behavior of natural systems. At 
their best, such systems are based on five key principles:

1. Systems should be multipurpose, interconnected, and 
synergistic.

2. Infrastructure should contribute few or no carbon emis-
sions.

3. Infrastructure should work with natural processes.
4. Infrastructure should improve social contexts and serve 

local constituencies.
5. Infrastructure should be resilient and adapt to predicted 

changes brought about by an unstable global climate.

The chapters that follow highlight each of these character-
istics in turn (climate resilience is addressed in two chapters); 
the concluding chapter considers policy approaches to the 
development of next-generation infrastructure. Although the 
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projects illustrating a given principle in each chapter also have 
other attributes associated with post-industrial development, 
they were selected because they are particularly compelling 
examples of that chapter’s principal focus.

Chapter 2, “Toward Infrastructural Ecologies,” illustrates the 
economies of scale, energy efficiencies, reductions in waste 
output, and other dividends that can be achieved when proj-
ects are colocated and designed to capture synergies and to 
fulfill more than one function. The projects examined in chap-
ter 3, “Greening Heat and Power,” have diversified the energy 
mix by leveraging nearby biomass, geothermal heat, landfill 
gas, or waste combustion, or by locating utilities adjacent to 
renewable-energy sources or “sinks.” By distributing power 
generation—and thereby reducing transmission losses—such 
approaches can also help us move in the direction of a “smart 
grid,” in which consumers who are also producers help control 
energy demands, maximize energy efficiencies, provide backup 
power, and improve the overall stability of the power supply.

Chapter 4, “Advancing Soft-Path Water Infrastructure,” 
highlights projects that rely upon natural or bioengineered 
systems for localized water capture, cleaning, storage, treat-
ment, and reuse. These features also clean and cool air, digest or 
detoxify waste, and bolster biodiversity. By rejuvenating natural 
systems, such initiatives may also help offset other losses glob-
ally. Chapter 5, “Destigmatizing Infrastructure,” focuses on the 
social context of technical networks, suggesting how multiple 
services might be beneficially integrated into both the fabric of 
neighborhoods and the broader cultural landscape. Chapters 6 
and 7, “Creating Resilient Coastlines and Waterways” and “Com-
bating Water Stress and Scarcity,” focus on multipurpose assets 
specifically designed to cope with events such as storm surges, 
inland flooding, water scarcity, prolonged drought, and extreme 
heat. “Ways Forward,” the final chapter in the book, suggests 
that in the absence of a national infrastructure agenda, enlight-
ened and proactive state and local officials, developers, and a 
concerned public can leverage existing policy tools and invest-
ment vehicles to create “future-proof” public works.

In the United States, energy, water, communications, and 
transportation command an estimated 69 percent of total 
energy consumption;29 further, they contribute more than 50 
percent of US greenhouse-gas emissions.30 They also leave 
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behind uncountable tons of chemical residue as well as organic 
and inorganic waste that must be assimilated. According to a 
2010 study conducted by the World Wide Fund for Nature, “busi-
ness as usual (BAU)”—that is, continuing to invest in carbon-
intensive, environmentally-taxing development—is likely to 
double carbon emissions in just three decades.31 Given the typi-
cally long life of infrastructure investments, BAU will commit 
us to environmental harm for decades to come. Investments 
in lower-carbon, more environmentally benign structures and 
services, in contrast, will reduce or offset environmental dam-
age over the useful life of those investments. Thus, decisions 
made today will determine whether we remain on the path of 
environmental degradation or begin living within our planetary 
means.32

While nature relies on the self-organizing affinities of 
healthy ecosystems, our efforts will need to be driven by a 
self-conscious design process. David Holmgren suggests that 
our cultural predisposition “to see and believe in predatory 
and competitive relationships, and discount cooperative and 
symbiotic relationships” has led us to isolate and optimize the 
parts, and thereby discount the potential yield of cooperative 
relationships.33 If we were to deliberately design our systems to 
mimic natural ecosystems, what key principles would such sys-
tems possess? This book proposes five bold organizing objec-
tives that, in the hands of decision makers and designers, will 
help bring about a future of multipurpose, low-carbon, resilient 
infrastructure that is tightly coordinated with natural systems, 
well integrated into social contexts, and capable of adapting to 
a changing climate.

Although the examples discussed in subsequent chapters 
vary widely in their complexity (some benefit from simple 
adjacency, whereas others are enmeshed in tightly woven, 
synergistic webs), all of them move beyond compartmental-
ized practices and reflect heightened sensitivity to economic, 
environmental, and social contexts. By taking advantage of the 
potential for resource exchanges across different infrastruc-
tural systems, these progressive projects improve efficiency, 
reduce costs, and yield meaningful social dividends. Such holis-
tic, systems-oriented initiatives offer promising approaches for 
moving planning, regulatory, investment, and operating poli-
cies toward higher ground.
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Hope for the Future

Within three days after the collapse of the I-35W bridge, Con-
gress had funded a new structure, and the Minnesota Depart-
ment of Transportation quickly selected a project management 
team and initiated an accelerated approach to construction 
procurement. The St. Anthony Falls Bridge, the replacement 
for the collapsed structure, was designed and built in less than 
nine months—record time.

The new bridge (fig. 1-3), which opened to great fanfare on 
September 18, 2008, demonstrated that America has not yet 
lost its historic prowess in producing forward-looking pub-
lic works. Designed to accommodate multiple transit modes, 
including future bus and rail lines, the bridge was also conceived 
with energy and greenhouse-gas-emission reductions in mind. 
The concrete structure incorporates waste material from the 
previous bridge and residual products from coal-fired power 
plants, offsetting the amount of energy-intensive cement used 
in construction. Ornamental elements feature a new product: 
a self-cleaning cement that decomposes air pollutants and 
abates noxious gases. New LED (light-emitting diode) lighting 
reduces annual energy consumption by 15 percent and requires 
re-lamping only every 15 years.

Other next-generation enhancements include “smart 
technology” that provides real-time monitoring of both the 

Figure 1-3. View under the recon-
structed St. Anthony Falls Bridge, 
under nighttime illumination, 
Minneapolis, Minnesota. (Cour-
tesy of Collin Anderson.)
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bridge’s structural components and its operations. In an effort 
to address the increasing frequency of severe meteorological 
events, the bridge also features an anti-icing system and signs 
that automatically report adverse conditions.

Both bridge users and the community at large participated 
in the planning process, weighing in on design decisions and 
various approaches to integrating the structure into the river 
landscape. Participants in public meetings and workshops 
chose native local stone and vivid ornamental lighting. Hand-
some viewing platforms enhance the visitor’s experience of 
the river, and the bridge design accommodates the future con-
struction of a separate carriageway for walkers and bikers that 
will connect to trail systems on both sides of the Mississippi. 
Schoolchildren installed their own handmade commemorative 
mosaic tiles on one of the bridge abutments. 
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2. Toward Infrastructural  
 Ecologies: Interconnected,  
 Multipurpose, and  
 Synergistic Systems

Completed in May 2007, the 9.7-km  
(6-mi.) Storm Water Management and Road Tunnel 

(SMART), in Kuala Lumpur, Malaysia—a densely developed city 

of 1.6 million—marries two seemingly incompatible uses. Most 

of the time, the tunnel diverts automobile traffic from the  

congested central business district, reducing travel time by as 

much as 75 percent (and reducing the associated air pollution 

from vehicles otherwise idling in traffic jams.)1 During heavy rains 

H.Brown, Next Generation Infrastructure: Principles for Post-Industrial Public Works,
DOI 10.5822/ 978-1-61091-202-0_2, © 2014 Hillary Brown
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the tunnel also serves to retain stormwater from the flood-
prone areas downtown. The tunnel’s 3-million-cubic-meter 
(105.9-million-cubic-foot) storage capacity diverts up to 90 per-
cent of stormwater in a heavy storm.2

The structure has three modes: during a light rainfall, no 
water is diverted into the tunnel, and traffic continues to flow; 
during moderate storms, water is directed into the tunnel’s low-
est section; during the heavy storms that occur once or twice 
annually, vehicles are evacuated and all sections of the tunnel 
receive floodwater. Within 48 hours, driven by gravity, most of 
the water will recede; pumps evacuate the remainder. The tun-
nel is desilted, washed down, and returned to its vehicular use.3 
Thanks to sophisticated controls, SMART can rapidly transform 
its operating conditions to whatever mode is required, and 
thereby protect the city from inundation.

The value-added component of the motorway made the 
behemoth stormwater diversion project feasible. One proj-
ect with two functions costs less, uses fewer resources, and 
is generally less disruptive than two separate projects. In this 
instance, the vehicular use pays its own way: much of the con-
struction cost is being recovered through toll collection.4 The 
SMART project was included in the 2011 UN Habitat “Scroll of 
Honor” for its innovative and resource-savvy solution to mul-
tiple urban problems.5

Whereas the legacy of industrial-era infrastructure is one 
of independent, single-purpose assets and “non-reimbursed,” 
or one-way flows, post-industrial solutions are modeled on the 
multifunctional, closed-loop exchanges characteristic of natu-
ral ecosystems. This chapter offers insight into the why and 
how of such systems. The featured examples were selected 
because they exemplify the first principle of the post-industrial 
paradigm: systems should be multipurpose, interconnected, 
and, ideally, synergistic.

At the most basic level, connected projects may simply be 
in close physical proximity. In such forms of colocation, two dis-
similar entities achieve economies by efficiently sharing space 
or structure, though they do not significantly interact. The key 
assets and distribution networks of public works and utilities 
typically occupy segregated, dedicated space or easements, 
above or below grade. Colocation affords efficient use of real 
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estate by bringing together unrelated but compatible func-
tions in one locale, typically at a combined construction cost 
that is lower than the sum of the individual outlays would have 
been.

“Coupled” projects are those whose spatial proximity allows 
one system to make use of the productive or distributive func-
tions of another, minimizing the resources leaving the system. 
Coupled projects may not only cross sectors (e.g., power, com-
munications, and transportation), but may also cover a range of 
jurisdictional scales: from a neighborhood to a city to a region. A 
waste-to-energy plant located in Hiroshima, Japan, for example, 
generates electricity for the urban grid, shares its waste heat to 
warm a nearby recreation center (including a swimming pool), 
and incorporates a regional visitors center that highlights the 
benefits of waste reduction.6 (Coupled projects are discussed 
later in the chapter.)

Examples of Simple Colocation 

Across the United States, urban transportation departments 
must continually grapple with the disruptions that occur when 
various utility companies jackhammer their way into the tangle 
of water pipes, sewage and gas mains, electric cables, steam 
tunnels, and phone and telecommunications cables lying 
beneath public rights-of-way.7 At its simplest, joint trenching 
means using a single ditch, instead of separate trenches, to 
accommodate multiple utilities. Upfront coordination not only 
reduces installation and maintenance costs but decreases the 
space requirements in the right-of-way. The city of Tallahassee, 
Florida, which began using joint trenches in 2000—primarily 
to service large, newly planned communities—has also found 
that joint trenches minimize environmental impact (because 
they require fewer surface cuts) and improve worker safety.8

Common utility ducts (also called “utilidors”) improve upon 
joint trenches. These are usually made of metal or concrete, are 
typically insulated in cold climates, and are placed either above 
or below ground. They have shared, easy-to-find access points. 
Examples abound in Japan, but common utility ducts can also 
be found in the new Poundbury Village settlement, in the 
United Kingdom,9 and in Bremen, Germany, where the ducts 
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are located under bikeways or footpaths. Singapore’s subgrade 
“common services tunnel” combines telecom cables, power 
lines, water and wastewater infrastructure, and district cool-
ing—and also includes pneumatic refuse-collection pipes. Wet 
utilities are segregated from dry.10 This type of duct is designed 
for ease of maintenance and expansion, as well as for utility 
protection during natural disasters. In the United States, the 
ducts have been deployed in Florida’s Disney World in the form 
of underground service tunnels.11

Utilidors were pioneered in Taipei, Taiwan, in the mid-1990s, 
where they were colocated with the city’s rapid-transit line. One 
such project, which cut typical construction time by six months, 
also saved NT$44.64 million for the Taipei city government 
through its single, spatially efficient, one-time coordinated con-
struction.12 Because of their higher initial costs, utilidors have 
been underutilized, but those now in use illustrate the multiple 
benefits of simple infrastructural colocation, including maxi-
mizing the use of subsurface space, decreased construction 
and maintenance costs, minimal traffic disruption, and simpli-
fied access for repairs.

Another example of simple colocation is the photovol-
taic noise barrier (PVNB). These are typically grid-connected 
solar-panel arrays, which are mounted to the sound barriers 
often erected to shield nearby communities from the noise 
of railways or highways. Like building-integrated solar-power 
applications, PVNBs save material and construction costs by 
piggybacking on existing structures. Since the late 1980s, these 
opportunistic colocations have been successfully producing 
electricity for the grid while deflecting noise away from homes 
and other occupied areas. The structures achieve economy of 
scale and save real estate, as both functions are sited within 
the transportation easement; the arrangement also supports 
servicing, as both systems can be cleaned and serviced by one 
set of maintenance vehicles.13

A large-scale, 220-kilowatt (kW) grid-connected system 
with 2,000 square feet of PVNB, located along the A9 highway 
near Ouderkerk aan de Amstel (Amsterdam, the Netherlands), 
produces some 176 megawatt-hours (MWh) of electrical power 
annually. Another example is the 5,035-square-meter (1.2-
acre) PV/sound barrier along a 1-km (about 0.6-mi.) length of 
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a motorway near Trento, Italy, which brings noise levels in the 
adjacent municipality of Isera into compliance with codes. Its 
peak power rate of 730 kW meets the annual energy demand 
of 600 people, which reduces CO2 emissions by more than 420 
tons, and decreases day- and nighttime noise levels by 10 deci-
bels (dB).14

Another installation is a hybrid: the glass surfaces of the 
PV arrays deflect sound, eliminating the need for a separate 
acoustic barrier. East- and west-facing PVNBs installed along a 
motorway viaduct near Zurich, Switzerland, offer yet another 
advantage: a back-to-back configuration that redirects sound 
waves. Moreover, exposure to morning and evening sun effec-
tively doubles electricity production, putting the yield on par 
with that of the more typical, south-facing installations.15

A 2005 study of existing and planned transportation infra-
structure concluded that photo-voltaic noise barriers, extend-
ing the total length of appropriately oriented roads and rails, 
could produce as much as 5–6 percent of the electricity needed 
for the European Union.16 In increasingly congested cities and 
along suburban routes where sound protection may become 
imperative, it would be advisable to begin planning for inte-
grated PVNB systems as part of major roadwork upgrades or 
new construction currently under way. 

Utilities have been known to take the high road, conjoined 
with transportation bridges across water bodies. Bangladesh’s 
Bangabandhu Bridge, for example, forged a vital conduit 
between the eastern and western halves of that nation, which 
had long been separated by the Jamuna River. Completed in 
1998, it supports an uninterrupted international road and rail 
link between Southeast Asia and northwestern Europe.17 Before 
the bridge was constructed, two studies—one for a combined 
rail and road bridge, and another for a separate gas pipeline 
link—revealed that neither project was economically feasible 
on its own. Today, these functions are combined in a multipur-
pose structure that also conveys high-voltage and telecommu-
nication cables.18

The Enneüs Heerma Bridge (fig. 2-1), which connects 
Amsterdam with a new urban development on the neighbor-
ing island of IJburg, consists of five spans suspended between 
two graceful arches. The bridge accommodates two lanes of 
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vehicular traffic, two tramlines, two bicycle lanes, and pedes-
trian footpaths, while also carrying pipelines for water, sewage, 
and other public utility services between island and mainland.

The energy sector and the information and communications 
technology (ICT) sector offer a number of intriguing examples 
of cross-sector couplings. Wind streams are inherently variable 
in velocity and direction—and, as US use of wind energy scales 
up, greater precision is needed for measuring and predicting 
wind patterns. Strategically placed wind sensors can yield fore-
cast data, allowing electricity-system operators to optimize 
wind energy’s contribution to the electric grid.

In Texas, sensors developed by Onesemble, a wind data 
provider, have been placed on cell phone towers at heights of 
80–100 meters (262–328 feet)—where most turbine blades 
rotate. The network of 100 sensor hubs tracks wind speed, direc-
tion, and temperature for nearly 95 percent of the wind farms 
in Texas, providing the Electric Reliability Council of Texas, an 
independent operator that manages 85 percent of the state’s 
electric load, with six predictions per hour.19

The ubiquitous electrical substation—housing transform-
ers, switchgear, metering, and other equipment—typically con-
verts high-transmission voltage to levels appropriate for local 
distribution. Substations are frequently housed at grade in 
security-fenced enclosures, or underground, or within special-
purpose buildings (particularly in cities, where these mostly 
unmanned substations are treated as infrastructural pariahs, 

Figure 2-1. Enneüs Heerma Bridge (with tram) between Amsterdam and Island of IJburg, the Netherlands. 
(Courtesy of S. Sepp.) 
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given the not-unreasonable public concerns about noise, elec-
tromagnetic emissions, and unsightliness).

In an approach that is more common outside the United 
States than within, high-voltage electrical substations have 
been integrated into buildings or other complexes.20 Contain-
ment generally eliminates the objectionable noise from trans-
formers; controls effluents that may result from any equipment 
spills; increases resilience to flooding, climate stress, and seismic 
activity; and eliminates redundant excavation and foundations. 
Moreover, innovations in gas-insulated substation technology 
and highly integrated switchgears may be able to reduce space 
requirements for substations by as much as 30 percent.21

In Japan, substations are commonly concealed beneath 
other structures. Tokyo Electric Power Company’s Higashi-Uch-
isaiwai-cho Substation, for example, sits five levels (100 feet) 
beneath three tiers of subsurface parking, an at-grade com-
mercial facility, and 22 residential floors. In another example, an 
unusual one, Chubu Electric constructed a substation beneath 
a parking lot near Meijo Castle, a seventeenth-century Nagoya 
landmark. In a useful synergy, an above-grade ornamental 
fountain, added to help cool the electrical equipment, also can-
cels mechanical noise.

The Haymarket bulk-power substation in Sydney, Australia, 
is a multi-tiered example located in the dense central business 
district. Its components are integrated into a shopping complex: 
some parts are above the publicly occupied areas, but most 
of the primary equipment is situated below an underground 
parking structure.22 In St. Gallen, Switzerland, a two-story sub-
station is sited completely invisibly beneath Breitfield Soccer 
Stadium.23 London substations are sometimes located beneath 
public parks or sidewalks.

In many US cities, substations are categorized as nuisances 
and are therefore confined by zoning laws to industrial or man-
ufacturing districts (or, in the case of very small substations, to 
commercial districts). With the decline of their manufacturing 
base, however, many cities are rezoning—and foregoing manu-
facturing (“M”) designations on much of their real estate. At 
the same time, neighborhood demands for electrical power are 
increasing, and real estate prices are rising—making the loca-
tions of new substations problematic. Were it not for zoning 
interdictions, the logical answer would lie in colocation—that 
is, stacking substations with other compatible facilities.24



24  |  Next Generation Infrastructure

A rare US example—one grandfathered in (inside a 1967 
building that was destroyed on September 11, 2001)—is the 
rebuilt substation that powers much of Lower Manhattan. 
Today it occupies four stories within the eleven-story concrete 
bunker that makes up the base of the new Seven World Trade 
Center office tower.25 Housing three 20-foot-tall transformers 
(with room for up to ten more), the substation is inside a plinth, 
artfully concealed by stainless steel panels with integrated lou-
vers that allow for ventilation. It provides 40 megawatts (MW) 
of electricity and has the capacity to meet the growing power 
demand anticipated for a reconstructed and expanded Lower 
Manhattan.

In another rare example of substation colocation in the 
United States, a public utility—after extensive community 
input and involvement—sited two 50-MVA (megavolt-ampere), 
sixty-nine 12-kV (kilovolt) transformers deep within a hillside 
of a high-income residential area in East Anaheim, California. 
This subterranean, gas-insulated facility, the first of its kind in 
the United States, serves 25,000 residents and operates virtu-
ally noiselessly beneath a two-acre neighborhood park. The 
$19.5-million project may serve as a prototype for other utilities, 
not only in California but across the nation.26

Colocating infrastructure with other land uses can bring col-
lateral benefits, including reduced costs for equipment, access 
roads, and utilities, and sometimes for direct power provision. 
Agriculture and wind generation coexist quite compatibly, for 
example; wind farms have become increasingly prevalent on 
lands long dedicated to agriculture or the grazing of livestock. 
Wind energy, of course, has been used historically, as in the 
Netherlands, for milling grain, or for draining and maintaining 
farmland.27

Conflicts arising from shared use are usually manageable 
or can be mitigated. These include the sacrifice of some pro-
ductive land to accommodate the towers supporting the tur-
bines and interconnecting roads and transmission lines for 
industrial-scale wind operations. Other reparable concerns 
include erosion or other damage resulting from wind turbine  
construction.28

Community-scale wind farms are excellent examples of colo-
cation across different sectors. In these installations, planned 
with local input and/or farmer-ownership or lease agreements, 
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power feeds back into agricultural operations while most is 
sold to the grid. The Minwind projects near Luverne, Minne-
sota, are among the first farmer-owned turbines (2004) to 
take advantage of US Department of Agriculture renewable-
energy grants. Involving more than 200 local investors, the 
farming cooperative secured long-term power-purchase and 
interconnection agreements with Xcel Energy. In addition to its 
dual yields, the project’s multiple benefits include diverse local 
employment opportunities and an increase in the local tax  
base.29

On the west coast of Australia, north of Perth, the Alinta 
Walkaway wind farm is one of that country’s largest wind-
energy complexes. Its 54 turbines supply 90 MW of power 
to approximately 60,000 homes, reducing carbon dioxide 
emissions by 400,000 tons annually (equivalent to remov-
ing 80,000 cars from the roads). A major tourist attraction, 
the development also includes a nearby 35-hectare conserva-
tion park, a visitors center, and a viewing platform.30 Optimally 
spaced turbines across open farming country may be compat-
ible with both broadacre crops (e.g., cereals, oilseeds, sugarcane, 
legumes, hops, cotton, hay, and silage) and stock grazing. With 
the roadbeds for turbine access integrated into the farm’s exist-
ing track network, and internal power cables placed at a depth 
to allow cropping over the top, typically less than 1 percent of 
farmland has been appropriated.31

Brazil stands to become the fifth largest wind-energy pro-
ducer globally. Intensive investments in wind energy have been 
made in the country’s northeast area specifically to rebalance 
its energy mix. A decade ago, Brazil’s dependency on hydro-
power (91 percent of installed capacity) precipitated an energy 
shortage and a related economic crisis when this section of 
the country was struck by drought. Here, development of wind 
farms has been strategically synergistic in two ways: first, in 
Brazil wind power is accepted as highly compatible with both 
agriculture and ranching, and private wind developers contrib-
ute land-lease payments to this rural agricultural sector. Sec-
ond, wind power’s potential is greatest during the annual dry 
season, when wind speeds are at their peak, whereas hydro-
power is then at its lowest ebb.32

Like land-based installations, offshore wind farms offer 
opportunities for colocation with other activities, including 
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fisheries (aquaculture in particular) and maritime traffic. As of 
September 2013, 520 MW of offshore wind capacity was being 
connected to Germany’s grid, but by 2030 the Federal Govern-
ment hopes to reach a North Sea capacity of 25,000 MW.33 
With aquaculture one of the world’s fastest-growing food-
production sectors, experts have been reviewing the possibili-
ties for combining and coordinating these emerging industries 
in multipurpose marine areas. Initial studies have proven the 
biological and technical feasibility of using the groundings of 
these turbines as armatures for cultures of mussels and sugar 
kelp.34 A partnership could benefit both groups through the co-
management of operations and maintenance: for example, the 
sharing of maritime offshore infrastructure (logistics platforms, 
vessels), as well as general maritime skills and knowledge. With 
the right regulatory policies in place, along with proactive 
administration of the industry interfaces, both sectors could 
reap the economic efficiencies of combined use.35

Underground Wastewater Treatment in Barcelona

Barcelona’s Besos Wastewater Treatment Plant is a uniquely 
creative example of colocation. This seaside city has a unitary 
sewer system (combined sewage and stormwater). By the late 
1980s, Barcelona’s regional rivers were among the most pol-
luted and degraded in Western Europe. After the 1991 Euro-
pean Union directive on urban wastewater, the municipality 
undertook comprehensive upgrades of its water treatment 
infrastructure, including the Besos Plant. Improvements to 
the plant were implemented as part of a 40-hectare urban 
renewal project. The urban renewal site encompassed Bar-
celona’s old industrial waterfront, Porta Vell. What is now 
known as the Barcelona Forum is a 74-acre, world-class har-
bor development featuring restaurants, a commercial cen-
ter (the Maremagnum), Sea World, an IMAX theatre, luxury 
hotels, a concert arena, a convention center, and a public 
square—all connected via a pedestrian bridge across an 
upgraded marina to Las Ramblas, the city’s major tree-lined 
pedestrian corridor. Barcelona used EU and local public-sector 
funding to leverage private investment, a familiar technique 
today but less common 15 years ago, when the project was  
undertaken.
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Before the upgrade and expansion of the plant, residents 
and tourists had suffered from the noxious odors of hydro-
gen sulfide and ammonia that were being discharged into 
the water. Barcelona’s Ministry of the Environment dealt with 
the harbor’s space limitations by constructing the plant com-
pletely underground. The new, 920,000-square-foot facility sits 
directly beneath the premium space of the Forum, and treats 
more than 70 percent of the wastewater from Barcelona and 
the surrounding towns—more than two million people. It was 
the plant’s positioning beneath a prestigious public venue 
that intensified the demand for absolute odor control, which 
is accomplished, by a combination of physical and chemical 
means, through the use of absorptive media in the ventilation 
system.36

When it comes to integrating freight transportation modes 
(e.g., sea to rail to truck), multinational corporations have 
largely led the way—developing seamlessly integrated logistics 
systems, using consolidated, single-contract service providers, 
and promoting packaging infrastructure such as containeriza-
tion.37 Internationalized markets have also helped foster the 
integration of transportation modes. Maritime ports—includ-
ing Vancouver, Canada; the Port Authority of New York and New 
Jersey; Rotterdam, the Netherlands; and Hamburg, Germany—
are working to integrate shipping facilities and container, train, 
and trucking yards to enable cargo to move more smoothly 
from one conveyance to another; some ports are even linked 
to airports.

An intermodal (also called multimodal) approach to trans-
portation is as transformative an idea for moving people as 
it is for moving goods. In addition to improving connectivity 
between various forms of transportation, such an approach has 
the added advantage of reducing the environmental impacts 
associated with the unimodal infrastructure of heavily used 
highways, rights-of-way, and parking lots. Ultimately, intermo-
dal complexes can help shift investment away from the con-
struction and repair of roadways, and toward features that 
support public transit and nonmechanical modes of transpor-
tation: sidewalks, pedestrian amenities, bike routes, and bike-
storage facilities.38

The US federal government’s recognition of the efficiencies 
associated with multimodal public transportation can be seen 
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in the 1991 passage of the Intermodal Surface Transportation 
Efficiency Act (ISTEA). A 1994 report by the National Commis-
sion on Intermodal Transportation cited the following benefits:

(1) lowering overall transportation costs by allow-
ing each mode to be used for the portion of the trip 
to which it is best suited; (2) increasing economic 
productivity and efficiency, thereby enhancing the 
Nation’s global competitiveness; (3) reducing con-
gestion and the burden on overstressed infrastruc-
ture components; (4) generating higher returns from 
public and private infrastructure investments; (5) 
improving mobility for the elderly, disabled, isolated, 
and economically disadvantaged; (6) reducing energy 
consumption and contributing to improved air qual-
ity and environmental conditions.39

Today’s transportation hubs are perhaps the best exam-
ples of the shift away from the capitalization of single-mode 
infrastructure in favor of integrated, multimodal assets. The 
key attributes of such facilities are (1) convenient connectiv-
ity between rail, bus, and air, and (2) safe links to auto parking, 
cycling, and other pedestrian amenities. Travel schedules, tick-
eting, and information are integrated through logical connec-
tions between trip origins and destinations—allowing broader 
service choices as well as greater comfort and convenience, 
and potentially luring travelers away from private vehicles and 
toward public transit.

 Through its Multimodal Discretionary Grants (TIGER) Pro-
gram, the 2009 American Resource and Recovery Act is help-
ing to fund numerous mixed-use, intermodal ventures. Cities 
including St. Paul, Minnesota; Normal, Illinois; and Kent, Ohio, 
are constructing urban hubs that support more-seamless 
transfer between different modes of travel, save travel time, 
and reduce greenhouse-gas emissions, while in many cases 
eliminating redundancies in facilities.

The City of Raleigh, North Carolina, will use a $36.5-million 
TIGER grant matched by $6 million from its own coffers and $9 
million from North Carolina’s Department of Transportation 
to repurpose a former warehouse in the west end of its down-
town into a regional multimodal transit station. The facility will 
incorporate waiting areas, mixed use, and civic space for cur-
rent and future demand for intercity passenger rail, commuter 
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rail, light rail, city bus, regional bus, taxis, bicycles, and other 
transportation modes. Designs feature a grand pedestrian 
plaza and a large stormwater park adjacent to the complex. It 
is expected to boost economic development in the area once it 
is completed in 2017.40

San Francisco’s Transbay Transit Center

At the 2013 ground breaking for the Transbay Transit Center 
(TTC), San Francisco’s $4.1-billion multimodal facility, shovel-
wielding officials signified the active involvement of federal, 
state, county, and local governments in the creation of this 
infrastructural showpiece. Celebrated as a “project of national 
significance” by Congresswoman Nancy Pelosi,41 the TTC is an 
intermodal facility situated within a mixed-use, multi-tiered 
13-tower complex that will reshape the city skyline. Part of the 
San Francisco Redevelopment Agency’s plan for a refurbished 
South of Market financial district, the project is the centerpiece 
of San Francisco’s broader strategies to reduce sprawl, green-
house-gas emissions, and heat islands; bolster environmental 
quality; and stimulate local economic growth.

Currently the best embodiment of US efforts to shift away 
from single-mode solutions at a dense urban scale, the TTC rep-
resents a new kind of compound asset, one that originates in 
collaboration between multiple planning and operating agen-
cies, and also reflects a team approach to land-use decision 
making and complex spatial problem solving. When completed 
in 2017, it will exemplify the strategic use of intensified real 
estate development to generate a funding stream capable not 
only of supporting transportation infrastructure development 
but also achieving additional societal benefits both locally 
and regionwide. Proceeds from development of the adjoining 
parcels will help finance the hub, which is designed to stitch 
together 11 existing transportation systems, and funding 
requirements ensure that the terminal and extensions are con-
structed as a single, integrated project.42 As a holistic engine 
of redevelopment, the full, three-phase build-out of this plan is 
predicted to increase the gross regional product of the Bay Area 
by $80 million.43

The project, which was in its early construction phases at 
the time of writing, is the offspring of a generations-old policy. 
In 1973, the San Francisco Board of Supervisors passed the Tran-
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sit First resolution, which discouraged freeway development 
and assigned priority to public transit. The TTC is an outstand-
ing example of one of the goals of ISTEA: “to reduce energy 
consumption and air pollution while promoting economic 
development.”44

Thanks to the Muni and BART municipal light-rail systems, 
the San Francisco Bay Area enjoys a strong public transporta-
tion network, but many outlying suburbs are still largely auto 
dependent. The project replaces a more than 70-year-old ter-
minal that was already a toll-financed, multimodal destination. 
In the early 1940s, commuter train services that entered the 
city via the San Francisco/Oakland Bay Bridge were eliminated 
and replaced by buses. The new center will revive these lost 
connections. It will efficiently link and expand local, commuter, 
and long-distance bus lines; rail travel; and AC (Alameda–Con-
tra Costa) Transit. It will connect to the more remotely situated 
Caltrain commuter-rail service. By offering more suburban resi-
dents convenient and direct rail access to downtown, it will take 
drivers off the road and eliminate an estimated 36,000 tons of 
carbon dioxide annually. The new center will dignify the experi-
ence of arrival, departure, and transfer among multiple modes 
on different levels, and include retail along its full-length pedes-
trian concourse one level below grade (fig. 2-2). Lastly, planned 
high-speed rail service from Los Angeles/Anaheim will add 
national intercity service to this seamless passenger exchange 
among regional operators.

A generous roof, accessible from the street level via esca-
lator or elevator, shades the sidewalk plaza. A 5.4-acre rooftop 
park that runs the full quarter-mile length of the site features 
walking paths, lawns, gardens and play gardens, ponds, an out-
door theater, restaurants, and retail. Captured stormwater will 
irrigate the greenery, which will in turn filter and cool the air, 
thus reducing the heat-island effect. Large, domed light wells 
will help illuminate the floors; provide natural ventilation 
to passively cool the complex at night; and visually unify the 
complex, helping to orient visitors. An animated public “plaza-
in-the-sky,” the living roof is the visual focal point for the sur-
rounding new towers.

The build-out of the adopted 2005 Redevelopment Plan 
is carefully coordinated through development controls and 
design guidelines. Three million square feet of office and hotel 
are coupled with 100,000 square feet of commercial retail con-
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centrated on immediately adjacent parcels. Careful placement 
of low, mid-rise, and high-rise buildings maintain sunlight in 
the public spaces below. Appropriately, this transit-oriented 
mixed-use development, equipped with bike facilities, pedes-
trian alleys, and other amenities, serves as a gateway to down-
town and revitalizes the space vacated by the bridge ramps, 
made unnecessary by the new design, that were demolished.

The San Francisco Redevelopment Agency will finance the 
TCC’s $1.59-million budget through multiple funding sources, 
including the implementation of its full plan with assistance 
from the city, state, and federal governments, using tax-incre-
ment financing, interest income, and the sale of agency bonds, 
assessments, and loans.45 The agency received a federal loan 
of $171 million from USDOT’s Transportation Infrastructure 
Finance and Innovation Act (TIFIA) and an award of $400 mil-

Figure 2-2. Cross-section rendering, Transbay Transit Center, San Francisco, California. (Project Architect: Pelli 
Clarke Pelli. Renderings courtesy of the Transbay Joint Power Authority.)
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lion in ARRA stimulus funds. Land sales valued at $429 million 
are joined with regional toll funding valued at almost $250 
million, along with contributions from AC Transit, San Mateo 
County sales tax, and San Francisco Proposition K 0.5 percent 
sales tax for public transit improvements. Further, property 
taxes allocated from the redevelopment area are expected to 
generate as much as $430,000 million in net tax-increment 
financing for the Center’s construction and operating costs at 
its anticipated opening in 2017.46

Local comprehensive plans, development regulations, and 
planned capital improvements are to be implemented under 
the aegis of the Redevelopment Agency and the Transbay Joint 
Powers Authority (TJPA).47 An unprecedented collaboration 
across Bay Area government and transportation bodies, the 
TJPA was formed to undertake the development of the Trans-
bay Transit Center.

While retaining its “primary jurisdiction,” the TJPA also 
made provisions for redevelopment input from local landown-
ers, extending preferences to businesses at the site wishing to 
remain in the project area. Years of stakeholder participation, 
overseen by the TJPA’s Citizen’s Advisory Committee, helped 
develop new urban and design objectives. The TJPA was able 
to provide technical solutions to regional transit problems by 
convening the full range of government, NGO (nongovern-
mental organization), and private entities in order to produce a 
cooperative regional transport system. It successfully overcame 
physical, financial, and community opposition, as well as envi-
ronmental constraints, by turning impediments into catalysts 
to bridge traditional modal boundaries. If all goes according to 
plan, the completed Transbay Transit Center will demonstrate 
how a complex, yet holistically conceived project can function 
better than the sum of its parts.

Coupling: Beyond Colocation

The remaining examples in this chapter highlight an ideal attri-
bute of post-industrial infrastructure: symbiotic exchanges 
across different infrastructural systems, whereby output from 
one system supports the functions of another. For example, 
waste heat from data processing can be recovered for urban 
district heating, or useable biomethane can be retrieved 
from sewage to power a large data system. Combined heat 
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and power, or cogeneration, similarly recovers the otherwise-
wasted process heat from electrical generation in the form of 
steam, which is then used for industrial or domestic (district or 
home heating) applications.

Data centers house large-scale server systems and asso-
ciated components, such as backup power supplies and tele-
communications equipment. They are prodigious consumers 
of electrical energy (the power draw for large data centers can 
be as high as tens of megawatts) and producers of waste heat, 
the elimination of which accounts for more than half of their 
energy use.48 For large organizations, data centers may repre-
sent as much as 30 percent of corporate energy consumption. 
With more than 1.5 billion people online around the world, sci-
entists estimate that the energy footprint of the Internet is 
growing by more than 10 percent annually.49 Measured by the 
US Environmental Protection Agency (EPA) in 2006, this sector 
consumed about 61 billion kilowatt-hours (kWh), or 1.5 percent 
of total US electricity consumption, double the rate measured 
in 2000.50

For the burgeoning information technology (IT) sector, find-
ing use-compatible sites for data centers is important, given 
their significant energy and cooling needs. A growing number 
of IT companies are examining the prospects of utilizing the 
natural conditions found in underground data bunkers—the 
surrounding thermal mass, and, in the case of some limestone 
caves, naturally flowing cold air. Cavern Technologies of Kan-
sas City, Kansas (whose motto is “We set IT in stone”), houses a 
data center 125 feet underground. In addition to the subterra-
nean protection from natural disasters or deliberate attack (the 
limestone structure is three times stronger than concrete), the 
ambient 68°F temperature significantly reduces cooling costs 
(by as much as 50 percent), enabling Cavern Technologies to 
offer services to consumers at price points significantly below 
those of competitors.51

At the world’s first 100 percent wind-cooled data center, 
operated in Billingham, United Kingdom, by Hewlett-Packard, 
fans suck cold North Sea air into the air-filtration and under-
floor air-delivery system to keep the center at about 75°F. Here, 
efficiency is compounded by the use of white walls and light-
colored server racks, which, by better reflecting light, reduce the 
need for additional lighting by 40 percent, saving about $7 mil-
lion a year. In total, the facility reduced its annual energy use 
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from 27,500 to 20,000 MWh, and its annual CO2 production 
from 17,500 to 8,770 metric tons, thus cutting its carbon foot-
print in half.52

A partnership between the IT company Academica of Hel-
sinki, Finland, and Helsinki Energia (a for-profit energy company 
owned by the city) resulted in the colocation of a new 2-MW 
data-server center. The IT infrastructure is sited underneath the 
nineteenth-century Uspenski Cathedral, an Eastern Orthodox 
landmark and a popular tourist destination. This new center, 
situated within a subterranean chamber of the cathedral that 
also served as a bomb shelter during World War II, holds hun-
dreds of computer servers. The waste heat from the computers 
is transferred by heat pumps into the city’s district heating net-
work, first developed in the 1950s, providing domestic heat for 
approximately 500 detached homes. At the same time, district 
cooling, produced by heat pumps from thermal energy, seawa-
ter, or the city’s energy generation, provides cooling to the data 
center. The center’s energy needs for cooling have been reduced 
by nearly 80 percent, saving $200,000 annually and shrinking 
Academica’s carbon footprint by 1,600 tons.53 Another synergy 
offered by this unusual siting is, of course, the added security of 
the data center’s entombment.

In an unusual feasibility study, five scientists at Hewlett- 
Packard’s Sustainable IT Ecosystem Laboratory examined the 
potential for symbiotic exchanges between dairy farms and 
data center. The data center’s waste heat would be used to 
accelerate the anaerobic processing of cow manure, and the 
resulting methane would fuel electric generation for the data 
center. This coupling would not only dispose of noxious and 
polluting solid waste (as a greenhouse gas, methane is 21 times 
more damaging than carbon dioxide), but would also provide 
additional income to dairy farmers. In this case, a 10,000-cow 
dairy operation could support the energy requirements of a 
1-MW (that is, a medium-sized) data center with surplus power 
left for use in farm heating or refrigeration. After two years, the 
study estimates, farmers could break even and then go on to 
earn as much as $2 million annually from processing bovine by-
product for power sales to the data center.54 While HP is not 
currently exploring where this approach might be put to work, 
the technology, according to the authors of the study, is read-
ily available for implementation. The idea does not seem too 
far off. Microsoft announced in November 2012 that its new 
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$5.5-million 200-kW data center in Cheyenne, Wyoming, would 
operate off the grid, using processed methane (biogas) from 
the city’s sewage treatment facility to power a fuel cell produc-
ing its electricity.55

As in the data center examples, where opportunistic colo-
cation serves both parties, the construction of the Viennese 
metro line U2 was planned to take advantage of “ground-cou-
pled” (or geothermal) energy—heat from the earth. Four sta-
tions utilize the constant temperature of groundwater to cool 
equipment rooms and to heat office spaces.56 Switzerland’s 
Lötschberg Base Tunnel, a 21-mile-long railway tunnel (cur-
rently the world’s longest) that bisects the Swiss Alps, accom-
modates both passenger and freight rail. To exploit the tunnel’s 
high potential for geothermal energy, its excess groundwater is 
extracted and then boosted in temperature by a heat pump,57 
allowing its moderate temperature to heat the nearby Tropen-
haus Frutigen, a greenhouse and aquaculture facility that pro-
duces tropical fruit as well as sturgeon and caviar.58

Infrastructural Ecology in Stockholm, Sweden— 
Hammarby Sjöstad

Since the 1970s, central government policy making in Sweden 
has mobilized local governments to reduce environmental 
loads by coupling new technology and ecological design knowl-
edge, with the overall goals of increasing energy efficiency and 
materials reuse while strengthening biodiversity. The May 
1997 environmental policy of Stockholm’s Municipal Council, 
for example, called for “a functioning eco-municipality, an eco-
cycling society, and an environmental capital. . . . Our actions 
will be grounded on the insight that nature’s resources are 
limited and that everything that is brought to nature must be 
reprocessed in a functional eco-cycle.”59

The new Swedish neighborhood of Hammarby Sjöstad— 
originally conceived as part of Stockholm’s unfulfilled 2004 Sum-
mer Olympics bid and later revived to address an inner-city hous-
ing shortage—has developed a unique post-industrial platform 
for its public services, based on a “locally as-close-as-possible 
eco-cycling of water, energy and other resources.”60 In its full 
build-out by 2016, some 25,000 residents will be housed on land 
repurposed from an industrial brownfield. It is a showcase of 
compact, mixed-use development and sustainable urbanism.
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Hammarby Sjöstad was built with national and European 
Union subsidies funneled through Stockholm’s Local Investment 
Programme (1998–2002), created to fund ecologically appropri-
ate projects and project-related green jobs.61 The goal set for Ham-
marby Sjöstad was a 50 percent reduction in its environmental 
impact compared to settlements built using 1990s technology.62 
Its primary performance metrics include reductions in CO2 and 
other greenhouse-gas emission, ground-level ozone, raw resource 
use, and water consumption. Under the holistic approach taken 
by Stockholm’s City Planning and City Development Administra-
tions, this objective was realized through a joint infrastructure 
proposition developed among three utilities: Stockholm Energi 
AB (now Fortrum), Stockholm Vatten (Water), and Stockholm’s 
Waste Management Administration. Representatives of these 
key municipal utilities, as well as city-planning, roads, and real 
estate departments were convened as a project team.

Hammarby Sjöstad’s strict environmental objectives 
demanded innovative management solutions. These were fos-
tered through its project office, which offered a platform for 
collaborative decision making and initiated a deliberately inte-
grated planning and design process. In facilitated sessions, the 
utilities were encouraged to “self-organize” around the concept 
of redistributing residue or waste from one organization’s pro-
cesses for productive reuse by another. This intentional linking 
of multiple processes and the metabolic sharing of resources 
might be described as the earliest example of a full-scale infra-
structural ecology.

What became known as the Hammarby Model provided a 
template for interactive and cooperative exchange between the 
energy and material flows of the locality (fig. 2-3). This transfor-
mative approach relies on an integrated and nearly closed sys-
tem in which energy and resources cascade and cycle from one 
utility to another. This was partly achieved by creating new links 
among several existing utilities, both within the district and at 
its periphery. Waste energy (heat) drawn from the combined 
heat and power plant (CHP) and the sewage treatment facility 
is recovered to supply district heating.63 Biogas extracted from 
the sewage plant is processed as fuel for both local vehicles and 
domestic cooking stoves. On an experimental basis, a portion 
of the sewage facility returns sludge for agricultural use. Mixed 
combustible household waste is routed for combustion in the 
CHP plant, where it is combined with forestry waste. Household 
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and commercial organic waste (compost) reverts as fertilizer 
for the nearby agro-forest industry, whose woodchips return 
to power the CHP plant.64 By closing loops at the most local 
level possible, the Hammarby Model exemplifies a nearly self-
contained recovery of energy and resources.

This approach is complemented by harvesting nature’s 
free services. Solar arrays produce local or distributed energy. 
Domestic hot-water systems are supplemented by fuel cells 
and solar thermal panels. Pollution loads are remediated by 
local landscapes, which purge stormwater from streets before 
returning it in canals to the lake along with the cleaner rainwa-
ter from courtyards and roofs.

Where targeted emissions reductions were attempted by 
encouraging lifestyle and behavioral changes, some measures 
were more successful than others.65 Thanks to the integration 
of ferry and light rail services, carpooling, and a system of bio-
fueled buses and urban rights-of-way designed to promote 
walking and biking, overall transportation energy per house-
hold (measuring CO2 emission reductions) in 2008 was 48 per-
cent below that of comparable communities.66

Figure 2-3. The “Hammarby Model,” Hammarby Sjöstad, Sweden. (Redrawn by Hillary 
Brown from the original by Lena Wettrén, Bumling AB.) 
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Another successful innovation is one of the town’s signa-
ture features: an automated underground pneumatic waste-
collection system that helps residents sort paper, metal, glass, 
and plastic for local industrial reuse. Source separation activities 
recorded on personal cards measure system use and encourage 
occupants to improve their waste-management behavior. The 
town’s “GlashusEtt” is an environmental showcase and infor-
mation center that helps inhabitants and international visi-
tors recognize the necessary role behavioral change will play in 
reducing environmental impacts.

Hammarby Sjöstad’s greatest innovation—the intentional 
development of a local infrastructural ecology—coupled with 
its efficiency and sufficiency measures, has enabled it to achieve 
many of its original objectives. The city of Stockholm’s assess-
ment tool, the Environmental Load Profile, has been used to 
assess project performance to date. This tool evaluates the full 
range of construction and operational activities of the develop-
ment from an embodied energy and life-cycle perspective. Used 
prospectively, it can calculate environmental loads of design or 
planning alternatives. It also is benchmarking the completed 
project outcomes against the original targets as measured by 
emissions, water and nonrenewable energy use, pollutant load-
ing, and waste. The evaluations of the first stage of Hammarby 
Sjöstad’s performance (against its “reference case” scenario) 
show a 30 percent reduction in nonrenewable energy use, 41 
percent in water use, 29 percent in global-warming potential, 
along with other pollution and GHG-reduction measures.67

The imaginative integration of public works showcased 
in Hammarby Sjöstad reflects strong and effective leadership 
grounded in a proactive climate of public-private cooperation. 
Holistic thinking and the promotion of reciprocity are the prin-
ciples behind the project’s realization of meaningful synergies.

Conclusion

Next-generation infrastructure can serve multiple objectives 
by avoiding narrowly focused solutions. Colocating or function-
ally conjoining different types of projects in novel ways that 
span scales, political jurisdictions, and sectors can serve the 
triple bottom line. Coupled distribution networks, piggybacked 
or grouped arrangements ( joint trenching, PVNBs, utilidors) 
and vertically integrating service assets with other compatible 
uses can produce initial or ongoing cost economies, reduce dis-
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ruption, and conserve valuable resources. By combining tran-
sit modes for convenience and efficiency in one mixed-use 
facility, intermodal centers can become anchor destinations 
and engines for urban redevelopment in their own right. The 
new development of Hammarby Sjöstad points the way as a 
deliberately considered infrastructural ecology; it’s designed 
to systematically recover energy, water, gas or other material 
resources for mutual exchange within a bounded area. 

Infrastructural ecology is a unifying concept for this book.  
As subsequent chapters further reveal, multifunctional and syn-
ergistic infrastructures can also reduce carbon intensity; ben-
eficially combine constructed and natural systems to achieve a 
measure of their regeneration; achieve better integration into 
the local context; and adapt to the current and potential stress-
ors of climate change.

Such future-proof solutions represent collaborative, out-of-
the-box, and holistic thinking on the part of government, NGOs, 
communities, and/or business leaders faced with complex 
demands and fewer resources, including a dwindling supply of 
real estate. As entrepreneurial investors charging their design 
teams to develop multiple-objective, integrated solutions, they 
can effectively optimize subsystems. In this way, the actors 
behind the projects have collectively served to develop a new 
paradigm for meeting twenty-first-century imperatives. 

Box 2-1. Advantages of Colocation

Colocation may yield a number of direct and indirect project benefits. These typically would 
include economic, environmental, and social dividends such as: 

• Site optimization: combining several functions within a single site increases real estate 
productivity and reduces pressure on undeveloped sites

• Capital savings: shared site, infrastructure, or building components
• Operational savings: operating and maintenance efficiencies
• Greenhouse-gas-emission reductions: lower transport energy or transmissions losses
• Material resource conservation, and recovery for reuse
• Environmental benefits: reduced disruption, noise, or visual pollution
• Public amenities / community benefits: incorporation of additional educational, recre-

ational, or civic uses
• Job creation
• Tax-revenue production
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3. Greening Heat and Power:  
    An Integrated Approach  
    to Decarbonizing Energy

Humankind has depended on carbon-
based fuels for millennia—but evidence has been mount-

ing that runaway increases in carbon-intensive activity have set 

in motion potentially devastating climatic effects. To avoid the 

most extreme consequences of climate instability, it is essential 

for infrastructure sectors to “decarbonize”—that is, to turn from 

dependence on coal, oil, and natural gas toward renewable power 

sources (especially green ones)—and do so within a narrowing 

window of time.1

H.Brown, Next Generation Infrastructure: Principles for Post-Industrial Public Works,
DOI 10.5822/ 978-1-61091-202-0_3, © 2014 Hillary Brown
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A subset of renewable power, green power not only self-
replenishes over short time periods but creates a minimal 
amount of pollution when produced; examples include solar, 
moving water, wind, organic waste (biomass or bacterially 
digested biogas), and geothermal.2 According to the US Envi-
ronmental Protection Agency, replacing a kilowatt-hour of 
conventional power with green power avoids, on average, the 
emission of one pound of carbon dioxide.3

Altered planetary conditions from rising concentrations of 
atmospheric carbon (and other greenhouse gases) have caused 
mild to severe ecological degradation worldwide, affecting criti-
cal ecosystem services such as climate regulation, coastal pro-
tection, and water purification, and consequently disrupting 
the critical infrastructure sectors that depend on those services. 
Moreover, the temperature extremes, drought, storm surges, ris-
ing sea levels, and flooding associated with climate instability 
pose significant and increasing direct risks to infrastructural 
assets—energy, water, and transportation in particular. For 
example, during the European heat wave of 2003, estimated 
to have killed more than 30,000,4 rising temperatures cre-
ated unprecedented demand for air conditioning. This electric 
overload forced France to cut 4 gigawatts (GW) of power from 
nuclear plants no longer adequately cooled by river water—the 
equivalent of shutting down four power plants.5 Climate insta-
bility and sea-level rise have been implicated in such high-inten-
sity storms as Hurricane Sandy, which inflicted approximately 
$7.5 billion worth of damage on New York City’s low-lying trans-
portation infrastructure, about $5 billion of which was incurred 
by the NY Metropolitan Transportation Authority alone.6

While the need for climate-change mitigation cuts across 
all sectors of society, the infrastructure sectors, as significant 
producers or consumers of heat and power energy, must take 
special responsibility for carbon reduction. As of 2011, the elec-
tricity sector alone accounted for about 33 percent of total US 
greenhouse-gas emissions.7 Here, power producers especially 
can be in the vanguard, mitigating emissions by retrofitting 
power plants to run on renewable fuels close at hand; maximiz-
ing efficiency by incorporating cogeneration, in which waste 
heat from electricity generation is used for heating or industrial 
applications; and increasing investment in new green-power 
technologies to meet increased demand as well as replace 
older, fossil-fuel power plants coming off-line.
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Owners of other infrastructure systems—the water sector, 
information and communication technology sector (ICT), and 
transit systems (all large energy consumers)—can similarly 
lead by purchasing green power, or engaging in on-site energy 
production to offset grid energy use. Using localized power pro-
duction (also known as distributed generation) would avoid the 
transmission losses associated with more-remote centralized 
energy production and improve the reliability of supply.

Increasing the availability of green power and scaling 
up distributed generation are key pathways to a low-carbon 
energy future. Notably, they will increasingly rely upon the 
addition of improved transmission capacity as well as digital 
communications and controls designed to make both central 
and distributed systems more reliable, efficient, and flexible—
in sum, smarter.

Like the projects highlighted in the previous chapter, most 
of the examples explored here represent interconnected, mul-
tipurpose systems that exemplify the axiom of future-proofing: 
infrastructure should contribute few or no carbon emissions. 
The first part of the chapter examines utilities producing power 
and/or heat (electricity generation and/or district-wide heating), 
while the second covers energy-consuming utilities (the ICT and 
water sectors). Collectively, the examples illustrate substitution 
of green sources for carbon-based fuels, as well as alternative 
generation technologies and storage systems. A third group 
epitomizes more-complex, synergistic arrangements in which 
energy, heat, or nutrients cascade across different infrastructure 
assets, reducing carbon dioxide and other greenhouse gases.

Energy Producers Access Renewable Resources

On the heat- and power-production side, developers and opera-
tors of energy facilities are successfully substituting green-
power resources for carbon-based fuels at both legacy and 
new facilities. Examples here include those opting for on-site or 
adjacent resources such as biomass, landfill gas, and geother-
mal energy. Also included is a new solar power-plant technol-
ogy that can be coupled with other land use. Chapters 5 and 
6 also include examples of waste-to-energy and tidal-power 
production, respectively.

Many legacy generation plants can be retooled to accept 
fuel from renewable resources and some power producers are 
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anxious to get out in front. As of 2012, 30 out of 50 states had 
adopted a Renewable Portfolio Standard (RPS) requiring that 
a specified proportion of electricity sales come from eligible 
renewable sources (typically, wind, solar, geothermal, and bio-
mass, with some allowance for hydroelectricity).8 California, 
which has one of the most rigorous set of standards, also has a 
bountiful agricultural waste stream, which has created oppor-
tunities for power producers to include biomass in their renew-
able energy portfolios.

Biomass—agricultural and forestry residues and substances 
derived from them—currently supplies 11 percent of the renew-
able electricity in United States.9 In 2005, biomass surpassed 
hydropower as the leading domestic source of renewable 
energy until it was overtaken by wind power in 2009. It still 
remains underused in proportion to its availability, due to the 
relatively high capital cost of power-plant conversion and ongo-
ing fossil-fuel subsidies. However, annually millions of tons 
of logging- and land-clearing-related wood residues remain 
uncollected and decay, and 39 million tons of crop residue are 
wasted or burned.10

The use of beneficial biomass—defined as crop residues, 
sustainably harvested wood and forest residues, industrial 
wood waste, and energy crops that do not compete with agri-
culture—can reduce the emission of carbon and other green-
house gases.11 Unlike coal, biomass contains neither impurities 
nor contaminants (such as sulfur and mercury). And compared 
with other carbon-based fuels, biomass releases less nitrogen, 
a contributor to acid rain and smog, and is widely available in 
both cultivated and by-product forms. Further, unlike solar and 
wind power, which are intermittent, biomass is a comparatively 
stable, on-call energy source. Finally, biomass is among the 
most employment-intensive of renewable energies, once stor-
age and transportation have been factored in.12

Converting Mt. Poso Cogeneration Plant to Biomass

From 1989 to 2009, the Mt. Poso Cogeneration Plant, located 25 
miles north of Bakersfield in California’s southern San Joaquin 
Valley, relied on a blend of coal as well as coke and waste tires, 
both petroleum-based, to generate energy and heat. In 2012, 
the plant was successfully converted to 100 percent beneficial 
biomass, technically reducing its carbon footprint by 100 per-
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cent.13 (Whether biomass sources are going to maintain their 
EPA-accorded zero-emissions claim continues to be a controver-
sial question.) The conversion was prompted by state Executive 
Order S-13-08, issued in 2008, a Renewable Portfolio Standard 
(mandated renewable percentage) that requires investor-
owned utilities—Pacific Gas & Electric, in this case—to renew-
ably source 33 percent of their power by 2020, a 20 percent 
increase over 2008 levels.

When the plant’s 20-year power-purchase agreement 
expired in 2009, Mt. Poso Cogeneration Company LLC deter-
mined that, given the mandate to increase renewable power 
sources, the best route to gaining reapproval for power pro-
duction from the California Public Utilities Commission (PUC) 
would be to convert the plant to a non-carbon fuel source. Fol-
lowing the PUC’s 2010 approval, the plant’s boiler was adapted 
to operate exclusively with biomass, and a storage and con-
veyor system was installed to maintain a 30- to 45-day supply 
of biomass on-site. The fuel mix includes agricultural residue 
such as orchard prunings, nutshells and pits, as well as wood 
waste from construction.14

The Mt. Poso plant had initially been sited to capitalize on 
its proximity to the Mt. Poso Oil Field—a large, shallow petro-
leum and gas source in the southern foothills of the Sierra 
Nevada. The oil-recovery operation purchased both electricity 
and steam from the power plant; in a reciprocal arrangement, 
the cooled steam condensate was returned to the power plant, 
to be used for cooling.15 The converted plant also benefits now 
from other locally available resources: thanks to the nearby pres-
ence of biomass-rich orchard, crop-agriculture, dairy, and forest 
regions, the plant is powered by close-at-hand waste. Moreover, 
in search of greater annual yields, growers have adopted tech-
niques that result in shorter productive life cycles; the resulting 
acceleration in tree replacement means that agricultural wood 
waste is more plentiful. Nut trees, for example, are typically 
uprooted and replaced after 20 years instead of 30.16

The Mt. Poso conversion benefited from the New Markets 
Tax Credit program, which the federal government established 
in 2000 to encourage equity investment in low-income areas. 
The tax credit equaled 39 percent of the project’s total invest-
ment over a six-year period.17

Improved air quality is another community benefit attribut-
able to the conversion: the plant annually uses 335,300 tons of 
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woody biomass that might otherwise be burned in the open, 
releasing carbon dioxide, or left to decay in landfills, releas-
ing methane. The plant’s upgraded emissions-control equip-
ment also filters at least 95 percent of gas particulate releases, 
exceeding the strict standards of the San Joaquin Valley Air 
Quality Management District. Finally, wood ash, one of the 
plant’s by-products, is used either to enrich the soil for nearby 
agriculture and forestry, or scattered on nearby pastures to pre-
vent hoof disease at dairy farms.18

Some long-term challenges remain, including biomass’s 
availability and seasonality, and ensuring that its cleanliness 
and handling characteristics are within normal operating 
parameters. According to Mt. Poso officials, the power producer 
partly addresses these issues by balancing agricultural wood 
waste with urban wood waste. Because the per-unit energy 
intensity of biomass is lower than that of carbon-based fuels, 
the conversion effectively lowered capacity from 50 megawatts 
(MW) to 44 MW.19 On the upside, however, new jobs linked to 
biomass collection, processing, and transport have increased 
employment at the plant by more than 30 percent.20

Powering the University of New Hampshire with Local 
Landfill Gas

According to an ongoing Earth Engineering Center study, 1.5 
billion tons of solid waste are disposed of annually in landfills 
worldwide—an amount that would yield a methane-to-biogas 
generation capacity of nearly 50 million tons. But only 5 million 
tons of methane are currently being captured; the remaining 45 
million are being released into the atmosphere.21

One of the advantages of landfill gas (LFG) recovery for ben-
eficial use is that much of the necessary infrastructure (e.g., gas 
extraction wells and collection pipes) is already in place. In addi-
tion to reducing harmful emissions and offsetting the expense 
of landfill regulation, such initiatives create jobs and new rev-
enues. Municipalities, energy companies, and institutions in 
search of cost-effective options are tapping local landfills for 
methane.

Situated gracefully in the New England landscape, Durham, 
the flagship campus of the University of New Hampshire (UNH), 
is among the top-tier research institutions nationwide. An early 
land-grant institution (and later a sea- and space-grant institu-
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tion), UNH-Durham’s facilities occupy approximately 5.7 million 
square feet. The university’s climate action plan is designed to 
cut CO2 emissions by 50 percent by 2020 and by 80 percent by 
2050. The plan calls for carbon neutrality by 2100. UNH took an 
initial step in that direction in 2006 by self-financing an on-site 
cogeneration plant that decreased GHG emissions by 21 per-
cent. The plant’s $28-million cost will be recovered over 20 years 
from energy savings.

While UNH was constructing its cogeneration plant, 13 miles 
away in Rochester, New Hampshire, managers at the Turnkey 
Recycling and Environmental Enterprise (TREE) facility, a land-
fill site owned by Waste Management of New Hampshire Inc. 
(WMI) had begun to study options for solving an operational 
problem. The site was taking in more than 1 million tons of 
solid waste each year22—and, deep within the 200-acre waste 
site, LFG produced by decomposing garbage was being mined 
through more than 300 extraction wells, connected by miles 
of collection pipes.23 The gas was made up of about 50 percent 
methane, 36 percent CO2, and smaller amounts of sulfur, nitro-
gen, and oxygen. Beginning in 2006 WMI had processed the 
gas on its own property, using some of it to fuel two genera-
tion plants that delivered 9 MW of electricity to 9,000 nearby 
homes.24 But that arrangement left as much as 50 percent of 
the mined gas unused. To dispose of the excess, WMI was being 
forced to flare it on-site.25

In 2006, managers at TREE approached UNH and offered an 
unusual partnership, later dubbed the EcoLine. Under the pro-
posed arrangement, excess LFG would be piped directly to the 
UNH cogeneration plant. The landfill would yield gas continu-
ously—even indefinitely—but, even if the landfill were to close, 
emissions would continue for at least 20 years. A project team 
consisting of engineers, scientists, regulators, and representa-
tives from supply companies worked to bring the proposal to 
fruition. Some four years and $49 million later, LFG had replaced 
commercially purchased natural gas at the UNH cogeneration 
plant, supplying up to 85 percent of the university’s electrical 
and heating needs. The first university in the nation to use LFG 
as a primary fuel source, TREE and UNH’s EcoLine is expected to 
reduce the campus’s carbon footprint by 30 percent by 2015.26

Successful implementation required that several obstacles 
be overcome. First, because of its variable content, untreated 
LFG could not be used in the UNH cogeneration plant. To 
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address this issue, UNH built its own purification facility at the 
landfill, where volatile organic chemicals, including sulfur and 
siloxane, are removed, and where a thermal oxidizer destroys 
the remaining contaminants. (The final yield is 70–80 percent 
methane.) Second, the LFG had to be safely conveyed across four 
townships, under rivers and streams, and through wetlands—
which required multiple permits. Ultimately, the 12.6-mile-long 
gas pipeline was buried at least four feet below grade, although 
it emerges aboveground to cross two bridges.27 Once on cam-
pus, the LFG has to be mixed with some purchased natural gas 
in order to meet the minimum energy content requirements of 
the UNH equipment.28 Also, since LFG has lower heat content 
per unit of volume than does natural gas, the equipment in the 
cogeneration plant had to be modified to operate on this new 
fuel.29

The $49-million price tag for the project, a large portion of 
which paid for the pipeline and the purification plant on WMI’s 
property, might reasonably have given the university’s board of 
trustees pause. But the financial model showed that the com-
bination of energy savings and revenue from other sources 
would allow the loans to be repaid within ten years.30 The rev-
enue sources, which were an important element in UNH’s proj-
ect financing strategy, included the sale of excess power to the 
grid, capacity credits from UNH’s second turbine, and renew-
able-energy certificates for clean power production, which 
are sold to other power providers in the region whose mix of 
energy-generation sources lacks sufficient renewable energy to 
meet state standards.31 These revenue sources were an impor-
tant element in UNH’s strategy for financing the project.

The project’s overall success, including the dramatic reduc-
tion in reliance on fossil fuels, has made it a model for other 
institutions around the country. According to the EPA—which 
gave the EcoLine project its 2013 Project of the Year Award32—
the program’s annual environmental benefits are the equiva-
lent of removing more than 12,500 vehicles from the road. For 
the university, another significant outcome was its ability to 
keep its energy dollars local.33

While this LFG example is rather unique at the institu-
tional level, the overall number of US LFG-to-energy projects 
is increasing at the municipal and county levels, and in indus-
trial applications. In some communities, for example, treated 
LFG fuels county vehicles, including school buses. In 2005, the 
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number of LFG projects nationwide was 399; in 2010, it was 
590—and supplied 14.8 billion kilowatt-hours (kWh) of energy, 
the equivalent of electrifying 1.07 million homes and heating 
736,000.34 Nevertheless, apart from the advantages of recover-
ing LFG from existing landfills, there is justifiable skepticism 
over using LFG-to-energy as an endorsement for the ongoing 
construction of landfills—which, despite best practices, still 
produce harmful methane emissions. Ultimately, better solu-
tions for organic-waste management lie in immediate resource 
recovery through composting or biogasification (the conversion 
of organic matter into useful biogas).35

Tapping Geothermal Energy from Water Bodies in 
Dutch Cities

Dutch cities are tapping the thermal potential of seawater and 
lake water, and two initiatives are paving the way.36 In Amster-
dam’s expanding business sector, Nuon Energy Company 
eliminated the need for the conventional, energy-intensive 
mechanical cooling devices and cooling towers typically required 
by office buildings by developing a district cooling system that 
extracts cold water from the Nieuwe Meer, an engineered lake 
near the southwestern part of the city. The system produces 
76 MW of cooling (equivalent to the maximum needs of about 
75,000 residential units)—and, when compared with conven-
tional cooling techniques, reduces CO2 emissions by 75 percent. 
Over 25 years, the net present value of the savings averages out 
to €200,000 annually.37

The Hague, which is committed to achieving carbon neu-
trality by 2050, has eliminated fossil-fuel consumption in the 
new community of Duindorp, where a geothermal plant uses 
seawater drawn from the adjacent Scheveningen Harbor to 
meet the heating and cooling needs of 800 homes. The con-
ditioned water is distributed to each house, where auxiliary 
heat pumps increase or decrease its temperature as neces-
sary. The system results in 50 percent lower carbon emissions 
than conventional local power sources.38 Another district 
heating and cooling project, with an anticipated annual CO2 
reduction of 4,000 tons, will rely on warm water (75°F) drawn 
from local wells at a depth of almost 7,000 feet to serve 
4,000 new residential units plus 60,000 square feet of office  
space.39



50  |  Next Generation Infrastructure

Mining Heat: Heerlen, Holland’s Minewater Project

Heerlen Municipality’s Minewater Project, located in the Neth-
erlands’ southern province of Lindburg, is a unique attempt to 
reduce its ecological and carbon footprint by tapping local geo-
thermal reservoirs from nearby abandoned coal mines.40 When 
compared with conventional technologies, the mine-water-
based district heating and cooling system constructed for the 
town decreased annual carbon emissions by 1,500 tons—as 
much as 55 percent.41 Completed in late 2008, the project takes 
advantage of a former nuisance: the mine water that continues 
to collect when mines are no longer in use.

When a mine is active, dewatering is undertaken across a 
wide area to reduce the buildup of harmful waterborne chemi-
cals. But because unused mines typically continue to amass 
groundwater, the caverns can become polluted reservoirs that 
require ongoing monitoring and dewatering to prevent wide-
spread aquifer pollution.42

The accumulated water in deactivated mines can be a use-
ful thermal-energy source, however, particularly when mining 
has loosened the rock structure, improving the heat-exchange 
potential between earth and mine water.43 When the mine 
water is connected to heat pumps, it can be used either for 
space heating in the winter or as a heat sink for summer cool-
ing. The deeper the water, the higher its temperature: gener-
ally, water temperature decreases by 2.5–3°C (4.5–5.4°F) for 
every 100 meters (328 feet) of depth. In Heerlen, for example, 
at the mine’s deeper locations in the north, some 825 meters 
(2,707 feet) down, the water temperature is approximately 30°C 
(86°F); at about 250 meters (820 feet) below the surface, the 
temperature decreases to 15 or 20°C (27 or 36°F). Access to the 
varying temperatures offered by the mine’s water levels allows 
for an efficient exchange between heat source and heat sink.44

As coal and other mineral resources are depleted, and as 
coal-fired energy gives way to cheaper natural gas, many indus-
trial nations are abandoning the highly capital-intensive prac-
tice of mining. Unfortunately, neighboring municipalities often 
experience economic and social decline after mine closures. 
Heerlen, for example, which was founded to take advantage of 
nearby coal seams, once benefited economically from its mines, 
which were retired in the 1970s because of the increasing avail-
ability of (and preference for) natural gas.45
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Throughout the world, many mine sites have fallen into 
disuse, while others have been put into maintenance mode to 
await more-favorable economic conditions for the exploitation 
of lower-grade resources.46 Until recently, little consideration 
has been given to the giant caverns and networks of smaller 
cavities left behind once extraction is discontinued.

Power produced by the town’s biomass-fueled, combined-
heat-and-power plant pumps the extracted mine water to local 
energy transfer stations, where received or rejected heat (for 
preheating or cooling, respectively) is then exchanged with the 
buildings. Small internal heat pumps further amplify or reduce 
the water temperature at individual buildings as needed. All 
building systems are connected to conventional boilers for 
emergency backup.

Minewater meets the district heating and cooling needs for 
Heerlen’s municipal facilities and for Heerlerheide, a new devel-
opment. In Heerlerheide, the system serves the civic center, 
200-plus dwellings (50 percent of which are subsidized hous-
ing), 3,800 square meters (40,903 square feet) of commercial 
floor space, and 16,200 square meters (174,375 square feet) of 
public buildings, including cultural, educational, and health-
care facilities.47 Several factors supported the adoption of the 
geothermal system at the district scale: the presence of mine 
water; the proximity of an end user (the town); the accessible 
variations in water temperature, which created the potential to 
use the water as both a heat source and a heat sink; the diver-
sity of building and industry loads, which would help to balance 
demands on the system; the relatively high price of alternative 
sources of power; and the availability of willing investment 
partners.

To ensure that the heat source and heat sinks will remain 
balanced over time, the geothermal demand of the combined 
building loads needs to closely match the capacity of the 
mines. The necessary balance is achieved by juggling water vol-
ume, temperature, and building user loads with other poten-
tial energy sources—namely, nearby industrial processes. Two 
factors contribute to the system’s overall high efficiency. First, 
differing requirements (linked to building type and occupancy 
schedule) reduce aggregate demand. Second, Heerlerheide’s 
net-zero-energy buildings—with their high insulation values, 
passive solar heating, radiant heating and cooling, and heat-
recovery systems—further reduce loads.



52  |  Next Generation Infrastructure

Minewater, a pilot project, was funded by the Dutch Min-
istry of Economic Affairs and subsidized by European Union 
(EU) Regional Development funding on the basis of its appli-
cability to other settlements in the post-industrial coal-mining 
landscapes of Northern Europe. The remainder of the rela-
tively high cost (€20.9 million) was privately financed to avoid 
increasing the already-high utility rates. The additional first 
costs associated with the geothermal approach were offset, in 
part, by the elimination of large-scale gas infrastructure and by 
the use of the same building equipment for both heating and 
cooling, which averted the need for separate compressors and  
condensers.48

Significantly, the project was the outcome of a unique col-
laboration among various partners. Led by the municipality of 
Heerlen, the players included the social housing association 
Weller Wonen and the United Kingdom’s Building Research 
Establishment. The project also received development assis-
tance from Germany and mine research input from France’s 
Bureau de Recherches Géologiques et Minières.49 The most dis-
tinctive donation, however, came from the community itself.

When coal lost market share and the mines closed in the 
1970s, Heerlen experienced economic setbacks, unemployment, 
out-migration, and a loss of identity. But when the Minewater 
Project got under way, the knowledge of older coal miners 
turned out to be invaluable—in helping to locate the reser-
voirs, determining where to drill, and estimating water tem-
perature.50 This intergenerational involvement raised residents’ 
morale and helped mobilize widespread support for the project.

There are an estimated one million disused mines world-
wide. Underground reservoirs from mines in other parts of 
the world may return comparable thermal energy and offset 
GHGs—but, as of this writing, only a handful of projects are 
capitalizing on the low-grade energy contained within these 
abandoned properties.51 Until the 1960s, Germany’s Rhenish 
Massif was intensively mined for iron ore and nonferrous met-
als at depths of up to 1,000 meters (3,281 feet). At most of the 
decommissioned mines in the area, millions of cubic meters 
(hundreds of millions of gallons) of water offer untapped geo-
thermal potential.52 In the United States, a 2006 study con-
ducted by the National Renewable Energy Lab that estimated 
the heat-energy potential of mine water in the Appalachian 
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coal regions of Pennsylvania, West Virginia, and Ohio found 
that just 3.9 percent of the water from a single coal mine near 
Pittsburgh could meet the heating and cooling needs of 20,000 
homes. Currently, most of this water is simply treated and dis-
charged on the surface.53

Integrating Power and Agriculture: The Solar Chimney

According to a National Renewable Energy Lab study, green 
power generation from scaled-up technologies available today 
(wind, solar, tidal), if supported by a more flexible grid, could 
supply 80 percent of total US electricity needs by 2050.54 But 
many, if not most, of these are single-purpose solutions. Imag-
ine a 100-percent-renewable-energy plant colocated with a 
huge agricultural greenhouse. Since the 1980s, the structural 
engineering firm Schlaich Bergermann und Partner, headed by 
visionary German engineer Jörg Schlaich, has pursued that very 
goal.55

In his 1995 book The Solar Chimney: Electricity from the Sun, 
Schlaich made a strong case for large-scale solar-energy pro-
duction based on the solar chimney concept, which he devel-
oped and prototyped. Suitable for large, sparsely inhabited 
locations, Schlaich has called this emerging technology a “dry 
hydroelectric power station for the desert.”56 His solar chim-
ney utilizes simple physical phenomena: the solar greenhouse 
effect, which heats incoming air, and vertical updraft (com-
monly known as the “stack effect”) caused by the temperature 
differential between air at the bottom and air at the top of this 
chimney.

The prime mover is solar-heated air, collected under a gigan-
tic, low-lying transparent roof, that rises forcefully up a very tall 
central exhaust tower, passing through turbines at its base. The 
greenhouse accepts incoming short-wave solar radiation and 
retains the long-wave radiation (re-radiated by the ground) that 
heats the air to a significant temperature above the outside air. 
While the ground retains a certain amount of heat naturally, 
when covered with dark-colored, water-filled bags (utilizing 
water’s high heat-storage capacity), the ground’s capacity to 
store heat over longer periods is increased significantly.57

Between 1986 and 1998, a 50-MW prototype solar chim-
ney operated in the town of Manzanares, Spain, about 150 km 
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(93 miles) south of Madrid (fig. 3-1). It was capable of running 
almost nine hours a day and the output level closely matched 
Schlaich’s theoretical calculations.58 Measurements extrapo-
lated from this plant have since been used to predict the poten-
tial output of larger plants now under consideration.

Since the solar tower’s yield remains directly proportional 
to the size of the greenhouse and the height of the chimney at 
a given solar intensity, there is no “optimum size” for the tech-
nology.59 Theoretically, a 20-square-kilometer (7.7-square-mile) 
greenhouse and a 1,000-meter-high (3,281-foot) tower will sup-
port a 100-MW plant. According to Schlaich, doubling the col-
lector area increases the capacity twofold, sufficient to electrify 
about 200,000 homes—while eliminating over 900,000 tons 
of greenhouse gases (GHGs) annually and yielding a net energy 
payback of two to three years.60

Given the extensive initial investment required, no large-
scale installations have been completed, but a number have 
been on the drawing board: one in particular in Namibia (400 
MW). The latter was expected to incorporate agriculture in the 
outer two-thirds of the glass shed. Studies reviewing the com-
bined potential of agriculture and electrical-power generation 
suggested that with the inclusion of produce, profits could be 
more than double those from power sales alone.61

Two other such solar chimneys may be en route to commer-
cialization: one based in the United States and another in Aus-
tralia. As of May 2013, Apollo Development, LLC, of Dallas, Texas, 

Figure 3-1. Aerial view of a solar 
updraft power plant (a later ver-
sion of the one in Manzanares, 
Spain) (© Schlaich Bergermann 
Solar GmbH).
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had acquired the technology-development rights to under-
take a series of 200-MW solar towers in the regions around El 
Paso and Laredo, Texas.62 The projects are intended to replace 
fossil-fuel-powered plants being retired for environmental and 
economic reasons. Each of the solar towers has the potential to 
avert the emission of 1 million tons of GHGs annually and abate 
the use of 528 million gallons of potable water (which, under 
conventional technology, is required for cooling).63 A similarly 
scaled 200-MW, 1-km-high (3,281-foot) tower, planned for Tuck-
anarra, in Western Australia, will drive 32 electricity-producing 
turbines.64

Storing Energy to Increase Green Power Yields

A key problem associated with both wind- and solar-power 
generation is intermittency—a drop in power when the wind 
dies down or the sun doesn’t shine. Storing excess power 
produced during peak conditions can help. Battery storage is 
expensive, but savvy producers have located renewable power 
farms near naturally occurring storage reservoirs. Compressed-
air energy storage (CAES), for example, used in association with 
wind power, can increase the overall economic yield of a wind-
farm by taking advantage of distinctive geological formations, 
such as underground sites with voids capable of containing 
compressed air. In such systems, electrical energy produced at 
night (when demand and costs are lower) is used to force air 
into an airtight reservoir, which acts as a storage battery. Dur-
ing the day, and especially at times of peak energy use, when 
the compressed air is let out of the chamber, injected natural 
gas is used to increase the temperature of the decompressing 
air, which drives a conventional turbine generator to produce 
electricity.

At the utility scale, CAES has been used since 1978—most 
notably in Huntorf, Germany, where a 290-MW power sta-
tion stores excess power that is produced for sale, during peak 
demand, to more than 300,000 homes.65 Like a similar instal-
lation constructed in McIntosh, Alabama, in 1991, the Huntorf 
system capitalizes on the caverns left behind after industrial 
extraction of potash or sodium chloride.

Salt caverns, many of them almost a half-mile deep, underlie 
more than one-third of the land in North Dakota.66 In that state, 
which also has the greatest potential for wind energy in the 
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United States, the Electric Power and Research Institute (EPRI) 
is working with holders of a 5,000-acre mineral lease to explore 
how abandoned salt mines could offer CAES and also sequester 
(capture and store long term) CO2 emissions from the state’s 
coal-fired power plants. It has been estimated that compressed 
air stored in the mined-out wells has the capacity to sustain a 
100-MW generator for 24 hours.67 EPRI has found that geologi-
cal structures found in up to 80 percent of the United States 
are suitable for CAES.

At a capital cost of $1,500 per kilowatt, CAES is relatively 
affordable. It is also reliable: wind energy coupled with storage 
technology can more dependably support peak grid-based sup-
ply, creating overall efficiency close to 75 percent (with 25 per-
cent lost in storage and release). The CAES plants in Germany 
and Alabama have been operating continuously since 1978 and 
1991, respectively.68

Energy Consumers: Other Utilities Follow Suit

To reduce their carbon footprint, other infrastructural service 
providers can go beyond integrating energy-efficient equip-
ment or power-conservation measures into their operations. 
They can purchase green power or provide their own distrib-
uted generation. The information and communication tech-
nology (ICT) sector and the water sector have undertaken 
noteworthy projects to green their energy use.

Greening the Information and Communication  
Technology (ICT) Sector

The carbon footprint of the global computing industry is said 
to rival that of the aviation industry. Annual ICT emissions were 
0.86 metric gigatons (Gt) carbon dioxide equivalent (CO2e) 
in 2007, or just about 2 percent of global carbon emissions.69 
Under a business-as-usual scenario, this figure is expected to 
reach 1.43 Gt (1.58 billion tons) CO2e by 2020.70 Increasingly, 
however, forward-thinking organizations in the ICT sector are 
offsetting the carbon footprint of their large server loads by 
purchasing green power.

The corporate giant Google has taken the lead, creating 
its own energy-focused subsidiary to partially offset its mas-
sive carbon footprint. In 2011, before Google had swapped out 
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fossil fuels for renewables and purchased additional carbon 
offsets (credits for carbon reductions undertaken elsewhere 
that reduce the purchaser’s net carbon footprint), its carbon 
footprint was 1,677,423 metric tons (1.84 million tons) of car-
bon dioxide annually.71 In 2010, Google entered into a 20-year 
power-purchase agreement for 114 MW of wind energy. A year 
later, it purchased another 101 MW to be sold back at wholesale 
price while keeping the renewable-energy credits to offset its 
own use of grid energy.72 Now effectively in the energy busi-
ness, Google is making long-term, very large-scale wind power 
purchase agreements (PPAs) directly with new producers. For 
example, in Iowa and Oklahoma Google’s PPAs directly stimu-
lated new renewable power ventures and have set the bar for 
other large users like Apple and Facebook.

Thanks in part to its burgeoning cellular communications 
industry, India is the world’s fourth-largest emitter of CO2, 
accounting for 7 percent of global emissions in 2011.73 With half a 
billion cell phone users (a number expected to double by 201574), 
India has 350,000 cell phone towers, each of which requires 3–5 
kW of electrical energy to maintain transmitting capacity and 
cool the adjacent generators on which they depend. These gen-
erators consume 530 million gallons of diesel fuel annually.

As part of the Jawaharlal Nehru National Solar Mission, 
which has set a goal of installing 20,000 MW of solar capacity 
nationwide by 2022,75 India’s Ministry of New and Renewable 
Energy will require the installation of small solar panels (with 
battery backup) on 50 percent of all cell phone towers by 2015, 
which will save more than 540 million liters (143 million gallons) 
of diesel annually and cut about nine million tons of carbon 
emissions.76 Retrofitting has been outsourced to a number of 
independent companies. The government is offering a 30 per-
cent subsidy to cell phone tower companies that complete the 
switch to renewable power. The tower companies’ remaining 
costs will be repaid in 7 to 12 years through avoided purchase of 
fossil fuel.77 By the end of 2011 the Solar Mission had outfitted 
approximately 400 off-the-grid cell phone towers.78

A few notable examples of water-sector facilities that 
incorporate supplementary solar-energy systems, described 
below, exemplify cross-sector, conjunctive use, similar to the 
PV-powered communication towers mentioned above. These 
distributed solar energy systems contribute green power while 
offering some auxiliary benefits.
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Reducing Water-Sector Carbon Footprints

Building-integrated photovoltaics (PVs) are an effective form of 
colocation, as they consume no additional space while perform-
ing dual functions. Similarly, PVs installed as floating arrays on 
reservoirs, irrigation canals, or water treatment plants optimize 
the use of existing real estate. (Stand-alone solar arrays and 
wind turbines are land-intensive, and the rates of return for 
such single-purpose installations may be disproportionately 
small when compared with the value of the land on which the 
installations are sited.79)

Floating PV arrays are typically mounted on racks attached 
to plastic floats, and secured as needed by mooring lines (fig. 
3-2). In addition to providing green power, the panels provide 
shade, reducing the water’s rate of evaporation by as much 
as 70 percent, depending on climate; meanwhile, the thermal 
mass of the underlying water body cools the arrays, improving 
their energy output and extending their life span.80

Floating systems can save water across a range of locations, 
including waste ponds, stormwater-retention ponds, hydro-
dams, and even wastewater-treatment facilities. In the United 
States, water agencies are starting to recognize opportunities 
for hybrid water and solar solutions. New Jersey’s American 
Water, the largest publicly traded water and wastewater util-
ity in the country, has turned the 735-million-gallon reservoir 
at the Canoe Brook Water Treatment Plant, in Millburn, into 

Figure 3-2. Floating photovoltaic 
arrays, Canoe Brook Water Treat-
ment Plant, Millburn, New Jersey. 
(Courtesy of American Water.) 
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an energy-producing platform. The plant’s 538 solar modules 
float on a mooring system that allows them to rise and fall as 
the water level changes, and to withstand the severe weather, 
including freeze/thaw cycles, of the Northeast. Although the 
system offsets a relatively modest 2 percent of the facility’s 
power needs—the equivalent of $16,000 per year— the shade 
from the panels, in addition to reducing evaporation, helps 
reduce the growth of algae and other organic matter. This is 
the sixth solar project that American Water has implemented.81

In 2012, India’s Gujarat State Electricity Corporation installed 
solar panels over a 750-meter (2,461-foot) stretch of irrigation 
canals—cooling the panels, and thereby reducing evaporation 
and creating a 15 percent increase in efficiency. Experts have cal-
culated that covering a mere 10 percent of the region’s 85,000-
km (52,817-mile) canal network would generate 2,200 MW of 
power while saving 2,000 crore liters of water (5.3 billion gal-
lons) of water annually and preserving 11,000 acres of farmland 
that would otherwise be needed for single-purpose PV arrays.82

The $10-million, 2.3-MW solar-power project at the Neely 
Wastewater Reclamation Facility in Gilbert, Arizona, completed 
in 2011, sits atop wastewater recharge basins that inject cleaned 
wastewater into the ground for further percolation and aqui-
fer replenishment. The PV arrays span 40 acres of what would 
otherwise be single-purpose real estate, that is, the dedicated 
percolation acreage. Solar electricity production will meet 
approximately 40 percent of the plant’s power needs, saving 
about $2 million by 2031. Over 8,000 sun-tracking solar panels 
will generate more than 4 million kilowatt-hours (kWh) of elec-
tricity annually—enough to power more than 430 American 
homes.83 Over its life span, the array will reduce CO2 emissions 
by 43,000 metric tons (47,400 tons). The project, which involved 
no up-front capital costs for the municipality, was made pos-
sible through incentives from the local power utility, Arizona 
Public Service, and a third-party solar-power purchase agree-
ment with owner/operator SPG Solar.84

Infrastructural Ecologies: Combining Energy  
Producers and Consumers

Embracing objectives similar to those that fostered the cre-
ation of circular energy and resource flows in Hammarby 
Sjöstad, Sweden, two additional municipal examples achieve 
noteworthy carbon-footprint reductions. They both reveal how 
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conjunctive land use can promote advantageous exchanges 
across infrastructure sectors.

Waste Transformed into Biogas for Transit Use— 
Lille, France

Like the farsighted municipalities of Amsterdam, The Hague, 
and Heerlen, the city of Lille, France, opted to reduce its carbon 
intensity by closely examining its geophysical and infrastruc-
tural context for underexploited renewable resources, in this 
instance to provide energy for its public bus fleet. Lille Métro-
pole Communauté Urbaine (LMCU) is a public, intermunicipal 
cooperative body covering 87 communes and 1.2 million inhab-
itants in the Nord-Pas-de-Calais region. In 1990, LMCU began to 
develop an integrated plan to provide low-carbon transporta-
tion by capitalizing on energy and nutrient exchanges from its 
own wastewater-treatment plant and solid-waste-treatment 
facility.

According to its 1996 Urban Mobility Plan, Lille’s transporta-
tion needs were shaped by (1) a variety of demands across its 
constituent communes, which include urban neighborhoods, 
rural lands, and small villages, and (2) the city’s proximity to 
London, Paris, and Brussels. The plan set a goal of reducing pri-
vate vehicle use by 90 percent by 2015; to reach that goal, the 
plan recommended transportation improvements designed 
to double public-transit use by 2015.85 Because the plan also 
required reductions in GHG emissions from public transport, 
LMCU began to search for a carbon-free fuel for its bus fleet, 
among other transit strategies. With technical and financial 
support from the European Commission’s BIOMAXGAS pro-
gram, it turned to biologically produced gases from various 
waste sources.

In Europe in general and in Lille in particular, interest in bio-
gas technologies began in the 1990s, with an eye to reducing 
GHG emissions. Biogas (also known as biomethane), a high-
quality fuel derived from various types of waste, can be used 
for process energy (energy consumed by industry), combined 
heat and power, combustion in vehicles, and injection into the 
national grid.86 Biogas is produced when organic matter decom-
poses into CO2, water, and methane in the presence of bacte-
ria; this process, known as biodigestion, can occur aerobically, 
in the presence of oxygen, or anaerobically, in the absence of 
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oxygen. Because biogas can be readily sourced from a variety of 
plant materials or other organic matter, including wastewater 
and industrial, forest, and agricultural waste, it is considered a 
renewable energy source. The production of biogas also leaves 
residuals that can be used as fertilizer.

The Marquette wastewater-treatment plant, located in a 
Lille suburb, treats about one-third of the population’s waste-
water, producing about 15,000 cubic meters (530,000 cubic 
feet) of sewage gas (biomethane) daily.87 While 80 percent of 
this output was recovered for process energy and heat for the 
plant, the rest was flamed or wasted. Recognizing a potential 
resource, Lille launched a pilot program in 1990 to recover, 
clean, and upgrade (compress) the remaining biogas to 95 per-
cent methane in order to fuel a portion of the city’s converted 
public bus fleet. Methane is chemically similar to natural gas, 
and Lille’s first methane-powered buses were soon operational, 
with notable improvements in acceleration and drivability as 
well as reductions in ozone, hydrocarbon, nitrogen oxide, and 
particulate emissions. Noise levels from the buses also dimin-
ished by as much as 60 percent.88 Based on these successes, the 
city cast about for other sources of clean fuel, with the goal of 
expanding the program first to 100 buses and ultimately to its 
entire fleet.

The answer was found by looking across municipal depart-
ments to the city’s waste sector, where a crisis had been unfold-
ing. After a 1998 study revealed that milk from cows grazing 
near solid-waste incinerators was heavily contaminated by 
dioxin, the three plants that had been burning the city’s solid 
waste had to be shut down. In lieu of incineration, the city 
chose instead to construct an organic waste recovery (ORC) 
facility. Completed in 2007, that facility offered Lille Métropole 
another source of clean fuel (fig. 3-3).89

The ORC receives approximately 700,000 tons of waste pro-
duced annually by Lille’s 87 communes. In addition to domestic 
waste, agricultural residue and wastes from food processing 
are added to the presorted organic household material for 
combined processing. The material arrives at the ORC via eco-
friendly barge transport; the combined organic materials then 
spend roughly a month in oxygen-free digesters that separate 
biogas from sludge, or semi-solid waste. Some of the recov-
ered biogas (methane, CO2, and water vapor) is used directly for 
heating the facility. The rest is further purified, water-washed 
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(using collected rainwater), concentrated, and stored as 4 mil-
lion cubic meters (141 million cubic feet) of fuel—sufficient for 
powering 100 buses.90 Since all biogas derived from decayed 
plant material was originally photosynthesized, the fuel is con-
sidered carbon neutral.

The separated sludge is mixed with chipped wood waste 
and is heat-processed further to yield approximately 34,000 
tons of compost, which is then returned by barge to agricul-
tural areas.91 A lingering difficulty was solved when Lille Métro-
pole colocated the new bus depot immediately adjacent to the 
ORC. Before the colocation, the buses had needed to refuel at 
the sewage-treatment works, adding miles to their routes.

The program eliminated the use of an estimated 5 million 
gallons of diesel oil annually and reduced two major sources 
of GHG emissions—first by substituting renewable energy 
for fossil fuel, and second by averting the release of methane 
accompanying the processing of wastewater and solid waste. 
When compared with emissions from diesel-fueled vehicles, 

Figure 3-3. Lille Métropole Organic Waste Recovery Center and Transfer Center, Lille, 
France. (Figure by Hillary Brown.) 
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CO2 equivalent emissions were reduced by more than 75 per-
cent, suspended particulate matter by 97 percent, sulfur com-
pounds by 99 percent, and nitrous oxides by 70 percent.92

The program owes its success to a number of factors, includ-
ing the political and technical support of the EU. The combined 
cost of bus adaptation and the refueling infrastructure, which 
was more than €2 million, was met through EU, national, and 
subnational grants.93 A bus manufacturer (Renault) and a gas 
producer (Gas de France) contributed expertise. Ultimately, 
however, the critical factor was the commitment of local and 
regional authorities to effect an ecologically integrated solu-
tion to transportation, wastewater treatment, and solid waste 
processing.

Hydrogen Power Revives an Island Economy—  
Lolland, Denmark

Scandinavia, a region far advanced in its deployment of low-
carbon and carbon-free technologies, offers perhaps the most 
innovative example of infrastructural ecology. The fourth larg-
est of Denmark’s 400-odd islands, Lolland has historically been 
known for growing sugar beets. Today, the island is being cele-
brated for its commitment to carbon neutrality and renewable 
energy as an engine of economic development. Vestenskov, one 
of Lolland’s villages, is well on its way to becoming the first fully 
hydrogen-powered community in Europe. Its transformation 
is the outcome of a 2008 partnership, funded by the Danish 
Energy Authority, between the Municipality of Lolland (which 
covers about half the island, incorporating seven different vil-
lages, including Vestenskov and Naksov, in 2007) and Baltic Sea 
Solutions, a regional nonprofit sustainable-development orga-
nization founded in 2005.94

In the mid-1990s, the villages of Lolland were attempting 
to rebound from an economy weakened by shipyard closings, 
which had accelerated the decline of an already sparse popula-
tion. In 1998 the largest village, the former shipyard commu-
nity of Nakskov, decided to capitalize on the island’s unique 
resources. It envisioned leveraging renewable energy—specifi-
cally, an integrated mix of low-carbon strategies—to encour-
age private development.

It planned to do this by transforming the degraded harbor 
sites into the Nakskov Industry and Environment Park, a facil-



64  |  Next Generation Infrastructure

ity designed to attract renewable-energy and agro-industries.95 
The Nakskov governing board modestly increased local taxes to 
fund the project (a surprising move, given the waning economy); 
however, the hope was that the investment would pay off for the 
community. One outgrowth of the park was the 2007 creation of 
Lolland Community Testing Facilities (CTF), which was conceived 
as an international platform for piloting renewable-energy tech-
nology and products through full-scale local applications. The 
goal of the CTF partners—the Danish Energy Authority (DEA), 
Baltic Sea Solutions, several private industry firms, and 20 uni-
versities—was not only to test new technologies in isolation, but 
also to create synergies among them. As an economic driver, the 
program would spawn new businesses, create jobs, and amplify 
research. Significantly, CTF engaged in participatory public meet-
ings to ensure that its community and private investments 
would support local job creation, resulting in a heightened sense 
of the villages’ shared ownership of the project.96

Denmark’s substantial subsidies for the renewable-energy 
industry are helping the nation to reach its goal of meeting 
its entire electrical demand through wind power by 2025.97 
Between 1999 and 2009, wind-power production on Lolland 
increased twelvefold, thanks to more than 500 land- and sea-
based turbines (many of which were constructed as demon-
stration projects), which currently produce annually about 
1,000 GWh. The addition of planned offshore wind farms will 
expand production to approximately 1,500 GWh, 50 percent 
more electrical energy than the island can consume.

In 2007, CTF developed a plan to couple wind power with 
a hydrogen-production project—both to store excess wind 
power and to address its principal liability: intermittency. The 
plan gave rise to the Lolland Hydrogen Community (fig. 3-4), a 
multiphase demonstration project developed by the munici-
pality of Lolland, Baltic Sea Solutions, and IRD Fuel Cells through 
research dollars and subsidies provided by the DEA. The proj-
ect, sited in the village of Vestenskov, would use residential fuel 
cells to produce combined heat and power, and would be the 
EU’s first full-scale hydrogen-powered community. An electroly-
ser plant, built in the nearby Nakskov Industrial and Energy 
Park, uses an electrical current (from excess wind power) to 
split water into hydrogen and oxygen. The hydrogen is then 
piped, via a hydrogen distribution network, to the Vestenskov 
households that are the testing sites for the distributed heat-
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and-power arrangement. At each home, individual fuel cells—
which work electrochemically (without combustion) and have 
zero carbon emissions—use hydrogen to produce electricity 
and heat on demand, yielding domestic hot water as a by-prod-
uct. This combined heat and power production approaches 90 
percent efficiency.98

As noted earlier, CTF was interested in modeling how it 
could capitalize on local synergies, an interest shared by the 
municipality of Lolland, which plans to maximize the utility 
of each of CTF’s projects to support its long-term goal of sus-
tainable redevelopment.99 Lolland’s development of an infra-
structural ecology was also furthered by the application of a 
dynamic modeling tool, developed and customized for Lolland 
by the US Millennium Institute, a nonprofit sustainable-devel-
opment organization. The tool analyzed economic, social, and 
environmental factors to assess the potential for synergies 
across sectors. For example, because most of its renewable-
energy sources are intermittent, Lolland maximized efficiency 

Figure 3-4. Lolland Hydrogen Community, Lolland, Denmark. (Figure by Hillary Brown.) 
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by integrating them: the surplus nighttime wind power that 
would otherwise sell at lower rates is used to produce and store 
hydrogen. Instead of simply being vented, the oxygen produced 
by electrolysis is piped to the local wastewater-treatment plant 
in order to improve the efficiency of its purification processes. 
Because of its rural and agricultural base, Lolland has also com-
mitted to biomass-derived district heating, which relies on the 
plentiful availability of straw, wood chips, wood pellets, and 
gasified sugar-beet waste. Animal manure is sold to a new bio-
gas plant, which produces an additional 101 GWh.100

These synergies improve both the cost efficiency and the 
ecological performance of Vestenkov’s power, heat, and waste 
infrastructure—and the savings are being used to help under-
write ongoing renewable-energy investments.101 Another envi-
ronmentally adroit source of savings is the diversion of some of 
the excess, nutrient-rich surface water from agricultural fields 
to water impoundments that have been formed by the erec-
tion of new dual-functioning dikes. While these protect against 
rising sea levels, they also provide contained areas for the cul-
tivation of algae used to produce biodiesel fuels. Significantly, 
the production of biodiesel in these community-held areas has 
created additional income streams for local farm communities, 
helping to alleviate the tax increases initially required to fund 
redevelopment.102

Thanks to its demonstration projects and local business-
redevelopment efforts, Lolland has earned additional EU fund-
ing designed for depressed areas that are trying to overcome 
economic difficulties. With its academic, industry, and non-
profit partners and a locally based holding and venture-capi-
tal company created to further its energy initiatives, Lolland is 
positioned to stand as an exemplar in Denmark’s production of 
export earnings.

The island’s ongoing trial of hydrogen as an energy carrier 
is now in a third phase that will examine economies of scale. 
From both a financial and an energy-performance perspec-
tive, quantifiable results are still preliminary. Moreover, even 
assuming the success of the trial, the marketability of hydro-
gen remains an issue. Although in many ways an attractive, 
low-carbon substitute for fossil fuels, hydrogen doesn’t occur 
in nature in a usable form, which means that energy is required 
to produce it. There are also many challenges associated with 
safe, efficient, and cost-effective storage and delivery.



3. Greening Heat and Power  |  67

Three aspects of the breakthrough in Lolland are especially 
noteworthy here: first, the synergies that were revealed by 
research and put into place across the energy, wastewater, and 
agricultural sectors; second, the embrace of an emerging indus-
try—in which local governments, community residents, and 
area farmers participated—as means of redressing unemploy-
ment; and third, the simultaneous anticipation of and response 
to climate change. (The third aspect will be discussed in greater 
detail in chapter 6.)

Conclusion 

Lolland’s entrepreneurial venture is a robust infrastructural 
ecology—an advanced, public-private, community-based, and 
municipal-scaled green-energy system, organized around 
an integrated infrastructure network of power, water, waste, 
and agriculture.103 While comparable research resources and 
top-down national investment may not be readily replicable 
in other municipal undertakings, there is much that forward-
thinking public officials and utilities can do to advance next-
generation, integrated energy systems.

Public and private gas and electric utilities can start by 
attuning themselves to untapped local resources. They can con-
sider co-firing or altogether replacing coal (or other fossil fuel) 
with locally available beneficial biomass waste. (Both would 
require equipment modifications and storage capacity.) They 
can consider deep-water or below-grade assets such as geo-
thermal energy for heating or energy storage—with the poten-
tial to boost yields. They can consider landfill-gas-to-energy 
projects, next-generation waste-to-energy facilities (detailed 
in chapter 5), or the use of methane gas and other sewage 
treatment by-products as renewable energy sources. Cogen-
eration, particularly with renewable resources, compounds the 
energy yield while lowering carbon emissions. At an even more 
entrepreneurial level, power providers in sunny climates might 
acquire underused expanses of land capable, in the near future, 
of cohosting a solar tower and food production facility.

Similarly, both public and private utilities can begin to bet-
ter control their own energy destiny and lower their carbon 
footprints by establishing on-site or integrated renewables, as 
in Lille, France. Mounting PV panels or arrays on transmission 
towers, facility roofs, or other underutilized properties, or float-
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ing them on water storage or wastewater collection areas can 
also reduce water loss while protecting standing water quality.

Through the right partnerships, careful spatial planning, 
and state-of-the-art strategies for technical integration, includ-
ing connectivity to the grid, next-generation infrastructure 
will make optimal use of simple colocation to extract collat-
eral benefits from shared energy and resources. Many of these 
options, however, will require advocating and enabling policy 
frameworks (at the federal, state, or local levels) to support new 
investment cycles needed to reach the full potential of low-car-
bon energy sources.

Two projections—one short-term, the other longer-term—
give rise to some optimism. The International Energy Agency 
(IEA) estimates that by 2035, wind and solar together could be 
supplying 10 percent of global electricity, an increase from 1.5 
percent in 2012.104 In the United States, projections made by 
the Department of Energy’s National Renewable Energy Lab 
suggest that renewable electricity generated by commercially 
available technology could, in combination with a more flex-
ible electric system, supply 80 percent of total US generation 
by 2050 while “meeting electricity demand on an hourly basis 
in every region of the United States.”105 The infrastructure sec-
tors have both the obligation and the opportunities to play a 
leading role. 
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4. Advancing Soft-Path  
    Water Infrastructure:  
    Combined Constructed  
    and Natural Systems

In the mid-1980s, a development boom  
in the southwestern parts of Staten Island, New York City’s least-

populous borough, triggered overflows from combined storm 

and sanitary sewers, causing flooding and degraded water qual-

ity. Instead of installing a traditional gray infrastructure drain-

age system, the city’s Department of Environmental Protection 

(DEP) responded with a unique, multipurpose solution tailored 

to the area’s hydrologic patterns. Natural wetlands and drainage  

H.Brown, Next Generation Infrastructure: Principles for Post-Industrial Public Works,
DOI 10.5822/ 978-1-61091-202-0_4, © 2014 Hillary Brown
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corridors—known as “blue belts”—were upgraded to handle 
the additional functions of storing and filtering stormwater.

The Blue Belt plan involved acquiring 10,000 acres of 
marshlands and augmenting them with reengineered streams, 
ponds, stilling basins that dissipate rapidly flowing water’s 
energy, sand filters, and other water-control elements. This con-
structed drainage system was inseparably entwined with the 
area’s self-regulating ecosystems. At a savings of about $80 
million (in 2009) over conventional large sewer mains, these 
enhanced natural features convey, store, and filter stormwater, 
reduce peak discharges, and improve water quality, while pro-
tecting scenic vistas and wildlife habitat.1

As epitomized by the Blue Belt, the soft-path water para-
digm described in this chapter entails the use of localized, low-
impact water-treatment systems.2 Like green infrastructure, 
soft-path systems capture, store, treat, and re-utilize stormwa-
ter runoff at or near the site of use, improving groundwater, 
soil, and air quality; biodiversity; and even carbon sequestration 
and climate modification.3 As spatially diffuse natural systems, 
their enhanced landscapes and water features preserve open 
space while fostering recreational, scenic, and educational 
uses. Soft-path systems, distinguished here from green infra-
structure, may also serve beneficial cross-sector functions as 
revealed in the examples featured in this and other chapters: 
treatment of wastewater, recovery of nutrients (e.g., phos-
phates) and biosolids for fertilizer or energy production; and 
utilization of recovered waste heat or treated water for ben-
eficial uses. Soft-path processes stand in sharp contrast to the 
centralized, single-purpose, “hard-path” waterworks (filtration 
and wastewater treatment) typically used across the developed 
world. In the United States alone, approximately 161,000 public 
water-supply systems collect, treat, and deliver potable water, 
often pumping it great distances.4 More than 21,000 publicly 
owned wastewater treatment works provide sanitary or com-
bined storm and sanitary treatment services.5 Both types of 
facilities are expensive to construct and to operate: 70 percent 
of their operating energy goes to moving and treating water 
and wastewater, which represents nearly 4 percent of the entire 
nation’s electrical demand. (Sludge digestion alone contributes 
over 0.5 percent of total US emissions of CO2, nitrous oxides, 
and methane.6) As currently engineered, these single-purpose 
facilities are considered noxious by neighboring communities. 



4. Advancing Soft-Path Water Infrastructure  |  71

Finally, many are threatened by climate perturbations, includ-
ing intense storms and rising water levels.

Since the mid-1970s, wastewater engineers have been 
interested in the use of a variety of biological systems to treat 
wastewater naturally, under controlled (or bioengineered) con-
ditions. Water treatments that rely on native ecological func-
tions can supplement, reduce reliance on, or (as demonstrated 
by the Staten Island Bluebelt) even entirely replace energy- and 
chemical-intense traditional “gray infrastructure” with “green 
infrastructure” by mimicking a locality’s original hydrology.

Natural stormwater and wastewater treatments rely on 
the movement of water through streambeds, plant material, 
and/or soil, where living organisms remove sediments and 
metabolize (“bioremediate”) impurities, filtering and adsorb-
ing pollutant molecules such as phosphates and nitrogen. With 
treatment at or as close to the source as possible, the water 
balance (equilibrium between inflows and outflows necessary 
for assured water availability) for a locality is improved over the 
performance of centralized systems.7

Soft-path systems can also help reduce peak plant in-flows 
and avert the need for wastewater treatment-system expan-
sion. In addition to reducing carbon emissions by avoiding 
conventional construction and carbon-fueled operations, the 
biomass and soil that are inherent in soft-path systems act as 
“carbon sinks” for natural sequestration of atmospheric CO2 

in the soil and plant matter. Finally, soft-path infrastructure 
improves resiliency against climate change through protection 
of our water commons, in terms of sufficiency and quality.

Although relatively low in first costs and operating costs 
when compared with gray infrastructure, soft-path measures 
require substantial financial investment if they are to be imple-
mented at the scales required to safeguard urban waterways.8 
And, like any other water-treatment system, they require 
upkeep to function properly. In the long run, however, increas-
ing use of decentralized, low-impact treatment alternatives 
can provide substantial savings, which can then be passed on 
to water ratepayers.

From the micro to the macro scale in the realm of storm-
water and wastewater treatment, the examples in this chap-
ter provide a window on the transition from hard- to soft-path 
approaches, highlighting the third principle of post-industrial 
infrastructure: integration of human-engineered systems 
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with natural systems. To a significant extent, stormwater and 
wastewater treatment recapitulates the natural purification 
processes of wetlands, the vital yet fragile outlets of water-
sheds, where rivers drain into large bodies of water. Improving 
water quality through slow movement across textured and 
vegetated terrain is the organizing principle for the pioneering 
designs, based on natural processes, that are the focus of this 
chapter. Among the examples are smaller-scale, transforma-
tive interventions sited in urban rights-of-way (ROWs) or other 
marginal spaces; municipal-scale applications that reduce and 
treat stormwater (and even wastewater) flows. As described at 
the end of this chapter, even our freshwater supply systems are 
improved by the preservation of large urban watersheds and 
drainage areas that perform the collection, infiltration, and 
storage of potable water that can reduce or even avoid the 
need for costly water-filtration-plant construction.

Localized Interventions That Add Up: Greening  
Public Rights-of-Way

Since the 1990s low-impact development (LID), a set of tools 
and techniques for stormwater treatment that rely on natural 
ecosystem services while satisfying regulatory standards, has 
been largely regarded at the federal, state, and local levels as a 
desirable alternative to centralized stormwater management. 
Because water districts may have differing permitting require-
ments, however, barriers remain to widespread implementa-
tion. Pilot applications, here and abroad, as well as the research 
proving their effectiveness, have helped to remove many of 
the technical barriers. Numerous municipalities and counties 
have targeted roads and public ROWs as testing grounds for 
LID—because of both their ubiquity and their harmful effects 
on hydrologic functions (box 4-1). The science of road ecology 
further studies many of the adverse effects of interactions 
between natural systems and road networks, including con-
straints on wildlife and aquatic systems.

As of 2008, the linear extent of the US paved roadway net-
work was 6,506,204 miles—nearly double the length of any 
other road network worldwide.9 In fact, the nation’s dedicated 
“vehicular habitat” (paved roads, parking lots, and driveways) 
constitutes about two-thirds of all impervious surfaces in the 
country—and, at more than 43,000 square miles, boasts a foot-
print approximately the size of the state of Ohio.10
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Box 4-1. Pilot Projects and Guidelines

Demonstration projects across the United States are introducing working landscapes within 
spatially and materially reconfigured streets, parking lots, and other paved areas. Among 
the showcases for program initiatives and policy are the Green Streets program of Portland, 
Oregon; the San Mateo County Sustainable Green Streets and Parking Lots Design Guidebook; 
Low-Impact Development: A Design Manual for Urban Areas, produced by Fayetteville, Arkan-
sas; and Chicago’s Streetscape and Sustainable Design Program. Long the purview of civil and 
traffic engineering, the conventional, single-function ROW is being reimagined to do double 
or even triple duty through the incorporation of multiple functions: traffic calming, new bicy-
cle lanes, enhanced pedestrian zones, continuous tree trenches, stormwater management, 
and enriched and diversified tree canopies and ground-level plantings.

One of the early policy guides, New York City’s High-Performance Infrastructure Guidelines: 
Best Practices for the Public Right-of-Way, published in 2005 by the city’s nonprofit partner, the 
Design Trust for Public Space, helped advance the adoption of environmental strategies for 
public ROWs and underscored the crucial need for interagency collaboration in the interests 
of integrating best practices for streetscapes—including stormwater management, porous 
pavements, improved access to utilities, and multifunctional landscapes—into the design, 
construction, and refurbishment of ROWs.

The manual was developed for a particular scale: New York City’s 20,000 paved-lane-miles, 
which make up an area nearly double the size of Manhattan. Designed to support the com-
pound use of greened ROWs, the guide merged practical performance goals with concern for 
the human experience of the urban environment.

Following the 2007 rollout of the city’s PlaNYC, an action-oriented, integrated framework 
of what were originally 127 initiatives designed to manage the city’s growth, sustainability, and 
climate-change adaptation agenda, Mayor Bloomberg continued to raise the bar for environ-
mental performance across numerous agencies. The city’s Departments of Parks (High Perfor-
mance Parks for the Twenty-First Century ), Environmental Protection (NYC Green Infrastructure 
Plan, Wetlands Strategy, and Sustainable Stormwater Plan), and Transportation (2009 Street 
Design Manual) all recognize the role of urban streets and open spaces in the critical shift away 
from single-purpose grey to multifunctional green construction. Many pilot projects developed 
under these guiding documents are currently being implemented and evaluated.

Chicago’s nearly 2,000 miles of narrow, paved alleyways and service streets bisecting 
the city’s long blocks are targeted for retrofit. Typically unsewered, these imperviously paved 
alleys will receive light-colored porous or permeable pavement to relieve the storm-sewer 
loads, recharge local water tables, and reduce localized flooding and the urban heat-island 
effect.1 As of 2010 more than 100 Green Alleys have been implemented.2 

1. City of Chicago, “Green Alley Program,” City of Chicago’s Official website, 2010–13, www.cityofchicago.org/city/en/
depts/cdot/provdrs/street/svcs/green_alleys.html.

2. Ibid.
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Paved, single-purpose byways generate compound deficits: 
they accumulate toxic mixtures of atmospheric particulate 
matter, rubber debris from tires and brake linings, agricul-
tural chemicals, hydrocarbons, and bacteria and other harmful 
microorganisms, and they convey these and other pollutants to 
receiving waterways. They prevent the infiltration of aquifer-
replenishing stormwater, increase localized flooding, and fos-
ter the buildup of polluted air. Paved areas create urban heat 
islands and even alter the weather patterns around cities. 
Finally, paved surfaces take a toll on wildlife and ecosystems by 
breaking up habitat.

In demonstration projects, sections of ROWs may be reengi-
neered to promote infiltration, storage of excess water, and pol-
lutant remediation. New ROW profiles combine traffic-safety 
measures (e.g., bike paths, medians) with soft-path working 
landscapes made up of both biotic and abiotic components, 
such as green medians, vegetated bioswales (drainage ditches 
with mixed plantings), interconnected street-tree trenches, 
detention basins, and pervious pavements.11 Once in place, 
these features moderate climate stresses, remediate waste, 
circulate nutrients, and remove water pollutants. When joined 
with other marginal patches of landscape (e.g., highway edges, 
transmission easements, landscaped plazas, rail corridors), the 
enriched ROWs foster ecosystem connectivity and biodiversity. 
Along with wetlands, parks, cemeteries, campuses, and urban 
river corridors, green ROWs return the benefits of nature to 
urban environments.

Street Edge Alternatives: Radical Reconfigurations in the 
Right-of-Way

Seattle’s pilot program, the Street Edge Alternatives Project (SEA 
Streets) is among the more inventive multipurpose ROW inter-
ventions. Developed by planners from Seattle Public Utilities 
(SPU) in consultation with local community groups, the project 
addresses local and bioregional water quality and quantity and 
includes vehicular and pedestrian safety measures and ameni-
ties—all at a savings over conventional drainage systems.

Given that local waters are home to the region’s prized 
salmon, overarching goals included the restoration of streams 
and the protection of nearby aquatic habitat. The objectives for 
the streetscape included reducing the volume and flow rate of 
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ROW runoff, and eliminating pollutants—oil, heavy metals, pet 
waste, chemical fertilizers, and pesticides—that would other-
wise make their way downstream.

SPU chose a typical residential street in a low-density urban 
environment in northwest Seattle for its two-block-long, 2.3-
acre drainage test site. Completed in the spring of 2001, the 
ROW features a serpentine layout that slows traffic (fig. 4-1). 
Because the site’s predevelopment natural landscape has been 
closely simulated, the ROW handles stormwater without the 
need for traditional piped drainage. Instead, runoff is directed 
into “bioswales”—vegetated ditches engineered for collection, 
conveyance, treatment, and infiltration of stormwater—placed 
on either side the roadbed; these ditches are lined with soil, 
river rocks, and salmon-friendly plants (sedges, rushes, grasses). 
More than 100 new evergreen trees and 1,100 shrubs line the 
front yards. These plantings, plus the bioswales, afford visual 
interest and privacy while “evapotranspiring”12 the collected 
stormwater.13

Figure 4-1. Street Edge Alternatives (SEA Streets) project, Seattle, Washington. (Courtesy of Seattle Municipal 
Archives, no. 155416.) 
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In lieu of raised curbs, two-foot-wide bands of porous, light-
colored concrete pavement smoothly abut the pervious asphalt 
of the driving lane, effectively adding enough width to the 
roadway, which had been dramatically reduced from 25 to 14 
feet, to satisfy municipal regulations, which require sufficient 
street width for fire trucks to be able to pass. A single mean-
dering sidewalk, combined with clustered and angled parking, 
allows more room for working landscape while encouraging 
neighborly interactions.

The homeowners and the SPU jointly maintain the ROW. 
Two years of continuous monitoring revealed that the SEA 
Street reduced the total volume of stormwater leaving the 
street by 99 percent. During peak rainfall months, the ROW 
reduced discharge to creeks by a factor of 4.7 when compared 
wih conventional Seattle streets. The SPU further estimates 
that infrastructure based on natural drainage systems costs 
25 percent less than traditional roadside systems, primarily 
because reducing runoff at the source decreases the need for 
additional pipes and holding tanks.14

Today, the quality-of-life improvements associated with the 
pilot attract many visitors even as they boost local environ-
mental stewardship. With SEA Street as a model and its Right-
of-Way Improvements Manual as a guide, SPU hopes to widely 
replicate bioswale-based storm drainage, achieve water-quality 
objectives, institute traffic calming, and improve the appear-
ance of neighborhoods across the northern part of the city.

Upgrading Urban Wastelands: Transforming Queens 
Plaza to “Dutch Kills Green”

SEA Street demonstrates the efficacy and benefits of sup-
planting gray with green in the ROW. Similar strategies are 
being successfully applied to marginal strips and poorly main-
tained or abandoned spaces (what might be called “infrastruc-
tural brownfields”), including bridge abutments and areas 
around or under elevated byways. The revitalization of Queens 
Plaza, in Long Island City, is one result of such transformative  
efforts.

A formerly anarchic interchange and derelict public space—
consisting of multilane vehicular approaches to the Queens-
boro Bridge across the East River, a congregation of elevated 
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subway lines, and an asphalt sea of commuter parking—this 
gateway from Queens to Manhattan is now unified by a raised 
and planted landscape that defines a new, 1.5-acre public space. 
As one of the first projects created in accordance with New 
York City’s High-Performance Infrastructure Guidelines (box 4-1), 
what is now known as Dutch Kills Green is the product of an 
unprecedented level of collaboration among numerous local 
government agencies committed to developing a unique, mul-
tifunctional public work.

The new park’s raised landform supports a densely planted 
canopy of almost 500 ironwood and other hardy trees, along 
with shrubs and native grasses capable of standing up to urban 
pollutants.15 Berms, trees, and other features provide wind-
breaks and filter sunlight while helping to dampen ambient 
noise and the cacophony of overhead trains. Working features 
in the Green perform vital functions: stormwater diverted from 
the combined sewer system is now collected and filtered by 
constructed subsurface wetlands, then used to irrigate the park 
and the median plantings.

The rehabilitation of the plaza was necessary to support a 
burgeoning residential and cultural district—one that had been 
recently upzoned for high-density mixed-use development. A 
local group now called the Dutch Kills Civic Association took 
the initiative—and, with the cooperation of the city’s planning 
department, lobbied to have the Queens Plaza upgrade included 
in the existing appropriations for nearby capital improvements. 
The $45 million improved landscape and streetscape, tracking 
the 1.3-mile approach to the bridge, unites residents with the 
existing park at the East River’s edge. Timed crosswalks, as well 
as the realignment of roadways with medians, help to calm 
traffic. A planned lighting scheme will animate the steelwork of 
the elevated structures, illuminating the public space at night 
and creating a sense of enclosure for the park.

Completed in 2012, the redesigned plaza disentangled and 
regulated the movements of pedestrians and bicyclists, and 
rationalized vehicular and rail circulation. It has provided aes-
thetic and social coherence to the complex while remediating 
the adverse environmental conditions that remain (fig. 4-2). In 
all, it is an appropriate complement to a truly “post-industrial” 
neighborhood—one that has, in fact, already lost much of its 
industrial base.
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The artistic and ecological sensibilities of the design team 
members combined to devise some of the park’s remedial, soft-
path strategies—the most notable of which is the selection of 
unusual construction materials. When the project was in the 
planning stages, the city’s park standards precluded the use of 
pervious pavers, but the team was able to circumvent regula-
tions by relying on the “artistic license” granted to Michael 
Singer, the environmental sculptor who was hired through the 
city’s Percent for Art Program. Singer’s customized concrete 
paving stones direct surface water into wetlands and planted 
areas; notches in the edges of the patterned pavers promote 
water infiltration in situ, demonstrating a soft-path approach 
to stormwater management. Singer’s artistry also comes into 
play in the unusual design of the park benches.

In another unorthodox use of materials, landscape architect 
Margie Ruddick covered the numerous traffic medians with 
rows of upended, broken chunks of concrete salvaged from 
the site.16 Although their loose spacing facilitates stormwater 
infiltration and helps with noise reduction, the main purpose 
of these intimidating gray shards is to discourage random 
pedestrian crossings. To the discerning, they also present an 
ecological allegory in which artificial urban surfaces have been 
deconstructed to reestablish a natural cycle.

The convergence of multiple spaces and infrastructure sys-
tems rendered the redesign of Queens Plaza particularly chal-

Figure 4-2. View of Dutch Kills 
Green, Queens, New York. (Cour-
tesy of Michael Singer Studio; 
Photo: Sam Oberter.) 
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lenging. For the leaders of the city’s planning team, the work 
demanded extraordinary levels of interagency collaboration 
among representatives from the Metropolitan Transportation 
Authority (the elevated structure and access), Parks & Recre-
ation (plantings and paving), the state and city Departments 
of Transportation, DEP, and the city’s Department of Design 
and Construction. Innovative measures—including a rain gar-
den, the use of hydrodynamic separators that use the physics 
of flowing water to catch sediments and other pollutants, and 
the installation of permeable pavers—were controversial and 
involved compromise. Other features and plantings that would 
have entailed complex, costly, or unconventional maintenance 
were ruled out.

At one juncture it became necessary for the Mayor’s Office 
of Capital Project Development to assemble every consultant 
and member of city staff involved in the project, in order to 
coordinate a myriad of design and operational details—every-
thing from light-pole placement to utility lines, tree spacing, 
timing of traffic signals, and maintenance of vehicle-passage 
areas. Resolution was achieved through a facilitated, hours-
long forum conducted at City Hall. According to senior planner 
Penny Lee, it was “this ‘all-agency’ format that made the project 
go forward.”17 In the course of the planning and development 
process, participating agencies began to recognize that invest-
ment in the services of one sector could support the core mis-
sion of another; for example, incorporating green infrastructure 
reduced the DEP’s stormwater-treatment burden. Ultimately, 
the collaborative process was essential to the bioengineered 
landscape that transformed the urban experience at the plaza.

A Hybrid Treatment Plant and Park—Sherbourne 
Common, Toronto

Across parts of many older cities in North America, legacy treat-
ment facilities deal with the inflow of both sewage and storm-
water for treatment before discharge into local water bodies. 
During major storms the total load may exceed plant capac-
ity, and some of this combined sewer overflow (CSO) may be 
released untreated. In the United States alone, more than 700 
communities cope with the impacts of CSO-released pollut-
ants.18 Waterfront cities, such as Chicago and Toronto, which 
extract their drinking water from nearby lakes, are particu-
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larly mindful of risks to water quality, and acutely aware of the 
imperative to address non-point-source pollution—the sedi-
ments, nitrogen, phosphorus, animal waste, oil, benzene, and 
other harmful substances discharged in runoff from imperme-
able surfaces.

In Toronto, an urban revitalization project on its waterfront 
has the collection, treatment, and conveyance of stormwater 
as a central organizing concept. When fully realized, Toronto’s 
transformation and revitalization of its urban waterfront—a 
formerly derelict industrial district abutting the city’s urban 
core—will consist of miles of wetlands and promenades, along 
with newly developed public parks on the edge of Lake Ontario. 
Totaling more than 2,000 acres, the waterfront—one of the 
largest urban redevelopment projects in North America—is 
being spearheaded by Toronto’s Waterfront Revitalization 
Corporation (now known as Waterfront Toronto). The district 
known as East Bayfront now centers on a new waterfront park, 
Sherbourne Common, which bisects former industrial front-
age.19 Soon to be bounded by new institutional, commercial, 
and residential structures, the north end of the site is scaled 
for quiet activities and children’s play, while the south section, 
overlooking Lake Ontario, has been designed to accommodate 
concerts, festivals, and other citywide and regional events.20

From the gardens and playgrounds in the northern sec-
tion to the multipurpose pond in the southern section—which 
serves as a “splash pad” in summer and a skating rink in win-
ter—water is integrated into the public attractions. The prin-
cipal unifying feature, crisscrossed by pedestrian bridges and 
roadways, is a long channel that conveys cleaned water to the 
lake.

The park’s articulated treatment train offers an elegant 
narrative—and a playbook of mixed ecological and artificial 
processes. The site’s runoff is collected in tanks beneath the 
adjacent East Bayfront Park boardwalk for initial processing in 
a constructed wetland. After conveyance to an underground 
purification station, in lieu of chemical chlorine treatment, 
the water is subjected to high-intensity ultraviolet light to 
eliminate bacteria—a step that is necessary because the park’s 
water features encourage human contact.21 After disinfection, 
the treated water reemerges aboveground and is oxygenated 
as it cascades from the height of one of three sculptural pil-
lars (fig. 4-3). After entering a raised pool, it passes through a 
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planted biofiltration bed and overflows into the long north-
south channel that is the central feature of the project. Pass-
ing under several pedestrian bridges, it travels the length of the 
park before discharging into Lake Ontario. (Some of the water 
is diverted before reaching the lake, so that it can be used to 
irrigate the park.)

Waterfront Toronto, the agency charged with the redevel-
opment, advocated at the city’s parks and health departments 
for the design team’s unorthodox approach in merging biologi-
cal and artificial treatment methods—the former affording the 
public amenity of natural processes, the latter, an additional 
factor of safety. The solutions used at Sherbourne Common 
are meant to inform the design of future waterfront parks. 
Although colocation of the treatment center added to the proj-
ect’s initial cost, James Roche, Waterfront Toronto’s project lead, 
has noted that the design has already returned value: the pub-
lic delights in the park’s urban watercourse and vivid exposition 
of the transformative power of landscape.22

Figure 4-3. Sherbourne Common with integrated water feature, Toronto, Canada. (Courtesy of Waterfront 
Toronto.) 
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Stormwater Parks and Progressive Regulations—
Philadelphia

The Schuylkill and Delaware Rivers, the source of Philadelphia’s 
drinking water, come together within the confines of the city. 
Across a 64-square-mile area that houses 75 percent of the 
city’s residents, 60 percent of the city’s sewer system is com-
bined with storm drainage. With 164 CSO points, severe storm 
events that can happen up to 85 times a year will release excess 
sewage into the Schuylkill, Delaware, and other waterways.23 
Since 1999 Philadelphia has engaged in integrated stormwater 
management in order to reduce runoff and thereby extend the 
useful service life of the city’s current stormwater infrastruc-
ture. Among the strategies used to eliminate CSOs is the con-
version of vacant lots into stormwater parks, which incorporate 
small-scale treatment and detention structures. Community 
groups participated in the development of the park designs, 
which include seating, play areas, murals, and landscaping.

Since 2007 Philadelphia has used its water and stormwater 
billing system to make green infrastructure standard practice 
for on-site stormwater management in public- and private-
sector developments. Customers pay parcel-based rates that 
reflect the site’s percentage of impervious covering, but they 
also receive credit for green infrastructure measures that meet 
specific standards. Given the extent of the measures committed 
to during the program’s first-year rollout, the city foresaw that 
these and other low-impact measures will, when fully phased 
in by 2014, manage 1-inch storms (that is, 1 inch of stormwater 
falling on a site within a 24-hour period) and reduce CSO inputs 
by 25 billion gallons, at a reduced treatment cost to the city of 
$170 million.24

In 2011, the city signed a letter of agreement with the US 
EPA’s approval for a 25-year, $2-billion Green City, Clean Waters 
initiative, which is further designed to solve CSO-induced water-
quality problems. The program will rely on combined public and 
private financing to retrofit nearly 10,000 acres of public and 
private property with a wide range of green infrastructure mea-
sures designed to yield sufficient natural hydrologic absorption 
processes to manage 1-inch storms. One of the most progres-
sive and comprehensive of municipal measures nationwide, 
the initiative could potentially save billions of dollars in capital 
and operating costs while simultaneously creating significant 
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public benefits, including savings in health-care costs, greater 
recreational use of urban waterways, increased property val-
ues, restoration of ecosystem services, and energy savings from 
localized cooling.25

Engineered Wetlands for Wastewater Treatment—
Arcata, California

The Arcata Wastewater Treatment Plant and Wildlife Sanctu-
ary, near California’s Humboldt Bay, is one of the earliest exam-
ples in the United States of a constructed wetlands system 
employed to treat municipal wastewater (fig. 4-4). The facility’s 
history demonstrates how a progressive local body, asserting 
control of its own resources, not only rejuvenated and enhanced 
wetlands to treat the town’s wastewater naturally, saving sig-
nificant capital and operating costs, but also opened the same 
acreage to multiple use as wildlife habitat and for passive rec-
reation and educational opportunities for the community. The 
plant is still in operation and continues to be a productive influ-
ence on the community.

Figure 4-4. Aerial view, Arcata Wastewater Treatment Plant and Wildlife Sanctuary, Arcata, California. (Cour-
tesy of Terrence McNally.) 



84  |  Next Generation Infrastructure

In 1958, in order to meet secondary treatment standards for 
the quality of the water discharged into Humboldt Bay,26 the 
town of Arcata added 55 acres of oxidation ponds to its origi-
nal treatment system.27 These water bodies contain partially 
treated wastewater, fostering algae and bacterial growth for 
further decomposition. In 1968, the town chlorinated the ponds 
for further disinfection. With the advent of more stringent fed-
eral standards by the mid-1970s, the town had a choice: either 
upgrade the existing system or opt into the state- and region-
ally proposed $25-million centralized processing plant slated to 
handle wastewater for the entire region. The then-mayor and 
his public works director hoped to pursue a local solution.

Arcata, a city with a population of 12,850 in 1980, has long 
been home to many ecologically proactive citizens—in par-
ticular, students and professors at nearby Humboldt University. 
In its efforts to maintain a decentralized approach, the city’s 
Wastewater Treatment Task Force (city and university officials) 
relied on experimental advances undertaken by the university’s 
environmental engineering program, which included the suc-
cessful release of partially treated wastewater for aquaculture 
nourishment (a natural cleaning process) en route to discharge 
into the bay.28 Further university trials persuaded the task force 
that the addition of 30 to 40 acres of artificially constructed 
surface freshwater wetlands could sufficiently purify partly 
treated municipal wastewater while improving the biological 
productivity of the wetlands. Foreseeing the potential eco-
nomic benefits, Arcata’s public works director, Frank Klopp, and 
the task force proactively enlisted buy-in from both the state’s 
and the region’s water-quality control boards and funding assis-
tance from the state’s Coastal Conservancy. In 1983, the Arcata 
City Council moved ahead with the first phase of this innova-
tive project; it opened in 1985, at a cost of less than $700,000.29 
Klopp’s estimates were borne out: enhancing the acquired acre-
age as new wetlands for water treatment would incur about 
half the cost of buying into the centralized system and a third 
of the operating cost.30 To increase capacity over the next two 
decades, the city acquired and repurposed nearby pastureland, 
a lumber-mill pond, and a closed sanitary landfill—more than 
100 additional acres of freshwater and saltwater marsh close 
to the plant.

The wetland acreage was divided into staged treatment 
marshes and enhancement marshes, both free-water-surface 
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(FWS) constructed wetlands that receive and process partially 
treated wastewater from the oxidation ponds. The treatment 
marshes consist of thickly overgrown canopies of cattails and 
hardstem bulrush—plants whose roots and stems filter sus-
pended solids, while bacteria remove dissolved organic material 
(effluent from the oxidation pond). After leaving the treatment 
marshes, the water is further disinfected by chlorination treat-
ment; it then enters the denser enhancement marshes for 
tertiary treatment, where the remaining organic content (as 
measured by biological oxygen demand, or BOD, and including 
nutrient content) is further reduced.31 At this stage, reeds take 
up phosphates and nitrates while their long shadows prevent 
algae from proliferating. After dechlorination with sulfur diox-
ide, the water flows through an adjacent, 6.9-hectare (17-acre) 
lake before exiting into the bay.

Routine maintenance for constructed wetlands consists 
of periodically harvesting vegetation and detritus to remove 
phosphorus and nitrates captured by the plants, controlling the 
depth of the water, cleaning inlets and outlets, and managing 
collected solids.32

It was the unique partnership among the public, private, 
and academic sectors that achieved this landmark transforma-
tion and captured critical associated benefits. The city enjoys 
low-carbon, low-maintenance, naturalized wastewater treat-
ment, accomplished through sedimentation, filtration, oxi-
dation, and adsorption. Former brownfields, remediated as 
constructed wetlands, restored public access to the waterfront. 
Together with nearby ponds and estuaries, the resulting assem-
blage of aquatic vegetation provides enriched habitat for per-
manent and migratory bird wildlife (some 270 species across 
the 300 acres).33 The complex, now known as the Arcata Marsh 
and Wildlife Sanctuary, annually attracts some 150,000 visitors, 
who enjoy scenic vistas and miles of walking trails.

The approach also yielded important self-reinforcing ben-
efits. First, the city’s decision to reject the centralized system 
and pursue a local alternative has fostered community pride in 
the town-gown partnership and has forged further broad iden-
tification with conservation goals. Also, as over 200,000 people 
visit the sanctuary every year, their positive experiences fur-
ther help “evangelize” this alternative treatment mode. Second, 
Humboldt University students and faculty gained from applied 
research opportunities while providing expertise for the city.
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Third, the hybrid approach had long-term land-use conse-
quences. Whereas signing on to the planned regional plant 
could have easily opened the way for unfettered development 
and sprawl, instead, wetland annexation—coupled with the 
city’s subsequent acquisition of a community forest—estab-
lished a barrier that has preserved the landscape’s scenic and 
cultural integrity.34 Arcata’s example suggests that other com-
munities planning to extend existing treatment plants or build 
new plants could blend biological systems with constructed 
ones. According to the EPA, surface-flow constructed wetlands 
work best in smaller municipalities, where land costs may be 
lower and skilled operators for the more technically complex 
engineered plants may be scarce.35 They are especially benefi-
cial as a means of restoring ecological health in communities 
where wetlands have been lost or degraded.

Colocated wastewater treatment plants and wetlands 
can be found elsewhere in California and in other parts of the 
United States, including Orlando and Lakeland, Florida, and 
Beaumont, Texas, where the wetlands cover over 900 acres. 
Wetlands also perform wildlife-enhancement functions, with 
emergent vegetation attractive to varied regional waterfowl, 
mammals, and reptiles in, for example, Show Low, Arizona, and 
Grand Strand, South Carolina, in the Carolina Bays. FSW wet-
lands have also been used to treat municipal landfill leachate 
in Fenton, New York, and industrial effluent in Columbus, Mis-
sissippi, and Mandan, North Dakota; and to remove metals and 
recharge groundwater in Tres Rios, Arizona.36 By demonstrating 
how constructed systems can nest elegantly with natural ones, 
the decentralized approaches used in Arcata and elsewhere are 
fostering the integration of infrastructural functions into the 
landscape. Significantly, they are also transforming public per-
ceptions of waste as a potential resource.

The Transformative Return of Wadi Hanifah—
Riyadh, Saudi Arabia

The examples described so far in this chapter have focused 
on green infrastructure networks that attain water balance 
and regulate water quality in temperate climates—areas with 
adequate rainfall. The following example explores the use of 
similar practices in one of the most water-scarce countries in 
the world, where soft-path technologies are used to restore 
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water balance within desert drainages; to rehabilitate ancient 
wetlands for recreational, cultural, and agricultural purposes; 
and, most important, to sanitize urban wastewater for benefi-
cial non-potable use. This Saudi project successfully renewed 
a major but long-degraded watercourse, the Wadi Hanifah, 
which drains over 4,500 square kilometers in the west and 
north of the rapidly urbanizing city of Riyadh, the modern capi-
tal of Saudi Arabia and home to nearly 5 million people, and 
the project successfully forestalled Riyadh’s need to construct a 
chemical- and energy-intensive treatment plant.

Despite the scant rainfall of this fragile desert environment, 
balance had historically been maintained between the wadi’s 
supply and the population’s needs.37 In the 1970s, however, with 
growth fueled by an oil-dominated economy, Riyadh began 
importing costly supplies of desalinated water. The infusion of 
new water resulted in rising groundwater that then picked up 
septic seepage, industry discharges, and other pollutants; ulti-
mately, the wadi was transformed from a seasonal stream into 
a polluted, permanently flowing watercourse.38

Planners hired by the Arriyadh Development Authority (ADA) 
pointed out the profligacy of Riyadh’s water cycle: imported 
urban water (one barrel of which cost as much as a barrel of 
oil) was flowing away to waste in the desert.39 In 2001, ADA 
staff, working with a team of planners, landscape architects, 
and engineers, developed a bold plan designed to repurpose 
the wadi. The basis for a decade-long work program, the plan 
featured hydrologic, recreational, and tourism goals, as well as 
guidelines to control future development in the wadi basin.

The wadi was carefully regraded to achieve a consistent 
slope, and its channel was widened, in order to attenuate the 
flood peak, eliminate standing water, and increase surface 
area (permitting greater oxygenation and thereby improving 
water quality).40 Rows of large boulders spaced at intervals 
form weirs, providing additional aeration. Finally, a roughened 
stone lining and coarse-bedded shallows increase water turbu-
lence—which, in turn, aerates it, fostering the growth of micro-
organisms that metabolize toxicants and excess nutrients.

Final remediation occurs downstream from the weirs, 
where 134 bioremediation cells—arranged in a herringbone 
pattern and filled with riparian plants—create the food web 
that is required for final water cleaning. The stone surfaces and 
artificial substrates of the cells accumulate algae and other 
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aquatic microbial material (fig. 4-5). Aerating pumps increase 
the water’s oxygenation. Tilapia nurtured on the algae com-
plete the feeding chain—the last stop in a serial process that 
“bio-accumulates” the water’s nutrients and metabolizes odor-
producing nitrogen compounds.41 The facility anticipates an 
eventual monthly harvest of about a ton of tilapia.42 Remark-
ably, the capital cost of this in-situ natural treatment was 
roughly one-third that of a mechanical plant.43

The scale of this bioremediation complex is unique. Water-
balance returns are high: by restoring the stream to pristine 
condition, the ADA recycles Riyadh’s regular urban outflow—
currently some 400,000 cubic meters (about 105 million 
gallons) daily, enough to satisfy one-third of the city’s total 
non-potable water needs. By 2025, that number is expected to 
increase to more than 1 million cubic meters (264 million gal-
lons).44 Ongoing monitoring ensures that the facility performs 
at or beyond expectations.45

Figure 4-5. Wadi Hanifah bioremediation cells, Riyadh, Saudi Arabia (© Arriyadh Development 
Authority).
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The government distributes the treated water at no cost to 
farmers, supporting increased agricultural yields. Some is used 
by oil refineries; significantly, however, the remaining water is 
pumped back to the city in order to irrigate public gardens and 
parks, a dividend that has supported a boom in lush riparian 
real estate. The wadi restoration added nine major waterside 
parks and six lakes, welcome amenities in a city that had lacked 
significant public open space. Some of the newly landscaped 
parks, with trees, shrubs, and grasses, extend along sub-wadis 
into adjacent residential areas.46 With such improvements in 
place, property values along the wadi corridor have increased 
tenfold.47

The recovered water supports 4,500 date palms and 35,000 
shade trees planted along the wadi’s banks.48 Indigenous veg-
etation has also been reestablished in the wadi bed: evergreen 
shrubs, acacia, and tamarisk in the dryer northern sections, and 
reeds, marsh herbs, and bushes for wildlife attraction in the 
southern sections.49 Ecological health has been further nur-
tured through the reintroduction of indigenous animals and 
the establishment of a plant nursery to expand the greening 
of the wadi.50

Constructed and natural elements fuse seamlessly through-
out the project. The wadi’s banks are filled with pedestrians; its 
working features—explained by signs along terraces, bridges, 
and rebuilt trails—have lured back a once-wary public.51 In 
carefully arranged coves along the banks of the wadi, families 
can enjoy privacy while picnicking and enjoying the water. The 
stepped banks of the watercourse invite access to the swiftly 
moving stream. Twenty-five miles of gravel-and-stone walking 
trails extend the five miles of paved pedestrian promenades 
that are dramatically illuminated during the cooler evening 
hours to encourage public use.

The project economics were compelling: with desalinated 
water priced at over $5 per cubic meter (about 264 gallons), 
recycling 400,000 cubic meters (about 105 million gallons) of 
water a day would create a very short payback period.52 The 
most costly part of the reconfiguration was the relocation of 
the roadbed and utility infrastructure—overhead and under-
ground, respectively, that ran along the streambed. (A dedicated 
channel now conceals utilities and protects them from flooding; 
formerly haphazard roadway infrastructure along the wadi was 
also minimized to reduce traffic and environmental impacts.)
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In addition to realizing significant cost savings, the reha-
bilitation and repurposing of a degraded natural system has 
generated intensive public use, justifying the investment many 
times over. Wadi Hanifah is a model “high-thought / low-tech”53 
approach—one that is desperately needed to influence twenty-
first-century public works not only in the developed world but 
also in the developing world, where water quality is a critical 
concern.

In the future, the ADA hopes to foster new private-sector 
investment in tourism, leisure developments, and mixed-use 
shopping districts in the vicinity of the wadi.54 Other cultural 
and environmental improvements are also under consideration, 
including an interpretive center focusing on the socio-historical 
aspects of the stewardship and use of the Wadi Hanifah. Addi-
tional recreation areas are also planned.

A successful fusion of civic artistry and engineering logic 
to achieve vital ecological ends, the “Great Park of Riyadh” was 
essential to meeting the demands of the city’s growing pop-
ulation. Rejuvenated as a healthy natural drainage course for 
Riyadh and the surrounding region, the wadi has helped to 
restore vital water balance in the desert by conserving water 
and reducing the energy and cost for potable-water production. 
In 2010, in recognition of the project’s response to the needs 
and aspirations of Islamic societies everywhere, it received 
the prestigious Aga Khan Award. As cities worldwide seek to 
reclaim their water bodies from industrial-era contamination 
and blight, designers are acknowledging and celebrating the 
vital import of naturalized water and riverine biology in an 
urbanizing world.

Creative Solutions to New Needs: New York City’s 
Croton Water Filtration Treatment Plant

Like Riyadh, New York City had succeeded for decades in avoid-
ing construction of a conventional treatment plant (in this 
case for water supply), despite having one of the most exten-
sive municipal water systems in the world. The city’s water-
shed—three upstate areas totaling 2,000 square miles, and 
encompassing nineteen reservoirs and three controlled lakes—
supplies a downstate population of 9 million with 1.1 billion 
gallons a day. This vast, networked system has yielded naturally 
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filtered potable water since its initial construction in the nine-
teenth century.

For most of the watershed’s history, various management 
strategies have been used to ensure that the water conveyed 
to the city by means of 6,200 miles of water pipes, tunnels, and 
aqueducts continued to be of high quality. By the early 1990s, 
however, as a consequence of suburban growth and commer-
cial development, the watershed areas and particularly Croton 
watershed—the one closest to New York City—had begun to 
suffer the effects of pollutants from septic systems, lawn care, 
and agricultural and paved-surface runoff.55

In 1996, the City finally faced enforcement action from the 
EPA and the New York State Department of Health for noncom-
pliance with federal drinking-water standards (Safe Drinking 
Water Act Amendments, 1986). The City had to choose between 
building and operating an expensive new water-filtration for 
the system (at what would then have been a cost of $6–8 bil-
lion) or upgrading the protection of all its watersheds by other 
means. Presented with compelling economic and ecological 
arguments in favor of a natural approach, the City selected that 
option, and in January 1997 the New York City Watershed Mem-
orandum of Agreement was signed by New York City, New York 
State, the communities in New York City’s watershed, the US 
EPA and five environmental organizations for large-scale land 
acquisition and the use of extensive hydrological protection 
measures.56 The City’s case for a natural approach was made, 
in part, through the valuation of ecosystem services—specifi-
cally, the natural system’s capacity for filtration and decontami-
nation. Also identified, but not priced, were further gains from 
watershed protection, including the aesthetic and recreational 
(primarily hunting) benefits of conserving open space, and the 
benefits to marine and terrestrial habitat. The avoidance of 
chlorination and other chemical disinfectants was also among 
the noted benefits.57

Over a 10-year period beginning in 1997, the City agreed to 
commit $250 million to watershed improvements overall, and 
an additional $10 million to Croton; these funds, along with $7.5 
million from the state, were used to acquire lands that would 
serve as buffer zones along rivers and around reservoirs. The 
City’s efforts also benefited from additional local land-use reg-
ulations, from partnerships with community groups, and from 
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assistance of agricultural councils that agreed to control nutri-
ents from agricultural runoff.58 The City made further funds 
available to upstate municipalities subsidizing upgrades of 
septic systems and local wastewater-treatment plants within 
the watersheds and improving buffer zones along streams. 
Finally, the City purchased conservation easements for the pro-
tection of riparian buffers.

Despite the City’s commitment of hundreds of millions of 
dollars to programs intended to forestall the construction of 
a water-treatment plant, the Croton system’s exemption from 
mechanical filtration was ultimately doomed. Because water 
aesthetics (odor, taste, and color) were seasonally affected by 
the presence of organic matter during drought or peak use,59 
the Croton system frequently had to be shut down, undermin-
ing the redundancy—and, consequently, the reliability—of the 
entire network.60 In November 1998 and again in 2002, pursu-
ant to a consent decree released by a federal court, New York 
City began to evaluate sites for the construction of a water-fil-
tration treatment plant. It ultimately found one—in the Bronx, 
on a golf course within Van Cortlandt Park.

That the City was ultimately compelled to use mechanized 
filtration to support the natural functions of one part of its sys-
tem does not diminish the value of the unprecedented experi-
mental measures it had historically—and successfully—used 
to avoid conventional treatment. Large swaths of the water-
shed are still protected by natural means61—and the City has 
ensured that such measures are mirrored and enshrined in the 
new Croton Filtration Treatment Plant, a multifunction com-
plex scheduled to be completed in 2014.

The Croton plant—which will greatly augment but not 
replace the watershed’s natural filtration—will be the first of 
its kind in New York City and one of the largest in the nation, 
with a nine-acre footprint and a depth equivalent to six sto-
ries below grade. When it is completed, this facility will treat 
up to 290 million gallons of water per day.62 The plant’s single 
above-grade story, capped by the country’s largest high-perfor-
mance green roof, will not only serve as a new driving range for 
the existing golf course but will also be used to host a variety 
of public and community functions. Most notably, the iconic 
design effectively recapitulates the functioning of the Croton 
watershed, at a micro scale, through the design’s integration 
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Figure 4-6. The Croton Water Filtration Plant, Bronx, New York. (Figure by Hillary Brown.) 

of landscape and topography with the human-engineered  
system.63

From the outset, the facility was designed to retain the 
hydrologic integrity of the site (fig. 4-6). Its nine acres of imper-
vious concrete, placed in otherwise permeable soil and rock 
formations, displaces groundwater accumulating beneath the 
complex. The plant is designed to relieve the resulting ground-
water pressure without simply discharging it as “excess” into 
the combined sewer system; instead, the flows are impounded 
on-site. First, the collected groundwater (warmed geothermally) 
is circulated through heat exchangers in order to help offset 
the building’s energy costs; the groundwater is then stored in 
underground basins, which also capture the large volumes of 
roof rainwater. Finally, the groundwater is mixed with storm-
water runoff from on-site roads and parking lots, and the com-
bined streams are pumped to the site’s rooftop high point.64 
The water then cascades downward through a series of ten 
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planted pools that make up the working wetland ringing the 
facility.65 Stocked with plants that are native or adapted to the 
region, this mixed surface and subsurface wetland “polishes” 
the water by removing suspended sediments. Built-in weirs 
and landscaped rock formations help aerate the stream, adding 
dissolved oxygen.66 Microbes break down petroleum products, 
while plants take up dissolved nutrients. The cleansed water is 
stored at the base of the cascade for use in building mainte-
nance and golf-course irrigation—replacing the 280,000 gal-
lons of potable water that would otherwise be required, during 
each summer month, to irrigate the golf course.67

The creative integration of building form and ecosystem ser-
vices also solved security concerns that were heightened after 
the 9/11 attacks in 2001. In addition to eliminating the need 
for unsightly security fencing, the encircling wetlands double 
as a protective moat, surrounding the facility. Elsewhere, land-
scaped elements such as swales, runnels, and berms contribute 
to making the perimeter both secure and handsome (see also 
fig. 5-1).

While costly by any standard, the $3.1-billion complex 
nonetheless provides compound value to the public, returning 
essential social assets to the community while improving the 
hydrology of its campus—paired benefits that will be discussed 
further in the next chapter. Ultimately, by demonstrating how 
investment in municipal utilities can improve urban water 
quality while enhancing local ecosystems and civic space, the 
plant sets a high bar for future infrastructural projects.

Conclusion

For next-generation infrastructure, the integrating framework 
for water treatment must be a comprehensive consideration of 
the natural hydrologic cycle. Just as low-carbon energy strate-
gies employ local renewable-energy flows to supplement the 
energy cycle, so can low-impact water management strategies 
exploit local water flows and natural landscapes to optimize 
hydrologic cycles.

From precautionary protection of watersheds to down-
stream cycles of cleaning, storage, and reuse, the examples 
in this chapter demonstrate how reduced-impact water ser-
vices—reliant upon bioengineering and conjoined with adap-
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tive landscapes—can be gracefully woven into the urban fabric. 
The Croton Water Filtration plant mimics the hydrologic func-
tions performed by healthy watersheds. A rejuvenated urban 
watercourse in Riyadh, designed as a water-treatment train, has 
become a major public amenity. And at the Arcata Wastewater 
Treatment Plant and Wildlife Sanctuary, a series of constructed 
wetlands annexed to increase the capacity of the facility obvi-
ated the need for the city to opt into centralized water-treat-
ment services. Sherbourne Common, Dutch Kills Green, and 
other successful projects piloting green infrastructure are 
diverting urban pollutants from receiving waters and using 
landforms and water features to unify and ornament public 
space, as well as to becalm and rejuvenate it.

The strategies and design sensibilities illustrated in this 
chapter epitomize the new ecological design paradigms that 
are emerging in urban infrastructure. These alternative models 
champion an integrated perspective that demands interdisci-
plinary collaboration. Solutions are attentive to patterns of both 
regional and local hydrology, and decentralized technologies 
achieve a lighter footprint by treating and managing water at 
or near the site of use. Significantly, citizens will begin to asso-
ciate visual and recreational amenities of soft-path systems 
with improved overall water quality in the urban domain, and 
they will appreciate the enhancement of land values, protec-
tion or improvement of biodiversity, and the improvement of 
the microclimate. Finally, artful visions have paved the way for 
innovation as artists have capitalized on the leniency accorded 
them to invoke unconventional solutions to environmental 
problems. Despite the existence of successful models, there is 
as yet no clear-cut route by which local entities can move from 
the hard to the soft path. Compartmentalized funding and reg-
ulation of water-quality management still present obstacles 
to a more holistic, systems-oriented approach. And, because of 
the sunk costs invested in conventional treatment and deliv-
ery infrastructure, whatever funding is available will likely be 
used to maintain aging central plants and increasingly fragile 
distribution networks. As a result, in a world where competi-
tion for water resources is increasing, a likely outcome is that 
green infrastructural systems will be implemented at smaller, 
more diffuse scales as expansions of or enhancements to exist-
ing systems.
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Notwithstanding these barriers, the shift evidenced in 
these projects confirms that local governments are increas-
ingly sensitive to the long-term financial benefits of soft-path 
approaches, coupled with their ecological imperatives and the 
ways in which such imperatives align with various agencies’ 
missions. The principle of urban sustainability, invoked as an 
argument in support of each of these projects, is a powerful 
unifying force—as is the cost-effectiveness of alternative mea-
sures. Public bodies today are laying the groundwork for the 
hybrid complexes of the future: new engineering models based 
on interconnected and synergistic infrastructure. Many such 
systems also reflect a heightened awareness of, and an inclina-
tion to prepare for, the advancing era of climate instability and 
the challenges it will create for urban hydrology.68 
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5. Destigmatizing  
   Infrastructure: Design of  
   Community-Friendly  
   Facilities

In 1999, when New York City advanced 
plans to construct the Croton Water Filtration Treatment Plant in 

Van Cortlandt Park in the Bronx, it faced strong resistance from the 

surrounding community, largely comprised of minority and low-

income residents. But the plan had powerful supporters, including 

downstate construction unions that lobbied heavily in anticipation 

of construction contracts and upstate developers who believed the 

plant would reduce pressure to protect upstate watershed areas.

H.Brown, Next Generation Infrastructure: Principles for Post-Industrial Public Works,
DOI 10.5822/ 978-1-61091-202-0_5, © 2014 Hillary Brown
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In alliance with environmentalists and other citizens’ 
groups, residents protested—and later litigated—against the 
plant’s large footprint that would take away parkland and the 
potential effects of the construction-related noise, traffic, and 
pollution on the 26,000 people who lived within a half-mile 
radius of the plant.1 The litigation briefly delayed construction 
but was ultimately unsuccessful. Mayor Bloomberg and Bronx 
officials brokered an agreement that promised $43 million in 
capital improvements to Van Cortlandt Park, plus a windfall 
of $243 million for other Bronx parks over four years. The deal 
also promised local employment related to the plant, ensured 
mitigation measures (such as pollution controls on construc-
tion vehicles and the muffling of blasting noise), and included 
community monitoring and oversight of the project. The resto-
ration and return of precious community parkland was one of 
the city’s key concessions.

To honor the agreement—and under pressure from the 
Public Design Commission—the City retained a world-class 
design team—which, as described in the previous chapter, cre-
atively integrated a closed-loop water management scheme 
into the design.2 The project is ringed by a moat with bioen-
gineered planting and stone walls that also reprise the heroic 
design legacy of New York’s renowned historic water-supply 
infrastructure. In addition to a new clubhouse and pro shop, 
the project includes other amenities, such as a learning center 
and community civic space (fig. 5-1).3 The litigation—and these 
eventual trade-offs—exemplify the complexities and chal-
lenges of infrastructure placement in an urbanizing world.

Even when they are not sited in residential areas, environ-
mentally intrusive assets—such as waste-transfer stations; 
water-treatment plants; electrical-transmission towers, and 
gas-fired power plants—are likely to engender controversy, if not 
outright opposition. Such resistance was first seen in the 1950s, 
when nuclear power plants were initially commercialized. Sit-
ing processes became increasingly complex in the 1970s due to 
mounting public awareness of environmental and public health 
concerns. In the 1980s, as the environmental justice movement 
burgeoned, community resistance became more tactical, often 
involving lawsuits. By the 1990s, in the face of increasingly 
stringent permitting and review processes and growing public 
concern about diminished quality of life, the utility sector had 
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begun to recognize the need for greater public participation in 
siting decisions and in the monitoring of operations.4

As in the case of the Croton plant in the Bronx, communi-
ties that host infrastructural facilities often face significant 
burdens and risks. These include diminished quality of life 
from disruptive construction and ongoing operations, potential 
exposure to environmental hazards, and loss of property value. 
Recognition of the need to address these burdens and risks, real 
or perceived, has given rise to the fourth principle governing 
post-industrial infrastructure: sensitivity to social and environ-
mental context. In practical terms, such sensitivity is expressed 
through proactive local engagement—deliberative processes 
that are open to all members of the community.

This chapter explores both participatory and smart-design 
approaches that are intended to ensure that public-utility facil-
ities are viewed, if not as highly advantageous assets, then at 
least as considerably more benign presences. More broadly, the 

Figure 5-1. Croton Water Filtration Plant’s above-ground buildings, Bronx, New York (© Grimshaw  
Architects). 
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chapter explores what new opportunities might emerge—spe-
cifically, tangible social or economic dividends—as infrastruc-
tural assets are more fully and beneficially integrated into the 
fabric of the community. Finally, the chapter explores mecha-
nisms that can be used to proactively engage, persuade, and 
empower stakeholders.

The first hallmark of community-friendly infrastructure 
is the provision of physical and environmental improvements 
that exceed public health codes and regulatory requirements 
through creative design solutions. The use of sophisticated ico-
nography, environmental messaging, and artful urban design 
are notable advances beyond conventionally engineered infra-
structure complexes. The second characteristic is collaborative 
decision making as a means of ensuring that quality of life will 
be protected or restored, and that social and economic benefits 
will be incorporated into project planning: what might be called 
“extra-functional” or accessory spaces that range from com-
munity meeting rooms, to conference centers, to interpretive 
centers designed to deliver education focused on the mission 
of the facility. The third characteristic is co-development, which 
means that the entire venture, from initial planning through 
construction and operation, exemplifies joint and deliberative 
environmental, social, and economic engagement. Each proj-
ect explored in this chapter exemplifies at least one of these 
characteristics that can help neutralize community anxiety and 
make meaningful contributions to the affected locality.

Hard-Won Improvements to the Newtown Creek 
Wastewater Treatment Plant—Brooklyn, New York

All three of the approaches outlined above are featured in the 
example of the Newtown Creek Wastewater Treatment Plant, 
but this came about only after persistent community pressure 
on the New York City Department of Environmental Protection 
(DEP). It stands in contrast to the projects that follow where 
adjustments were done proactively, anticipating community 
concern.

How much risk—including intrusion, displacement, pollu-
tion, and disruption—may be assigned to any one community, 
while benefits accrue to a much wider public? This is the ques-
tion of fair share as it relates to infrastructure placement. Con-
cerns about fair share are particularly germane to communities 
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that abut waterfronts, which have traditionally been home to 
wastewater treatment, power generation, incinerators, and 
solid-waste-handling facilities, as well as to polluting and 
hazardous-materials-handling industries. As neighborhoods 
strive to revive the scenic and recreational potential of urban 
waterways, conflict over priorities may intensify—as was the 
case in Brooklyn’s Greenpoint community, where the expan-
sion of a wastewater-treatment plant sparked conflict over fair 
share, land use, and waterfront access. Positive outcomes were 
achieved only through long-term community activism and 
extensive local consultation.

Draining into New York City’s East River, Newtown Creek 
separates the boroughs of Brooklyn and Queens. Along its four 
miles of bulkhead-lined banks lies the oldest continuously 
industrialized district in the country, hosting over 50 manufac-
turing uses, including oil refineries, petrochemical plants, fer-
tilizer factories, glue factories, sawmills, lumber yards, and coal 
yards.5 The legacy of pollution includes a decades-old, 100-acre 
underground oil plume, and a more recent spill that polluted a 
further 55 acres of commercial and residential property along 
the waterway.6 Overflows from combined sewer and stormwa-
ter systems have caused additional damage to the creek, and 
heavy traffic on the bordering Brooklyn/Queens Expressway 
contributes mobile-source air and water pollution.7 Finally, since 
its opening in 1972 the city’s wastewater-treatment plant was 
found to be noncompliant with federal secondary-treatment 
standards imposed under the Clean Water Act passed that 
same year.8 The last of the New York City Department of Envi-
ronmental Protection (DEP) plants to be upgraded, it remained 
noncompliant until 2012.9

In the ethnically diverse, historically working-class Green-
point community, residents had long endured the persistent 
smell of oil in their basements, as well as odors from the chron-
ically underperforming sewage-treatment plant. According to 
environmental planner Kate Zidar, these environmental insults 
provided the foundation for a highly vocal and active commu-
nity, and the development of “a savvy community constitu-
ency”10 that first challenged the then-named Newtown Creek 
Water Pollution Control Plant (NCWPCP) for noncompliant 
sewage discharges in the late 1980s, and later unsuccessfully 
resisted the city’s proposed expansion of the plant. In 1996, 
under the city’s land-use review procedure, community activ-
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ists established the Newtown Creek Monitoring Committee 
(NCMC), an oversight body focused on the plant’s expansion.11

DEP’s prolonged failure to comply with state permitting 
requirements set the stage for the establishment of an envi-
ronmental benefits program (EBP). Under the EBP, which was 
established in 1990 under three consecutive consent orders 
issued by the New York State Department of Environmental 
Conservation (DEC), DEP was required to partner with the com-
munity to comprehensively address environmental problems; 
as part of that effort, funding from its $850,000 noncompliance 
fine was earmarked for Greenpoint improvements, specifically 
to work with the NCMC and the community at large to assess 
environmental problems and implement specific projects 
reducing pollution and protecting the community from further 
environmental damage.12 As part of the EBP, the NCMC gained a 
designated “environmental watchperson” to monitor odor, con-
struction noise, truck traffic, garbage, debris, and other disrup-
tions, for which the DEP would be held accountable. According 
to NCMC community liaison Christine Holowacz, the commu-
nity eventually developed a productive working relationship 
with DEP; partly as a result of this relationship, the NCMC was 
often DEP’s best advocate in the community.

In 1999, the elegant, silver-skinned architecture of the new 
addition to the plant received one of the City’s coveted Public 
Design Commission design awards. Both aesthetic enhance-
ments and new public spaces had been secured through New 
York’s Percent for Art program, which requires that 1 percent of 
City-funded construction budgets for its facilities go to associ-
ated artwork. And perhaps most importantly, the community 
gained through the proposed art project what it had long been 
denied: access to its waterfront (fig. 5-2). Instead of anodyne 
building adornments, the selected artist, environmental sculp-
tor George Trakas, created a creekside public right-of-way now 
called the Newtown Creek Nature Walk. Trakas incorporated 
boat moorings as well as steps that cascade into the creek, a 
gesture that allows direct contact with the water and embod-
ies the community’s ongoing guardianship of the waterway.

In 2010, a new public destination was added to the waste-
water-treatment plant and nature walk: the Newtown Creek 
Wastewater Treatment Plant Visitor Center. Here, DEP com-
missioned exhibits that chronicle the stewardship of the daily 
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“upstate-to-downstate” hydrological cycle, through which 
2,000 square miles of watershed provide a billion gallons of 
drinking water to city residents each day, and DEP discharges 
1.3 billion gallons of treated wastewater into New York’s  
harbors.13

As of this writing, further improvements to the plant and 
park are in the planning stages. For the former, the City has 
taken an environmental leap forward with plans to partner 
with a private utility to build a “digester gas-purification plant.” 
Scheduled to begin construction by the end of 2013, the City 
will harvest and clean anaerobic gas from the treatment plant’s 
sludge, which had previously been flared. The resulting gas-to-
grid distribution system will produce enough power to heat 
2,500 homes while averting the annual release of 16,650 metric 
tons (18,353 short tons) of greenhouse gases (GHGs).14

With its visitor center, shapely digesters, and nature walk, 
Newtown Creek Wastewater Treatment Plant’s campus sug-
gests possible futures of more-benign if not harmonious 
associations between infrastructural installations and civic 
contexts. Even more transformative solutions may accompany 
post-industrial complexes: using their composite skills, teams 
of engineers, urban designers, landscape architects, and artists 
are finding ways to reinvest otherwise intrusive facilities with 
inventive new uses, thus coupling amenity with utility.

Figure 5-2. Newtown Creek Nature 
Walk, Brooklyn, New York  
(© Maggie Trakas). 



104  |  Next Generation Infrastructure

Post-Industrial Visions for Waste-to-Energy  
Facilities

Despite being relatively well accepted in many Northern Euro-
pean countries, waste-incineration plants that recover energy 
are among the most controversial facilities in the United States. 
Among the factors that have made WTE or energy-from-waste 
(EfW) plants, as they are known in Europe, both desirable and 
feasible are high fuel costs; a scarcity of real estate available for 
landfills; strict (and stringently enforced) pollution controls;15 
and the opportunity to reduce carbon footprints.16

In 2008, Denmark, Germany, the Netherlands, and Sweden 
collectively landfilled less than 2.25 percent of their solid waste 
and incinerated more than 45 percent in WTE facilities, a func-
tion of advanced recycling policies.17 In 2009, the United States 
landfilled 54.3 percent of its solid waste and incinerated a mere 
12 percent in waste-to-energy or WTE facilities.18 Among the 
reasons for the disparity is the fact that the US public associ-
ates WTE with harmful emissions, including mercury, dioxin, 
and furans.19 (Some also believe it will “encourage” the produc-
tion of waste.) In reality, improved technologies control emis-
sions: from 1990 to 2000, for example, state-of-the-art WTE 
facilities reduced their dioxin emissions from 4,260 to 12 grams 
(150 to 0.4 ounces) TEQ (toxic equivalent).20

With the promulgation of stricter operational regulations in 
1995, the US Environmental Protection Agency (EPA) designated 
WTE as renewable energy, based on the fact that it requires no 
new fuel sources other than the waste that would otherwise 
be landfilled. In 2007, the United States had 87 waste-to-energy 
plants that generated approximately 2,720 megawatts (MW), 
or about 0.4 percent, of total US power generation.21 According 
to the EPA, US WTE plants produce electricity with less envi-
ronmental impact than almost any other source.22 And, as of 
2009, when WTE was compared with even the most aggressive 
landfill-gas-to-energy practices (recovery of landfill methane 
gas for energy production), it had between 17 and 65 percent 
fewer GHG emissions.23 Moreover, landfilling produces persis-
tent harmful emissions, including methane, mercury, and vola-
tile organic compounds, and it contaminates water sources 
with chemical leachates.
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The Isséane Recycling Center and Energy from Waste 
Plant—Paris, France

Discreetly sited in the town of Issy-les-Moulineaux on a brown-
field along the Seine, less than two miles upriver from the 
Eiffel Tower, the Isséane Energy from Waste Plant is one of a 
bold new breed of such plants located in dense urban environ-
ments. Completed in 2008 and serving more than 1 million resi-
dents, it features an unusually modest profile for a structure 
of its size. In addition to its strict emissions controls, the plant 
used a number of ameliorative strategies to guarantee local  
acceptance.

From the earliest planning stages, the two primary goals for 
the facility were to reduce environmental and visual impact and 
to protect human well-being. Isséane is based on the “proxim-
ity principle,” which calls for waste to be treated as closely as 
possible to where it is generated—in this case, no farther than 
six miles. Colocating the MSW recycling facility with the WTE 
plant eliminates emissions from trucks that would otherwise 
be transporting materials between two facilities.

The plant was conceived and developed by SYCTOM, the larg-
est public authority responsible for waste disposal in France, as 
a syndicate of 85 local governments in greater Paris. In Decem-
ber 2000, SYCTOM and the town of Issy-les-Moulineaux signed 
an environmental-quality charter governing construction and a 
40-year operating agreement. In addition to enumerating envi-
ronmental health and safety objectives, the charter established 
a committee to monitor achievement of those objectives. At 
the same time, a group of local residents (known as sentinels) 
were charged with alerting plant operators to any observed 
noise, smell, dust, or other disturbances. Other concessions to 
the town included assigning priority to persons with disabili-
ties in the facility workforce.24

At the recycling side of the plant, some 55,000 metric tons 
(60,627 short tons) of combined wastes annually are mechani-
cally and manually sorted (fig. 5-3). Member communities 
receive an income stream that depends on the amount of 
sorted tonnage they contribute.25 The energy-production side 
of the facility incinerates 460,000 metric tons (507,063 short 
tons) of domestic waste each year. The resulting waste heat, 
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converted to high-pressure steam, drives turbines that produce 
52 MW of renewable power, averting the use of approximately 
110,000 tons of fossil fuels, along with the associated GHG 
emissions. Surplus steam is routed to Paris’s urban heating 
association, which supplies 79,000 homes. The plant’s liquid 
effluents are chemically treated on-site and released into the 
sewerage system. Some 8,000 tons of slag and residual met-
als are collected each year; the slag, used in roadbed construc-
tion, is diverted from the facility by barge, thereby averting 26 
20-ton truck shipments per day and avoiding 23 tons of CO2 
emissions annually.26

Among the most effective strategies used to reduce the 
plant’s visual impact is its modest profile: with just two stories 
visible above grade, the facility looks like an office structure, 
with handsome glass and wood cladding topped by a living 
roof.27 Only the slightly elevated tops of the emissions stacks 
betray the building’s real identity. In addition to reducing the 
bulk of the facility, situating the four remaining levels below 
grade cuts down on noise: garbage trucks descend nearly 100 

Figure 5-3. Isséane: Issy-les-Moulineaux Household Waste Sorting and Energy Production 
Center, Paris, France. (Figure by Hillary Brown.) 
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feet to the basement levels. (Above grade, extra soundproofing 
muffles noise.) The daylit sorting center is concealed below a 
courtyard garden. A state-of-the-art process removes 99 per-
cent of the particulates from the plant’s combustion gases, and 
nitrous oxides are chemically converted into water and nitro-
gen; dioxins have been measured at nearly one-tenth of accept-
able limits.28

Dubbed a “green factory” by SYCTOM, Isséane routinely 
hosts visiting waste-management experts from around the 
world. Progressive, anticipatory strategies for community par-
ticipation, reliance on an environmental charter, and the avoid-
ance of an industrial-looking eyesore—not to mention the 
regulation of noise, odors, and harmful emissions—have made 
this infrastructural design a success worthy of emulation.

Elegance and Amenities at the Naka Facility— 
Hiroshima, Japan

Because of lack of space in its densely urbanized areas, Japan 
burns more of its trash than any other developed nation. But 
by the 1990s routine incineration had created hazardously high 
dioxin levels. With updated pollution controls resulting in 97 
percent reduction in dioxins—and in response to the unsus-
tainability of the nation’s energy model, under which fossil fuel 
imports satisfy more than 80 percent of energy needs—Japan 
has shifted its focus to WTE technologies.29 Currently 21 colos-
sal WTE plants provide electric and thermal energy to citizens 
of Tokyo.30

Hiroshima is engaged in proactive measures designed 
to address the haphazard reconstruction that occurred after 
World War II. Mindful of the approaching centennial of the 
city’s destruction, Hiroshima established the 2045 City of Peace 
and Creativity initiative. As part of this effort, the city has com-
missioned distinguished public works by the country’s most 
celebrated architects, tasking them with providing “excel-
lent urban scenery through fusion design”31—fusion design 
being what the Japanese call collaboration among architects, 
civil engineers, landscape architects, industrial hygienists, and  
others.

In response to a growing waste problem, the mayor of Hiro-
shima and the city’s Urban Development Bureau undertook the 
enlargement of an existing incineration facility. The design of 
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the new Hiroshima Naka Waste Incineration Plant was a par-
ticularly sensitive issue—first because of the plant’s location at 
the terminus of both a major artery (the city’s celebrated bou-
levard, Yoshijima Street) and a visual corridor connected to the 
Hiroshima Peace Memorial Museum, and second because the 
architect wanted the building to restore the city’s connection 
to the sea.

Architect Yoshio Taniguchi approached the infrastructural 
redesign as he would that any of the world-class museums for 
which he is best known. The graceful composition of what is 
affectionately known as Taniguchi’s “Museum of Garbage” pays 
special homage to visitors. The incinerator’s elegantly boxed 
volume is bisected by a 400-foot-long, glass-enclosed corridor, 
called the “Ecorium,” where nearly 200,000 visitors a year look 
down upon the colossal inner workings of the plant as if into a 
glass vitrine in a museum (fig. 5-4). Below, on the plant’s floor, 
silvery cylindrical gas-vacuum towers dwarf an ornamental 
allée of trees. All is daylit, airy, and spotless. The visitor’s path, 
a literal extension of Yoshijima Street, terminates outdoors on 
a platform cantilevered over a newly incorporated public park 
with a splendid harbor view.

Figure 5-4. View from the “Ecorium,” Naka Waste-to-Energy Plant, Hiroshima, Japan. 
(Photo by Kenta Mabuchi.) 
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By means of this gateway-to-the-sea corridor, with its inter-
active exhibits on refuse processing, the mayor and architect 
intended to highlight the interrelationship of material, energy, 
and water as municipal services.32 Visitors first encounter the 400 
tons of incoming daily dross from an overlook six floors above 
the waste pit. As they continue along the visitors’ path, they fol-
low the combustion process by which steam-driven turbines 
produce 12.5 MW of electricity to run the plant (surplus power is 
sold to the city’s electric utility, supplying 20,000 homes).

Steam condensate from the plant’s cogeneration heats a 
swimming pool and a fitness center, as well as a health clinic 
for elderly people—noteworthy dividends that helped to win 
community acceptance of the plant.33 In addition to its digni-
fied design and adroit integration into the urban landscape, 
Naka exemplifies the concept of “coupled” and “synergistic” 
infrastructure ecology with its incorporation of diverse func-
tions (including cascading energy and heat), a visitors’ gallery, 
and other community uses.

A Combined Heat and Power Facility—Copenhagen, 
Denmark

Naka is just one example of public authorities awarding com-
missions to architects or artists in order to transmute poten-
tially offending facilities. With its festooned onion domes, spires, 
and profusion of playful ornaments and colored-glass openings, 
Friedrich Hundertwasser’s fanciful Maishima Incineration Plant 
and Sewage Treatment Facility, constructed in Osaka, Japan, in 
2001, continues to be a major tourist attraction.34

If it is true that unorthodox or polemical forms can disarm 
the public and gain approval for what would otherwise be 
contested public-works projects, surely Copenhagen’s Amager 
Bakke Combined Heat and Power EfW facility has advanced 
the art (fig. 5-5). Something of a wolf in sheep’s clothing, the 
€470-million (approximately $81-million) project broke ground 
in March 2013. When it is completed, in 2017, it will replace a 
40-year-old facility, using a diversionary tactic that promises 
not only to delight but also to achieve what its designer calls 
“hedonistic sustainability.”35 Visitors to the top of the plant’s 
stack, after first being afforded a view of the operations within, 
will ski down the facility’s 1,500-meter (about 5,000-foot) flank 
on manufactured snow, choosing among slopes with three 
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different grades.36 (The visitors center within will also accom-
modate educational groups and tourists, and will serve as the 
backdrop for special events.)

The plant is being carefully integrated into an industrial 
area just outside the central city, located on the grounds of a 
new “terrain park” (landscape accommodating skiers, snow-
bikers, etc.) that also features sailing, rock climbing, and other 
recreational opportunities. The Amager Bakke plant will trans-
form incinerated waste from five municipalities into heat for 
97 percent of Copenhagen’s homes and electrical power for 
50,000 households.37 Like other examples of eco-industrial 
infrastructure, the plant will provide environmental mitigation 
measures: its façades are to be tessellated with greenery-filled 
planters that will manage stormwater and improve air quality. 
The plant will also feature an environmentally progressive “bill-
board”: upon the cumulative release of one ton of CO2, a single 
smoke ring will rise from the plant’s stack.

Figure 5-5. Rendering of the Amager Bakke Combined Heat and Power Waste-to-Energy 
Plant, with ski slope, Copenhagen, Denmark. (Courtesy Bjarke Ingels Group.)
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Creative Compensations and Community Reparations

Sophisticated iconography, environmental messaging, and art-
ful urban design are notable advances beyond conventionally 
engineered infrastructure complexes. Other enhancements 
that may help neutralize community anxiety include the incor-
poration of what might be called “extra-functional” spaces into 
public utility structures—accessory spaces that range from 
community meeting rooms, to conference centers, to inter-
pretive centers designed to deliver environmental education 
focused on the mission of the facility.

Elevating Water Treatment—Wilsonville, Oregon

As water demand from a burgeoning population outstripped 
local well supply, the town of Wilsonville, Oregon, looked to the 
adjacent Willamette River—historically polluted by agricul-
tural effluent and logging activities—as a sustainable, poten-
tially reliable new source of drinking water. Today, through 
an approach that involves extracting and treating river water 
(through advanced sedimentation and filtration processes), the 
Willamette Water Treatment Plant provides potable water that 
surpasses federal standards.

Sensitive to prospective community concerns, the Willamette 
City Council and public works department adopted a nuanced 
planning approach. In addition to holding public consultation 
about the project, it assembled an integrated design team. 
Working together, this team of architects, landscape architects, 
and plant engineers configured a facility joined to a new land-
scaped parkland and a watercourse that runs the length of the 
site, from the upstream intake of river water to the system’s 
outflow at a terminus overlooking the river (fig. 5-6). A path 
parallels the streambed and abuts a monolithic concrete wall 
that divides the park from the plant. Intermittent wall open-
ings reveal the plant’s inner workings, and signage explains 
the steps in the treatment process. Stormwater collected 
from the site, as well as from other areas, is pumped up to run 
down the watercourse, filling the streambed. Gaining clarity 
as it flows over rocks and through pools and waterfalls, the  
stream reminds visitors of the ways in which the plant’s 
mechanical and chemical operations simulate nature’s purifi-
cation processes.38
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The site’s modest amenities—sheltered picnic tables, rock 
perches, bridges, and viewing platforms—allow visitors contact 
with the water, while the sound of the waterfalls muffles noise 
from the adjacent freeway. Meadowed parkland separates the 
plant from the parallel riverbank and provides a pedestrian 
connection to the river, linking the waterway and the adjacent 
neighborhoods to other community open space. By integrat-
ing educational and recreational elements, this award-winning 
plant demystifies the sourcing and purification of potable 
water.

Solving for Pattern at the Phoenix Waste Transfer Station

Some of the most ardent campaigns against infrastructural 
facilities have been waged against proposed solid-waste plants 
and waste-transfer stations—facilities that are infamous for 
the truck traffic they generate, as well as for noise, unpleasant 
odors, and potentially harmful environmental releases.

The energy crisis of the 1970s, coupled with federally 
required closures of unsanitary landfills, made the incineration 
of municipal solid waste (MSW) the preferred waste-removal 

Figure 5-6. Willamette River Water Treatment Plant from downstream, Wilsonville, Oregon 
(© Nic Lehoux).
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option. The percentage of MSW being combusted increased up 
to 15 percent in the late 1980s, and by the 1990s the majority 
of these plants began recovering energy. Simultaneously, how-
ever, newly recognized threats posed by mercury, dioxins, and 
other residuals led to the shutdown of many plants unable to 
meet EPA’s 1990 mandated air-pollution-control systems. This 
loss, coupled with the emergence of the environmental justice 
movement and the advent of new recycling and zero-waste 
policies, effectively set back the American WTE industry.39 Since 
that time, municipalities have largely depended on local land-
fills, typically sited at the outskirts of cities and towns. As these 
landfills have reached capacity, they have been displaced by 
transfer stations—specialized operations that consolidate local 
waste for long-haul shipment to more-remote (out-of-state, or 
even foreign) disposal sites.

In Phoenix, Arizona, during the 1980s, the transfer station—
that pariah of public works—was itself the subject of con-
siderable reinvention. When the fast-growing city had nearly 
exhausted its landfill capacity, the public works department did 
not seek a far-flung location for a new transfer station; instead, 
it chose a nearby brownfield site, setting aside 147 acres (one 
square mile) to receive the city’s prodigious waste: each day, 
about 550 trucks would deliver 3,500 tons of refuse; once sal-
vageable materials had been recycled, the remainder would be 
diverted to another landfill site located 20 miles to the north.40 In 
choosing to establish the new transfer station next to a closing 
landfill, the department had the foresight to create a neighbor-
hood-friendly model that would pave the way for the placement 
of future such facilities in the vicinity of residential enclaves.

In its effort to address an increasingly sprawl-obscured 
setting and restore a modicum of both the natural and the 
cultural landscape through the creation of recognizable, com-
munity-oriented public works, the Phoenix Arts Commission 
found important partners in the Phoenix Public Works Depart-
ment and in the city’s Public Arts program. The latter requires 
the allocation of 1 percent of a project’s construction budget 
to support the integration of specially commissioned art into 
public works, with the overall objective of making these “work-
ing zones . . . powerful, vivid and compelling.”41 Since 1986 par-
ticipating artists have worked to transform the city’s canals, 
freeways, waterworks, and pedestrian landscapes into humane, 
appealing environments.
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In late 1989 two artists, Michael Singer and Linnea Glatt, 
initiated the adroit interventions that ultimately produced the 
27th Avenue Waste Transfer Station and Recycling Center (fig. 
5-7). Singer and Glatt won early favor with the public works 
department by exposing problems with—and offering rem-
edies for—the engineering team’s off-the-shelf plan. Given 
license to rethink the site and the program, the artists recon-
figured and reoriented the facility not only to obtain good solar 
access, but also to improve orientation so that the administra-
tive and visitors’ wing was no longer downwind of odors. Singer 
and Glatt also rationalized circulation by creating a one-way 
loop around the site, reducing the impact of truck traffic and 
affording separate access for workers and preferential views to 
visitors.42 Ultimately, the $18-million, 25-acre complex became a 
local amenity, even as it created a necessary buffer between the 
community and the former landfill.

Singer and Glatt’s context-specific approach can be 
described as “solving for pattern”43—that is, resolving multiple 
problems elegantly and economically. The site was re-graded to 
elevate the facility above flash-flood levels; the void left by that 
excavation was then filled by a stormwater-retention pond. 
Ringed by mountain views and adorned by vegetated terraces 
and courtyards, the facility is largely screened from the view of 
neighbors by berms. A new community park was placed directly 
adjacent to the self-haul area of the plant, where residents can 
also deposit compost and yard waste and gain access to the 
Salvation Army drop-off station.

Public works officials and public art curators alike champi-
oned the artists’ collaborative approach to problem solving. In 
particular, Singer and Glatt helped the design team engage in 
an open public dialogue that acknowledged community con-
cerns while promoting a higher undertaking: reducing wasteful 
consumption patterns and encouraging alternative behaviors, 
including composting and materials recovery. “Environmental 
rehabilitation” serves as the organizing theme for the whole 
campus. Affiliated environmental nonprofits (various recycling 
partners and the headquarters of Keep Phoenix Beautiful) share 
space in the administrative wing. Additional amenities include 
a library, exhibit space, and multipurpose community rooms.44

Tourists enjoy dramatic vistas from the entrance overpass 
as they watch trucks enter below, making garbage mountains 
from their payloads. Inside, facility operations are framed by 
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windows in a gallery above and explained by interpretive exhib-
its. At a public amphitheater (fig. 5-7)—which one critic called 
an “operating theater for environmental therapy”45—spectators 
reencounter their collective dross as they take in the trash-sort-
ing choreography of men and machines from behind glass. By 
dramatizing the ordinarily quotidian processes for metabolizing 
waste, the designers challenge patterns of social behavior.

The plant’s comprehensive recycling program today pro-
cesses some 127,000 tons of commingled residential solid 
waste (newspaper, mixed paper, aluminum, scrap metal, glass, 
plastics, and cardboard) from the approximately 90 percent of 
area residents who participate in the city’s voluntary recycling 
program.46 About 1,500 citizens drop off other disposable waste 
at the transfer station each weekend,47 and more than 5,000 
schoolchildren tour the facility each year.

Figure 5-7. Public amphitheater, 
27th Avenue Waste Transfer Sta-
tion and Recycling Center, Phoe-
nix, Arizona (© Michael Singer 
Studio, photo: David Stansbury). 
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Besides training the public eye on the grimier realities of 
solid waste disposal through the lenses of higher art, the eco-
logically inclined artists also saw opportunities to establish 
infrastructural symbiosis: the treated effluent from a nearby 
wastewater plant is combined with stormwater from the site 
and used to wash down trucks, equipment, and the site itself; 
a constructed wetland filtration process cleanses the water 
before it flows into the nearby Salt River; solar hot-water pan-
els double as shade structures along the visitors’ entryway; and 
methane extracted and piped from the adjacent closed land-
fill is diverted to a small cogeneration facility at the site. Even 
including these closed-loop enrichments, the facility came in 
significantly below the original budget through smart trade-
offs such as eliminating superfluous cosmetic treatment of 
concrete panels.48

This artful way station for urban refuse has inspired many 
subsequent commissions both in Phoenix and elsewhere. Since 
his success in Phoenix, Singer has continued to apply ecological 
solutions while importing aesthetic considerations into techni-
cal infrastructural processes. His studio champions stakeholder 
involvement as a means of both transcending the blight of 
conventional infrastructural development and creating a genu-
ine rapport with communities. His work and perspectives have 
been commemorated in a joint publication with the Environ-
mental Defense Fund—Infrastructure and Community: How 
Can We Live with What Sustains Us?49

Diverse Synergies—Svartsengi Resource Park, Iceland

Along the Mid-Atlantic Ridge, where the continents of Eurasia 
and North America collide, the light-blue waters of the Blue 
Lagoon geothermal spa are a major attraction for visitors com-
ing from nearby Reykjavik, Iceland’s capital. At this scenic spot, 
a light mist hovers over bathers enjoying the pond’s 100°F sea-
water, which laps gently against the surrounding dark hillocks. 
In the background, columns of steam rise from world’s largest 
geothermal power plant.

The privately owned Svartsengi power plant sits atop a 
porous lava field, the remnant of a 1226 volcanic eruption in 
the geothermally active Reykjanes peninsula, which lies along 
Iceland’s southwestern coast. Underground steam fields supply 
geothermally heated brine; brought to the surface by a dozen 
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wells, the brine produces district heating and electricity. Svar-
tsengi is one of many Icelandic power-generating enterprises 
that collectively produce some 4,400 GWh (gigawatt-hours) of 
electricity annually, while heating almost 90 percent of all Ice-
landic homes. Combined with hydropower, these low-carbon 
power stations account for 82 percent50 of the country’s pri-
mary energy.51

The oil embargoes of the late 1970s pushed Iceland in the 
direction of petroleum independence. Today Iceland capital-
izes on direct and indirect geothermal energy, which meets the 
nation’s power and heating needs most months of the year, 
including supporting hot water for swimming pools (371 GWh), 
greenhouse heating (207 GWh), space heating (5,290 GWh), 
fish-farming (528 GWh), and industrial processes (505 GWh).52 
As a consequence of the transition to hydropower and geo-
thermal energy sources, GHG emissions in the Reykjavik area 
dropped from 270,000 to 12,000 tons between 1960 and 2000.53

Geothermal plants avoid many of the environmental 
impacts associated with their fossil-fuel counterparts.54 They 
emit only trace amounts of nitrogen oxide, little or no sulfur 
dioxide, and small amounts of carbon dioxide and methane. 
The primary pollutant now routinely abated at many geother-
mal plants is hydrogen sulfide, which is found in many subsur-
face reservoirs.55 Unlike coal or WTE counterparts, geothermal 
plants produce insubstantial amounts of residual waste (apart 
from the construction waste associated with drilling wells).56

The Svartsengi combined heat and electricity plant (fig. 5-8) 
consists of five separate units that straddle the deep reservoirs 
where seawater, mixed with groundwater, comes in contact 
with magma intrusions at depths of about 2 kilometers (about 
1.2 miles). The plant extracts this reservoir fluid (brine) using 
deep wells. The brine ascends to the surface as high-pressure 
steam at about 240°C (about 464°F), driving ten turbines with 
a production capability of approximately 76.5 MW of electric-
ity and 150 MW of thermal energy for the complex.57 Heat 
exchangers transfer some of the excess thermal energy from 
the condensed steam to freshwater, which is then routed to 
nine nearby towns for district heating. The same heated water 
is also piped to melt snow at the nearby Keflavik International 
Airport. Leftover brine condensate produced by the Svartsengi 
plant is disposed of in an adjacent surface pond now known as 
the Blue Lagoon.



118  |  Next Generation Infrastructure

Over time, minerals (mostly silica) precipitating from the 
brine have formed a waterproof coating in the otherwise porous 
lava; this coating, coupled with algae, gives the pond its bluish-
green cast. Because of the water’s high temperature, which kills 
common bacteria, as well as its mineral content and the fact 
that the geothermal seawater is continuously renewed by the 
power plant over the course of a 40-hour cycle, the lagoon is 
not only hygienic for bathing but also provides relief from pso-
riasis and other skin ailments. The benign waters of the lagoon, 
its qualities discovered by locals, have been used therapeuti-
cally since the plant began operating in 1976.

The power plant has spawned several ancillary uses within 
what has been named the Svartsengi “Resource Park,” a name 
chosen to connote its special ecology and multiple economic 
and social uses. The park was the vision of HS Orka hf, the 
privately held utility that developed the geothermal plant 
and is partly owned by nearby communities. The park’s mis-
sion includes both judicious use of its many resources and, at 

Figure 5-8. Svartsengi Resource Park, Grindavík, Iceland. (Figure by Hillary Brown.) 
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the same time, careful maintenance of its ecological balance 
through education as well as research and development.

The park’s spin-offs, which have generated more than 180 
jobs, are colocated entities lured by the site’s unique resources. 
The famous Blue Lagoon Spa features a 15-room clinic, a der-
matology research and development center, and a number of 
other amenities (swimming pools, steam baths, geothermal 
waterfalls, and a restaurant). The spa alone attracts more than 
400,000 tourists and patients annually and generates over $21 
million in annual revenue.58

The Eldborg Education Center, operated through a partner-
ship between the Blue Lagoon Spa and the power company, 
offers on-site conference and meeting facilities, as well as an 
educational center focused on the area’s geology and geo-
thermal activity. Along with the dermatology research and 
development center, a mineral and biotech unit researches 
medicinal properties of the brine and algae. Other key projects 
are algae cultivation for fish food (aquaculture) and fish-drying  
facilities.59

A recent addition to the infrastructural ecology of the geo-
thermal plant and Resource Park is the cultivation of microalgae 
for the production of next-generation biofuels, a project sup-
ported by the National Energy Fund. This colocation increases 
the use of geothermal-energy by-products in both the trans-
portation sector and the power-intensive industrial sector.60 
A collaboration among the Blue Lagoon Spa, HS Orka hf, the 
government of Iceland, and Carbon Recycling International 
(CRI), an American-Icelandic company, the venture uses plant 
electricity to separate hydrogen from water. The hydrogen is 
then combined with the plant’s effluent CO2 emissions to form 
a synthesis gas.61 This gas is compressed, cooled, and liquefied 
as crude methanol, which can then be upgraded to fuel-grade 
gas when combined with gasoline or biodiesel.62 Since opening 
in 2013, CRI, located near the Svartsengi campus, has converted 
approximately 3 million tons of CO2 emissions into 2 million 
tons of methanol. Distributed through existing transportation-
fuel infrastructure and used in conventional engines, the gas 
yields better fuel efficiency and lower pollution.63 This renew-
able transport fuel—the first derived from non-biological 
material—was introduced to the Icelandic market in 2011; in 
2013 CRI made its first shipment to the Netherlands.64
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The successor company to HS Orka hf, Svartsengi’s original 
owner and operator, is an unusually progressive firm that views 
its power-supplying infrastructure as a seamless extension of 
local resources: geothermal reservoirs, local groundwater, and 
seawater working in a reciprocal, integrated system. The firm 
remains mindful of both the “macro” and the “micro” history 
of the area, as well as its climate, spiritual and cultural tradi-
tions, political system, educational and health care systems, 
and tourist culture.65 Thanks to an astutely integrated stew-
ardship of local biogeophysical phenomena, the complex has  
flourished.

How transferable is geothermal technology to the United 
States? Recent assessments show that nine western states 
have sufficient geothermal resources to meet more than 20 
percent of US electricity needs.66 Nevertheless, these resources 
produce less than 1 percent of US electricity, much of it in 
energy-hungry California.67 According to a 2006 Massachusetts 
Institute of Technology (MIT) study, if enhanced geothermal 
systems (which access deep hydrothermal capacity) were to be 
deployed in the continental United States, they could provide 
some 100 GW of electricity of cost-competitive energy within 
the next 50 years, with a combined public-private investment 
between $800 million and $1 billion over a 15-year period.68 
To date, the primary barrier in the United States to accessing 
this indigenous resource has been limited support for R&D in 
geothermal technology, compared with Europe and Australia, 
where this renewable source is becoming commercialized.69

If the United States were poised to creatively capitalize on 
geothermal energy obtained from US reserves, along the lines 
of the Icelandic entrepreneurs, the nation might similarly access 
multiple yields. Geothermal plants, with their low environmen-
tal impact, can be readily colocated with most agricultural and 
recreational uses. In addition, eco-infrastructural development 
served by thermal energy could be developed in many areas, 
even those remote from large population centers. Finally, a look 
ahead suggests that, as in Iceland, useful minerals such as sil-
ica, lithium, and zinc can, with sufficient R&D, be productively 
extracted from geothermal fluids. The technology that makes 
mineral extraction possible would provide the added co-benefit 
of reducing the environmental impact of conventional mineral 
mining.
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Developing the Bolivia-Brazil Gasbol:  
A Megacommunity in Action 

When it comes to community-friendly infrastructure develop-
ment, the highest principle is good governance, which ensures 
the absolute protection of community rights and the satisfac-
tion of community needs. And the more drastic the interven-
tion and the higher the risk, the greater the need for structured, 
negotiated stakeholder exchanges, as well as implementation 
oversight.

Developed by Petrobras, a joint public-private Brazilian 
enterprise, the $2.15-billion Bolivia-to-Brazil gas pipeline known 
as Gasbol exemplifies the progressive management of sensi-
tive social and environmental concerns. Unlike other projects 
described in this chapter, the binational Gasbol is spatially dif-
fuse, and its affected populations are neither urbanized nor 
local but diverse and widespread. The pipeline traverses almost 
2,000 miles of varied terrain, two nations, numerous states and 
cities, and more than 100 small, remote villages. It runs through 
some of the world’s most fragile ecosystems, and it crosses 
lands occupied by indigenous peoples. Moreover, even though 
the project involves the transport of fossil fuel, it nonetheless 
achieves significant carbon- and urban-pollution reductions by 
switching Brazil from dirty sulfur fuel oil and wood to cleaner 
gas.70

A challenging undertaking in virtually every respect—politi-
cally, environmentally, and socially—the Gasbol project involved 
a vast number of participants, including the federal govern-
ments of Bolivia and Brazil and their often independent-minded 
states and townships; landowners; a number of multilateral 
lending agencies, among them the World Bank, the Inter-Ameri-
can Development Bank, and several private equity partners; local 
and global environmental advocates and organizations; univer-
sities; indigenous community representatives; an environmen-
tal committee; and a range of nongovernmental development 
organizations. The project’s multi-sectoral, inclusive governance 
and proactive management approach, both of which relied on 
continuous dialogue and consensus building, is particularly 
suited to large and complex infrastructural projects.

Among Petrobras’s notable accomplishments were the 
reduction of the project’s environmental footprint and impacts 
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on cultural heritage, and the mitigation of social impacts 
through the skillful engagement of a “megacommunity”—a 
purposeful, action-oriented collaboration between govern-
ment, business, and civil society that builds common ground 
and capitalizes on the advantages of each sector to solve large-
scale problems of unprecedented complexity, achievements 
that none could accomplish alone.71 The megacommunity 
approach adopted by the project developers was specifically 
designed to embrace a large and diverse consortium of inter-
ests and to expedite construction, which took just eighteen 
months. Communications and outreach helped to reduce con-
flict, for example, by ensuring that the pipeline avoided archae-
ologically and ecologically sensitive areas and that construction 
camps were not set up in the immediate vicinity of indigenous 
areas or small towns. Through a series of public meetings and 
community workshops—attended by as many as 900 people in 
total—Petrobras, acting as the management hub of this over-
all approach, maximized transparency and accountability to all 
stakeholders and worked with affected populations to develop 
strategies for returning benefits to communities.72

Gasbol faced daunting ecological challenges. The route of 
the pipeline penetrated environmentally sensitive and legally 
protected lands, as well as biodiversity hot spots, including Gran 
Chaco National Park in Bolivia, the Pantanal wetlands (a World 
Heritage reserve that straddles both countries), and Brazil’s for-
ested Mata Atlantia. After extensive ecological assessments, 
Petrobras factored environmental benefits into its cost-benefit 
analysis, assigning an environmental premium to the substi-
tution of clean-burning natural gas for more polluting fuels.73 
Petrobras then implemented a $36-million innovative environ-
mental and social management plan (over and above World 
Bank conventions),74 one previously unprecedented in Latin 
America.

Petrobras’s first strategy was to avoid collateral damage. 
The route was altered to reduce environmental impacts. The 
easement for the buried gas line was also carefully colocated 
with existing agricultural and animal husbandry land uses. 
Wherever feasible, access roads utilized existing roadways. The 
gas line was also tunneled beneath important river crossings. 
To a great extent, the project mitigated the many disturbances 
normally triggered by construction: habitat fragmentation; air, 
water, and soil pollution; damage from erosion and deforesta-
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tion; and disruption of hydrologic patterns.75 Mitigation efforts 
included drilling under 13 rivers in order to minimize riparian 
damage. Noise control and restricted work schedules protected 
wildlife, especially migrating bird species. Trees were selectively 
felled in the right-of-way to reduce impacts in the area. To 
avoid the use of pesticides, especially in areas with indigenous 
populations, semidomesticated birds were used to help control 
pests. And to revegetate the easement after the pipeline was 
completed, indigenous people were engaged to sow, harvest, 
and maintain native plant species.76 In Bolivia, the easements 
remain closed, to prevent any traffic. Finally, Petrobras provided 
an ecological compensation package ($1.0 million to Bolivia and 
$7.5 million to Brazil) to protect and manage more than a dozen 
national and state parks.77

In addition to stakeholders being involved in decisions 
about environmental protection measures, community-based 
committees and civil-society organizations were consulted in 
the local distribution of compensatory benefits provided as 
consideration for disruption caused by the pipeline. With the 
facilitation of a dedicated ombudsman, these groups partici-
pated in meetings and hearings. “Social auditing”—ongoing 
monitoring that engaged residents of local communities and 
civil-society representatives—was yet another innovation 
designed to protect individual and community rights along 
the pipeline right-of-way.78 Brazilian and Bolivian communities 
(non-indigenous peoples) adversely affected received a total of 
$4.4 million to establish new schools, town halls, community 
health facilities, libraries, and other local infrastructure (water, 
sewerage, electricity, and road improvements).79 Some of these 
communities additionally received training and technical assis-
tance in agriculture.80 More significantly, at a cost of $3.7 mil-
lion in Bolivia alone, indigenous peoples were granted secure 
land rights through titling programs covering some 1.5 million 
hectares (3.7 million acres).81 Finally, the project employed an 
innovative arrangement called the Indigenous People’s Devel-
opment Plan, whereby indigenous populations were employed 
in certain mitigation efforts. The achievements in the realms 
of mitigation, compensation, and monitoring—all negotiated 
across vast distances—demanded good relationships among 
all the working groups. Petrobras’s project-management team 
ensured that the necessary high levels of communication, 
cooperation, and integration were maintained.
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Widely regarded as an archetype for inclusive governance 
achieved through a megacommunity, Gasbol moved beyond a 
bilateral model to create a multilateral networked structure.82 
Gasbol has garnered multiple awards for mainstreaming not 
only environmental but also social concerns into the prac-
tices of the energy sector. It has already become a benchmark 
against which future large, complex international infrastruc-
tural efforts may be measured.

Conclusion

If the projects described in this chapter have a single lesson, 
it is that next-generation infrastructure must move beyond 
mitigation toward provision of tangible amenities, and must 
embrace the community as a valued and essential partner in 
facility development. Particularly in light of mistakes made in 
the past, intrusive or unwelcome ventures will be evaluated by 
the transparency, frequency, and seriousness of consultations 
with stakeholders. Approaches based on local engagement can 
not only achieve community acceptance but can also repair or 
even boost trust and reciprocity. In addition to building social 
capital, inclusionary practices can create community pride 
in environmental protection and regeneration. In the case of 
Newtown Creek, for example, the community’s proactive par-
ticipation created a strong link between social restitution and 
environmental remediation.

The exemplary projects featured here reveal a variety of char-
acteristics that can foster community acceptance: (1) context-
sensitive design excellence (Isséane Waste-to-Energy and the 
Naka facility) and rebranding (Amager Bakke); (2) respect for local 
ecology and economic resources (Svartsengi, the Willamette 
Water Filtration plant, and Phoenix’s 27th Avenue Waste Trans-
fer Station and Recycling Center); (3) the inclusion of recreational, 
civic, or educational amenities (Phoenix, Willamette, Naka, Cro-
ton, and Amager Bakke); (4) proactive strategies such as trans-
parent processes, jointly developed charters, co-management 
agreements, compensation programs, and the provision of local 
employment (Croton, Isséane, and Gasbol).

The successful ventures described in this and earlier chap-
ters have fostered an inclusive, cross-sector approach that 
enabled the people, the project, and the place to co-evolve. 
Through collaborative ventures, engaged local entities were 
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able to self-organize and thereby to build greater economic, 
ecological, and social capital. Svartsengi, for instance, used a 
tri-sector approach (public-private and nonprofit) to capital-
ize on context-specific resources and to invest in cultural and 
educational, as well as health and recreational, spin-offs to 
become a world-class attraction. These successful utility-sector 
approaches to collective leadership point the way to tackling 
the global challenges of rebuilding and expanding infrastruc-
tural services. Moreover, such collaborations can more readily 
lead to and support facilities that are designed to be multipur-
pose—diversified and in some cases significantly synergized—
infrastructural ecologies. 
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6. Creating Resilient  
     Coastlines and  
     Waterways: Hard and  
     Soft Constructions

For 400 years the 287-hectare (about  

710-acre) Abbotts Hall Farm, situated on the United Kingdom’s 

East Anglian coast, had been protected by a 4-kilometer-long (2.5-

mile) seawall. By 2002, flooding of the Essex tidal estuary had 

breached this hard infrastructure many times. When OURCOAST, 

an integrated coastal management program sponsored by the 

European Commission, did a cost-benefit analysis on alternatives 

for repairing the wall, the results showed that the seawall should 

H.Brown, Next Generation Infrastructure: Principles for Post-Industrial Public Works,
DOI 10.5822/ 978-1-61091-202-0_6, © 2014 Hillary Brown
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no longer be maintained; instead, it should be “deconstructed” 
in five locations, creating an 80-hectare (about 200-acre) “soft 
and flexible”’ coastal defense zone. At the Abbotts Hall Farm 
of today, mudflats, salt marshes, and freshwater wetlands 
are used to absorb tidal and wave energies and to sustain an 
enlarged habitat that helps support commercial fisheries. The 
area has also become home to salt-tolerant crops, it acts as a 
carbon sink, and it provides a haven for wildlife—all at a cost 
savings of £500,000 ($805,550) over hard solutions.1

Perturbations to critical infrastructure systems—among 
the signatures of a destabilizing climate—are occurring world-
wide. Scientific studies have deduced that climate warming is 
unequivocally occurring, and trends observed since the 1960s 
implicate increasing anthropogenic releases of heat-trapping 
gases.2 Climate instability will have both direct and indi-
rect impacts on infrastructure, and no sector will be spared 
the effects of heat waves, drought, increasingly intense and 
frequent storms, and the inexorable advance of rising seas. 
Sea-level projections—based on thermal expansion and ice 
melt—from the International Panel on Climate Change (IPCC) 
anticipate a rise of between 7 and 23 inches this century, which 
will be accompanied by significantly worsening flooding and 
storm surges.3 The increasing likelihood of disturbances to 
constructed systems will demand skillful policy adjustments 
across infrastructure sectors. At best, climate impacts may ren-
der vulnerable assets less reliable; at worst, they may trigger 
catastrophic failure.

On the world stage, climate-change treaties and protocols 
have largely focused on mitigation—specifically, reductions in 
greenhouse-gas (GHG) emissions.4 But there is increasing rec-
ognition that adaptation measures, which focus on protect-
ing people and assets from harm, are critical elements in the 
response to climate change. This chapter considers initiatives 
that embody the final axiom of next-generation assets: “Infra-
structure should be resilient and adapt to foreseeable changes 
brought about by an unstable global climate” as it relates to 
river and coastal communities. Here, resilience refers to the abil-
ity of assets or systems to anticipate, absorb, adapt, and/or rap-
idly recover from a disruptive event.5 Natural ecosystems have 
demonstrated the ability to absorb shock, readjust, and produc-
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Box 6-1. Climate Change Impacts in the United States

As a result of climate change, the United States will face hardships across 
all latitudes and on both land and sea. Along the Alaskan shore, for exam-
ple, rising seas already threaten 180 communities—among them Newtok, 
a Yupik village on the west coast so heavily damaged by erosion that it is 
retreating inland at a cost of $2 million per household.1

Throughout the country, the frequency of 3-inch-plus storms (3 inches 
of precipitation in a 24-hour period) has more than doubled between 1961 
and 2012.2 The Mississippi Delta and the adjacent Gulf states have been par-
ticularly hard hit. As the Texas and Gulf Coasts host much of the US oil- and 
gas-shipping industry, several thousand offshore oil-drilling platforms are 
vulnerable to extreme weather events. In 2004, Hurricane Ivan damaged 24 
platforms and 168 pipelines. In 2005, Hurricanes Katrina and Rita harmed 
more than 100 platforms—including a prized $250-million Chevron plat-
form that had to be sunk to the seafloor—along with almost 600 pipelines, 
shutting down nine refineries and reducing Gulf Coast oil production by 20 
percent.3 In the next 50–100 years, the combined effects of land subsidence 
(natural sinking)4 and rising seas will yield a 4- to 6-foot rise in sea level 
along the Texas and Gulf Coast, permanently flooding an estimated 2,400 
miles of major roadways and 246 miles of freight-rail lines, and affecting 
more than 72 percent of freight and non-freight facilities at the region’s  
ports.5

Crippled for months by the release of raw sewage that resulted from 
Hurricane Sandy in 2012, New York and New Jersey’s wastewater infrastruc-
ture will require $1.1 billion for repairs alone, excluding mitigation measures 
such as moving equipment to higher levels and constructing levees to pre-
vent facilities from flooding.6 The storm also put 8 million electric-utility 
customers in the dark, which had a cascading effect on water services and 
heating. Gasoline supply networks were also paralyzed. According to MTA 
officials, New York City’s transportation infrastructure suffered $7.5 billion in 
damage, almost $5 billion in the subway system alone.7

In the Midwest, floods and increased tornado activity have become the 
traumatic inland counterparts of coastal hurricanes. The Great Flood of 1993 
affected 500 miles of the Mississippi and Missouri River system; caused cat-
astrophic flooding in Jefferson City;8 and halted major east-west traffic from 
St. Louis to Kansas City, Missouri, and as far north as Chicago—disrupting 
one-quarter of all US freight for about six weeks.9 In August 2011, in an area 
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tively reorganize around a new state.6 Resilient constructed sys-
tems, which are often modeled on natural ones, are designed to 
have a similar capacity.7

The projects explored in this chapter focus on improving 
resilience to coastal and river flooding. According to the Union 

130 miles south of St. Louis, days of pounding by deadly storms and tornados 
led to flooding along the Black River. When a levee along the river in Pop-
lar Bluffs, Missouri, failed in at least four locations, 7,000 people had to be  
evacuated.10
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of Concerned Scientists, sea level is rising—and at an acceler-
ated rate. This is caused by global warming’s melting of gla-
ciers, ice caps, and ice sheets.8 At the same time, increased 
temperatures are producing changes in weather patterns and 
increasing drought and evaporation—conditions that will 
demand enhancement of existing water resources. Infrastruc-
tural adaptations to water stress and scarcity will be addressed 
in the next chapter.

Coastal Flooding Adaptations: Hardening the Coast

Ten percent of the world’s population lives on the 2 percent 
of the earth’s land area designated as “low-elevation coastal 
zones.”9 These settlements are at the greatest risk of dam-
age from sea-level rise and storm surges, as well as seawall 
breaches, erosion, loss of wetlands, and an influx of sediments. 
Because critical urban systems such as power stations, waste-
water treatment and solid-waste management plants, and 
pumping stations have historically been sited along rivers or 
on or near coasts, they, along with their associated substa-
tions, gas pipelines, and landfills, are subject to inundation. 
Tunnels and coastal airports, also typically located on ocean-
front sites, are subject to flooding, and bridges are vulnerable 
to river scouring (water currents abrading bridge abutments), 
which can undermine their structural integrity. Finally, wide-
spread interdependencies mean that inundation in one infra-
structural sector can trigger shutdowns in others: for example, 
transportation failures can prevent fuel from reaching power 
stations, and brownouts can impair or halt operations at water 
filtration and wastewater-treatment plants. Low-lying nations 
are the most vulnerable to the risks associated with cascading  
failures.

In the Netherlands and Japan, the prospect of major flood-
ing in urban areas has led to sophisticated water-management 
policies. Both countries are contemplating even greater adap-
tive measures. In the Netherlands, the greatest threat comes 
from the fact that 27 percent of the country’s landmass—home 
to 60 percent of the population and the source of about 70 
percent of the nation’s gross national product—is below sea 
level.10 Among the changes already detected in the Nether-
lands are higher river discharges, caused by more-intense win-
ter rains; soil subsidence; increasing salinity in the water table; 



132  |  Next Generation Infrastructure

and growing demands for water during heat-induced droughts. 
Japan’s primary concerns are that higher temperatures will 
cause lower rice yields, and that storm surges will threaten its 
1.3 million coastal residents.

Structurally and Mechanically Refusing the Sea in the 
Netherlands

Living within one of the great deltas of the world, where the 
Rhine, Meuse, Waal, and Schelde Rivers join the North Sea, 
the Dutch have perfected the art of hydraulic engineering as 
a defensive response to inundation and storm surge. The area 
defined by the rivers’ outflows is home to the Netherlands’ 16.6 
million people, as well as to some of the most productive wet-
lands and agricultural soil to be found anywhere. By manipulat-
ing an integrated system of dikes, dunes, pumps, ditches, and 
canals, the Dutch have drained indigenous bogs, mudflats, and 
lakes, transforming them into productive polders—reclaimed, 
low-lying farmland. With a line of primary defenses stretching 
more than 3,500 kilometers (2,175 miles), the nation has largely 
managed intermittent flooding.11

The requisite skills were gained through necessity over cen-
turies of inventing ways to protect the Netherlands from the 
sea. In February 1953, a fierce storm drove a 6-foot wall of water 
over the dikes in the province of Zeeland, taking 1,800 lives, 
inundating nearly 2,000 square kilometers (about 770 square 
miles), and necessitating widespread evacuations. Losses sus-
tained then are estimated today at €1 billion.12 In the decades 
since those catastrophic floods, the Dutch government has 
developed unique water-management policies—now overseen 
by the Center for Water Management, part of the Ministry of 
Infrastructure and the Environment.

The government’s initial response to the 1953 flood was the 
Delta Works, a multi-billion-dollar complex of coastal-defense 
projects executed over a period of 25 years. Sea closures—each 
made up of dams, locks, and surge barriers—enclosed three 
of the main estuaries, armoring the Netherlands’ far western 
flank with a concentric series of “dike rings“ and reducing the 
exposure of 720 kilometers (about 450 miles) of interior coast-
line.

The Delta Works program followed a prescribed logic, arriv-
ing at acceptable protection levels by assigning system com-
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ponents ratios that indicated the risk of failure over time. For 
sea flooding, the ratios ranged from 1:10,000 years to 1:4,000 
years; for freshwater flooding, the ratio was 1:1,250 years. In 
addition to providing flood protection, Delta Works facilitates 
inland shipping by keeping the Nieuwe Waterweg and Wester-
schelde waterways open between the ports of Rotterdam and 
Antwerp.13 The dikes along these waterways have been raised 
and fortified—and, notably, are occasionally combined with 
road infrastructure, to improve transportation between key 
port cities.

Environmental and practical concerns—including high 
costs—have drawn the Netherlands’ coastal adaptation efforts 
away from the use of large engineered systems. The Ooster-
scheldekering, one of the last pieces of the Delta Works to be 
built and a unique, prodigious piece of engineering, is part of 
the outer ring of defenses that effectively protect the Ooster-
schelde (Eastern Scheldt) from the sea. The structure was origi-
nally intended to be a dam, but the environmental and fishing 
community’s resistance to the potential alteration of the area’s 
saltwater ecosystems led to a successful compromise in this 
instance: a storm-surge barrier that includes large sluice gates 
ordinarily left open to the sea, but which can be raised between 
20 and 40 feet during extreme weather to make the structure 
watertight. (The gates have been fully closed 24 times between 
1986 and 2011.)14

Completed in October 1986, this €2.5-billion undertaking 
consists of three units slung between two sandbars, spanning 
across a 51/2-mile waterway. The surge barrier’s opening is nearly 
2 miles long, and the openings in its 63 steel gates allow the 
inflow and outflow of the seawater that sustains the estuary’s 
ecology. In keeping with the national affinity for multipurpose 
land uses, a roadway sits atop the water-securing infrastruc-
ture, connecting two otherwise remote islands to each other.15

Behind the Oosterscheldekering the tides still fluctuate, 
nourishing the estuary’s unique natural habitat—a breeding 
ground for fish, a migration spot for birds, and the locus of the 
region’s most prominent economic activity: the cultivation of 
mussels, cockles, and oysters. On the estuary side of the barrier, 
reinforcing stone was deposited during construction to reduce 
erosion and strengthen the barrier against the force of the sea. 
The use of different types of stone has attracted a variety of 
seaweeds, sponges, anemones, and starfish—part of the rich 
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diet of the many wildlife species that are indigenous to the 
area.16

The dramatic landscape created by the seawall attracts 
human visitors as well, and the artificial island built as a foun-
dation for the barrier has been enhanced by educational and 
recreational uses. Now known as Neeltje Jans, the island fea-
tures recreational areas including a public park that hosts exhi-
bitions about local history and ecology, a series of open aquaria 
showcasing local species, and a water park where fishing ves-
sels formerly used in the Oosterschelde are on display.

Elevating Land Mass as Super Levees in Japan

In Japan, where rivers flow through low-lying cities and urban-
ization has drastically reduced absorptive surfaces, multipur-
pose flood-control infrastructure has gained considerable 
traction. For example, in an approach that allows the govern-
ment to share construction costs, parks and stadiums have 
been designed for intermittent use as water-retention basins.

Since the early 1990s Japan has been constructing “super 
levees”—gently sloping embankments with earthquake-resis-
tant foundations and widths almost 30 times their height. Cur-
rently in place along the Edo, Tama, Yamota, and Yodo Rivers, 
among others, the levees provide flood control while improv-
ing river ecology. Under normal conditions, their inner slopes 
permit colocated uses: public facilities such as roads, parks, and 
riverside amenities.17

Shifting from Resistance to Resilience

The use of highly fortified structures of levees and barrages to 
reinforce the shoreline represents one set of solutions to rising 
sea levels. They may or may not prove the right solutions for 
coastal areas due to cost, feasibility, or the concern that these 
barriers simply shunt surging water to another location, one 
that is unprotected. A different solution is one that appreciates 
the shoreline as a landscape in flux, allowing for periodic flood-
ing or reliance on “soft” buffers—wetlands, reefs, and other 
ecologically appropriate materials—that have an ecologically 
sound, protective value.



6. Creating Resilient Coastlines and Waterways  |  135

Dual-Functioning Rural Floodplains: The Netherlands’ 
“Room for the River”

During the winter of 1995, severe rainfalls in northern France 
and southern Germany led to mass evacuations downstream 
as the Netherland’s receiving waters (Rhine, Meuse) overtopped 
their banks, causing widespread loss of livestock. Technocratic 
control of the canalized and locked rivers was judged by the 
government to be inadequate in the face of future threats. 
Since that time, given the increasing volumes of river discharge, 
adaptation strategies designed to achieve resilience through a 
soft-path approach have become the core approach to national 
water management in the Netherlands, as well as upstream 
participation in France, Germany, and Switzerland.

According to the Royal Netherlands Meteorological Institute, 
by 2050 rising temperatures will produce milder winters and 
hotter, dryer summers, and winter precipitation may increase by 
as much as 14 percent. Such changes could increase inland-river 
discharge volumes by as much as 40 percent in winter, while 
reducing summer flows by as much as 30 percent.18 Another 
concern is that hot, dry summers will lower water levels in the 
polders, causing peat dikes to shrink and collapse, and leading 
to the salinization of groundwater and freshwater inlets, which 
would imperil drinking and irrigation water.19 The institute’s 
recommendation is to “live with water”—that is, to periodically 
surrender or sacrifice space to water, rather than trying to hold 
it back. This would also allow for safely impounding river water 
in winter to store for summer use. Without sufficient space, 
land subsidence and rising sea levels will make river drainage 
difficult, and major inflows will cause breaches in riverine pro-
tection systems and loss of life and property. In other words, 
simply excluding river water cannot guarantee safety.

The goal of the Room for the River campaign is to ensure 
that new or altered land-use designs are physically compat-
ible with water storage, especially in the vicinity of major river 
bottlenecks. First introduced in August 2000 and published in 
a December 2000 report from the Dutch Ministry of Transport, 
Public Works, and Water Management, the program incorpo-
rates new adaptive management strategies designed to reach 
from the national to the local level, and to involve civil society.20 
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Under the initiative, water management and spatial planning 
are administratively yoked in an arrangement that will affect 
urban and rural redevelopment, zoning plans, and new infra-
structure.

By 2015, more than 30 riverine locations will have been con-
siderably altered by a variety of measures that will allow riv-
ers to flood safely and thus temporarily occupy shared space. 
Among the plans are the following measures: creating storage 
areas, either by excavating existing floodplains or widening 
them (by moving dikes further inland); removing obstacles to 
water flow such as berms; creating new, high-water drainage 
channels to discharge river water via alternate routes; and, 
most significantly, establishing large, sacrificial retention areas 
(a measure known as de-poldering). Agricultural or other land 
uses that will recover from the occasional inevitable inunda-
tion will be located in such retention areas. Room for the River 
emphasizes ecosystem-based water management, which 
is designed to achieve resiliency by reestablishing natural  
processes.

At a cost of €111 million, the de-poldering of the Overdiep, 
a 550-hectare (about 1,260-acre) dike-protected area along 
the Meuse River, will protect Den Bosch, a city of 140,000, 
from flooding.21 Scheduled for completion in 2015, the project 
will also lower the high-water level in the Overdiep, as well 
as in areas upstream of the polder, by about 27 centimeters 
(11 inches).22 Because the design assumes that river water will 
inundate the polder once every 25 years, a number of land uses 
currently in the floodplain—16 dairy and crop farms, a large 
pig farm, a marina, and a military exercise ground—were per-
mitted to remain. Homes and other buildings, however, were 
transferred to large mounds situated adjacent to the relocated  
dike.

In an ambitious effort currently being undertaken by the 
City of Nijmegen, a 350-meter inland dike is being relocated, 
and a new, 200-meter-wide (656-foot), 3-kilometer-long (1.9-
mile) channel is being constructed to divert part of the Waal 
River in the event of high water. This new channel splits to 
form an island park in the city center. According to the plans 
developed by local stakeholders, the redesign will feature float-
ing restaurants, a new marina on the channel, and a nature  
refuge.23
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Dual-Functioning Urban Infrastructure

The above-described innovative approaches used to manage 
river water in the Netherlands have their counterparts in heav-
ily urbanized areas, which are also encouraged to “make room 
for the river.” Low-lying infrastructure and the density of exist-
ing development render urban interventions much more com-
plex, however. Among the adaptive measures that have already 
been undertaken are the following: re-excavation of filled-in 
areas; the creation of new canals; elimination of some paved 
areas; subsidies to encourage the construction of residential 
green roofs; separation of storm drainage from sewer drain-
age; and in-filling with new water-storage facilities and under-
ground reservoirs.24 To optimize the use of every square meter 
of land, new urban infrastructure is assigned two or more roles, 
wherever possible.

Two prototypes illustrate adaptive, multifunctional 
approaches to floodwater accommodation.25 The first, com-
pleted in 2011, is an underground, multistory garage with 
reinforced walls that doubles as a water-storage facility; in 
addition to being the largest such facility in the country, the 
structure is topped by the Museumpark, Rotterdam’s newest 
park. Designed to accommodate 1,150 vehicles, the garage can 
also retain up to 10,000 cubic meters (about 2.6 million gallons) 
of water (equivalent to four Olympic-sized swimming pools). 
The second prototype, also in Rotterdam but as yet unbuilt, is 
a combination plaza and sports field designed to sit slightly 
below grade, allowing it to double as a water-storage recep-
tacle after heavy rains. The shallow basin, which can retain just 
under 1,000 cubic meters (about 264,000 gallons) of water, will 
help reduce street flooding and relieve pressure on drainage  
systems.

The project, known as WaterSquare Bloemhof, will be in 
dry mode 90 percent of the time. Initial or light rainwater will 
be discharged to the sewers as part of the “first flush” (first 
rains that remove accumulated dirt and dust). In the event of 
a downpour, however, a control will trigger the drains to close 
and water will be diverted to the plaza, passing through a puri-
fication filter. Impounded, it will transform the plaza into a chil-
dren’s water park, animated by water features, including small 
spouts, ponds, and streams.
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Once these pilot projects have been evaluated, the city 
hopes to install similar adaptations elsewhere that can double 
as playgrounds, public squares, skate parks, or ball courts. As a 
low-lying port city, Rotterdam faces special vulnerabilities—
and, as these initiatives show, is continuously striving for resil-
ience in the face of climate change.26

An Integrated Water-Management System for Greater 
New Orleans

Despite its seat within a perfect storm of natural and man-
made vicissitudes, the city of New Orleans will assuredly long 
endure. Its urbanized area sits predominantly below sea level 
and within a major river delta that is undergoing subsidence. 
Much of the lakefront area is built on backfilled marshland. 
The city has been a bull’s-eye for increasingly destructive hurri-
canes. The effects of rising sea level (3–10 millimeters, or 0.1–0.4 
inches, annually) and significant loss of wetlands compound 
the effects of the sinking coastline: 117 square miles were lost 
to Hurricane Katrina in 2005, and current projections call for an 
overall loss of 1,500 square miles by 2050.27

While improvements have been made to its conventional 
levees and other engineered coastal flooding defenses, the 
metropolitan region is now the subject of the 2013 “Greater 
New Orleans Water Plan” (GNOWP), developed under a $2.5-mil-
lion federal grant, which aims to control the city’s destructive 
internal flooding caused by frequent storms and high rainfall 
levels. It offers a transformational vision for “living with water.” 
Its proposed strategies are gleaned from a series of confer-
ences and intensive multi-stakeholder workshops initiated in 
2008 by local architect David Waggonner and cosponsored by 
the American Planning Association and the Royal Netherlands 
Embassy, known as the “Dutch Dialogues.”28

A new paradigm is proposed, partly amending New Orleans’s 
time-honored but energy-intensive and costly pumping of run-
off through drainage piping to outfall canals ($50 million annu-
ally).29 Further to the city’s detriment, these existing concrete 
drainage channels cut across the urban grid, creating continu-
ous and unsightly barriers between neighborhoods. Instead, 
the GNOWP advocates for increased tolerance of stormwater 
where it falls. It proposes to gracefully store it and gainfully use 
it within the urban fabric. This integrated water-management 
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strategy has three components: (1) detaining water temporar-
ily through swales and rain gardens adjacent to roadbeds, and 
through porous pavement; (2) further storing water in existing 
and new surface-water bodies that form part of the drainage 
system, but are envisioned to become recreational and scenic 
amenities at different scales throughout the city; and (3) opti-
mizing draining capacity through reconfiguring and redirecting 
some of the drainage systems.30

Akin to the Dutch tradition, the resultant “water city” would 
tightly couple streetscape and landscape (naturalized water-
ways, green boulevards) as water-management systems. In one 
example, the existing concrete-lined drainage canals (fig. 6-1A) 
would be reconfigured as continuous multipurpose parkland, 
affording recreation and contact with water while remaining 
capable of managing high drainage flows (fig. 6-1B).

Figure 6-1A and 6-1B. Orleans Parish: (A) existing outfall canal, and (B) proposed new canal, 
New Orleans, Louisiana. (Courtesy of Waggonner and Ball Architects.) 
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The plan, pieces of which are undergoing pilot studies, will 
likely be funded through a combination of federal hazard-mit-
igation grants, foundation grants, and perhaps a drainage fee 
similar to that imposed in Philadelphia (see p. 82).31 GNOWP 
represents a uniquely innovative whole-systems approach to 
an urban watershed.

Kovalam, India, Artificial Reef—A Three-for-One Natural 
Solution to Beach Erosion

The community of Kovalam, on India’s south Kerala coast—
famous for its exquisite, crescent-shaped beaches—has con-
structed an artificial offshore reef that successfully emulates 
one of nature’s approaches to stabilizing and replenishing 
beaches. Long a fishing hamlet and a major destination for 
European vacationers, this Edenic coastal spot had suffered 
severe erosion, particularly during the heavy storms and 
cyclones of the monsoon season. Since the 1950s, the stabiliz-
ing silt and clay deposits that had once been delivered by the 
area’s rivers had been retained behind dams. As a consequence, 
the loose, sandy shore had eroded, despite relatively small 
increases in sea level.32 About half of India’s coastline is hard-
ened by costly seawalls or groins; in Kovalam, however, concrete 
seawalls along the heavily trafficked beaches had only exacer-
bated the undermining and scouring of the beach. According to 
the project consultants, about 1,380 km (857 mi.)—23 percent of 
India’s coastline—faces similar threats: it is retreating at a rate 
of about 450 hectares (1,112 acres) annually.

Undertaken jointly by the Kerala government’s departments 
of tourism and harbor engineering, and based on an evolving 
understanding of natural processes, Kovalam’s infrastructural 
solution—a “soft-engineered” offshore structure—was built in 
four sections. Giant capsules, each about the size and shape of 
two buses and made from ultraviolet- and abrasion-resistant 
geotextiles, strong synthetic fabrics used in civil engineering, 
were pumped full of approximately 4,000 cubic meters (about 
5,230 cubic yards) of locally dredged sand. The 28 megacontain-
ers were then placed end to end and positioned asymmetri-
cally, toward one end of the bay, to help realign the incoming 
waves so they would be parallel to the beach, correcting the 
earlier misalignment which caused sand to drift down the  
coast.33
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By turning the current north and thus eliminating the cur-
rents that had been passing sand to the south, the capsules 
caused new sand to accumulate behind the artificial reef, vis-
ibly broadening the beach. Naturally occurring algae accumula-
tion on the reef has supported colonization by fish of all kinds 
and has also strengthened biodiversity in other ways. From 
the perspective of tourism, the major attraction has been the 
creation of a new surfing spot: breakers arriving at the reef are 
transformed into shapely waves, offering surfers a dramatic 
ride along the full length of the reef.34

Designed to work in accord with natural patterns that dis-
sipate wave energy before it reaches the beach, multipurpose 
reefs (MPRs) modify near-shore currents by refracting the angle 
at which the waves hit the shore, causing sand to be trans-
ported into the area shadowed from wave action behind the 
submerged reef, thereby widening and stabilizing the beach.35 
The size, location, orientation, depth, and other characteristics 
of artificial reefs are typically developed through computer 
models that simulate wave refraction and sediment transport. 
MPRs have become increasingly appealing to coastal managers 
considering moving coastal fortifications offshore and under-
water, and Kovalam’s success has been duplicated in several 
locations around the world.36

Knowledge of an artificial reef’s potential to improve habi-
tat dates back to at least 500 B.C.E., when Egyptian fishermen 
observed that sunken ships were ideal nursery grounds, attract-
ing large colonies of fish.37 In addition to supporting local fish-
ing industries, today’s artificial MPRs serve the recreational 
needs of divers and snorkelers. For example, the Gold Coast Reef 
of Queensland, Australia—a prime snorkeling site that is an 
MPR—features 270 identified species of marine life.38 In Japan, 
artificial reefs have been constructed for sea-urchin fisheries.39

Because of a lack of independent studies and only a hand-
ful of anecdotal successes, little is known about the long-term 
impacts of MPRs, which are still in a relatively early stage of 
development. Some MPRs have already drawn criticism, and 
one study has recorded some adverse effects, including the 
degradation of refurbished beaches over time.40 Another issue 
is whether MPRs actually increase the fish population or simply 
attract fish from other ocean locations (and thereby contrib-
ute to overfishing). The answer is not conclusive; neverthe-
less, reef building does appear to have potential as part of a 
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multipronged solution. Certainly, placing MPRs in the breaker 
zone improves opportunities for surfing and provides positive 
returns: according to one study, the Gold Coast Reef showed 
returns on investment of 60:1 as a consequence of increased 
tourism, protection from erosion, higher property values, and 
new income for the community.41

In Kovalam, members of the local fishing industry, along 
with some civil-society groups, remain skeptical about the 
MPRs and are specifically concerned that the Kerala govern-
ment used federal tsunami rehabilitation funds to construct 
the reef to encourage tourism, thereby draining funds that 
were needed by more vulnerable communities.42 Although 
more extensive monitoring and research on outcomes are in 
order, multifunctional coastal-protection measures, used in 
the context of holistic management approaches and without 
resorting to “armoring,” can possibly sustain real dividends: 
not only increasing coastal resilience to climate change, but 
rebuilding beaches, strengthening marine life, and improving 
waves for surfing—all paybacks that underscore the effective-
ness of alignment with natural patterns and processes.

Toward Low-Carbon Coastal Infrastructure:  
Mitigation and Adaptation

Mitigation and adaptation currently make up the two primary 
approaches to a destabilizing climate, but the relationship 
between the two has changed over time. Before 2007 the IPCC 
was focused primarily on lowering carbon intensities (miti-
gation); since then, however, the organization has begun to 
discuss protections against climate impacts that are already 
under way (adaptation). This book argues that next-genera-
tion infrastructure should, wherever possible, target both. The 
concluding examples in this chapter strive for that sweet spot 
where one aspect of a strategy mitigates and the other adapts.

The Sihwa Lake Tidal Power Station Turns the Tide

In 1994, the Korea Water Resources Corporation (Kowaco), a 
public authority, constructed a dike across Banwol Bay, on the 
country’s western coast, bordering the Yellow Sea. The intent 
of the 12.7-kilometer-long (7.9-mile-long) embankment was to 
provide flood control and, over time, to transform a tidal estu-
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ary into a freshwater reservoir—Lake Sihwa, a 56-square-kilo-
meter (22-square-mile) freshwater lake, which Kowaco would 
use to supply water for irrigation and industry. According to a 
2012 report by the Organisation for Economic Co-operation and 
Development (OECD), among the OECD’s 34 member countries, 
South Korea faces the greatest risk of water shortages. The two 
principal reasons are climate-change-induced drops in precipi-
tation, and contamination of the water table by agricultural 
and other non-point-source pollution.43 As part of the same 
project, which is not far from metropolitan Seoul, Kowaco also 
redeveloped 173 square kilometers (67 square miles) of land for 
agricultural and industrial development.

By 2000, however, in response to sharp criticism from envi-
ronmentalists, Kowaco had to scrap its original plan to use the 
lake as a source of agricultural water. Once the lake was cut off 
from cleansing tidal currents, industrial wastes from nearby 
factories and increasing amounts of sewage (from a rapid 
influx of population) caused rapid deterioration of water qual-
ity. In 2004, to restore water quality and ecological integrity in 
the basin, Kowaco abandoned its freshwater reservoir scheme 
and reintroduced seawater to flush out contamination.

This environmental restitution was, first and foremost, a 
governmental response to a water-procurement project gone 
awry. Conveniently, however, Kowaco was able to convert the 
liability into an opportunity to create an imposing, nonpolluting 
renewable-energy project. In an initiative completed in August 
2011, the embankment was repurposed as the Sihwa Lake Tidal 
Power Station, the largest tidal-energy power station in the 
world. Not only is Sihwa a large source of hydroelectric power, 
but the barrage acts as an efficient water-filtering system, rein-
vigorating the basin twice daily with salt water issued from its 
turbines, and thereby helping to restore marine life and fishing-
based livelihoods.44 The Korean expression for what the project 
has accomplished is “to catch two pigeons with one bean”—
three pigeons, actually, since the barrage embankment became 
the foundation for a new four-lane highway that crosses the 
bay, radically shortening the travel distance between the tour-
ist island of Daebu-do and the major port of Incheon.

South Korea’s growing water demands parallel its escalat-
ing energy needs. With virtually no oil, gas, or coal reserves of 
its own, South Korea is the fourth-largest importer of Iranian 
oil; it is also the 12th-largest emitter of greenhouse gases.45 In 
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the 1970s, to foster greater energy security, the South Korean 
government encouraged the construction of nuclear power 
plants; by 2006 the state-owned power company was operat-
ing 20 reactors with a combined generating capacity of 16,840 
megawatts.46 But South Korea shifted course in 2002 when it 
ratified the Kyoto Protocol. (It subsequently adopted a nation-
wide Renewable Portfolio Standard to reach a goal of 8 percent 
renewable energy by 2020.) With the need to make a major leap 
forward, South Korea turned an eye to the Yellow Sea, whose 
tides—with a mean range of 18 feet and a spring tidal range 
of 26 feet—are among the most powerful in the world. Sihwa 
Lake Power Plant, developed jointly by Kowaco, Korean Midland 
Power, and Lunar Energy, was a perfect example of adaptive 
reuse: in addition to repurposing an existing asset, it helped 
to mitigate the damage caused by the original, poorly planned 
intervention.

Tidal power plants convert the intermittent kinetic energy 
of incoming and/or outgoing tides into electricity by forcing ris-
ing water through turbines that drive generators embedded in 
the barrage (dam). Because water is 840 times denser than air, 
underwater turbines with blades comparable in size to those 
of wind turbines have far greater outputs. Sihwa is a single-
effect (or one-way) tidal power-generating system, whereby 
the plant uses only the incoming tide to fill the basin of the for-
mer lake, thereby preventing tidal flooding. During tidal inflow, 
ten 25.4-MW submerged turbines generate electricity. During 
ebb tide, the system is in “sluicing mode,” and separate sluice 
gates located to one side of the turbines open to release seawa-
ter into the ocean. The circulation of seawater (some 60 billion 
tons annually) flushes the lake, improving conditions for fisher-
ies. The plant produces 552 GWh annually, sufficient to power 
the electrical needs of half a million people, or some 200,000 
homes, in nearby Ansan City.47 The plant will also reduce annual 
oil imports by approximately 862,000 barrels (worth $43 mil-
lion), averting the release of 315,000 tons of CO2.48

Building on the environmental lessons it had learned, 
Kowaco created Reed Wetland Park, an artificial wetland within 
Sihwa Lake where perennial marsh plants continue to purify 
incoming polluted water. Like many such multipurpose coloca-
tions, the park also serves as an ecotourism project: it features 
an educational pavilion, and its wildflower and bird-watching 
trails function as refuges for wildlife and citizens alike.
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The Korea Electric Power Corporation, in which the state has 
a majority ownership, has conducted studies to investigate tak-
ing further advantage of tidal power along the Yellow Sea coast, 
which contains many large and small bays and exceptionally 
strong tidal currents. The results showed that 10 possible sites 
could collectively yield 6.5 gigawatts (GW) of power.49 Although 
this attractive technology performs compound duties—provid-
ing both flood control and reliable renewable power—a num-
ber of considerations hinder large-scale replication. First, when 
compared with conventional, land-based thermal-power plants 
and other renewable-energy sources, water-based construc-
tion has higher first costs. Second, because productivity natu-
rally fluctuates during the day, tidal power cannot be used as 
a primary power-generation technology; it must be connected 
to the grid. Finally, many optimal sites for tidal power plants 
coincide with fragile estuarial ecosystems that provide prime 
habitat for fisheries, shorebirds, and migratory marine animals; 
as a result, the plants could significantly unbalance the local 
ecology.

Controversy over the Severn, UK, Tidal Barrage

The chapter’s last example, which is still under consideration, 
raises significant questions about the trade-offs among cli-
mate-change mitigation, renewable energy, and long-term 
environmental conservation. France’s Rance Tidal Power Sta-
tion—the world’s first, completed in 1966, and now the second 
largest, after Sihwa—has recovered its high development costs 
and is delivering electricity at €0.18 per kilowatt-hour (kWh), 
versus €0.25 for nuclear power generation.50 Despite this ini-
tial success, and that of subsequently built barrages such as 
the Jiangxia Tidal Power Station, south of Hangzhou in China, 
and the Annapolis Royal Generation Station in Nova Scotia, the 
proposed construction of a 10-mile barrage across the Severn 
Estuary, which separates England from Wales, is generating 
contentious debate over the environmental impacts of barrage 
construction. The Severn’s 45-foot tidal range has drawn several 
successive barrage proposals since the 1980s, all of which have 
been defeated because of possible economic and environmen-
tal drawbacks. Under the current proposal, the barrage would 
enclose a sweeping, 77-square-mile intertidal area, habitat for 
migrating waterfowl.
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As of this writing, the UK government is evaluating a pri-
vately financed, multifunctional tidal barrage (dam-like struc-
ture used to capture tidal energy), proposed by Corlan Hafren 
Limited, a private, independently funded tidal-energy business, 
which could provide up to 16.5 terawatt-hours (TWh) of low-
carbon energy annually—the energy equivalent of three to four 
nuclear power stations, or more than 3,000 wind turbines. Cor-
lan Hafren maintains that the barrage could satisfy 5 percent 
of the nation’s current demand, with an annual carbon sav-
ings in excess of 1 million tons,51 helping to advance the UK’s 
legally binding commitment to an 80 percent reduction in GHG 
emissions by 2050, a carbon budget enacted under its Climate 
Change Act 2008. The £25- to £30-billion proposal calls for 1,026 
bi-directional, low-head turbines generating power from both 
flood and ebb tides.52 According to the proposal, the turbines 
will emulate the estuary’s natural pattern, preserving local fish 
and invertebrate ecology while minimizing effects on banks 
and river tributaries.

As envisioned, the Severn barrage’s additional functions 
would include the protection of cities and agricultural land—
approximately 90,000 properties—against inundation that 
might otherwise eventually cost the nation billions of pounds 
in flood damage. Corlan Hafren suggests that restraining the 
estuary’s currently turbulent waters will enhance biodiversity 
and allow the estuary to accommodate greater marine leisure 
and commercial activities. The design could also integrate a 
highly desirable third highway across the Severn, as well as a 
rail link between Wales and southwest England. Environmental 
mitigation plans call for at least 50 square kilometers of com-
pensatory new intertidal wetlands outside the estuary.

Critics cite the loss of mudflat habitat, which currently sup-
ports a water-bird population of some 73,000 waders and wild-
fowl; uncertainties about the effects on fish; the potential for 
silt build-up in the dammed estuary; the risk of excessive ship-
ping traffic at the locks; and, perhaps of greatest concern, the 
risk that displaced seawater will cause flooding in south Wales, 
Devon, and Ireland. All these questions call for more research. 
Debate continues among Welsh and English members of Par-
liament regarding the project’s ecological acceptability and 
financial feasibility.

Despite these legitimate concerns, interest in tidal energy 
continues to grow. It has been estimated that the world’s cur-
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rent electricity demand might be satisfied by a mere 0.2 per-
cent of globally available tidal and wave energy.53 Technological 
improvements, including smaller-scale tidal barrages—may 
surmount some of the environmental and economic obsta-
cles. But large-scale, climate-adapted, low-carbon projects will 
inevitably raise thorny questions, answers to which are not yet 
readily knowable, even with some of the most sophisticated 
modeling tools. Will the environmental impacts rise to the 
level of significant harm? If so, are there potential mitigations 
or adaptations that would be acceptable? In particular, how do 
the potential impacts stack up against the potential dividends, 
for both marine and avian environments, that may result from 
carbon mitigation, including reduced risk from catastrophic 
oil spills, deforestation, and ocean acidification? Avoiding nar-
row traps and expanding analyses to embrace large spatial 
and temporal scales is essential to a whole-systems approach; 
nevertheless, they do add significant complexity to cost-benefit 
equations.

Conclusion

The effects of climate change on coastal and river urban infra-
structure are already visible and will become more pronounced 
with the anticipated increase in extreme weather events. The 
requisite responses depend on timely, climate-sensitive design 
modifications for existing assets, and updated codes and stan-
dards for new assets. Although improved forecasts of climate 
change will help shape policy, the “no-regrets test” offers a 
valuable tool for identifying those adaptations that will offer 
genuine economic, environmental, and social benefits even if 
climate-change scenarios are not borne out. Such an approach 
would inevitably lead to multifunctional infrastructure invest-
ments—such as those at Oosterschelde, along Japan’s river-
banks, at New Orleans’s Lafitte Greenway / St. John Bayou, in 
Rotterdam, and at Sihwa, South Korea. Investing in multi-yield, 
multi-service systems will help to ensure long-term utility in 
the face of uncertainty.

Envision for a moment a potential high-profile scenario: a 
decision to construct a series of barrages to protect New York 
Harbor from future catastrophic storms. Although many would 
consider such a decision imprudent and inappropriate—on the 
basis of cost, feasibility, and adverse impacts on social justice 
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and the environment, among other reasons—the no-regrets 
test would mandate the inclusion of a number of adaptive, 
mitigative, and beneficial features, including railways, roads, 
and integrated tunnel crossings at the closures; new bridges 
providing pedestrian and bicycle access to barrier islands; the 
colocation of utility tunnels; and, ultimately, the construction 
of tidal turbines.

Optimizing climate-change adaptation calls for several 
courses of action. First, we must recognize that threats from 
climate change cross public-works silos and jurisdictional 
boundaries; thus, adaptations need to be considered at the 
whole-systems level. Proper assessment of trends (acute 
events, long-term weather patterns, population pressures, and 
competing uses) can be helpful in such efforts by yielding new 
opportunities for multifunctional structures and synergies. 
Second, we must better leverage the adaptive capacity of natu-
ral capital—ecosystems that include salt marshes, mangroves, 
and other wetlands or planted shore buffers, as well as reefs—
while recognizing that such features also add scenic and rec-
reational value. We then need to better integrate land-use and 
infrastructure planning. For planning departments and zoning 
regulators, this means not only restricting land use in areas 
subject to coastal or inland flooding but, more importantly, 
optimizing flood control and land value by establishing com-
patible uses that can apply under various conditions. Examples 
include urban landscapes or cultivated lands that can be used 
for temporary floodwater storage; transportation tunnels 
adapted for stormwater storage; railway or road embankments 
that serve as flood defenses; and barrages that serve as trans-
portation and utility connections. Finally, wherever possible, we 
need to combine adaptation and mitigation. For example, dis-
tributed energy generation, through micro-hydropower (small 
hydrogenation from naturally flowing streams) or tidal power, 
can simultaneously render the grid more robust and provide 
flood control. In sum, we must understand the things we can 
adapt to, accept and admit to those we cannot, and achieve the 
wisdom to know the difference. 



149

7. Combating Water Stress  
  and Scarcity: Augmented  
  Sources and Improved  
  Storage

The effects of climate instability on  

water resources for irrigation and drinking are less appar-

ently dramatic than sea-level rise and storm surges, but just as 

sinister. According to experts, there are already a billion indi-

viduals dependent upon groundwater sources that are “simply 

not there as renewable-water supplies.”1 Now planetary warm-

ing, in part caused by anthropogenic increases in CO2, is altering  

precipitation patterns; increasing surface water temperatures, 
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pollution, and atmospheric water-vapor content; and reducing 
ice- and snowpack, groundwater-recharge rates, and soil mois-
ture. Rising sea levels may also cause saltwater intrusion into 
coastal groundwater aquifers. At the watershed scale, terres-
trial and aquatic agro-ecosystems throughout the world will be 
increasingly vulnerable to alterations in the precipitation and 
storage cycles.2 These changes, which are projected to continue, 
are already straining water resources and increasing irrigation 
demand.3

The previous chapter described a range of multifunctional, 
socially beneficial solutions that have been used to address 
threats to coastal and riparian regions. To continue to meet 
agricultural, energy-production, industrial, and domestic needs 
in the face of both climate change and population growth, 
freshwater procurement and management practices must 
engage in similar adaptations.

The volume of Lake Chad, a major water source for four 
African nations—Niger, Chad, Nigeria, and Cameroon—has 
decreased by 95 percent since the 1970s. In China, the combina-
tion of excessive irrigation and decreasing precipitation have 
led the Huanghe River to run dry more than 30 times since 
1972. Much of northern China, including the city of Beijing, 
has endured long-standing water shortages, which ultimately 
required the construction, in 2008, of a $2-billion, 191-mile 
waterway to transport water northward from the country’s less 
populated southern regions.4 In addition to experiencing direct 
climate stresses, nations are also coping with increasing cross-
sector vulnerabilities; for example, in 2001 the combination of 
severe drought and heavy reliance on hydroelectric systems 
(which are less dependable during drought) strained power 
production in São Paulo, Brazil, to the point where industrial 
energy use became subject to quotas.5

In the United States, the freshwater supplies that have 
been largely taken for granted are no longer immune to declin-
ing water tables, reservoir depletion, cessation of river flows, 
and desertification of grazing and agricultural lands. In most 
river basins in the West, snowpack—historically the largest 
source of water—has decreased substantially. Between 1945 
and the late 1990s, snow volume dropped approximately 16 
percent in the Rockies, 22 percent in the interior, and 29 per-
cent in the Cascades.6 In the Southwest, where water is a limit-
ing resource (where appropriation exceeds availability), earlier 
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snowmelt and the increasing severity of sustained drought 
have decreased soil moisture, lowering plant productivity and 
leading to greater incidence of wildfires.7

In the Los Angeles basin, saltwater from the Pacific Ocean is 
finding its way into aquifers, displacing groundwater resources 
for the nearly 10 million residents of the region. In Monterey 
County, 300,000 acre-feet of freshwater storage are presumed 
to have been lost: two-thirds of it to saltwater intrusion, and 
the rest to unsustainable rates of withdrawal from aquifers.8 
In the Florida Panhandle, rising sea levels are compounding 
excessive groundwater extraction, threatening both freshwa-
ter supplies and wastewater treatment. Inland water quality is 
also vulnerable to both major storms and long-term meteoro-
logical changes: after torrential rains, the inflow of suspended 
sediment has stained New York City’s upstate reservoirs brown 
for days.9

In light of increasing water stress and scarcity, developed 
and developing nations alike are evaluating water supply strat-
egies and technologies.10 Existing water infrastructure was 
developed in the context of particular historical conditions and 
must now be retrofitted—or replaced—to achieve resilience in 
the face of declining freshwater supplies. But such efforts raise 
complex challenges. First, adjustments may not only be costly 
but may engender significant social and political conflict.11 Sec-
ond, some adaptation measures will inevitably compete with 
concurrent mitigation efforts, necessitating trade-offs. Finally, 
intersectoral cooperation regarding the water-energy nexus 
(which has historically not been the norm) will be critical.

The strategies required to sustain a robust hydrologic cycle 
fall into three principal categories: restoring water sources; 
finding alternative water sources; and creating integrated sys-
tems for water capture, use, and reuse. The first major section 
of this chapter considers both restoration and diversification, 
and the second considers integrated systems.

In some parts of the world, excessive withdrawal fostered 
by modern extraction, pumping, and piping regimes has under-
mined formerly sustainable water supplies. Projects under-
taken in India have demonstrated, however, that reverting to 
nonindustrial technologies holds promise as means of main-
taining better water balance. Forward-looking adaptive strat-
egies may also augment water resources through relatively 
simple approaches to collection and storage. In some of the 
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most arid parts of the world, new sourcing methods include 
advanced desalination technologies that hold promise, but 
they must reduce their carbon footprints in order to become 
truly sustainable.

Sourced from the Land: Revitalizing India’s Tank 
Systems

Although blessed by an abundance of rivers, India suffers from 
wide regional variations in the distribution of water resources. 
Dependence on the monsoon season (typically from June to Sep-
tember) for nearly three-quarters of the nation’s annual precipi-
tation12 adds to the variability of access to the resource—hence 
the ubiquitous reliance on rainwater capture and storage.13

India’s water infrastructure reveals the country’s ancient 
lifeline. Historically, rainwater for domestic use and crop irriga-
tion was harvested and impounded in lakes or “tanks” (artificial 
reservoirs constructed across a slope). Built by villages for more 
than 2,000 years, with sizes averaging 10 hectares (about 25 
acres) in size, these tanks rely on downhill check dams—tempo-
rary or permanent small dams built across a catchment area to 
confine upland water flow. As constructed natural systems the 
tanks provide vital ecosystem services, including nutrient recy-
cling, groundwater recharge, support for habitat diversity, and, 
in times of heavy rains, flood mitigation.14 Historically, respon-
sibility for tank maintenance fell to the community, and mem-
bers of lower castes were charged with weeding and removing 
built-up silt from the tanks.15

In the Godavari River basin, which spans almost the entirety 
of India’s midsection, water-tank-based irrigation has his-
torically been central to agriculture.16 In the semi-arid Maner 
sub-basin, all 24 of the micro-basins relied on tank systems to 
support water-intensive crops such as maize, rice, and cotton. In 
the late 1980s, however, when the Land Reforms Act put state 
governmental authorities in charge of tank management and 
put an end to local decision making, maintenance effectively 
ceased. Subsequent government efforts to restore the tanks’ 
functionality were unsystematic and failed to account for 
the basic ecology and hydrology of the tank system.17 Inflows 
decreased, and silt eroding from the surrounding deforested 
catchment areas accumulated rapidly, dramatically reducing 
the tanks’ storage capacity.18
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Meanwhile, there was an increase in the use of structural 
approaches to obtaining water, including groundwater extrac-
tion, bore-well drilling, and the construction of hydroelectric 
dams. Canals and open irrigation ditches were also built to 
divert water. Water shortages in the Godavari basin have been 
further compounded by climate disturbances. As of 2009 the 
area’s population was expected to nearly double by 2050—
with water needs following suit.19

From 2004 to 2006 the World Wildlife Federation, working 
with Modern Architects for Rural India (MARI), a nongovern-
mental organization, supported a pilot project to revive tanks in 
the Maner sub-basin. As the first stage in the initiative, 12 tanks 
were desilted in order to demonstrate the economic viability of 
micro-restoration (as opposed to state-sponsored macro-infra-
structural projects). Meanwhile, community participation strat-
egies were used to identify the social and policy tools needed to 
scale up such an effort.20

After the excavation of 73,000 tons of sediment, the per-
formance of the 12 tanks in an 11-hectare (about 27-acre) area 
serving 42,000 people improved: irrigation capacity increased 
by 900 hectares,21 and because the tanks could store more run-
off from the monsoons, water pumping ceased, along with the 
large associated electrical costs. The restoration of the tanks 
also increased the opportunity to recharge groundwater dur-
ing high-rainfall years, which could then be drawn on during 
prolonged drought. Because tank water is fed by gravity, the 
additional pressure of increased water volumes allowed it to 
flow greater distances, reaching more farmers.22 Clay silt, rich 
in nutrients and carbon, provides sufficient fertilizer for 600 
hectares (about 1,480 acres) of farmland. The excavation also 
reduced the need for inorganic fertilizers and improved soil 
quality, strengthening plants against crop pests and thereby 
lowering pesticide use.23 According to the farmers, the aug-
mented topsoil increased moisture retention from four days 
to seven, further benefiting crops.24 Other environmental ben-
efits—principally the restoration of the density and diversity of 
avian and fish stocks in the water tanks—were attributable to 
the formation of 16 human-made silt and soil islands mounded 
in the wetlands, a redeployment that averted the cost of remov-
ing them. Finally, by intensifying cropping, this low-energy, 
soft-path solution increased carbon fixation (photosynthesis) 
throughout the area.25
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Local farmers paid almost three-quarters of the $100,000 
cost, largely through in-kind labor, but the direct and indirect 
agricultural benefits of the restoration helped recover the proj-
ect costs quickly, and even provided a profit.26 The project’s 
annual economic returns were valued in 2008 at Rs 5,850,500 
($98,609)—a figure that excludes increases in milk produc-
tion owing to the increased availability of fodder, as well as the 
augmented fish production attributable to the tanks’ ability 
to accommodate larger water volumes.27 The largest returns 
came from the increased yields on the affected 50 hectares (124 
acres), where the production of groundnuts and maize realized 
the biggest gains.28

Yet another economic dividend of the restoration of the 
tanks was increased local employment (including the reem-
ployment of washermen), which reduced overall outmigration 
of farm laborers to urbanizing areas in search of jobs.29 Village 
committees for tank maintenance were reconvened, and wages 
were offered for silt excavation. For the landless poor, the ben-
efit of wages was compounded by earnings from the enlarged 
farms’ higher yields and the increase in fish stocks. Working 
through a complex system of interrelated factors, the revital-
ized tanks improved climate resilience, rejuvenated agriculture, 
restored social structures, and increased local employment.

There are 208,000 village water tanks across India, many 
similarly degraded, whose potential restoration represents a 
low-cost, low-tech, locally meaningful approach to providing a 
sustainable water supply.30 Improving India’s traditional water 
systems could not only avert or reduce the need for large-scale 
projects and increase climate-change resilience, but could move 
local communities in the direction of gram swaraj—village self-
determination—which Mahatma Gandhi viewed as instru-
mental to a democratic India.31 Projections have shown that in 
the Maner sub-basin alone, desilting the remaining tanks by 
approximately 15 feet would make it possible to store as much 
as 2.94 billion cubic meters (777 billion gallons) of water for this 
parched region, which would go a long way toward achieving 
water self-sufficiency.32 Such an initiative stands in contrast to 
the massive water infrastructure interventions currently under 
consideration, including the $4-billion Polavaram Dam, on the 
lower Godavari River—which would displace a quarter of a 
million people and inundate 60,000 forested hectares (about 
148,000 acres).33
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Sourced from the Air: Urban Rainwater Harvesting 
Options and Policies in Seoul, South Korea

As traditional patterns and methods of water sourcing become 
unreliable due in part to climate instability, vulnerabilities will 
increase in areas that are already experiencing shortages. Mon-
soonal areas, including South Korea, are subject to the world’s 
most unpredictable precipitation patterns. Thus, most South 
Korean cities rely heavily on centralized water supplies drawn 
from dammed reservoirs and often piped great distances at high 
cost. Uneven rainfall (more in summer, less in spring) creates sig-
nificant challenges for Seoul, a city of 10 million. A very dry spring 
may bring damage from mountain fires, only to be followed by 
monsoon flooding, with casualties and property losses.34

A successful pilot program for harvesting urban rainwater—
operating since 2007 and supported by the Seoul National Uni-
versity’s Rainwater Research Center—has had a positive effect 
on city policy and is likely to influence other municipalities. Star 
City, a dense development occupying a tight, 6.25-hectare (15.4-
acre) site with large commercial properties and a residential 
population of nearly 5,000, captures about 67 percent of the 
site’s annual rainfall in its rainwater harvesting system, a cli-
mate-change adaptation strategy designed to supplement the 
centralized municipal water source (fig. 7-1). The multipurpose 
system controls stormwater, reduces energy consumption, sup-
ports firefighting, and offsets the use of potable water, thereby 
conserving freshwater supplies.

Roof water from the four main residential towers and ter-
races (approximately 50,000 square meters, or about 12 acres) 
is piped into three 1,000-cubic-meter-capacity storage tanks 
located three stories below the largest tower.35 The first tank, 
whose water level is monitored by a remote-controlled system, 
is usually kept low or empty in order to accommodate storm 
runoff from the site. In advance of a storm, the tank’s remaining 
contents are emptied into the drainage system; after the storm 
has passed, the contents are discharged slowly. The second tank 
accepts roof water that is then filtered through a self-cleaning, 
soil- and sand-based filtering system. This water is used to flush 
public toilets, to wash the site, and to meet the substantial irri-
gation needs of the complex’s gardens. The third tank holds 
surplus water from the second tank, reserved for firefighting 
and other emergency uses.
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With this system in place, residents were credited approxi-
mately $80,000 annually in their water rates, largely because 
of reduced water use at the site as well as reduced energy 
consumption at the wastewater treatment plant. In return for 
developer financing of the approximately $450,000 upfront 
additional cost, which will be paid back in eight years, the 
city allowed a 3 percent increase in the allowable floor area.36 
In 2005, on the basis of the success of Star City and other 
local rainwater-harvesting systems, the government of Seoul 
enacted ordinances stipulating the installation of such systems 
in new public buildings and providing subsidies for private sys-
tems.37 Although the regulations have not been strenuously 
enforced, they were revisited and upgraded in 2008.38

The simple technology of rainwater harvesting alters the 
entire paradigm of water management, transforming it from 

Figure 7-1. Star City, Seoul, Korea. (Courtesy of The Jerde Partnership Inc.—Design Architect.) 
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an essentially linear flow that begins at a remote dam and 
courses through pumping stations and water distribution 
lines to sewers—to a decentralized, location-specific arrange-
ment that banks water for local use related to need. In addition 
to addressing water shortages, rainwater harvesting offers a 
number of co-benefits: controlling floods and their attendant 
pollution; offsetting potable demand by putting rainwater 
to use; creating a dedicated water supply for firefighting and 
other emergency uses; and, finally, providing locally managed, 
on-site treatment—which is less expensive than centrally man-
aged, end-of-pipe water treatment.39

Sourced from the Sea: The Promise of Desalination

Today nearly 3,000 desalination plants worldwide produce 27 
million cubic meters (7,133 million gallons) of freshwater from 
seawater daily.40 But the two most widely used technologies—
multistage flash, which relies on repeated evaporation and con-
densation, and reverse osmosis, a process in which saltwater is 
driven, under pressure, through a semipermeable nano-mem-
brane—require the expenditure of thermal and mechanical 
energy.41 Current desalination methods, on a global average, 
use approximately 84.5 barrels of oil annually to produce 1 
cubic meter (264 gallons) of potable water daily.42

Solarized desalination plants capture energy for direct use 
(photovoltaic [PV] panels generate electricity for the reverse 
osmosis process), thereby maximizing renewable resources. 
Alternatively, desalination plants can employ solar thermal 
energy: a solar still, a low-tech, greenhouse-type construc-
tion, uses solar heat to replicate the way in which seawater 
evaporates and then condenses in high, cool clouds, produc-
ing rainwater. Plants based on this model, however, have sev-
eral disadvantages and are therefore rarely commercially 
scaled: first, the plants are space-intensive; second, they have 
high initial costs; third, unrecovered heat loss during con-
densation lowers efficiency. Most renewable-energy-based 
desalination plants in operation rely on PV-driven reverse-
osmosis systems. Wind turbines—especially offshore, or 
in coastal areas where high winds prevail—can be readily 
coupled with reverse-osmosis units, keeping the energy con-
sumption used in desalination relatively close to the place of  
generation.43
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A promising technology for commercialized, renewable-
energy-powered desalination plants is concentrated solar 
power (CSP). Concentrated solar power uses mirrors or lenses to 
concentrate a large area of sunlight onto a small area. Electrical 
power is produced when the concentrated light, converted to 
heat, drives a steam turbine. Efficient desalination relies heav-
ily on closely matching the input power to the desalination 
load, and the fluctuating energy generated by wind or PV alone 
cannot efficiently support an operation with a constant power 
demand.44 Power matching requires energy storage, which CSP 
obtains from the use of molten salt batteries that are coupled 
with the generation complex.

Renewable-energy-powered desalination is moving closer 
to technical maturity, but globally, the number of installations 
remains quite low. So far, cost has been the principal barrier. 
Another concern that applies to all desalination plants is the 
potential ecological harm from the discharge of hypersaline 
brine, the main by-product of desalination. Because dewater-
ing and concentrating brine is by itself a highly energy-inten-
sive process, the preferred disposal method is the discharge 
of brine into local waters. If the salts extracted in the course 
of desalination are not recovered for use as common salt, they 
can be converted into higher-value products used in the chemi-
cal or mining industries, which could potentially be colocated 
near desalination plants. Such an arrangement would prevent 
any brine from being released to the sea, but the technology 
involved in upgrading the sea salts for chemical or mining uses 
comes at a high cost, too.

The Solar-Powered Al Khafji Water Desalination Plant—
Ash Sharqiyah, Saudi Arabia

The Al Khafji Water Desalination Plant, completed in 2013 and 
powered by alternative energy, bolsters water resources in 
Ash Sharqiyah, Saudi Arabia’s largest province. The delivery of 
almost 8 million gallons a day of desalinized water, drawn from 
the Arabian Gulf, meets the needs of 100,000 people, helping 
to offset the province’s current high rate of water withdrawal. 
As a reflection of commitment to reducing environmental 
impact, this showcase project is coupled with a 10-megawatt 
(MW) solar plant using a new CSP technology that concen-
trates the sun 1,500 times on a solar cell to boost efficiency.45 
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The plant relies on reverse osmosis, and new, nano-sized mem-
branes—developed by the King Abdulaziz City for Science and 
Technology and the IBM Joint Center for Nanotechnology 
Research—increase efficiency. Grid power extends the plant’s 
operation during nighttime hours.

Although the new CSP technology has a high initial cost, the 
plant’s developers chose to use it to demonstrate the efficacy 
of the technology. With the nation’s other combined power 
and desalination plants consuming more than 1.5 million bar-
rels of oil per day, the Al Khafji Water Desalination Plant—the 
first large-scale, solar-powered operation of its kind—is just the 
beginning of a series, according to the King Abdulaziz City for 
Science and Technology.46

Low-Carbon Water for High-Value Crops: The Seawater 
Greenhouse

For the estimated 1.75 billion occupants of water-stressed 
regions,47 agricultural uses must compete with domestic and 
industrial water consumption; accessing sufficient freshwater 
for growing food is thus an impending challenge.48 Because 
conventional desalination is costly, in both economic and 
energy terms, water-stressed regions have come to rely on 
food imported from water-rich regions, rendering them eco-
nomically and even politically dependent.49 By colocating food 
and freshwater production, the Seawater Greenhouse offers a 
promising agricultural solution for arid regions.

The Seawater Greenhouse, which was developed by Charlie 
Paton, founder and managing director of Seawater Greenhouse 
Ltd., was first employed in Tenerife, one of the Canary Islands, 
in 1994. His elegantly simple, low-carbon process, which runs 
almost entirely on solar energy, recapitulates the hydrologic 
humidification/dehumidification cycle in which seawater is 
first evaporated by the sun, then cools down to form clouds and 
returns to the earth as fog, rain, or dew.

Seawater is trickled down a porous front-wall evaporator—
a spongy honeycomb filter through which air is drawn into 
the greenhouse; as the air passes over the filter, its humidity 
increases and air temperature drops. As the air continues to 
move through the greenhouse, heated by the sun, it absorbs 
still more water vapor, which has been transpired by the plants. 
The hot, fully saturated air is then forced across metal pipes 
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containing cold seawater. The condensate (distilled water) that 
collects around the pipes is stored for irrigation use. Watering 
needs in the greenhouse are reduced though the greenhouse’s 
naturally high humidity and the practice of intercropping 
plants, which produces shade.50

A number of beneficial features have been integrated into 
the process. The initial evaporator filters out pests, while the 
further application of highly saline water to plants’ leaves and 
produce acts as a biocide, eliminating the need for pesticides. 
Nutrients captured from the processed brine are used for fer-
tilizer, and the extracted salt is transformed into gourmet 
crystals sold by the greenhouse owners. Nearby, surplus water 
produced by the greenhouse is used to support citrus crops. The 
greenhouse has also shown unexpected benefits to local ecol-
ogy: the cool, moist air that flows out of the structure supports 
a much enhanced local plant life.

In 2010, the process was further commercialized with high-
tech features at Sundrop Farms, a 2,000-square-meter (about 
one-half-acre) structure in Port Augusta, near Australia’s Spen-
cer Gulf. In 2014, Sundrop Farms will expand current operations 
by 20 hectares (49.4 acres). When fully ramped up, annual food 
production is expected to yield approximately 100,000 kilo-
grams (about 110 tons) of hydroponically grown tomatoes—an 
amount 15 to 30 times higher than conventional field produc-
tion for the same area, which will quickly recoup the $2-million 
upfront costs and significantly boost local employment.51

If implemented on underutilized coastal land near consumer 
markets, this integrated approach to year-round production 
of freshwater and crops could be widely applied in other arid 
regions. In many other parts of the globe—including the entire 
Mediterranean basin, as well as parts of Africa, the Middle East, 
Mexico, coastal Southern California, Australia, and East Asia—
the substitution of seawater for scarce inland waters would be 
a great boon, providing the benefits of interconnected food and 
water security coupled with energy savings.52

The Sahara Forest Project: Pilot Facilities in Qatar and 
Jordan

According to the World Bank, between 2010 and 2050 water 
scarcity in large parts of the globe—North Africa, most of the 
Middle East, and parts of East Asia—will increase by nearly  
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40 percent.53 In these regions, transitioning the water sec-
tor toward sustainability calls for three imperatives: increas-
ing conservation and efficiency, making greater use of treated 
wastewater, and desalinating seawater. To avert the massive 
CO2 emissions associated with fossil-fuel-powered desalina-
tion, however, it is essential to transition to renewable energy 
sources.54

A seawater greenhouse and concentrated solar-power plant 
facility in Doha, Qatar (fig. 7-2), among the first pilot initiatives 
of the Sahara Forest Project (SFP), opened in December 2012 
and had harvested its first barley crop by 2013. The Sahara For-
est Project is planning a larger pilot, close to Aqaba, Jordan, that 
will similarly combine water, energy, and food production—but 
will also produce algae in some of the waste brine, thereby 
sequestering carbon. Once the cultivation of this renewable 
fuel source is commercialized, the plant will be carbon-neg-
ative. As yet another secondary benefit, the plant’s soils will 
sequester carbon by taking up biomass residues.

As of this writing, no date had been set for the start of 
construction. Once the Qatar and Jordan facilities have been 
subject to a full environmental impact assessment, they will 
be followed by a huge, 20-hectare (about 50-acre) demonstra-
tion center planned by SFP near Aqaba, Jordan, on government-

Figure 7-2. Desert re-vegetation around a saltwater infrastructure, Sahara Forest Project Pilot Facility, 
Mesaieed, Qatar Sahara Forest Project, Seawater Greenhouse, Doha, Qatar (© Sahara Forest Project).
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donated land that includes an easement for a pipeline carrying 
Red Sea water 15 kilometers (9.3 miles) inland for desalina-
tion, cultivation, and energy production.55 The center will be a 
hybrid system that will take advantage of process synergies 
among power generation, desalination, and evapotranspira-
tion (the evaporation of water from soil and the transpira-
tion of water by plants). Efficiency will be optimized through 
the use of CSP: mirrors will concentrate solar energy to drive a 
steam turbine generating electricity. The waste heat will also 
be used in the greenhouses, for water evaporation in the sea-
water desalination process. The seawater will be further uti-
lized in the colocated cultivation of sea-loving plant species 
such as algae, which can be used for large-scale bio-energy 
production. The key to the success of the system is to maxi-
mize the use of resources, including waste products. In this 
case, saltwater will be used in several forms, and at various 
stages, to produce freshwater, grow crops, and even produce  
bio-fuel.

Wastewater Reuse—Orange County, California

By their nature, both surface and underground water resources 
cut across jurisdictional boundaries. Improving sustainable 
management of water resources in the face of climate-induced 
water insecurity calls for transformative approaches: the water 
sector must recognize that all water resources (fresh, storm-, 
and wastewater) are interconnected and must be collabora-
tively managed. Integrated Water Resources Management 
(IWRM), which may be defined as a partnership among stake-
holders at various levels of government, focuses on managing 
water resources holistically to ensure water quality and quan-
tity.56 When California passed its IWRM Act of 2002, for exam-
ple, over the next four years it began to support integrated 
watershed and aquifer planning through the authorization of 
water bonds in 46 regions covering 82 percent of the state.57

Wastewater reuse—exemplified in the discussion of 
Orange County, California—is an example of a holistic manage-
ment approach. Wastewater recycling deserves a place in the 
array of water-management strategies: in addition to reducing 
the need to import water from new sources, it reduces or elimi-
nates the need to discharge treated wastewater into surface 
waters (see box 7-1).58
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In the United States, the earliest examples of wastewater 
reuse were in industry and for the irrigation of crops and golf 
courses. Although the use of recycled wastewater increased by 
as much as 15 percent a year between 1976 and 2007,59 as of 
2005, most of the 3,300 water-reuse projects registered in the 
United States yielded non-potable water.60 As far back as 1976, 
however, the Orange County, California, Water District (OCWD) 
had embraced a strategy that diversified its portfolio of water 
resources while addressing some of the early effects of climate 
change on water supply and sea level. Since then the agency 

Box 7-1. Recycling Wastewater: Examples from Belgium and Namibia

Over the past several decades, improved treatment methods have rendered the reuse of 
wastewater more common. On Belgium’s western Flemish coast, freshwater for six coastal 
communities had historically been drawn from a small local aquifer beneath a sand dune, 
triggering saltwater infiltration. Since 2002, effluent from the nearby Wulpen wastewater 
treatment plant has undergone membrane-filtration treatment before being used for aqui-
fer recharge, an approach that has regenerated the barrier against saltwater intrusion and 
improved drinking water quality.1

In Namibia, one of the most arid nations in sub-Saharan Africa, almost twice as much 
water is typically lost to evaporation as is consumed.2 When demand-management mea-
sures—including strict regulation of water use for equipment, irrigation, and swimming 
pools—proved insufficient, wastewater reclamation proved a viable solution for Windhoek, 
the capital city of 2 million. The city’s approach to reuse, which is more direct than aquifer 
replenishment, moves water recycling to the next level.

At the first phase of treatment, domestic and industrial effluent are separated; the purifi-
cation processes of the domestic water that follow include ozonation (treatment with ozone) 
and membrane ultrafiltration. Reprocessed water accounts for only 25 percent of the city’s 
daily potable requirements, but the amount can be increased to 50 percent if necessary to 
meet demand.3 Monitoring of microorganism indicators, taste-testing campaigns, education, 
marketing, and media outreach have enabled the system to gain the confidence of the public.

1. Emmanuel Van Houtte and Johan Verbauwhede, “Operational Experience with Indirect Potable Reuse at the Flem-
ish Coast,” Desalination 218, no. 1 (2008): 207.

2. Petrus L. Du Pisani, “Direct Reclamation of Potable Water at Windhoek’s Goreangab Reclamation Plant,” Desalina-
tion 188, no. 1 (2006): 79–80.

3. J. Lahnsteiner and G. Lempert, “Water Management in Windhoek, Namibia,” Water Science & Technology 55, no. 1 
(2007): 446.
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has had worldwide influence, leading the effort to reclaim 
water for aquifer recharge through the advanced treatment of 
sewage effluent.

OCWD’s achievement of indirect potable reuse—the 
recycling of highly treated wastewater effluent for aquifer 
recharge—represents a leap forward in integrated water-
resources planning. This achievement demanded an unusual 
level of cooperation across government jurisdictions and regu-
latory bodies involved in sanitation, water quality, and public 
health. Significantly, the innovation also addressed the most 
significant barrier to wastewater reuse: public resistance.

Orange County sits in a desert climate and has largely 
depended on the combined strategies of aquifer management 
and water importation. By the 1950s, a surging population 
and intense agricultural demand led to excessive withdrawal 
of aquifer water, and the county’s water table dropped below 
sea level, inducing a flow of seawater into the aquifer that 
extended inland as far as five miles.61 To control this intrusion, 
the OCWD began to import freshwater at high cost, which was 
introduced into the aquifer groundwater to create a pressurized 
barrier against encroaching contamination. In 1976, the OCWD 
established Water Factory 21, obviating this practice. Instead 
of piping wastewater out to sea after it had been subjected to 
primary treatment, the facility used what were then state-of-
the-art cleansing techniques to subject it to further processing. 
Some of the water was then used as a hydraulic barrier against 
seawater intrusion; the rest was used for groundwater reinjec-
tion, to replenish OCWD’s aquifer directly.62

By the 1990s, faced with the rising volume of the county’s 
effluent, the sanitation department began to consider build-
ing a new, $200-million ocean outfall—a discharge pipe into 
the sea. Instead, through a 2007 joint venture with OCWD they 
expanded the water-recycling facility, which now produces over 
96 million cubic meters (3,390 cubic feet) of treated wastewa-
ter annually.63 Through microfiltration, reverse osmosis, and 
ultraviolet disinfection, effluent from what is now known as the 
Groundwater Replenishment System (GWRS) achieves near-
distilled quality, exceeding all state and federal drinking-water 
standards. About 50 percent of the water goes to expanding 
the seawater barrier; the rest is pumped to one of two places: 
the OCWD recharge facility, which is 13 miles away, or to a “per-
colation lake” with permeable soil, where the water is filtered 
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over a six-month period before blending into the water table, 
for return as drinking-water supply.64

This holistic integration required significant cooperation 
between the water and sanitation departments—a challenge 
to the more typically “siloed” agencies. The departments also 
undertook an aggressive program, including both consultation 
and educational outreach, to engender public acceptance of 
the treatment process. Thanks to endorsements from environ-
mental and public-health experts and organizations, as well 
as extensive, ongoing communication with the community—
including businesses, other government agencies, and the 
health and medical sectors—the GWRS ultimately earned not 
only public trust but overwhelming public support.65

Water for All in Singapore

Home to one of the busiest ports in the world, the geographi-
cally blessed island of Singapore sits at the crossroads of global 
trade, boasting a successful free-market economy and an afflu-
ent and highly educated population. A nation that has thrived 
despite limited natural resources, Singapore is beginning to see 
the costs of aggressive development: the rain forest that once 
covered the island is now limited to the Bukit Timah Nature 
Reserve, and the small watersheds that made up a part of the 
nation’s freshwater resources have been further reduced in size.

Historically, Singapore has developed its water infrastruc-
ture with the same utilitarian efficiency that created its thriv-
ing economy. The many waterways crisscrossing the country 
have been armored to prevent erosion—a gray-infrastructure 
approach that has been convenient for shipping and business, 
but has proven aesthetically and environmentally disastrous. 
Among other environmental harms, the structures inhibit nat-
ural infiltration and storage.

Under a treaty set to expire in 2061, Singapore imports 
freshwater from Malaysia—an option that is fraught with 
political uncertainty. To manage demand, develop and expand 
local water sources, and wean the country from foreign water 
supplies, Singapore’s statutory Public Utilities Board (PUB), the 
nation’s publicly operated water utility with purview over gas 
and electric, has implemented a sophisticated set of policy 
measures. Through progressive programs and integrated infra-
structural solutions, the nation is optimizing its limited water 
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resources while restoring its native waterways and recovering 
the natural beauty of the island.

The PUB’s mission statement—“Water for All: Conserve, 
Value, Enjoy”—is guiding the transition from hard- to soft-path 
management—a top-down process that is being implemented 
gradually, through efficient administration and a well-designed 
regulatory framework.66 Guided by both comprehensive and 
strategic plans, the overall vision involves more than 100 proj-
ects, at various scales, to be implemented over 10 to 15 years.67 
To build community support and foster stewardship, in addition 
to instituting comprehensive policies to reduce water demand, 
the PUB has developed a number of programs—the Four Taps, 
the 3P Partnership, and ABC Waters—each of which has several 
subprograms and associated education efforts.

Implemented in 2006, Four Taps is a strategic plan designed 
to achieve water autonomy within 50 years. To minimize the 
amount of water imported from Malaysia (the first “tap”), the 
plan focuses on the other three: creating local catchments, using 
NEWater (reclaimed water), and developing desalinated supplies.

Local catchment involves an integrated system of 15 reservoirs 
fed by an extensive storm-drainage system. The catchment area 
for the recently established Marina Reservoir (in the heart of the 
city), the island’s largest, is one-sixth the size of Singapore and 
currently supplies 10 percent of the country’s water demand.68

NEWater, a separate tap developed under the 3P Partner-
ship, is projected to supply 50 percent of the nation’s water 
by 2060.69 NEWater effectively multiplies available water 
sources;70 the success of the public-relations campaign in over-
coming aversion to the use of reclaimed water (known as “toilet 
to tap”) testifies to the value of engaging residents as partners.

Industry partners, who receive incentives for research 
and development, have been essential to the creation of new 
technologies, including energy-efficient desalination plants. A 
reverse-osmosis plant currently provides sufficient high-quality 
potable water to meet 30 percent of Singapore’s water needs.71 
One promising technology uses waste heat from industry to 
offset the energy intensity of desalination, thereby increasing 
the amount of water that can be sourced from this tap at the 
same cost.72

The 3P Partnership (people, public, private) draws together 
the general public, government, and the corporate sector to 
manage the demand side through mandatory water con-
servation, water tariffs, and education. ABC Waters, the most  
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visible component of the PUB strategy, uses the tagline “Active, 
Beautiful, Clean Water for All.” An environmentally progressive 
initiative to restore ecological function and improve urban liv-
ing, ABC Waters has two principal components: a green infra-
structure plan and a public-relations campaign designed to 
support the restoration and augmentation of water bodies by 
reframing the value of water to society. Soft-path water infra-
structure, such as rain gardens, green roofs, bioswales, and dry 
ponds, has been judiciously sited to complement existing hard 
path systems. To mitigate peaks and regulate flow, rainwater is 
treated on-site, then slowly released into streams. Singapore’s 
pervasive use of relatively simple technology also serves cul-
tural and recreational purposes: infrastructural improvements 
are enhanced by aesthetic modifications and integrated with 
art, leisure activities, and educational experiences.

The multifunctional Marina Barrage, which crosses down-
town’s large Marina Bay, is perhaps Singapore’s most ambitious 
infrastructural asset: in addition to serving as a tidal barrier 
and flood-control mechanism, the barrage is transforming the 
enclosed marina into a major freshwater reservoir and recre-
ational area (fig. 7-3). Visitors pass through new, tropical botanic 
parklands en route to a two-story, green-roofed visitors center 

Figure 7-3. Aerial view of Marina Barrage and Visitor Centre, Singapore. (Courtesy of CDM Smith.) 
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(which is wrapped around the pump house for the hydraulic 
gates) that showcases Singapore’s environmental accomplish-
ments. The intersection of innovative design, environmental 
features, and community amenities is representative of the 
PUB’s approach to the holistic management of water resources.

Conclusion

Particularly when combined with other anthropogenic pres-
sures, climate-related effects are putting increasing strain 
on freshwater resources. No part of the world will be entirely 
immune to shifts in water availability due to changes in the 
large-scale hydrological cycle. In many locales these shifts will 
lead to a reduction in easily accessible freshwater supplies. In 
consequence, water provision, along with other key sectors—
including agriculture, industry, and energy production—must 
begin to transition away from mining “fossil water,” the deep-
water aquifers that are no longer being replenished by infiltra-
tion. Along with groundwater recharge, the sectors must seek 
out alternative sources of supply and increase options for reuse.

In many agricultural areas, water infrastructure should aug-
ment storage capacity by building reservoirs and by restoring 
groundwater recharge to its natural functioning. In water-short 
or water-stressed urban areas, where stormwater is typically 
jettisoned, its capture, treatment, and storage for non-potable 
use should be considered. Rainwater harvesting, one of the 
most modest technologies for combating water shortages, is 
paradoxically not very advanced, particularly at the urban scale. 
In the United States, for example, only a handful of cities and 
states have overturned regulations prohibiting the indoor use 
of rainwater on the basis of health and safety concerns. A study 
undertaken by the Natural Resources Defense Council in 2011 
found that if 50 percent of roof areas captured the first inch of 
rainfall for non-potable use, annual savings in Atlanta, Georgia, 
and Chicago, Illinois, would be $25.9 million and $20.6 million, 
respectively.73 And according to an analysis undertaken at the 
University of Arizona, similar rooftop rainwater capture in Tuc-
son—one of the most arid cities in the country—could reduce 
residential water use by 30–40 percent.74

Another line of defense against water shortfalls for coastal 
communities will be hybrid renewable-energy generation and 
desalination. Fortunately, many of the coastal regions with the 
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greatest water shortages are at latitudes with plentiful solar 
access.75 Arid coastal areas in the United States, for example, 
could begin to take advantage of process synergies among 
power generation, desalination, and agriculture. Finally, waste-
water recovery for treatment and non-potable reuse (as in 
Orange County and Windhoek) can help stabilize and enlarge 
available resources. 

New and recycled sources for water consumption may yet 
prove insufficient, however, in the context of the energy-water 
nexus. For instance, water resources long dedicated to agricul-
ture may need to be diverted, out of necessity, to critical refor-
estation efforts (intended to store carbon), or for the cultivation 
of bioenergy resources intended to displace carbon-based 
fuels. Initiatives in arid and semi-arid areas, including desalina-
tion and the reuse of wastewater, will be energy-intensive; and 
then there’s the problem of waste brine.

Because of resource limitations and dense populations, 
small island nations like Singapore may be leading the way in 
water sourcing via integrated-systems management. IWRM, a 
vital element in sustainable water management, addresses all 
water sources and transactions in the hydrologic cycle and is 
crucial to negotiating complex jurisdictional boundaries and 
engaging all affected sectors. 

Ultimately, cooperation between water and energy infra-
structure is particularly imperative to decrease the carbon 
intensity associated with the procurement and delivery of 
freshwater. Applied thoughtfully, the integration of resources—
whether low-tech, as in the case of the Godavari Tank restora-
tions, or high-tech, as in the Qatar and Jordan Sahara Forest 
Projects—can not only reduce the waste of a precious resource 
at lower energy costs but can become a catalyst for improved 
agricultural production. 
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8. Ways Forward:   
   Think Systematically,  
  Experiment Locally

This book’s introduction recounted the 

tragic failure, in 2007, of the I-35W Bridge in Minneapolis. In 

its place today, the St. Anthony Falls Bridge is a forward-looking 

piece of infrastructure that bolsters safety, anticipates alterna-

tive transit modes, trims operating energy costs, and incorporates 

community amenities. Like the other projects worldwide high-

lighted throughout this book, the new bridge embodies many of 

the priorities of post-industrial infrastructure. Attending to the 

challenges we face in the United States—the emphasis of this 

closing chapter—the bridge rebuilding reminds us that we have 

H.Brown, Next Generation Infrastructure: Principles for Post-Industrial Public Works,
DOI 10.5822/ 978-1-61091-202-0_8, © 2014 Hillary Brown
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the technical knowledge and tools to move forward; what we 
need now is both vision and leadership to create the policy and 
financing vehicles to make future-proofing possible.

The extraordinary scale of needed infrastructural building 
and maintenance in the United States raises a number of ques-
tions. In the absence of a national infrastructural agenda, who 
will assume leadership? Can funding be leveraged through 
existing or retooled financial institutions—and if not, what pol-
icy instruments might be used to address funding gaps? How 
can decision makers be guided to transcend compartmental-
ized thinking and create the partnerships, cross-sector strate-
gies, and designs that are needed to deliver multifunctional 
public works?

Given the drawn-out economic recovery and the prevailing 
congressional gridlock, genuine progress toward infrastructural 
revitalization seems unlikely, at least in the short term, despite 
ever-more-urgent calls from industry, civil society, and profes-
sional organizations. Ideally, a reinvigorated national vision 
would align federal, state, and local policy in support of next-
generation investments—first, by eliminating injurious subsi-
dies and discouraging environmental externalities (the social 
costs of environmental damages); and second, by augmenting 
market incentives and establishing financing mechanisms that 
favor next-generation investments. A proactive federal govern-
ment would promote and fund projects of multijurisdictional, 
regional, or national significance, such as interstate transit 
improvements, and integrated water-resource management, 
and help accelerate rollouts of the smart grid. A central lending 
authority (along the lines of the proposed National Infrastruc-
ture Bank) could streamline access to funding and increase 
public-private investment. Finally, a proactive federal govern-
ment would support research, piloting, and development of 
next-generation infrastructural technology in much the same 
way that the EU or European national governments have 
underwritten pilot projects in Lille, France; the Netherlands; 
and Lolland, Denmark.

While the heroic era of federally led projects—from canals 
to railroads to rural electrification and interstate highways—
may perhaps be behind us, with federal-level funding and sup-
port, other levels of government may be better poised to move 
them forward. Since making its investment in major programs 
such as interstate highways, water distribution, and treatment 
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systems before the 1980s, the federal government has devolved 
much of the work involved in infrastructure planning, expan-
sion, and maintenance to state and local governments—which 
now own approximately 97 percent of American bridges, roads, 
and highways. Half of all water filtration systems and about 
80 percent of wastewater systems are owned and operated by 
municipalities and local governments.1

The infrastructural landscape of the twenty-first century 
will be complex, and the creation of integrated, cross-sector 
projects at the most local level possible will require transforma-
tive leadership and organizational capacity. When it comes to 
siting issues, the fact that land-use decision making is largely 
under local control means that local governments are likely to 
be more nimble than their state—let alone federal—counter-
parts. In practical terms, most public services are local issues; 
cities and towns deal in the particulars. Given the extent of 
state and local government involvement in infrastructure 
investment and authority over project planning and implemen-
tation, these levels of government are potential hubs of leader-
ship and innovation.

With or without federal guidance, state and local govern-
ments can assert control over their own destinies. States can 
even cooperate to address problems at the regional scale, to 
help leverage existing financing or assemble new financing. 
Local governments can engage in fiscally creative arrange-
ments—through tax-increment financing, special-assessment 
districts, user fees, targeted tax increases, bond issues, and bal-
lot initiatives. Armed with the right policy tools and, in partic-
ular, supported by public-private partnerships, state and local 
governments can proactively advance the next generation of 
coordinated public works. Thus, the strategies described in this 
chapter are directed to the state and local officials who are 
poised to offer more agile leadership in the realm of transfor-
mational infrastructure planning, including partnering with 
progressive utilities, regulatory agencies, and new investment 
entities. Precedents exist for “think[ing] systematically and 
experiment[ing] locally,”2 and they can be built on in the com-
ing years.

This final chapter outlines specific steps for moving the 
nation toward the development of multifunctional, cross-sec-
tor infrastructural systems—specifically, by mobilizing fund-
ing, developing innovative policies, and creating new delivery 
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models for blended assets. In accordance with the five princi-
ples that form the framework for this book, the projects that 
state and local governments need to foster will have these pri-
orities in common: optimization through combination; low- or 
zero-carbon heat and power; productive amalgamation of con-
structed and natural systems; inclusion of community assets; 
and smart adaptation to climate uncertainty.

State and Local Governments: Agents of  
Experimental Change

Exemplary US infrastructure projects make apparent that local 
entities can spearhead ambitious, multipronged infrastructural 
initiatives (see, for example, Mt. Poso Biomass Cogeneration 
Plant, or the University of New Hampshire’s EcoLine partner-
ship, in chapter 3: California’s Arcata Wastewater Treatment 
Plant, in chapter 4; and Orange County’s Water Factory 21, in 
chapter 7). Making such accomplishments more commonplace, 
however, will require new policy mechanisms and access to 
funding at the state or local government level.

Frustrated by general political paralysis in Washington, D.C., 
today, state and local leaders are beginning to undertake their 
own actions, some in collaborations that cross state lines. In 
response to climate change, for instance, already more than 
1,054 US mayors3 and 36 states4 (plus the District of Columbia) 
had developed greenhouse-gas-reduction plans as of 2012.5 
Nine northeastern US states had signed a regional agreement 
in 2005 to reduce CO2 emissions by some 24 million tons per 
year to 165 million tons per year. In February 2013, they agreed 
to a lower cap of 91 tons per year in 2014, with further reduc-
tions at a rate of 2.5 percent a year until 2020.6

Absent federal initiative, many city and state leaders are 
similarly initiating alternative infrastructure-development 
mechanisms. Voters in Oklahoma City, for instance, agreed in 
2009 to a 1 percent local sales tax that will generate more than 
three-quarters of a billion dollars over seven years for a series of 
metropolitan area projects (MAPs) backed by the local chamber 
of commerce and private sector contributions.7 Through MAPs, 
the city is improving parks and bike trails, and creating a street-
car system and transit hub.8 Moreover, by bundling and inte-
grating projects, the city will achieve construction economies. 
The Chicago Infrastructure Trust (detailed below) will leverage 
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private investment in support of otherwise budget-breaking, 
cross-sector urban projects. A significant 2012 initiative called 
the West Coast Infrastructure Exchange (WCX) is indicative of 
bold new moves being made by neighboring state officials to 
address emergent energy, water, and transportation concerns. 
Governors, treasurers, and infrastructure development agen-
cies of California, Washington, and Oregon have joined forces 
with officials from British Columbia in a collaborative venture 
that will facilitate alternative infrastructure investments, bun-
dling public and private funds, and developing new delivery 
models to create crucial merit- or “performance-based” energy, 
water, and transportation projects serving their regions.

Financing Mechanisms for Next-Generation Projects

Beginning in the late 1980s, infrastructure investment began to 
shift from the federal to the state level. To fill the gap created 
by diminishing federal grants and to capitalize on the remain-
ing federal allocations, states developed alternative investment 
vehicles. In 1987, the Federal Water Quality Act established state 
revolving funds (SRF) for water- and wastewater-treatment 
infrastructure in every state; these have funded more than 
$100 billion in infrastructure improvements since 1992. State 
infrastructure banks (SIBs) that support transportation initia-
tives were initially established as subsets of SRFs through indi-
vidual, state-specific enabling legislation in the mid 1990s and 
extended in 2005; many were capitalized through federal high-
way-authorization bills. Today 33 states have a SIB, although as 
many as 10 are underactive or inactive because, in several cases, 
states have not replenished the expended funds.9

SRFs, SIBs, and “green banks,” such as the Connecticut Clean 
Energy Finance and Investment Authority, are typically not-for-
profit institutions, operating under state regulation, that com-
bine private banking functions with public oversight. All three 
offer opportunities to capitalize projects through revolving 
funds, financial structures in which the repayment of princi-
pal, bonds, interest, and fees replenishes the available capital. 
SRFs have been used primarily to finance surface-transporta-
tion projects and water-related improvements, as well as some 
renewable-energy projects. SIBs and green banks were initially 
capitalized from various grant sources with significant state 
matches.
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Because of their low lending rates, SIBs could become the 
most valuable and versatile means of increasing state and 
locally led infrastructure spending. Because they are account-
able only to state entities within which they are housed (many 
are under state departments of transportation), SIBs have, in 
past, avoided federal procurement delays, and can thus be more 
flexible and more responsive to local needs. Because of their 
formal selection processes, SIBs may also better insulate proj-
ect selection decisions from political influence. Significantly, 
SIBs can be used to leverage private funding and project exper-
tise that can sustain local economic development.10

SIBs have varying degrees of decision-making authority. 
Some states appoint external oversight bodies, but most SIBs 
have a board or advisory committee charged with guiding proj-
ect selection and providing general oversight; such boards or 
committees may be comprised of representatives from other 
agencies, along with gubernatorial or legislative appointees. In 
some cases, the boards include a citizen’s oversight committee 
with appointed members; there may also be requirements that 
all meetings be public.11

The California Infrastructure and Economic Development 
Bank (known as the California I-Bank) is widely regarded as 
one of the most successful SIBs, and it has been put forward by 
the Urban Land Institute and others as a model for a national 
infrastructure bank.12 It is located within the California Busi-
ness, Transportation, and Housing Agency, but acts as an inde-
pendent entity. Since its one-time appropriation of $181 million 
in 1999, the I-Bank’s operations have been funded solely from 
borrower closing fees, loan repayments, and the bank’s inter-
est earnings. The bank’s broad powers enable it to provide 
low-cost, long-term infrastructure financing. Significantly, 
the I-Bank underwrites a full range of public works, including 
water-supply and sewage-treatment facilities, educational and 
recreational facilities, and public transit, streets, highways, and 
storm drainage.13 Projects are assigned priority according to cri-
teria that take into account project impact (overall job creation 
and retention), local community employment, quality of life 
and community amenities, economic need, land-use strategies, 
environmental protection, and leverage capacity.

One of the I-Bank’s bond programs, the Infrastructure State 
Revolving Fund (ISRF), gives municipalities, counties, districts, 
and redevelopment agencies access to funding that can be 
leveraged through other local, state, and federal grants and 
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loans.14 Between mid-2000 and mid-2010, the ISRF approved 
95 loans totaling over $400 million.15 The I-Bank, like the Chi-
cago Infrastructure Trust (CIT; see below), is a model of inter-
agency creativity, using a crosscutting approach to project 
development and financing that specifically encourages “trans-
formative infrastructure projects.”16 Embraced by unions, non-
governmental organizations, and private-sector leaders, the 
I-Bank leverages state funds to upgrade public infrastructural 
assets, engaging in customized project financing that includes 
private investors.

A similar innovative mechanism for infrastructure develop-
ment is the Chicago Infrastructure Trust (CIT)—a bold, $7-bil-
lion investment endeavor conceived by Chicago mayor Rahm 
Emanuel and established by city ordinance in 2012. Designed 
to create jobs and leverage private investment, the CIT will be 
used to construct or retrofit essential services from airports to 
commuter-rail to parks, schools, and utilities. In a coordinated 
effort designed to reduce future street cuts, for instance, broad-
band cables will be laid at the same time that an estimated 900 
miles of water pipes and 750 miles of sewer lines are replaced.17 
Applauded in 2012 by the US Conference of Mayors as an outside-
the-box initiative and a blueprint for cities that want to control 
their own infrastructural destiny, the CIT is a viable model with 
wide potential application in other large cities.18

Public-Private Partnerships and the Rise of Private 
Infrastructure Investment

Not only can public-private partnerships (PPPs) help fill gaps 
in the financing and delivery of public infrastructure, but they 
also offer opportunities for greater private-sector participation 
in the financing, design, construction, and, in many cases, the 
operation and maintenance of public works. PPPs can be used 
for one-off projects or applied to ongoing capital programs. 
Among their potential benefits are cost savings; completion 
of projects on time and within budget; and, of course, lower 
government outlays. When concession contracts (agreements 
between government and a private company) are structured 
properly, deferred maintenance (attributable to government 
budget shortfalls) can be reduced or eliminated.19

In the United Kingdom, PPPs represent between 10 and 13 
percent of national investment in public infrastructure, and 
the use of the model is increasing rapidly in India and Japan. 
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Canada and Australia have used PPPs for water and wastewater 
projects, as have Ireland, the Netherlands, and other European 
nations.20 With the exception of various toll roads and other 
highway infrastructure in Illinois, Indiana, and Texas, PPPs are 
still novel in the United States. Creating a supportive climate 
for state and local PPPs depends on the passage of state-level 
enabling legislation, the development of sound legal frame-
works for contracts, the fair allocation of risk, and careful struc-
turing of operations and maintenance concessions.21

Since 2005 significant monies from around the globe 
have been pooled in private funds dedicated to infrastruc-
ture investment driven by the private sector’s awareness of a 
cash-strapped public sector and the revenue potential of such 
investment. Billions of dollars of such capital are vested with 
firms such as Morgan Stanley, GE-Credit Suisse First Boston, 
and J. P. Morgan.22 Meanwhile, large investors such as insurance 
companies and pension funds are diversifying their holdings 
through infrastructure investment, anticipating predictable 
and reasonable returns with relatively modest risk.23 A Dutch 
pension fund, for example, has invested €2 billion in infrastruc-
ture with hopes to increase to €5 billion by 2015; and in 2010 
the Ontario Teachers’ Pension Plan invested C$7.1 billion in infra-
structure—more than 6 percent of its total assets.24

As of 2012, $810 million from US pension funds had been 
invested in Australian assets such as ports, power stations, and 
freeways,25 a circumstance that raises a question: Why export 
investment, rather than using it to meet burgeoning needs at 
home? Change may be at hand, however. Public employees’ and 
teachers’ retirement systems in California, Kansas, and Wash-
ington State have stated their intention to allocate a small per-
centage of their assets to infrastructure.26 In what is perhaps 
the most significant indicator of a potential trend in private 
investment—and one in response to climate change, at that—
is the decision, on the part of the Teachers’ Retirement System 
of the City of New York, to invest $1 billion in critical, post–Hur-
ricane Sandy infrastructure improvements.27

The importance of PPPs for the future-proofing of public 
works cannot be underestimated. First, PPPs like the CIT allow 
several projects to be bundled, which can work in favor of con-
joined, cross-sector projects. Second, PPPs have the flexibility to 
use alternative procurement methods such as design/build con-
tracts and performance-based contracting (commitments that 
projects achieve specific, measurable performance standards)—
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which, when compared with the rigidity and specificity of typi-
cal government procurement processes, can promote greater 
design innovation. Third, under PPPs, contracts for next-genera-
tion assets can be awarded according to best value—factoring 
in additional benefits—rather than being awarded on the basis 
of the lowest price. Finally, as funding becomes more difficult 
to obtain, the combination of innovative procurement methods 
and design/build/operate efficiencies can encourage alternative 
delivery models that favor complex, integrated projects.

Nevertheless, PPPs face challenges. The public is wary of 
privatization—and some of this wariness comes from the 
concern, not entirely unfounded, that private capital comes at 
a higher cost. Other drawbacks can include the lack of public 
institutional capacity to deal with the complexity of contract 
models. On the other hand, these concerns can be surmounted 
by the use of “public-private partnership units” (successfully 
used in other countries)—entities established explicitly to 
undertake quality control and standardization, render technical 
advice, and develop appropriate policy.28

Embedding the Five Principles in Funding Decisions

According to a 2002 federal review of transportation financing, 
SRF project-selection methods vary widely, ranging from “first-
come, first-served” to a combination of objective and subjective 
criteria, including project objectives and financial assessments. 
With respect to selection criteria, the report singled out the 
Florida Department of Transportation for best practices: after 
financial considerations, the department’s criteria include “eco-
nomic benefits, new technologies (intelligent transportation), 
environmental benefits, and intermodal enhancements.”29 Both 
the CIT and the I-Bank also rely on triple-bottom-line criteria.30

What mechanisms might both SRFs and SIBs use to pro-
mote next-generation projects? One option is to proactively 
encourage particular types and combinations of development 
by establishing outcome-oriented threshold or supplemen-
tary criteria, as well as award and allocation formulas that are 
aligned with the five axioms of next-generation public works: 
multipurpose, low-carbon infrastructure that is tightly coordi-
nated with natural systems, well integrated into social contexts, 
and capable of adapting to a changing climate. Selection crite-
ria along the lines of those outlined in box 8-1 would encourage 
integrated, multidimensional planning.
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Box 8-1. Sample Supplemental Evaluation Criteria for SIBs or SRFs Financing  
  Next-Generation Infrastructure1

Eligible project sponsors
Departments; agencies; commissions; towns; cities; counties; nonprofit corporations formed 
on behalf of an applicant; special districts; assessment districts; joint powers authorities 
within the state; and any combination of these categories.

Project types
Streets; state and county highways; drainage, water-supply, and flood-control facilities; ports; 
parks and recreational facilities; power and communications facilities; public transit; sewage-
collection and treatment facilities; solid-waste collection and disposal facilities; and other 
publicly occupied facilities affiliated with these systems.

Supplementary scoring criteria for prioritizing projects
Beyond threshold eligibility, including economic need and financial economic feasibility, proj-
ects shall provide a full life-cycle cost analysis (LCCA), including project agency and user costs. 
Assessments are also to include, to the extent possible, identification and valuation of major 
negative externalities as well as the environmental and social co-benefits attributable to the 
project. Infrastructure projects shall be evaluated and accorded funding priority over single-
purposed or conventionally designed infrastructure facilities and according to their fulfill-
ment of the following supplementary criteria. Specifically, they shall:

Support mixed land use
• Mixed use of property by two or more project types (as listed above).
• Shared use of roads, operation, and maintenance facilities and utilities.
• Use of (1) previously urbanized property, preferably brownfields; (2) vacant or underuti-

lized urban or suburban land; (3) land immediately adjacent to developed property.

Reduce energy and greenhouse-gas emissions
• Designs that promote operational energy efficiency and/or conservation.
• Reduced energy demand through partial, on-site production of green power; purchase 

of green power to offset use of electrical grid; connection to other sources of distrib-
uted power; and/or utilization of exergy; or,

• Energy produced by local waste-to-energy process or procured from anaerobic diges-
tion of organic waste or wastewater (biogas).

• Priority given to grouped and/or conjoined projects that reduce energy use and envi-
ronmental impacts through the recovery and exchange of waste, wastewater, or waste 
heat.
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Inclusion of green infrastructure
• Systems planned in accordance with integrated water-resource management programs.
• On-site water harvesting, retention, and/or treatment for reuse or for direct infiltration.
• Reduction of potable water use and substitution of stormwater or gray water for cool-

ing and other non-potable uses.
• Reliance on green infrastructure measures to eliminate stormwater runoff.
• Measures reducing energy demand and/or chemical use for water treatment and dis-

tribution.

Social and/or economic benefits
• Improved quality of life, attractiveness, and long-term economic competitiveness for 

the community.
• Full environmental remediation and mitigation of site and environs.
• Job creation and/or community employment per dollar of financing.
• Inclusion of community facilities or other new educational, cultural, or recreational uses 

that provide local jobs.
• Provision of quality-of-life measures and/or community amenities.

Climate adaptation measures
• Incorporation of place-based measures to achieve resilience for facilities exposed to 

extreme weather events, or sited in climate-sensitive areas (e.g., coastlines, rivers, storm 
tracks), with priority given to soft infrastructure.

• Inclusion of safeguards (e.g., redundancy) to reduce cross-sectoral cascading failures.
• Provisions for water harvesting, storage, cleaning, and beneficial reuse.
• Integrated water capture, storage, use, and reuse.

1. Some language is in part adapted from “Criteria, Priorities, and Guidelines for the Infrastructure State Revolving 
Fund (ISRF) Program,” report of the California Infrastructure and Economic Development Bank (Board-Approved  
Criteria dated January 29, 2008).

Another means to the same end would put forward-looking evaluation criteria in the hands 
of an independent body, such as a state-level infrastructure commission tasked with reviewing—
or encouraging—multipronged capital endeavors. A number of commissions or committees—
some, for instance, legislatively mandated, others executive-appointed, and still others in the form 
of blue-ribbon panels—have already been charged with state or local strategic decision mak-
ing with regard to infrastructure investment. Examples include the Special Public-Private Infra-
structure Commission established by the Commonwealth of Massachusetts; New York State’s 
2100 Commission, which targets statewide resilience measures; the Infrastructure Committee 
created by Marathon County, Wisconsin; and San Francisco’s Commission on Community Invest-
ment and Infrastructure (one of two committees that replaced the city’s redevelopment agency).
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Ideally, an infrastructure commission would be made up of 
nonpartisan, appointed or elected experts authorized to foster 
and coordinate cross-sector projects and link them to a state 
or local financing system. The commission would include rep-
resentatives from state agencies or local government depart-
ments (e.g., energy, water services, environmental protection, 
transportation, parks) as well as regulatory, private-sector, and 
nongovernmental members. Their role would be broad: overall 
policy making, the establishment of performance metrics for 
desired outcomes, review of capital-improvements programs, 
approval of the design of large projects, and possibly also trou-
bleshooting and general oversight (see box 8-2).

Box 8-2. Proposed State (or Large City) Infrastructure Commission: Roles and  
   Responsibilities

• Advocate for and work to develop cross-sector infrastructural improvements that 
(1) link energy, water, wastewater, waste, and transportation; (2) offer co-benefits; and 
(3) include complementary utilities, industries, or businesses.

• Help accelerate planning and financing for interlinked, multi-sector projects by high-
lighting potential revenue from the combination of functions (e.g., recovered energy, 
water, or nutrients).

• Promote best practices in integrated infrastructure development through advocacy 
and outreach, providing advisory technical expertise as necessary.

• Work with zoning or other regulatory authorities to facilitate amendments or variances 
that will support the development of multifunctional infrastructural facilities.

• Serve as broker and facilitator, helping to connect state and local authorities, service 
providers, regulators, consumers, and other stakeholders to the state bank’s private 
investors and equity owners.

• Encourage the sharing of capital costs by arranging blended state (or city) funds from 
capital programs for transportation, roads, streets and highways, wastewater, energy, 
water, and parks departments.

• Ensure long-term engagement with stakeholders in affected communities and regions.
• Develop performance metrics that incorporate internal efficiencies, energy cascades, 

resource recycling, land-use intensity, and other value-added environmental and social 
benefits of colocation.

• Coordinate interstate initiatives with peer infrastructure commissions.
• Partner with public or private academic institutions undertaking research in new tech-

nologies.
• Help leverage private investment.
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Policies and Tools for Next-Generation Infrastructure

States and local governments can muster the political will and 
funding to circumvent federal paralysis by implementing cre-
ative enabling programs such as those in Chicago, California, 
and Oklahoma. Working with existing infrastructure banks, 
revolving funds, or nonprofit trusts (or creating new ones), 
governors and state legislators, local executives and governing 
boards, agency or department heads, development authorities, 
nongovernmental organizations, developers, and public or pri-
vate utility providers can begin to broker ambitious projects, 
encouraging the various infrastructure sectors to think more 
horizontally and collaboratively toward making future-proofing 
a “value-added” new norm. The following five sections exam-
ine each of the principles in turn, highlighting some current 
approaches, along with programs and tools that are helping to 
advance next-generation infrastructure.

Foster Inter-departmental Planning for Combined Projects

State and local governments, working with utility partners, can 
use their land-use authority to support infrastructural cluster-
ing. In practical terms, this may mean, at the state level, the 
designation of economic-development districts, or at the local 
level, undertaking zoning changes so that both industrial and 
commercial zones can accommodate infrastructural mixed use, 
or amalgamated utilities. As a hypothetical example, such an 
assemblage would include: (1) distributed energy cogenera-
tion, conjoined with (2) decentralized storm and/or wastewater 
treatment, and (3) organic- and solid-waste-handling facilities, 
allowing for heat recovery, biogas production, and water reuse 
along with other by-product capture for revenue production. 
The same locale might even support a bus or truck depot, incor-
porating biogas refueling in the same location (per the exam-
ple from Lille, France). If such a development were sited on a 
brownfield, it might be able to capitalize on funding from city 
or state supplemental brownfields RLFs or the federal Environ-
mental Protection Agency’s Brownfields Area-Wide Planning 
Pilot Programs or Multi-Purpose Pilot Grants). Local govern-
ments partnered with innovative utilities can foster the rede-
velopment of brownfields or dead malls (dated, deserted, or 
largely vacant shopping centers) as eco-infrastructural parks—
sites that can host distributed infrastructure facilities, along 
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with tenants that could contribute to or make use of resources 
generated on-site.

State- and local-government sustainability plans are ideal 
frameworks for considering the capital programs of various 
infrastructure sectors in tandem, in order to identify opportu-
nities to cluster or coordinate construction, upgrades, or expan-
sions. Sustainability and climate-action plans—such as New 
York City’s PlaNYC 2030, Santa Monica’s 15x15 Climate Action 
Plan, and the 2015 Sustainable Chicago Action Agenda—pro-
vide both the necessary vision and the integrated environ-
mental, economic, and social frameworks with which to realize 
infrastructural clustering.

The EcoDistrict model, which was developed by the Portland 
State Institute for Sustainable Solutions, suggests governance 
and financing frameworks under which local government, 
utilities, developers, and others can jointly undertake complex, 
district-scale infrastructure improvements.31 Successful pilots 
have been conducted in Denver, Portland (Oregon), and Seattle. 
Denver’s Living City Block, for example, is a consortium of oth-
erwise unrelated residential and commercial building owners 
that undertakes infrastructure upgrades, including renewable 
and energy-efficiency improvements, in lower downtown.32

Scale Up Green Power at the State and Local Levels

The move toward lower-carbon power generation, green power 
purchasing, and distributed energy production will demand 
levels of political, socioeconomic, and technological transfor-
mation that are certain to prove challenging for many indi-
viduals, corporations, and even elected officials in the United 
States. Nonetheless, many Fortune 500 entities, state and local 
government administrations, and American voters see such 
a shift as inevitable if the nation’s long-term energy security 
and green job prospects are to improve, and as private entre-
preneurship and technology gains help proliferate investments 
in green power.33 As early adopters of policies and technical 
strategies designed to support decarbonization, state and local 
governments may continue to be the principal actors in a major 
societal shift.

States already offer fiscal incentives to support the low-car-
bon energy market, primarily through the adoption of Renew-
able Portfolio Standards. As of 2012 these obligatory targets 
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ranged from roughly 10 percent by 2015 in North Dakota and 
South Dakota, to 30 percent by 2030 in California.34 In addition, 
states have worked to lower barriers to implementing carbon 
reductions; net metering, which allows electricity customers 
to generate renewable energy and offset their consumption, 
is controlled by state public utility commissions, as are inter-
connection policies, which specify the technical safety require-
ments for grid-connected, distributed generation systems. 
Net metering has been adopted by 45 states and interconnec-
tion policies have been adopted in 44 states and Washington,  
D.C.35

States can help level the playing field for renewable-energy 
generation through carbon-reduction targets and green-
power policies—initiatives that are not being undertaken at 
the federal level. Between 2002 and 2008 the US government 
awarded the fossil-fuel industry more than $72 billion in sub-
sidies, whereas federal investments in the renewable-energy 
industry totaled a mere $12.2 billion.36 While federal subsidies 
to the fossil-fuel industry are unlikely to be phased out, states 
can exert leverage through policies that factor in the full social 
and environmental benefits of clean power. One such lever is 
carbon credits (also known as carbon offsets). In October 2012, 
California legislators established the first cap-and-trade pro-
gram in the United States—which may be the world’s second 
largest after the EU. Under the program, the state grants and 
then auctions off carbon allowances or carbon credits to emit-
ters. Proceeds from these sales, projected to be $10 billion by 
2016, will be invested in infrastructure that further reduces 
greenhouse-gas emissions.37

Additional policy initiatives are needed to provide higher 
rewards to distributed providers of clean power. In Europe, one 
of the reigning policy mechanisms is the feed-in tariff (FIT), a 
premium that utilities pay for renewable power production 
that (1) reflects the value of the avoided environmental costs 
otherwise incurred by the use of fossil fuel, (2) eliminates the 
uncertainties of power-purchase agreements (fluctuations 
in prices in a deregulated market), and (3) renders renewable-
energy projects much more financially feasible.38 FITs have 
so far been deployed in a handful of US jurisdictions. Among 
the dozen-plus states that use them are California, which led 
the way in 2006; Hawaii and Vermont, both of which imple-
mented FITs in 2009; and Oregon, which implemented FITs in 
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2010. Among the municipalities that have established FITs are 
Gainesville, Florida, and Sacramento, California.

States can also use their authority to designate zones or 
districts as sites for advanced energy projects.39 Significant 
examples include energy improvement districts (EIDs), which 
are based on the model of business improvement districts 
(BIDs). Like BIDs, EIDS (which are also known as “neighbor-
hood energy partnerships”) consist of a number of participants 
forming a legal entity. But whereas BIDs engage in aesthetic 
and infrastructural improvements, EIDs finance and administer 
their own local energy-generation resources—issuing bonds 
and installing privately owned distribution lines to serve their 
members. In 2007, Connecticut passed enabling legislation 
for EIDs that use distributed systems and combined heat and 
power.40

Another applicable policy mechanism, legislated in four 
states so far, is Community Choice Aggregation (CCA), which 
permits the creation of limited service areas—classes of cus-
tomers that might even include groups of municipalities and 
counties—that generate their own renewable power but dis-
tribute it through conventional means.41

The Connecticut Clean Energy Financing and Investment 
Authority (CEFIA), the country’s first clean-energy funding 
authority, is an important PPP model with the potential to 
support cross-sector infrastructural initiatives. A quasi-public 
funding entity created to scale up renewable and clean energy 
across the state by leveraging public and private funds, CEFIA 
was established in July 2011 through a $1.25-million award 
from the American Recovery and Reinvestment Act of 2009.42 
Through innovative financing tools, surcharges on electric 
bills, and private investments, CEFIA underwrites the develop-
ment of new technologies and assists with project financing. 
As a program, it reduces reliance on grants, rebates, etc. Such 
a model could be used to support the types of infrastructural 
ecologies examined in this book, such as anaerobic digest-
ers for energy production and combined heat and power  
systems.

Most important, other states could utilize the CEFIA model 
in combination with their infrastructure banks, SRFs, or other 
existing grant programs to leverage greater capital invest-
ment.43 Given that federal clean energy policies and programs 
are currently in a holding pattern or are actively retrenching, 
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the CEFIA model is a useful means of addressing funding gaps, 
particularly in light of state and local budgetary constraints.

Local governments can also make headway by implement-
ing low-carbon district energy reliance on grid-connected 
renewable systems. In Minnesota, the nonprofit District Energy 
St. Paul, launched as a demonstration project in 1983 to meet the 
needs of the downtown business community, today operates 
a 1.2 MW (thermal equivalent) system that heats 185 buildings 
and cools 100. It operates a locally resourced, biomass-fueled 
cogeneration plant and in 2011 added one of the nation’s larg-
est solar hot-water systems.44

Despite progress, low- or no-carbon energy sources still face 
an uneven playing field. One way to address this inequity is to 
require that pro forma cost analyses reflect the many benefits 
of low- or no-carbon generation. Generally speaking, distrib-
uted generation reduces externalities by, for example, reducing 
transmission losses and decreasing the need for expensive and 
“dirtier” peak-load generation (older plants usually brought on 
line last to cover peaks). More-innovative and comprehensive 
policies for the evaluation of infrastructure proposals would 
monetize such benefits, revealing the lower costs associated 
with low- and no-carbon energy sources and thereby helping 
to break through market barriers.

Promote Soft-Path Synergies for Water Infrastructure

Soft-path approaches to water collection, storage, treatment, 
and use are typified by distributed, nonstructural, integrated 
mechanisms that augment centralized storm- and wastewa-
ter-treatment facilities and may even reduce the need for their 
expansion. Such projects continue to demonstrate lower first 
costs and maintenance costs, while increasing resilience, pro-
viding ecological restoration, and offering numerous civic ben-
efits. Finally, soft-path infrastructure can be coterminous with 
forests, wetlands, parks, recreation areas, and scenic territories.

Given their abundant advantages, soft-path projects may 
well become the linchpin of local infrastructural investment. 
In light of entrenched preferences for hard-path, industrial-
era approaches, however, the transition demands overcoming 
numerous barriers: the various agencies involved in water are 
often separated by bureaucratic silos; the applicable codes and 
ordinances tend to be fragmented;45 funding and regulation 
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of water-related projects is segmented; there is a bias, within 
the engineering field, against decentralization; and finally, the 
public is generally unaware of the characteristics and positive 
potential of soft-path solutions.

With the assistance of federal grants distributed by EPA, local 
governments construct, operate, and maintain approximately 
95 percent of the country’s water-infrastructure networks.46 
In fiscal year 2012, EPA awarded $1.5 billion to the Clean Water 
State Revolving Fund (CWSRF) program and $918 million to 
the Drinking Water State Revolving Fund.47 Much of that fund-
ing, however, has been dedicated to hard-path public works. A 
national commitment to soft-path approaches—through sub-
sidies, loan guarantees, and other mechanisms, such as manda-
tory life-cycle and external cost-benefit analyses—could help 
reverse this bias. If, for example, soft-path approaches like those 
used in New York City’s upstate watershed-protection programs 
were more the rule than the exception, localities could avert 
further investments in hard-path water-filtration treatment.

Most of the soft-path innovations described in chapter 4 
overcame regulatory obstacles and cobbled together funding 
from various sources through a combination of citizen advo-
cacy and local leadership. But ultimately, barriers to soft-path, 
municipal-scale innovations cannot be overcome without fed-
eral guidance and assistance—including both funding and the 
development of model codes that will permit cross-sector inte-
gration and foster the use of alternative and distributed tech-
nologies.48 The federal government could strengthen support 
for local, soft-path approaches using financial incentives within 
its subsidy programs such as EPA’s CWSRF, as well as through 
other water-related subsidy programs administered by the US 
Departments of Agriculture and Housing and Urban Develop-
ment.49 In 2009, for example, under EPA’s CWSRF, $800 million 
in the American Recovery and Reinvestment Act funds was set 
aside for the Green Project Reserve to support more than 50 
projects incorporating decentralized wastewater systems.50

In May 2012, the US Senate approved the Water Protection 
and Reinvestment Act of 2012 (HR6249). Modeled closely on the 
Transportation Infrastructure Financing Innovations Authority 
(TIFIA), HR6249 is a deficit-neutral program that would rely on 
the assessment of small water fees to reduce interest rates 
and thereby supplement SRF loans. Eligible soft-path proj-
ects would include community water systems; protection of  
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groundwater and surface sources; implementation of water-
efficient, energy-efficient, and renewable generation technolo-
gies; and wastewater and stormwater reuse and control. At the 
time of writing, the bill was referred to subcommittee for the 
House of Representatives’ consideration.51

Building institutional capacity for soft-path approaches will 
require changes in state and local regulations. For example, 
changes to planning, zoning, and building codes can be devised 
to support the incorporation of natural hydrologic functions 
into land uses. Such instruments can also foster projects that 
combine water infrastructure with energy, transportation, or 
waste infrastructure, or that promote resource sharing (cascad-
ing) between energy and water infrastructure (e.g., the recov-
ery of heat and energy from the organic wastes in wastewater). 
A more unified permitting system would overcome the bureau-
cratic silos that inhibit integration.52 Aided by federal research 
and through the funding of programs such as the National 
Community Decentralized Wastewater Demonstration Proj-
ect,53 states and localities could eventually develop more per-
formance- and context-based codes, as opposed to prescriptive 
requirements for filtration, stormwater, and sanitary wastewa-
ter treatment.54

Local elected and appointed officials can sponsor inter-
agency and multi-stakeholder coordination of capital improve-
ments, so that investments in water infrastructure can be 
combined with those from other sectors in order to maximize 
public benefits and improve land values. To support the inclu-
sion of ecosystem enhancements as part of infrastructure proj-
ects at the capital-programming level, planning and budgeting 
policies can be designed to monetize the benefits associated 
with ecological systems such as environmental restoration and 
improvements in public health, job creation, and scenic value. 
Many federally sponsored grants, loans, and other payment 
programs already allow such quantification of benefits.55

There are signs that some of these advances could soon be 
under way. In the Water Environment Federation’s 2013 publi-
cation The Water Resources Utility of the Future: A Blueprint for 
Action, water-industry leaders foresee the water utility becom-
ing “manager of valuable resources, a partner in local economic 
development, and a member of the watershed community 
seeking to deliver maximum environmental benefits at the 
least cost to society . . . by reclaiming and reusing water, extract-
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ing and finding commercial uses for nutrients and other con-
stituents, capturing waste heat and latent energy in biosolids 
and liquid streams, generating renewable energy using its land 
and other horizontal assets, and using green infrastructure to 
manage stormwater . . . to improve urban quality of life more 
broadly.”56

Site Community-Friendly Facilities Sensitively

Sensitized by a legacy of LULUs (locally unwanted land uses) in 
minority and low-income areas, an increasingly savvy public is 
attuned to the environmental, health, and property risks associ-
ated with the siting of infrastructure assets. Developers of next-
generation facilities will need to empower local stakeholders, 
build public trust, address fair-share issues, and acknowledge 
special responsibilities to their host communities. In addition, 
developers must eliminate adverse effects and engage the 
community in ongoing monitoring. Finally, developers can facil-
itate shared use and foster the inclusion of collateral benefits. 
Taken together, such measures will help ensure that infrastruc-
ture assets are beneficially embedded in, and connected to, the 
communities and regions they serve.

The paramount challenge in facility siting is addressing the 
disparity between locally concentrated risk or harm, whether 
real or perceived, and the widely distributed advantages. A fair 
siting process achieves distributive justice—a balance between 
burdens and benefits.57 In practical terms, distributive justice 
means that risks, responsibilities, and rewards are balanced 
in such a way that benefits to the host community outweigh 
adverse impacts.

In Canada, an innovative “open siting” policy approach for 
siting LULUs relies on a voluntary system: the government or 
utility proponent engages in broad outreach to potential host 
communities, detailing economic opportunities and outlining 
the environmental and public safety standards. Communities 
are then invited to offer their sites for evaluation, retaining the 
choice to opt out if selected. Once a site has been chosen, the 
proponent holds public referenda to obtain community input 
on design and to ensure community buy-in. Community rep-
resentatives are included among the project managers and 
also participate in environmental monitoring. Among the ben-
efits that host communities typically gain are a commitment 
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to hire local workers and to engage in workforce-diversity  
practices.58

Community Benefits Agreements (CBAs) are another use-
ful policy option. Developed in the late 1990s, CBAs are legally 
binding agreements negotiated by civil-society groups and 
public representatives or private interests in return for local 
acceptance of major public or private development projects. 
Prior to agreement negotiation, the public participates in a  
siting review, prioritizing local concerns. In addition to agree-
ing to engage in mitigation measures based on the best avail-
able technology, the developer then offers compensation 
packages that include benefits designed to offset any minor 
residual impacts.59 Compensation may include property-value 
guarantees, local employment options, improved housing, and 
recreational or cultural facilities. Monitoring provisions are 
also included. The downside of CBAs is that they depend on 
community-wide organizing and strong leadership, neither of 
which may always be present. Moreover, legal services may be 
costly for a community to obtain. Finally, the validity of CBAs 
has not yet been fully tested in court.60

Chapter 5, “Destigmatizing Infrastructure,” describes a 
number of infrastructure projects that incorporate innovative 
features such as recreational, educational, and community 
facilities. Such ancillary uses can in some cases catalyze com-
munity acceptance, and in other cases represent the outcome 
of negotiations. As a policy instrument, a mix of uses and good 
design can help dilute the stigma that might otherwise be 
associated with a complex.

The megacommunity, another emerging practice, is a self-
governance model in which representatives from multiple 
stakeholder groups voluntarily come together to solve complex 
problems.61 Because the control of a megacommunity is distrib-
uted, no one group or sector dominates; instead, the function-
ing of the group is grounded in a set of organizing principles 
that include diversity, adaptability, and an aspiration toward 
“convergence” of goals and objectives through proactive align-
ment of interests. The entire process is characterized by open 
communication and negotiated decision making—both of 
which work to optimize the whole, rather than just some of the 
parts. The megacommunity is thus an apt model for the devel-
opment of complex, post-industrial infrastructure projects. 
The Bolivia-to-Brazil pipeline (chapter 5) is a good example of 
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a megacommunity; however, the same term could also just as 
easily be applied to a number of other collaborative initiatives 
considered in the book: Hammarby Sjöstad (chapter 2), the Lol-
land Community Facility Testing Partnership, and the Minewa-
ter project (both chapter 3). 

Overall, policy instruments such as CBAs, or megacommu-
nities that foster trust, embody openness and transparency, 
limit risks to stakeholders, ensure informed consent, and pro-
vide negotiated compensation must be the new norm for infra-
structure investments. Other instruments, yet to be invented, 
will need to foster greater proactive community participation, 
mobilize capacity for cross-sector coordination, and ensure the 
incorporation of value-added civic functions into infrastruc-
tural complexes.

Adapt to an Uncertain Future

Each hazard of climate instability—flooding, drought, tempera-
ture extremes, and increasingly frequent and intense storms 
and coastal surges—inevitably transcends jurisdictional, 
agency, and departmental boundaries. Moreover, the interde-
pendence of infrastructural systems compounds risk: a single 
vulnerability can trigger cascading failures. Adaptation mea-
sures addressing climate change demand holistic approaches.

While planning and implementation must remain local, 
such efforts must occur within the framework of higher-order 
policy: a coherent set of federal planning objectives designed 
to work across all levels of government. Under mandates from 
the Interagency Climate Change Adaptation Task Force and the 
President’s Council on Environmental Quality, federal agencies, 
for example, are already required to prepare adaption plans 
that could serve as templates for state and local government. 
Cross-jurisdictional consistency can generate a stable and pre-
dictable fiscal climate for investment in mitigation and adapta-
tion measures.

While there may be voluntary design programs that begin 
to address resiliency,62 other federal leadership is needed as 
well, in terms of national standards and codes, for the construc-
tion and operation of critical infrastructure. Since these have 
been developed on the basis of historical climate data, they are 
slow to change, and must be brought up to date using more-
recent climate models.63 A national climate service should be 
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established to address the impacts of climate change; among 
other activities, such a service would supply geographically spe-
cific information for high-risk regions.64 Canada, for instance, is 
using an asset management framework to update standards 
related to snow loads, permafrost, and drainage systems.65

Even in the absence of federal guidance, however, some sig-
nificant planning work has already been undertaken. Since the 
mid-2000s, over 100 state, county, and municipal governments 
have drawn up climate-adaptation plans—either comprehen-
sive or focused on single sectors. The plans feature short- and 
long-term resiliency strategies to address drought, urban water 
management, natural hazards, public health, rising shorelines, 
and other areas subject to climate change.66 In keeping with 
the five axioms that form the framework of this book, however, 
state and local policies should capitalize on crosscutting issues 
by promoting integrated adaptation planning.

States can use financing policies to guide public and pri-
vate utility owners to incorporate climate adaptation into their 
capital-asset planning frameworks. In addition to addressing 
costs, such frameworks should contain detailed asset inven-
tories, including component life spans and maintenance and 
replacement cycles. Integrating climate adaptation into capi-
tal planning would allow facility upgrades to be integrated 
into an ongoing, carefully thought-out process. Priority should 
be assigned to cost-effective nonstructural solutions such as 
improved maintenance and new operating protocols.

State or local government policy makers must make holistic 
approaches to investment obligatory—through agency direc-
tives, in the course of negotiating PPPs, and through the criteria 
for access to revolving funds, grants, and loans. Programs should 
encourage adaptation initiatives that integrate “no-regrets” 
measures, as well as strategies with low or even no costs to tax-
payers. As noted in chapters 6 and 7, no-regrets measures create 
short-term additional benefits even if long-term climate protec-
tion is never put to the test. Examples abound: reservoir expan-
sion increases water supply while enabling the reservoir to 
serve as a retention system during flooding from major storms; 
green infrastructure provides urban cooling and beautification 
while mitigating carbon emissions; the structures of seawalls 
or dikes can accommodate railways, bikeways, or roads; and the 
infiltration of recycled water forms a barrier against saltwater 
intrusion while also amplifying domestic water resources.



194  |  Next Generation Infrastructure

Far-sighted state and local officials can advocate for cross-
sector solutions by posing the right questions, approaching the 
right entrepreneurial partners, brokering co-development agree-
ments, assembling financing, facilitating community input, and 
obtaining regulatory approvals. Without project champions, 
projects like wetlands wastewater treatment in Arcata, Califor-
nia; minewater district heating in Heerlen, Holland; biogas fuel 
in Lille, France; and the waste-transfer station / recycling center 
in Phoenix, Arizona, could not have been realized.

To develop integrated solutions, however, decision makers 
must increasingly rely on the skills of the design sector. The 
teams that are best equipped to offer bold, innovative responses 
will include architects, planners, and landscape architects; pub-
lic health experts; civil, structural, mechanical, and electrical 
engineers; and ecologists and hydrologists, as well as members 
of a number of other subspecialties. Procurement criteria for 
design services (including long-term design-build-operate con-
tracts) should (1) require broad-based professional collabora-
tions and design joint ventures, and (2) be developed to require 
holistic solutions that achieve beneficial social, economic, and 
environmental outcomes.

Energy, water, waste-handling and transportation assets 
have long been the purview of engineering specialists. How-
ever, by incorporating the wide-ranging, integrative thinking 
idiomatic to architects, landscape architects, and planners, 
infrastructure developers can produce value-added outcomes. 
These design professionals may be more likely to perceive 
potential economies of scale, appreciate site context, and be 
sensitive to pattern and spatial relationships, all of which can 
yield opportunities for resource exchange. Designers are also 
trained to engage in integrative, complex problem solving that 
uses conceptual frameworks to produce formal and functional 
synthesis. They are especially adept at combining amenity with 
utility by envisioning opportunities for public, educational, or 
recreational space in unusual places. Finally, they are embold-
ened by opportunities for incongruous juxtaposition: Naka’s 
“museum of garbage,” the Amager Baake’s snow-covered 
waste-to-energy plant, and Arcata’s wildlife marshes and 
wastewater treatment are representative examples.

The practice of integrative, cross-disciplinary design tran-
scends the siloed habits of the modernist paradigm. It favors 
collaborative, systems-based approaches that can leverage 
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resources across jurisdictional boundaries. Two unusual pro-
posals underscore this point. To create the Teatro del Agua 
(Water Theater), an outdoor performing-arts venue and desali-
nation plant located in the abandoned industrial port area of 
Las Palmas, in Spain’s Canary Islands, engineer Charlie Paton 
(inventor of the Seawater Greenhouse) and Grimshaw Archi-
tects (designers of the IJburg Bridge and the Croton Filtration 
Treatment Plant) teamed up. Their scaled-up and reshaped ver-
sion of the Seawater Greenhouse desalination process is posi-
tioned to intercept the prevailing seawater-laden breezes. The 
captured air is conducted through solar-heated evaporators, 
then across deep, seawater-cooled pipes, allowing freshwater 
to condense. This huge network of evaporator and condenser 
cells is arranged like fish scales on a tall, arched armature. This 
arresting structure becomes the backdrop for a handsome out-
door civic space intended as a new performing arts venue (fig. 
8-1).

A second example—which has not been implemented 
but which has inspired invaluable debate on adaptation mea-
sures—builds on insights gained from the Netherlands. Antici-
pating the storm surges of Hurricanes Irene and Sandy by 
half a decade, architects, landscape architects, and engineers 
under the Fellows of the American Institute of Architect’s 2007 
Latrobe Prize Fellowship envisioned alternative coastal protec-
tion measures that might be deployed throughout New York 
Harbor—specifically, a variety of soft-path, multifunctional 

Figure 8-1. Rendering of proposed Teatro del Agua (Solar Desalination Plant and Amphitheater), Tenerife, 
Canary Islands, Spain (© Grimshaw Architects). 
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adaptations—including wetland parks, oyster beds, and other 
interventions designed to buttress the shoreline and absorb 
storm-surge energy (fig. 8-2). These concepts were further 
developed for “Rising Currents,” a 2010 show at the Museum 
of Modern Art. In the curator’s words, the exhibit succeeded in 
“catalyzing debate, raising the awareness of the issues of cli-

Figure 8-2. Proposed “Soft Infrastructure” for Palisade Bay in the New York Upper Harbor, from On the Water 
| Palisade Bay, Hatje Cantz Verlag, 2010 (© Guy Nordenson and Associates, Catherine Seavitt Studio, and 
Architecture Research Office).
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mate change and rising sea levels, and, perhaps most impor-
tantly, elevating the role of design in tackling issues of climate 
change.”67

The legacy of industrial-era infrastructure—one of inde-
pendent, single-purpose assets, and “non-reimbursed,” or one-
way flows—must increasingly yield to post-industrial solutions 
modeled on the multidimensional, closed-loop exchanges char-
acteristic of ecosystems. Over recent decades, urban planning 
has moved away from the modernist model in which activities 
were isolated by zone and facilities by use. In keeping with this 
effort, shouldn’t public works begin to reconnect, network, and 
capitalize on the benefits of integrated energy, water, waste, 
and other services? Innovative hybrids, multifunctional com-
plexes that are attuned to local contexts that renounce car-
bon, that regenerate natural systems, that are open to public 
occupation, and that anticipate future climates are prospective 
ways forward. America’s infrastructure needs are dauntingly 
large, complex, and urgent. Ultimately, if we are to regain not 
only economic stability but also prosperity, if we are to remain 
a creative and competitive nation, we will need to demonstrate 
the capacity for holistic thinking and integrative action. 
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