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Abstract: Urban water systems are an example of complex, dynamic human–environment 

coupled systems which exhibit emergent behaviors that transcend individual scientific 

disciplines. While previous siloed approaches to water services (i.e., water resources, 

drinking water, wastewater, and stormwater) have led to great improvements in public health 

protection, sustainable solutions for a growing global population facing increased resource 

constraints demand a paradigm shift based on holistic management to maximize the use and 

recovery of water, energy, nutrients, and materials. The objective of this review paper is to 

highlight the issues in traditional water systems including water demand and use, centralized 

configuration, sewer collection systems, characteristics of mixed wastewater, and to explore 

alternative solutions such as decentralized water systems, fit for purpose and water reuse, 
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natural/green infrastructure, vacuum sewer collection systems, and nutrient/energy recovery. 

This review also emphasizes a system thinking approach for evaluating alternatives that 

should include sustainability indicators and metrics such as emergy to assess global system 

efficiency. An example paradigm shift design for urban water system is presented, not as the 

recommended solution for all environments, but to emphasize the framework of system-level 

analysis and the need to visualize water services as an organic whole. When water systems 

are designed to maximize the resources and optimum efficiency, they are more prevailing 

and sustainable than siloed management because a system is more than the sum of its parts. 

Keywords: urban water systems; paradigm shift; system-based analysis; resource recovery; 

energy recovery; nutrient recovery; fit-for-purpose; dual water quality; system efficiency; 

emergy synthesis 

 

1. Introduction 

In the words of Ecologist Eugene Odum: “Water is more critical than energy. We have alternative 

sources of energy. But with water, there is no other choice.” [1]. Water usage is growing at twice the 

rate of population increase in the last century [2]. The rapidly accelerating pressures on this resource 

arising from constant changing quality and availability of freshwater exposes mankind to significant risk 

expected to worsen with climate change-induced intensification of the global hydrological cycle [3–6]. 

Traditional water management approaches categorize water into four types: water resource (surface 

water/groundwater), drinking water, wastewater and stormwater. Different engineering designs and 

management instruments are used to target specific “water” issues with an open-ended approach;  

for example, all domestic water uses are treated to drinking water standards and water is used only once 

and then disposed of. The wastewater is treated as waste to be eliminated with the investment of large 

amount of energy and materials, regardless of the potential value of wastewater constituents. For instance, 

even though phosphorus fertilizer production from easily accessible phosphate rock could be depleted 

in 50–100 years and cause global food security issues [7,8], expensive treatment technologies are used 

to remove phosphorus as waste from wastewater to reduce eutrophication in receiving water [9–13]. 

Emerging chemical and biological contaminants from wastewater and eroded sediments penetrate  

into the source water, making the treatment of drinking water more technically and financially 

challenging [14–16]. These vicious cycles worsen with the growth of cities, the concentration of 

agricultural practices, and intensifying material flows. Water-related infrastructure in some cities is at a 

breaking point, costing trillions of dollars (euros, etc.) just to fix it. Even so under the current paradigm, 

the ecological goals of the Clean Water Act in US will still not be met [17]. 

Many current developments are still piecemeal efforts rather than an integrated effort of the entire 

system which can provide interconnected functioning ecosystem and engineering services to urban 

populations [18,19]. The complex water issues are intertwined and cannot be sustainably solved by the 

traditional siloed water management approaches. Changes on the edge do not reach the center of the 

issues. Only when all of these players are evaluated inclusively will the sustainability of any whole water 

system with balanced economic activities and ecological services be possible. 
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Although the ultimate goals are to integrate the monitoring, modeling, assessment and management 

of water resources, drinking water, wastewater, and stormwater using a systems approach and watershed 

perspective, as an initial effort, it is important to understand the historical background of current urban 

water systems, analyze their various issues as components of a larger system, and lay out the argument for a 

conceptual framework and potential tools for such comprehensive analysis. Urban water systems have 

been studied extensively regarding separate issues such as pollution degradation [20–22], nutrient 

removal [23–25], disinfection by-product and emerging contaminants’ detection and removal [26–28], 

microbial risk [29–31], water scarcity [32,33], stormwater management [34,35], and financial  

issues [36–38] among others. However, it is worth re-examining them in the context of holistic analysis 

and explore new integrated solutions that break the traditional barriers. For proposed future systems for the 

City of Tomorrow, many technological components such as resource recovery [39], green infrastructure [40], 

wetlands [41], and dual-water [42] quality concepts have not been studied with a system thinking 

approach or they are in their nascent phases of application. Without better understanding of these 

alternative technologies, it is difficult to confidently design and assess entire future sustainable systems. 

There are also knowledge gaps about advantages, disadvantages, and opportunities to manage 

centralized (traditional) and decentralized (alternative) water systems in a sustainability context (i.e., 

integrates social, economic, and environmental components). 

Here, we review the historical context of current urban water systems and major issues such as, water 

quantity, quality, energy use, wastewater contamination, system configuration, costs, and some cultural 

aspects. Further, we present a conceptual framework of transformative alternatives, as well as a potential 

tool used for a system analysis. When the system dynamics and its underlying forces are better understood, 

it would be possible to provide more insights on the tradeoffs and a sustainable system design. 

2. Traditional Water Systems 

2.1. Water Demand and Water Use 

The issues and concerns surrounding the urban water systems like water quality, energy use, water 

scarcity, and wastewater contamination may trace back to initial water demand and water use by customers. 

Of the 3.4 × 1010 gallons of drinking water produced annually by public water systems in the US, 

approximately 63% is used for residential purposes (indoor and outdoor) [43]. Of that, 42% of annual 

residential use was for indoor purposes and 58% for outdoor purposes (without taking into account 

firefighting allocation) based on the evaluation of 1188 homes from 14 cities across six regions of  

the US. Of the indoor use, 17% is for human consumption or related use (faucet use and dishwasher); 

19% is for human contact (shower and bath); 64% is for non-human ingestion or contact uses (toilet, 

clothes washers, leaks and other) [43,44]. Although there are regional differences, one fact that remains 

is that potable water is only a minor portion of the total demand.  

Activities other than human consumption and contact such as outdoor non-potable landscape 

irrigation and firefighting (58%) still require the entire water infrastructure to provide water of a quality 

acceptable for human consumption [44] (Figure 1, Table 1). The standby fire flow provision requires 

adequate capacity and pressure [44,45]. The standards governed by the National Fire Protection 

Association require fire-flows to sustain from three to eight hours [46]. In order to satisfy this need for 
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adequate standby capacity and pressure, most distribution systems use standpipes, elevated tanks, and large 

storage reservoirs. Generally, up to 75% of the capacity of a typical drinking water distribution system 

is devoted to firefighting [47] (Figure 1, Table 1). Treating this large amount of water and moving it 

over long distances is energy- and material-intensive, mostly fossil fuel-driven. Additionally, there is a 

growing concern that such designs in most urban areas result in water quality degradation during 

transmission due to long water residence time which provide optimum conditions for the formation of 

disinfection by-products (DBPs) and the regrowth of microorganisms, a trade-off between public health 

and public safety [48,49]. The current flushing programs are costly and largely ineffective, resulting in 

wasted treated drinking water. 

Table 1. Total residential drinking water demand of study. 

Assumptions: 

Population (P) 100,000 Inhabitants 

 gal/year fraction 
U.S. Drinking water provision [44] 3.40 × 1010  
Residential 2.14 × 1010 1 

Residential indoor use  0.42 

Human consumption or related use (faucet, dishwasher)  0.07 
Human contact (shower and bath)  0.08 
Nonhuman ingestion or contact (toilet, clothes, leaks)  0.27 

Residential outdoor use  0.58 

Water demands [50] gpcd min gpcd max 
Residential 75 130 
Firefighting demand based on population [50]   
The American Insurance Association recommends: (P in thousands) Q(gpm) = 1020√P(1 − 0.01√P)   

Calculated Q = 9.68 × 103 qpm 
 13.93 mgd 

Calculations: 
Total drinking water demand of study (average residential per capita) 102.5 gpcd 
 10.25 mgd 
According U.S. drinking water provision fractions:   
Consumption for 100,000 inhabitants mgd  
Residential indoor use 4.31 18% 

Human consumption or related use (faucet, dishwasher) 0.74 3% 
Human contact (shower and bath) 0.80 3% 
Nonhuman ingestion or contact (toilet, clothes, leaks) 2.77 11% 

Residential outdoor use 5.95 25% 
Firefighting demand 13.93 58% 
Total residential demand 24.18 100% 
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(a) (b) 

Figure 1. The demonstration of water demand and water use in a city with a population of 

100,000. (a) Conventional water system with centralized water and wastewater facilities.  

All water demands are satisfied by potable water; (b) Dual water supply systems with potable 

from drinking water and non-potable from clean water, which accounts for 93% of the 

demand (see detail below). 

2.2. Centralized Water Systems 

Ancient Rome represents an example in the history of urban freshwater supply, hygiene and sanitation 

on a large scale [51]. However, with the rapid urban growth of early industrialization, the sanitary and 

freshwater-supply condition worsened in the early nineteenth century. The mid-nineteenth century 

sanitary crisis was an early sign of an inherent dilemma in the industrial market economy: it had no 

automatic, internal mechanism to restore a healthy equilibrium to natural ecosystems polluted by the 

unwanted by-products of growth, even though such environmental sustainability was a necessary 

condition of its continued productive expansion. The Great Stink in England in 1858 and the two cholera 

pandemics with the death of 25,000 Londoners in the previous decade was the final trigger to the 

sanitation revolution. A sophisticated network of intercepting sewers was built under London to reroute 

the waste far downstream from central London [51]. The Sanitary Awakening and acceptance of the 

germ theory of disease spurred England to take important actions to ensure water supply was both ample 

and clean. London was never again afflicted with cholera. England’s sanitary revolution triggered a 

virtuous cycle of competition among industrial countries to improve water supplies and public health. 

By 1920, residents of almost all the world’s rich industrial cities in Europe and North America enjoyed 

abundant and clean freshwater. At the beginning of the twentieth century, most of the largest American 

cities had municipality-run water supply systems [52]. Chicago achieved a most ambitious civil 

engineering project—the reversal of the flow of the Chicago River. The river no longer evacuated 

sewage into the city’s Lake Michigan drinking supply; instead it was carried downstream to be diluted 

in the Illinois and Mississippi Rivers. The sanitary revolution played a pivotal role in sustaining the 

urban ecosystems at the heart of industrial civilization [51]. 

Currently, there are about 2 million miles of pipelines in US. These systems of engineering marvels, 

with some in the ground for over 100 years provide a critical public health function and are essential for 

economic development and growth. However, the “hard path” with massive infrastructure in the forms 
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of dams, aqueducts, pipelines, and centralized treatment plants have substantial unexpected social, 

economic, and environmental cost [53]. Many of the systems were installed at the turn of the 20th century. 

Due to age, wear, and tear, many are not functioning well. The U.S. EPA 2002 gap analysis shows there 

is a $540 billion infrastructure needs and funding gap for clean water and drinking water alone for the 

next 20 years [54]. In 2013, the American Society of Civil Engineers rated both drinking water and 

wastewater infrastructures as D, indicating a significant backlog of overdue maintenance and a pressing 

need for modernization [55]. There are 240,000 water main breaks per year and 75% of wastewater 

capital needs are for pipe repair. The capital investment needs for the wastewater and stormwater systems 

alone are estimated to total $298 billion over the next 20 years. 

The topology of the centralized infrastructure was a result of the strong economies of scale:  

large centralized infrastructures may still be found to be cost-effective to a certain degree, due to  

efficiency-boosting features that can be cost effectively added only when the utilities become very  

large [44,56]. Infrastructures were located strategically to be close to water resource or water receiving 

bodies. Currently, 35% of a typical U.S. municipal energy budget is associated with water and 

wastewater utilities [57]. Electricity use accounts for approximately 80% of drinking water treatment 

and distribution cost and 25%–40% of the operating budgets for wastewater facilities. However, when 

cities grow bigger, the longer the distance to transport water, the higher the energy demand. 

2.3. Current Wastewater Collection Infrastructure 

One of the features in urban development is the land use shift from vegetated surfaces to impervious 

surfaces, creating more frequent and higher peak flows of stormwater. According to the U.S. EPA,  

over 700 cities in the US with early infrastructure have combined sewer systems (CSS) collecting 

stormwater in sewer systems that occasionally discharge overflow wastewater directly into water  

bodies [58]. The untreated sewage from these overflows can contaminate our waters, causing serious 

water quality problems. 

Besides the potential health risk, the current sewer system is designed to accommodate the infiltration 

from groundwater due to cracks and poor joints (e.g., 10% of the average domestic rate) and inflow from 

stormwater sources. The sewer systems should be sized to carry peak flow as a gravity flow according 

to Recommended Standards for Sewage Works (“Ten States’ Standards”) [59]. Although pumping is not 

as significant a portion of the load for wastewater as for drinking water in transporting water because of 

reliance upon gravity, the large-piping system, deep trench and extensive lift stations inherently consume 

a lot of labor and material in construction and energy in operation. About 150 kWh/million gallons of 

electricity on average are required to collect sewer [60]. In smaller communities, it was found that the 

cost of conventional gravity collection systems was up to four times higher than the cost of treatment 

and disposal because of the lift stations required to service less densely populated areas [61]. 

2.4. Mixed Wastewater 

Human excreta in pre-industrial societies such as the Chinese, Indian, Egyptian, and Amazonian 

Indians have been used in agriculture and soil enrichment for over 2000 years [51,62]. Not until the 

industrial revolution, with its urban population explosions, did human waste in cities become a serious 

problem and health hazard, and so was considered as waste. The engineering infrastructures of sewer 
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networks have been used to effectively convey the waste to water bodies like rivers or the sea in early 

times, and much later to the municipality-controlled wastewater treatment facilities [51,63]. Although 

the sanitary revolution made the rapid immigration from the countryside to the industrial cities possible 

and sustained the urban ecosystem, the one-directional waste transport and treatment solutions have 

given rise to new and more complex problems like eutrophication, loss of aqueous habitat, and increased 

financial burden. The technologies for meeting low levels of the key nutrients are very expensive to 

install and dramatically increase costs for the utility [64]. The “waste” transported away from urban 

areas actually removes valuable elements. Not until recent times when water pollution has become 

prevalent, energy costs have increased, and finite mineral resources are depleting, has wastewater begun 

to be reconsidered as a resource [65–69]. In fact, there is no such thing as waste in nature, only wasted 

resources [70]. To be more efficient and sustainable in the long run, human society should mimic  

natural processes. 

Human waste comes from the metabolites of food digestion. The main compositions in wastewater 

are carbon, nitrogen, phosphorus and potassium. Currently, the primary and secondary treatments in  

the municipal wastewater treatment plants (WWTPs) effectively remove carbon as measured by 

biochemical oxygen demand and chemical oxygen demand (COD). Additional biological nutrient 

removal (BNR) treatments are needed to further remove nitrogen and phosphorus before discharging to 

the receiving body to avoid eutrophication. The removing processes are highly energy intensive even 

though many “free” microbes are employed along the treatment train. The in-plant pumping and aeration 

in common primary and secondary treatment often consists of more than 60% of the total plant electricity 

use [64]. The further sludge treatment and disposal is also energy-intensive because of dewatering, 

although the biosolids produced can be turned into fertilizer or soil amendment. If not treated effectively, 

the effluents from WWTPs are often the major sources contributing to eutrophication due to the excess 

carbon and nutrient release. 

3. Alternative Solutions 

3.1. Decentralized Water Systems 

When populations in cities grow bigger, it is not only expensive to aggregate the services over a large 

region and size the systems to accommodate future demand, but also requires considerable pumping 

energy to transport water over longer distances and the systems are more vulnerable to contaminant 

transport like salt loads, drought or legal constraints [71]. A decentralized system, on the other hand, is 

a distributed control where localized, networked interactions between components (such as stormwater 

management, drinking water supply, firefighting water demand, and energy recovery) establish order 

and coordination based on local specific information. Decentralized wastewater management systems 

are stand-alone systems in which small wastewater flows are collected, treated and dispersed at or near 

the point of generation [72]. The U.S. EPA has formed the National Decentralized Water Resources 

Capacity Development Project (www.ndwrcdp.org) to support research and development in this area.  

It was found that the primary drivers for the uptake of decentralized systems in Australia were identified 

as (1) Overcoming limitations of local water and wastewater services; (2) Deferring infrastructure 

upgrade; (3) Environmental Protection; (4) Showcasing sustainability; (5) Water conservation;  
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(6) Enhancement of local amenity; (7) Technology showcase [73]. Decentralized water systems have 

less conveyance energy and more integrated resource management such as local system-wide reuse 

opportunities [38]. There is more flexibility, more utility optimization and community independence. 

Decentralized systems allow the communities to phase-in added sewer capacity as growth occurs,  

for example, and avoid the upfront financial burden of long-term demand projections in centralized systems 

where the current users bear the cost of future use [61]. The “soft path” approaches of small-scale 

decentralized facilities improve the productivity of water use and whole system efficiency, resulting in 

lower cost community-scale systems [53,74]. The investment risks are also far fewer than those of the 

“hard path” approaches found in centralized facilities [3]. In addition, the networks of decentralized 

subsystems provide the necessary redundancy and flexibility responsive to potential weather changes or 

other system disruptions. When one decentralized system fails, the other ones provide the auxiliary 

connections and can redirect resources in the event of an emergency. This will increase resource 

exchange among systems, optimal resource throughput and minimization of wastes. It is also easier to 

reach an equilibrium point between water, energy, and land use where improvements in one aspect  

does not signify cost in others [75]. The tradeoff of decentralized systems is the increased complexity 

within the clusters of independent, yet interconnected networks. In centralized systems, the system 

configuration and operations are much simpler, but costly. The efficiency of decentralized systems is 

achieved through complex information management that allows system exchange, and more diverse 

technology to achieve resource recovery and sharing, instead of extensive energy-driven technologies. 

The modern development of digital and communications technology can provide systematic communication 

between decentralized water systems like smart grid technology in electricity networks. Networks such 

as the Smart Water System use the automated and integrated remote sensing network to provide better 

efficiency, reliability and security, resulting in a more resilient system [76,77]. For example in an 

extreme weather event, the watershed management teams can automatically share stormwater modeling 

information with potential flooding zones and times based on predictive precipitation intelligence and 

develop corresponding timely emergency responses [78]. The emergence of localized systems will 

encourage more innovations and new market opportunities resembling those seen in the clean energy 

initiative such as nitrogen trading programs in nutrient management or “centralized operations of 

decentralized units” contracting business model [79]. This in turn can provide significant social, 

economic, and environmental benefits. As the high risk of the total system failure from critical 

centralized infrastructure is alleviated, so does the financial burden decrease. 

Compared with a wealth of knowledge about conventional systems, decentralized systems have  

been shown conceptually promising. Although significant progress has been made [52,56,73,80–83], the 

decentralization concept is still in its relative infancy [72,84]. It is not a simple downscale of the 

centralized version, otherwise the economy of scale in microeconomics would determine that the cost 

generally decreases with increasing scale [38]. It should be effectively linked to other alternative options 

such as dual water quality, energy and material recovery, fit-for-purpose, etc. In reality, new system 

architectures can be configured in different designs, including hybrid systems which “tweak” the current 

systems and incorporate centralized and decentralized elements [72,84–86] and transformative systems 

that overcome the system inertia with new system designs [87]. The focus of system optimization 

certainly involves a general matter of scale that deserves more research [52,56]. 
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3.2. Fit for Purpose and Greywater/Rainwater Reuse 

The current distribution systems were designed for fire protection centuries ago and driven entirely 

by the need for large flows througout systems. Few structural standards are concerned with drinking 

water quality. The drinking water problems now inherent in all systems will not be addressed by 

continuing the same design practice [45]. Alternatively, dual systems in which separate pipe networks 

can be constructed for potable and non-potable water have the potential to improve water safety and 

reduce cost of drinking water distribution infrastructure, ultimately achieving maximum resource 

recovery from wastewater [88]. Dual water systems for dual water quality are not new. AWWA 

published the first edition of its Manual of Practice: Dual Water Systems in 1983 [89]. The original 

intention was to conserve high-quality natural waters for drinking and use reclaimed wastewater for 

nonpotable purposes. Dual systems in a new community/system would be built simultaneously. Such 

dual systems have been developed and are operating in a large suburb of Sydney, Australia serving 

250,000 since the 1990s [90]. All houses are provided with reclaimed water lines inside for toilet flushing 

and with potable lines. For existing systems, dual systems can be retrofitted a new drinking water system 

(smaller pipes) and rely on the existing system (larger pipes) to serve as the non-potable supply [45]. 

If the majority of the domestic water use (e.g., 93% as in the case in Figure 1) is for non-potable 

purposes, the treatment strategy should adopt “fit-for-purpose” practice, in which the treated water, 

called “clean water”, is for non-potable use, like toilet flush, clothes washing, firefighting and landscape 

irrigation. The City of St. Petersburg, FL develped the first major dual system in 1969 in US [90,91]. 

There are approximately 335 dual distribution systems in the U.S., mainly in Florida, California, 

Arizona, and Texas with reclaimed water [88]. The national mileage of pipes in dual systems is between 

10,000 and 20,000 miles. However, most current dual systems do not serve residential users and the 

reclaimed water is only 1% to up to 60% of total water delivery. The survey of current dual water systems 

showed no major public health problems from the use of reclaimed water in US [88]. U.S. EPA’s 2012 

manual includes water reuse projects, state standards, regulations, and recommendations [92]. 

The source of clean water can be treated greywater and rainwater, in which the water quality standard 

is not as high as drinking water, but safe for its purpose. Unlike blackwater, i.e., feces without urine, 

which is rich in organic matter, greywater is domestic non-sewage water which generates larger volumes 

with lower concentrations of contaminants, such as that from showers, sinks, and laundry. 

Due to the evaporation and condensation processes as parts of the water cycle, rainwater is generally 

considered clean and the quality is better than surface water. It is when rainwater comes in to contact 

with the catchment area such as roof and road surfaces, contaminants like pathogens, VOC and road 

salts are introduced. The harvested rainwater can serve as an independent water source for clean water 

as well as for storage and other purposes such as landscape irrigation [93]. 

The treatment of combined greywater and stormwater can employ less energy-intensive technology 

and with lower capital expenditure [94]. Constructed wetlands can serve as one such option. The natural 

wetland system is one of the most productive primary production systems on terrestrial biomes. Although 

wetlands occupy only about 2% of the global surface area, they contain 10%–14% of the carbon [95]. 

Wetland soils, such as histosols, may contain up to 20% carbon by weight. The peats are even more 

carboniferous. The aerobic-anaerobic stratification of wetland sediment columns involving vegetation, 

microbial and soil community is uniquely important in the global cycling of sulfur, nitrogen, and 
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phosphorus as well as carbon [96]. An open-water wetland with land area of 6 × 104 m2 (15 ha) can 

achieve 90% removal of most compounds in nitrified wastewater effluent receiving 3.8 × 103 m3/d  

(1 million gallon per day (mgd) flow) [97]. The treatment efficiency would be higher for lower strength 

greywater and stormwater. This efficient ecological and evolutionary machinery from natural systems 

provides enormous natural capitals that often are not appreciated by market capitals. Moreover,  

the benefits beyond water purification can be food chain support, biodiversity conservation, stormwater 

and erosion control, flood conveyance, water storage and buffering, local climate control, reduction of 

wild fire, and downstream ecosystem improvement. Constructed wetlands are designed to simulate 

natural wetlands and use renewable energy to replace fossil fuel energy used in conventional treatment 

technologies to achieve the same water purification purpose. 

The carbon sequestration of wetlands is not limited to simply carbon fixation by photosynthesis within 

the wetland. It is also the sinks of carbon from inflow water such as greywater from domestic use.  

The aquatic vegetation and organisms in wetlands also play an active role in taking up nitrogen, 

phosphorus and other compounds from inflow water. Over time, the peat production from the wetland 

can be used for soil conditioning and potting soil. Twenty-three states produced about 900,000 tons of 

peat worth about $20 million in 1988 [98]. 

The rising temperature and imbalanced water cycle has been and will continue to result in more severe 

climatological events [3,5]. It has been estimated that the frequency of such severe events has increased 

by 20% in the US since the beginning of the century [98]. In the areas with decreased precipitation, 

constructed wetland and its storage function will provide additional supply during summer months or 

drought periods because of its relative constant flow from domestic water use. In the areas with increased 

precipitation, the constructed wetland will provide water quality buffering, stormwater runoff treatment 

and erosion control. The integration of constructed wetland with urban living as a part of aesthetic  

co-design of water functioning services and urban landscape will not only provide a financially viable 

option (because the water purification is done by natural capital instead of market capital), but also offers 

numerous ecological services as mentioned above and additional urban design function such as more 

public spaces to promote social interactions, physical health and fitness, diminished crime and increased 

wellness, resulting in improving the quality of life within the livable, regenerative community (rather 

than the conventional mentality NIMBY-Not In My Back Yard) [99]. For example, hiking trails, and 

nature parks around the wetlands can offer public recreational space and increase aesthetic and  

property values [100]. 

Although the wetland treatment efficiency for lower strength greywater and stormwater would be 

higher than for traditional wastewater, the technology still requires extensive land occupation that 

captures renewable energy in the form of vegetation, soil and microbes to treat wastewater. In areas 

where land is not available such as in the densely populated communities, the treatment can instead 

employ technologies with smaller footprint, but driven by purchased inputs and fossil fuels to treat 

greywater and stormwater. Even so, the overall system efficiency may still outweigh the ones in 

centralized systems. 
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3.3. Natural/Green Infrastructure 

To develop effective stormwater management and build cost-effective solutions with physical and 

operational resilience, it is suggested that hard urban surfaces are replaced by vegetated or permeable 

surfaces to retain runoff and natural shoreline features such as wetlands and sand dunes to mitigate the 

effects of storm surges [101]. Green infrastructure incorporates natural capitals like vegetation and soil 

to manage rainwater near where it falls [102]. Instead of diverting stormwater outside the watershed as 

much and as fast as possible with extensive piping system and transport energy, the available potential 

energy from the rain should be used to encourage maximum productivity and native biodiversity within 

the watershed [103]. 

Water system management should also collaborate with city zoning and land use management.  

Most metropolitan cities in US and around the world have experienced the massive flooding in severe 

storm and urban heat island (UHI) effects in hot summer due to the replacement of natural open and 

vegetated land surfaces with artificial concrete infrastructure and impermeable, dry surfaces [104,105]. 

Solar energy is converted to more sensible heat, rather than latent heat. Excess water is disposed as  

quick as possible before it returns to its natural cycle through evapotranspiration (ET) and infiltration. 

To overcome these issues, cities should implement strategies that encourage more ET and infiltration 

with urban forests, urban agriculture, trees and vegetation, green roof and cool roof, and cool and 

permeable pavements and surfaces [102]. The study of ecohydrologic effects of urbanization on ET 

showed that loamy soils can sustain vegetation transpiration more than sandy soils; mature tree covers 

with deep root structures have higher annual ET rates than shallow rooted covers such as grass, which 

may reduce runoff and mitigate against UHI effects [106]. Although urbanization necessarily comes 

with a certain degree of impervious surface at the expense of vegetated cover, it was shown that impacts 

to annual ET fluxes can be mitigated by strategies like eliminating directly connected impervious area [34]. 

The natural ground cover would only have 10% runoff with 40% via ET and 50% through infiltration 

while the impervious cover would have 55% runoff with 30% ET and 15% infiltration [107]. The basic 

principle of low-impact development (LID) practices as stormwater management alternative is to mimic 

pre-development hydrologic regime and detain runoff close to its source [108]. At the watershed level, 

if the efforts are focused on targeting the fundamental problem by making acyclic hydrologic process 

become more cyclic and restoring natural hydrologic cycle [109], the stormwater runoff will be 

alleviated and the more balanced natural hydrologic cycle will in turn provide resilient support for urban 

water systems in the long run. 

Constructed wetlands will also increase ET and potentially infiltration. Large bodies of water greatly 

moderate land climates because of the high latent heat of evaporation and melting characteristic of  

water [109]. If possible and necessary, other underground and above-ground water storage bodies, like 

quarry reservoirs, can serve as water bank and environmental buffer to store excess water for later use, 

flood control, energy storage of potential hydroelectric power, emergency water supply and groundwater 

recharge, etc. [71]. For example, the Stone Quarry Reservoir in Carrboro, North Carolina stores up to 

200 million gallons of water [110]. Regionally, Southern Nevada Water Bank program has stored over 

104 billion gallons of water in the local hydrographical basins [111]. 
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3.4. Vacuum Sewer Collection Systems 

Unless there are onsite collection and treatment units like composting toilets or septic systems,  

the sewage generated must be connected to a common collection system and transferred to a treatment 

facility. The conventional gravity sewer is considered as the standard operation. However, one of the 

alternative systems, vacuum sewer, may provide an option for decentralized urban sewer transport 

replacement when blackwater transport is considered (see Section 3.5). 

Vacuum sewer systems collect wastewater in a valve pit where sewage is drained from the house by 

gravity and then conveys the sewage by vacuum. When a pneumatically controlled valve on a service 

line is opened to atmospheric pressure, wastewater and air are “pulled” into the system. The vacuum 

valves do not need an onsite electricity source to operate. Therefore, a single vacuum valve pit can serve 

two or three equivalent dwelling units (EDUs) with no electricity sharing issues. The wastewater that 

enters with the air forms a “plug” in the line, and air pressure pushes the wastes toward the vacuum 

station. When the vacuum valves closes, atmospheric pressure is restored inside the valve pit by a central 

vacuum station. Cumulative kinetic energy moves the sewage toward the central vacuum station and 

break up the larger suspended solids during transport. This energy from the air pressure difference offsets 

the fossil fuel-driven energy needed to achieve the same sewage flow transport. However, due to the 

reference atmosphere pressure, vacuum sewers have a limited capacity to pull water uphill. The maximum 

expected lift is between 4.5 and 6 m (15–20 ft) under flat terrain [61]. Otherwise, lifts are needed to 

bring the vacuum line to a shallow elevation. Each vacuum station can serve approximately 1200 EDUs 

with a length of 3000 m (10,000 ft) service radius in a modest housing density and flat terrain. Vacuum 

stations are the centers of the vacuum sewer system. When sewage arrives in vacuum stations, it is stored 

in a large vacuum collection tank and then conveyed by sewage pump through a force main to the 

treatment facility. 

The periodic air influx through valve openings encourages the aeration process so there are less 

anaerobic conditions in sewage flow. Vacuum sewers are “closed” systems and inherently watertight 

since any air leakage into the system reduces the available vacuum and the pipe breakage leads to the 

operation failure. This immediate “alert” feature will prevent any prolonged leakage without notice, 

unlike in a gravity system where the leak detection may take days to run a camera in the sewer main to 

locate the leak. The sewage in a vacuum line remains in the pipe if a break does occur due to the negative 

pressure in the piping system. Exfiltration rarely occurs and the impact of sewage contamination is 

greatly reduced. Another benefit is odor containment. Unlike gravity sewers with many places where 

odors can escape, vacuum mains tend to self-clean due to the scouring ability of the high speed of the 

wastewater in the line. 

The pipe size for a vacuum sewer is smaller than those used in gravity sewers due to less infiltration. 

There is no need for large, deep trench installations, which reduces the excavation cost and community 

disruption. The shallow burial depth also simplifies the finding and repairing of leaks which reduces the 

long-term operational and maintenance cost. To convey more viscous blackwater, which is not mixed 

with urine and greywater and is mainly “dry” feces, vacuum sewer systems will work better than gravity 

sewer because of the negative pressure in the line. It has been proven to be 24% cheaper than  

gravity sewer [112]. 
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3.5. Resource Recovery 

In municipal solid waste management, source separation has been long advocated, in which 

compostable organic wastes, recyclable materials such as paper, glass and metal are diverted from other 

waste streams at the source for separate collection [113]. The view that the organic fraction of the waste 

stream is a resource to produce renewable energy and compost should apply in wastewater management. 

Instead of the extensive energy and chemical expenditures required to separate carbon and other nutrients 

in wastewater treatment processes, source separation at the user phase has been regarded as resource 

efficient to treat concentrated, unmixed solutions [114,115]. 

The challenge for source separation has prompted researchers to design urine diversion toilets,  

in which urine and feces are separately collected [63,116]. The toilet bowl has two openings, one toward 

the front for urine and one toward the back for feces. Since 2010, the Bill & Melinda Gates Foundation 

has awarded more than 50 grants for designing “next-generation sanitation” to maximize the recovery 

of nutrients and energy [116]. 

3.5.1. Nutrient Recovery 

In the nitrification process in traditional BNR treatment, ammonia is converted to nitrate, followed 

by denitrification, reducing nitrate to nitrogen gas. Nitrogen gas is then released to the atmosphere as a 

part of the nitrogen biogeochemical cycle. To sustain all forms of life, nitrogen fixation is essential to 

convert nitrogen gas in the atmosphere into ammonium and nitrate forms which are the most readily 

used by plants. Nitrogen fixation is especially energy expensive because so much energy is required to 

break the triple bond of molecular N≡N so that it can be converted (with addition of hydrogen from water) 

to two molecules of ammonia. Free living biofixers are less efficient and may require up to 100 g of 

glucose to fix 1 g of nitrogen (1% efficiency) [117]. In the fertilizer industry, the most common nitrogen 

fixation process, the Haber-Bosch process requires a lot of fossil fuel energy in industrial fixation.  

In fact, 3%–5% of the world’s natural gas production is used in the Haber-Bosch process [118]. This is 

the reason that nitrogen fertilizer is more expensive than most other fertilizers [109]. 

Phosphorus removal during BNR treatment may involve biological accumulation in biomass and 

chemical precipitation. The phosphate-rich sludge can be resold as fertilizers or soil conditioner.  

The great reservoir of phosphorus is not the air, however, but the rocks and other deposits formed in past 

geological ages. Much of the eroding and dissolved phosphate ends up in the sea. The returned 

phosphorus to the land (like extensive uplifting of sediments) is inadequate to compensate the loss [109]. 

Human activities have hastened the rate of phosphorus loss [119]. Phosphorus is one of the scarcest 

minerals in terms of its relative abundance in the available pools on the earth’s surface [109]. Phosphate 

rock is predicted to be depleted in 50–100 years which puts global food security at risk [7,8]. Ultimately, 

phosphorus will have to be recycled on a large scale to avoid the collapse of agriculture [120]. 

Urine is an important source of minerals, especially nitrogen, phosphorus, and potassium. These minerals 

are also the feedstock ingredients for commercial fertilizer. Nitrogen in urine is already in the forms of 

ammonia and urea. If the two industrial processes are connected and minerals in urine are used directly, 

the high energy spent to nitrify ammonia and denitrify nitrate in wastewater, and fix the nitrogen gas in 

synthetic fertilizer can be offset. Technologies such as struvite crystallization (magnesium ammonium 
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phosphate hexahydrate, MgNH4PO4·6H2O) provide such promising potential. The struvite process 

occurs spontaneously in wastewater processes and it often clogs the pipes. The crystallization process 

can selectively extract phosphate and ammonia-nitrogen from the mixed wastewater stream and produce 

slow release pellets for fertilizer use [121–123]. The struvite product is thought to be more bioavailable. 

Therefore, less quantity is needed than the commercial one to achieve the same nutrient needs for plants 

and less unused nutrients will end up in the water ways. The same technology can be used in urine where 

the target constituents are more pure and concentrated. Therefore, higher efficiency would be expected 

for the crystallization from urine than from mixed wastewater. The theoretical potential has been estimated 

to be 67,000 tons of P2O5 fertilizer per year from the UK alone and 270,000 tons from Western  

Europe [124]. The nutrient recovery from urine will, at larger scale, make material acyclic processes 

become more cyclic, which is what natural biogeochemical cycles do. 

3.5.2. Energy Recovery 

When nutrients are diverted from the feces (and since greywater is also diverted) at the source,  

the more concentrated organic materials (mostly carbon) that are left, named blackwater, can be further 

processed to more efficiently recover embedded energy. In conventional wastewater, the suspended 

solids are settled in the form of sludge which is further digested to methane (CH4). The soluble organic 

fraction has been treated with aerobic processes effectively, but with relatively high energy input and 

little financial advantage. One promising technology to capture the energy potential of the dissolved 

organic fraction is microbial fuel cells (MFCs) [125]. MFCs convert direct biological energy to 

electricity. Currently, only 30%–40% of the CH4 energy is converted. More improvements such as less 

voltage loss and higher transfer efficiency are needed for this process to be competitive with complete 

anaerobic biological conversion to biogas, a renewable fuel used in electricity generation [68,125]. 

Anaerobic treatment has been considered as the core technology for energy recovery [126]. Anaerobic 

digestion is the biological degradation of organic matters in the absence of oxgen and converts the 

embedded chemical energy in organic carbon to biogas. The biogas can further be tranformed into other 

forms of energy such as electricity, heat, or compressed fuel. Anaerobic biological processes involve 

facultative hydrolysis and acidogenesis and strictly anaerobic acetogenesis and methanogenesis. 

Anaerobic organisms particularly methanogens are slow growers and respond slowly to changes.  

The common method for anaerobic processes in wastewater systems uses continuous feed with a  

single-stage system, resulting in lower capital costs. The temperature-phased digester has two reactors 

to separate microbial processes to optimize parameters with higher biogas and CH4 production, although 

the cost of construction and materials increase with the separation of these processes [127]. 

Anaerobic digestion has been used for wastewater sludge treatment and reduction, agricultural 

manure management, and food waste management. In all cases, the organic carbon embeded in the  

waste is anaerobically converted into biogas. The higher the organic content, the more biogas. For 

blackwater stream where the organic concentration is at least 10 times higher than conventional mixed 

wastewater [128,129], up to 97% of total COD can be removed and 60% converted to CH4 [127,129,130]. 

The diversion of urine prevents the inhibition of methanogensis from high levels of ammonium and 

improves the efficiency of digestion and energy recovery. Other configurations are being investigated  

to improve the efficiency of the biodegration of the organics, reduce the hydraulic and solid retention 
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time and recover the dissolved methane loss to the effluent in processes such as ananerobic membrane 

bioreactors [68,129,130], anaerobic fludized bed reactors [68,131,132], upflow anaerobic sludge 

blankets [129,133,134], and the combination of MFCs and anaerobic membrane bioreactor [135].  

In addition, since organics in human feces are mostly metabolized low molecular weight carbons,  

co-digestion with food waste which contains higher molecular weight carbons can double the biogas 

production [127,129]. In response to a European Union Directive requiring diversion of 65% of the 1995 

levels of organic wastes from landfills, there were 127 operational food waste anaerobic digesters, with 

a capacity of 4.6 million tons, installed as of 2006 in Europe [127]. Among the 16,000 municipal 

wasteater treatment facilities operating in the US, only 544 facilities employ anaerobic digestion,  

and only 106 of these now utilize the biogas produced to generate eletricitiy and/or thermal energy [136]. 

The potential of co-digestion to maximize the biogas production is huge. 

Biogas is comprised of 60%–70% CH4 and 30%–40% CO2 and other trace gasses. Common applications 

for utilizing biogas include heat, power or combined heat and power (CHP). A portion of the generated 

biogas (approximately 10%) is the feedback of self-maintaining temperature and energy demands for 

the digestion process [127]. Remaining energy is available for electricity generation or direct combustion 

for heating purposes. Biogas can also provide space heating and compressing biogas for fleet vehicles [127]. 

An eco-village in Jenfelder Au, Germany with 2000 residents developed by HAMBURG WASSER 

intends to provide renewable energy supplies from locally CHP generated biogas from blackwater and 

organic waste (30%), geothermal energy (40%) and solar heat (10%) to achieve decentralized, energy 

self-sufficient cities of the future [128]. 

Besides the chemical energy embeded in organics, the thermal energy in the form of heat in 

wastewater is at least 2.5 time higher assuming 6 °C change in water temperature [68]. Heat pumps can 

use sewage water as heat source and extract heat for building heating [137]. Other technologies like 

hybrid pressure retarded osmosis-membrane distillation (PRO-MD) are being developed to capture the 

enoumous low-grade waste heat (<80 °C) for electricity generation, although technology gaps still  

exist [138]. Such energy recovery from blackwater, together with energy consumption reduction from 

other alternative strategies would greatly contribute to overall low carbon urban development [39,139]. 

4. The Sustainable Urban Water Systems Case Study: The City of Tomorrow 

Each city has its unique socio-political and bio-physical characteristics [140]. There are no  

one-size-fits-all solutions. Many institutions and organizations around the world have been part of the 

efforts of promoting paradigm shift. The International Water Association (IWA) Cities of the Future 

program (http://www.iwa-network.org/) aspires to help cities create robust and resilient responses to 

various changes cities are facing and promote rethinking water management. Numerous cases under 

Global Water Partnership have applied different toolbox in dealing with various water challenges around 

the world [141]. While it is critical to gain experience of how a tool has worked in a given situation and 

with local context, the details from real world often not only focus on one aspect of water issues that 

specific community faces but also may mask or distract the higher level of understanding and core 

questions: how do different parts of water system interact and how can urban water system as a whole 

be more efficient and sustainable? Similar to the studies of process mechanisms under laboratory 

controlled environment before the field experiments, with the understanding of the potential alternative 
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options for each sector within the water system and its complex intertwined nature, a specific urban 

development setting is required to clearly explore how these players can be evaluated inclusively and 

the system reorganization can achieve global system efficiency. 

Thus, it is indispensable to combine system thinking approaches with sustainability indicators or 

metrics for assessing holistically this global system efficiency. Some examples of these tools are metrics 

that evaluate particular dimensions such as: human health with risk assessment [31], and economic and 

environmental dimensions with footprints (e.g., ecological, water, and carbon), life cycle impact 

assessments, triple bottom line reporting, and benefit-cost analysis [142,143]. There is a plethora of 

publications about footprints (89,976 approximately) and life cycle assessment of water systems (21,316 

approximately), but less about studies about integrated water systems such as: sustainability indicators 

(1434 approximately), benefit-cost analysis (531 approximately) and triple bottom (166 approximately), 

which indicates a gap of knowledge needed for holistic analysis of water systems (number of citations 

obtained from [144]). 

One of these system tools is emergy, which incorporates all dimensions into one for a complete 

sustainability analysis. There have been attempts to evaluate separately each unit of the water system 

with emergy, i.e., drinking water [145,146] and wastewater systems [147]. However, a more comprehensive 

study that assesses the current system configuration and sustainable alternatives is still needed. 

4.1. System-Based Tool: Emergy Synthesis 

While integrated measures are needed to provide a holistic view of sustainability, they require a 

“common currency” to compare different units and scales [148]. One such system-based method is 

emergy synthesis, a process previously used for various systems at multiple scales to incorporate 

environmental, social, and economic aspects into a common unit of nonmonetary measure (equivalent 

solar energy joule, sej). Emergy is defined as the available energy of one kind previously used up directly 

and indirectly to make a service or product [149]. It is based on the observation of the energy flow 

patterns in ecosystems and economic systems during self-organization. The theory states that the functions 

of all systems (ecological, social and economic) are derived from the transformation of available energy. 

Such transformation also defines the relative energy quality in a hierarchical order. For example,  

the transformity values for wind energy, electricity and phosphate fertilizer are 1.5 × 103, 2.0 × 105, and 

1.0 × 107 sej/J [149]. It means that the processes for generating phosphate fertilizer require a lot more 

upstream energy investment than what it takes to regenerate wind energy, due to the geological sedimentary 

cycle for phosphorus rock to regenerate and the fossil fuels needed in mining and concentrating into the 

appropriate form as fertilizer. In other words, phosphate fertilizer has higher “energy quality”.  

The unique concept of energy quality in emergy analysis has the capability to value natural resources 

such as rain or soil that are often considered as “free” in the economic market. Many other integrated  

tools including life cycle analysis or “footprint” analysis often limit the analyses within technosphere 

from unit processes and overlook the biophysical supports from natural capitals. Instead, emergy 

analysis can provide a more inclusive evaluation of water systems that not only satisfy the urban water 

services, but also serve as driving forces in shaping the landscape and sustaining the ecological services. 

Such energy quality term can be easily used to clarify the misunderstanding that upstream reduction 

in demand does not produce new water because non-consumptive water used inefficiently will be used 
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by downstream users [150]. It is not just water quantity, but also energy quality of water that matters. 

With such a conversion factor to a common measuring unit, all energy, material, and information flows 

with completely different qualities in a system can be holistically assessed. Therefore, the behavior of a 

system as a whole and the interactions between subcomponents can be observed and optimized and  

its sustainability can be assessed. This applies to water systems with components like wastewater, 

stormwater, drinking water, surface/groundwater, water in natural systems and associated infrastructures. 

Emergy theory asserts that prevailing systems are those whose designs maximize available energy by 

reinforcing resource intake at the optimum efficiency. This includes maximizing the resource intake and 

the operation at the optimum efficiency for maximum power. In other words, both intake and its best use 

are maximized [149]. The beneficial organization increases intake energy (first priority) and its efficient 

use (second priority) on all scales (not just maximizing levels with more energy, and not maximizing 

some levels at the expense of others) [151]. The same holds for water systems, particularly for urban 

water services. It is not a self-contained unit, economically or ecologically. Its future depends as much 

on the external life-support environment as on the activities within the city limits ([109,152,153]). If the 

hydrological cycle can be maintained and repaired, and if the acyclic processes driven by human 

activities become more cyclic, enabling a feedback loop, there is a better chance for sustainably 

managing urban water systems. 

Emergy analysis of the urban water system finds that the drinking water and wastewater treatment 

processes are high energy-, chemical-, intensive processes. For example, it was found 5.87 × 1011 sej/m3 

for potable water [146] and 3.15 × 1011 sej/m3 for activated sludge-treated wastewater [147] (global 

baseline adjusted to 15.2 × 1024 sej/year [154]). The high emergy values for drinking water come from 

chemicals and electricity for supreme quality of water and for wastewater come from the embedded 

emergy in raw materials in food (such as fertilizers, soil organic matter, etc.) and from modern 

agricultural processing and food distribution system inputs. This is why when the urbanization of the 

modern community creates large population centers that generate concentrated wastewater, a large 

expenditure on wastewater treatment has to be invested to make a modern city function without human 

and environmental health problems. Society relies on systems with technological energies rather than on 

systems with natural energies resulting in “systems being energy intensive rather than land-intensive” [155]. 

There is a reciprocity between the amount of resources used in the concentration of nutrients (the food 

support system) and the resources that have to be spent on dispersion (the WWTP system) [149,155,156]. 

The resources for treating the wastewater could either be drawn from local resources by the expropriation 

of large land areas (or less land for longer period time), or by the use of high technologies and large 

amounts of purchased inputs from other places or other time periods such as importing chemicals and 

materials from outside systems, or utilizing the higher emergy quality products like electricity driven by 

fossil fuels concentrated through prior geological times. Since concentrated wastewater is inherent to a 

modern city and requires certain emergy expenditure to disperse it, the more sustainable water system 

would maximize its available energy by reinforcing resource intake such as water, energy and nutrient 

recovery, and operating at the optimum efficiency by using more renewable emergy intake such as 

natural/green infrastructure to provide the same services. 
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4.2. The Alternative System for the City of Tomorrow 

In order to become a more sustainable city, and to overcome the numerous drawbacks in the base-case 

scenario, the City of Tomorrow could employ various alternative approaches and design a more 

integrated system that breaks the invisible boundaries. Non-traditional strategies like fit-for-purpose 

treatment and source separation could be adopted, in which water services and qualities are delivered to 

match users’ needs, less wasteful energy expenditure is spent and productivity of water use is maximized, 

rather than continuing to seek sources of new supply [53]. In the decentralized setting proposed herein 

(Figure 2), a dual water supply system is exploited at the community level. The drinking water supplies 

only for potable water needs. Only 2.07 × 106 m3/year (1.5 mgd) is withdrawn from groundwater, a 93% 

reduction from the conventional practice (Figure 1). If only 7% of the potable water demand is supplied 

by high quality groundwater, the treatment and distribution cost will be greatly reduced. Shorter 

residence time is also expected. Smaller size piping, possibly stainless steel, requires fewer joints [88]. 

It will greatly decrease, if not eliminate, DBPs and pathogen risks. The high potable water quality is 

easier to achieve to protect public health and secure public safety, even with future population growth, 

and ensure long-term water resource sustainablity. 

 

Figure 2. Sustainable alternative urban water system. 

The non-potable demand cannot be solely satisfied from greywater generated. Rainwater/stormwater 

serves as an additional supply. The non-potable water sources (clean water from wetland-treated 

greywater and rainwater) provide water for non-potable demands (Figure 2). Smart land use strategies 

are used to further reduce stormwater runoff and encourage more evapotranspiration (40%) and water 
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storage and recharge (50%) [107], for example, promote the growth of more mature tree with deep root 

structures [106]. With the same precipitation, the water intake from natural resources in the alternative 

system is only 7% of the conventional practices. Most of the water is retained and recycled within  

the system. Only 20% of the water coming into the system is discharged. In a conventional system,  

the efficiency is much less with over 77% discharged (Figure 3). Instead of being lost as runoff, the flow 

of geopotential energy and chemical potential energy of water is dispersed in the watersheds and 

maximizes the biological productivity and other contributions [149]. 

 

Figure 3. Whole system water flow balance for a city of 100,000 population. With the same 

rain precipitation (blue part), the difference in water inputs between two systems is the 

reduction of water withdrawal from groundwater (green part). Water input from natural 

resources in the alternative system is only 7% of the conventional system since most of the 

water is retained and recycled within the system. Only 20% of the water coming in the system 

is discharged in the alternative system. In the conventional system, the system efficiency is 

much less, with over 77% discharged. 

Greywater, blackwater and yellow water are collected separately and treated at the neighborhood 

level for maximum energy and nutrient recovery. The greywater and blackwater are collected by separate 

vacuum sewer systems. Rainwater from roof and domestic greywater is drained into constructed wetland 

and treated for clean water use. Additional treatments such as filtration, and disinfection may be used 

for final polishing. Clean water is reused for non-potable indoor domestic uses (toilet flushing and 

clothes washing) and firefighting needs (68% of total demand). On-site containment of rainwater like 

rain barrels satisfies the outdoor needs (25% of total demand). 

Since greywater (~57% of total) is diverted from the wastewater mixture, the volume of the waste 

stream is greatly reduced, so is the energy needed to convey the wastewater. The concentrated blackwater 
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is anaerobically digested and the biogas generated undergoes further energy recovery through CHP.  

The energy generated will not only self-sustain the anaerobic digestion and CHP processes, but will also 

aid in production of struvite fertilizer. The remaining energy can feed back to the smart grid and generate 

revenue for the city. Another revenue source is the struvite fertilizer through yellowwater processing. 

Instead of transporting all the fertilizer outside the city and losing potential local productivity, the 

community should encourage networks of urban or peri-urban agriculture, urban forestry, community 

gardens, local horticulture, etc. to support urban self-sufficiency in food production, improve food 

security, food safety and local employment. 

Due to the internal looping, the majority of the water (greywater and rainwater/stormwater) is mainly 

treated with wetland systems. The energy thermodynamically needed to disperse organics and minerals 

is derived from renewable energy synergistically provided by plants, the microbial community and the 

soil matrix, instead of the fossil fuel-driven intensive centralized treatment. Less dependence on fossil 

fuel means more energy independence and more resiliency for the community. Additionally, the smart 

land use and green infrastructure applications will support the restoration of the natural hydrologic cycle 

by encouraging ET and infiltration. This will have long-term buffer effects on the imminent climate 

change of the local region and will alleviate impacts like Urban Heat Island (UHI), drought and flooding. 

It will provide a more sustainable external life-support environment for the urban community. 

Further study needs to be done to characterize the performance and emergy expenditure in the alternative 

system with the non-traditional strategies, although some technologies might be still in the nascent phase 

and the integration of different new technologies may present the sizeable challenges at the beginning. 

4.3. Centralized and Decentralized Water Systems Challenges 

Centralized systems are inherently large and experience inertia in making any big changes. 

Nonetheless, they reduce opportunities for innovation development and implementation because of 

perceived financial, organizational, system operations and technical risks. If a community wants to 

implement alternative technologies and practices such as: collection and storage of rainwater in existing 

ponds or wetlands, rainwater reuse, anaerobic digesters for generating energy that can supply homes and 

business; it would be more likely implemented in smaller systems. While such innovative options might 

not be easily carried out in the scale of centralized system; the advantage of these systems is its 

uniformity that assures meeting the water demand and quality standards in an economy of scale (Table 1). 

Nonetheless, smaller systems can only become competitive if they can meet the demand and standards 

in terms of the cost–benefit relations that must be controlled by experts [77]. 

The advantage of decentralized systems is diversity, choosing the technologies to achieve maximum 

system efficiency such as the system described in Section 4.2. In the event of interruption, energy 

blackout or water outbreak, decentralized systems are more insulated from the events because of their 

relative independence. It is true that decentralized systems need more community participation and 

management. This is the stakeholder involvement process. Whenever there are stakeholder involvements, 

the communities will be more likely develop the objectives suitable for their own interests and 

collectively find more balanced solutions. This rootedness option is better than a one-size-fit-for-all 

centralized system. Nevertheless, the research and the demonstration of various decentralized systems 

is still not sufficient. More is needed to fill the gap (Table 2). 
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Table 2. Comparison of the traditional and the alternative water systems. 

 

Traditional Water Systems 

References 

Alternative Solutions 

References 
Advantages Disadvantages/Opportunities Advantages 

Disadvantages/ 
Opportunities 

Water 
quantity 

Centralized control 
and assurance to meet 
demand and standards. 

Drinking standard applied to 
potable and non-potable 
increases demand. 
Vulnerable to failures in  
service that will impact the 
whole system. 

[43,44,48,49,71,150] 

Decrease in demand 
of potable water for 
non-potable uses  
(fit for purpose). 
More resilient system. 

Paradigm shift 
towards a new 
revenue model not 
based on water 
consumption. 

[45,52,72,90,91] 

Water 
quality 

A critical event (e.g., algae 
bloom or spill) can impact the 
whole system. 
For larger systems is difficult to 
attain at the end of the 
distribution. 

New methods are needed for monitoring, 
modeling, assessing, and managing water 
resources using a systems approach, and 
watershed perspective. 

Energy use 
More research  
is needed 
Energy recovery 

Intensive, mostly fossil  
fuel-driven 

[61,64,157,158] 
Potential use of 
renewable sources  
Energy recovery 

More research is 
needed 

[66,68] 

Wastewater 
contaminati

on 

Centralized control 
and assurance to meet 
standards 
Resource recovery 

CSS that discharge overflow 
directly into water bodies 
Infiltration to groundwater due 
to cracks and poor joints 

[58,59,101] 
Mimic natural 
processes 
Resource recovery 

More research is 
needed 

[69,115,159] 
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Table 2. Cont. 

 

Traditional Water Systems 

References 

Alternative Solutions 

References 
Advantages Disadvantages/Opportunities Advantages 

Disadvantages/ 
Opportunities 

Direct cost Economies of scale 

Huge infrastructure needs to 
modernize systems 
Intensive labor and material in 
construction and operation [53–55] 

Lower cost 
community-scale 
systems 
New markets for 
nutrients and energy 
generated in the 
system 

More research is 
needed 

[38,56,63,64,67,75] 

Indirect cost More research is needed 
Water scarcity, eutrophication, 
loss of aqueous habitat 

Watershed and 
ecosystem 
conservation 

More research is 
needed 

Cultural 
More research is need. 
Less community engagement. 

[77,87] 
More research is need. 
High community engagement. 

[73,79,99,100] 
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The research of decentralization is still in its relative infancy. Decentralization is not solely referring 

to downscaling to the degree of individual homes. It should be effectively linked to other alternative 

options such as dual water quality, energy and material recovery, and fit-for-purpose. This is exactly 

why we need more in depth research and demonstration in this area. Nevertheless, more needs to be done 

to demonstrate reliable performances and gain more experiences in its applications. Theoretical 

modeling and calculations provide bases for such explorations. Without trial and error, we will not be 

able to confidently know if it is better or worst. However, one thing we know for sure is that the current 

centralized system is not sustainable. One example of a non-sustainable condition of a centralized approach 

is the high initial investment, maintenance and update, which is a burden on the local economy [77]. 

Future-oriented neighborhood should be built not only considering environmental sustainability 

which is characterized by a water-energy self-sufficient community, but also social sustainability in 

terms of public spaces (e.g., central park with water feature, communal garden with locally generated 

fertilizer and walkable green space with more mature trees) that promote social wellness and stability 

for a resilient community. 

5. Moving Forward 

The water system for the City of Tomorrow is fundamentally different from the conventional water 

systems. It may represent an ideal scenario for an urban water system, however, it by no means is the 

best or the only alternative. It also does not discredit other means that are not included here such as water 

conservation or efficiency improvement. In reality, a variety of factors affect the selection of the 

optimum configuration for a particular urban area, including local hydrology, water resource availability, 

water demands, local energy and nutrient-management situations, existing infrastructure, and utility 

governance structure [160]. There is no one-size-fits-all solution. The effort here is to demonstrate a 

holistic method that potentially resolves trade-offs across spatial, temporal scales based on 

thermodynamic principles to address various issues facing urban systems, no matter how the system 

designs would be. The example design of a future system here reveals how system thinking can be 

realized in transformative water systems and how the sub-components can be integrated based on system 

optimization. Nevertheless, such a paradigm shift is no easy task. The current standards, practices, codes, 

and municipal requirements that guide engineering practice result in the institutional inertia [88]. 

There are no test models, policy playbooks or historical data to confidently guide investors and 

decision-makers. The transformative changes may initially seem to be unrealistic or mission impossible. 

What is clear, however, is that even with plenty of evidence demonstrating the ineffectiveness of the 

conventional systems, more evidences of the effectiveness of new, alternative options are needed before 

abandoning faith in an institutional belief that has significantly supported markets and practices in the 

past centuries. Most importantly, it has to demonstrate that holistic analysis is not just an environmental, 

sustainable practice, but also has substantial economic gains for the community in the long run [3]. 

Prevailing systems are those whose designs maximize the productivity at the optimum efficiency [161]. 

The new water system will also require a new operating structure and governance framework to 

accommodate complexity and uncertainty [162]. Drinking water, wastewater and stormwater professionals 

are no longer separated in different institutions or departments. A truly integrated collaboration and 

management is required to achieve holistic system-wide planning and operation. A new revenue model 



Sustainability 2015, 7 12094 

 

 

is needed that is not solely based on the flow and water usage, but rather on whole system efficiency 

such as energy and nutrient recovery. The economic appeal to those public utilities that struggle 

financially may be the main driving force for transformative changes [3,17]. More research and testing 

are needed for the new technologies, such as scale-up anaerobic digestion of blackwater, membrane 

reactors, struvite crystallization, constructed wetland and green infrastructure practices and to validate 

whether the new technologies provide the same protection for the public health and the ecosystem. New 

integrated tool and metrics such as emergy accounting are needed to explore the holistic analysis in  

water systems [148,149,163,164]. 

Finally, public perception and acceptance will be a critical factor to roll out these new ideas.  

The public may not be receptive to new ideas such as dual water quality, urine diversion toilets, or 

reclaimed water. Risk perception for most people is not from a scientific, mathematical calculation,  

but a gut feeling [165]. To win people over involves the delicate work of overcoming deep-rooted 

psychological barriers and cultural taboos surrounding water use [165]. The “yuck factor” has scuttled 

proposed wastewater recycling projects in San Diego, Los Angeles and elsewhere [165]. However,  

from a psychological perspective, when the public is being educated and communicated and the ideas 

are reframed differently such as reuse projects in the context of the urban water cycle and water as a 

reusable resource, the public is more willing to accept the ideas. In Singapore, the government has been 

successfully educating the public and 98% of the people now believe that reclaimed water is safe  

to drink [166,167]. 

It is encouraging to find that many communities around the world are taking steps towards more 

sustainable solutions [141,168]. Jenfelder Au in Hamburg, Germany is rethinking wastewater management 

by implementing an integrated concept for decentralized wastewater treatment, stormwater/greywater 

treatment, and energy recovery [169]. The city of San Francisco’s non-potable water program currently 

aims to expand the recycled water reuse on the district-scale. The city of San Jose in northern California 

has been operating a dual distribution network since 1997 over 1.6 km (100 miles) and 1.4 × 106 m3/year 

(10 mgd) serving over 690 customers [90]. Their current goal is to recycle 1.4 × 107 m3/year (100 mgd) 

wastewater by 2022. In 2013, the city of Chicago announced the construction of the world’s largest 

nutrient recovery facility with the potential capacity of 10,000–15,000 tons of fertilizer per year.  

To increase public acceptance, communities, government agencies, academics and other stakeholders 

should all work together and carry out more real world applications like “test beds” and “demo villages” 

such as those to help implement the needed changes at a faster pace. A thousand mile journey begins by 

taking the first step. As communities are taking incremental steps towards a more sustainable future,  

the City of Tomorrow will soon become the City of Today. 
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