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Abstract 
Water is essential for life, for our economy and ultimately our civilization. If water is so 
essential for the survival of our civilization, how, then can we engineer a system that 
integrates water to the needs of our society in a sustainable way?  This module addresses 
this question in three parts through a review of the literature and by introducing some 
new ideas.   In Part 1 freshwater availability, water use in the US, and water shortages are 
discussed.  In Part 2, the current water infrastructure in urban settings and problems 
associated with it are discussed from the perspective of sustainability.  These issues 
include the age of the infrastructure, the high energy consumption due to the water 
infrastructure, the design considerations such as the use of potable water for all purposes, 
absence of on-site re-use practices, and combined collection of urine, feces, and grey 
water.  In Part 3, progress towards designing a sustainable water infrastructure is 
discussed by introducing two approaches at different scales. In the building scale 
approach changes are recommended towards decentralization and use of rainwater and 
wastewater as resources.  In the larger scale approach, efficiency is recommended within 
the different water use categories.   
 

1. Introduction 
Water is essential for human survival. A healthy person drinks 1.3-3.0 L of water 

per day; some of this may be in the form of bottled drinks, coffee and other beverages 
(Mayo Clinic, 2008).  A person can live more than a month without food but can only 
live approximately one week without water.  Water is life: it is essential not only for 
humans but for all life forms.   
 

Water is a major player in ecosystem health, though its importance for proper 
ecosystem function has often been overlooked while interest has instead been focused on 
its management for human needs.  Problems such as water shortages and pollution have 
been seen mainly as problems affecting suitable quality and quantity of water for human 
domestic, agricultural and industrial use.  Human needs and interests have commonly 
been seen as competing with ecosystem needs (Richter et al, 2003).  Recently, however, 
the benefits and services provided by ecosystems to society have been recognized.  These 
so-called ecosystem services include such crucial processes as filtering water, food 
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production, flood mitigation, providing wildlife habitat, waste purification, creating 
recreational opportunities and simple aesthetics (Baron et al., 2002; Naiman et al., 2002).  
Healthy ecosystems, and the services they provide, are essential to the long-term function 
and sustainability of society because society places a value on and creates a demand for 
these services.  Unfortunately, our modern water infrastructure has resulted in degraded 
ecosystems due to the alteration of natural water flow from the damming and 
channelization of streams and rivers, extensive withdrawals from aquifers and surface 
waters and the diversion of large amounts of water from natural watersheds (Gleick, 
2006).  
 

Water is also an essential input to the many sectors of the economy.  The 
agricultural sector uses water to grow crops.  Aquaculture and livestock sectors use water 
to farm freshwater and saltwater fish and domesticated animals including cattle, sheep, 
and cow.  Commercial and residential sectors use water for sanitation, cleaning, and for 
cooking.  Manufacturing, power production, and mining industries use water for three 
purposes (Dupont and Renzetti, 2001): 1) Water is used in production process for 
cleaning and moving inputs and inclusion in final product (e.g. production of bottled 
beverages) 2) Water is used to cool inputs or produce steam 3) Water is used for plant 
sanitation and personal cleaning.   

 
If water is so essential for the survival of our civilization, how, then can we 

engineer a system that integrates water to the needs of our society in a sustainable way?  
This module attempts to introduce this question to engineering students by discussing it 
in three parts. Part 1 (sections 2, 3 and 4) includes material to guide discussions on 
implications of water availability on the sustainability of our society. Part 2 (sections 5 
and 6) introduces the current water infrastructure and problems associated with it. 
Finally, Part 3 (section 7) introduces some ideas for how to align the water infrastructure 
problem and its solution with existing sustainability principles towards designing and 
building a sustainable water infrastructure.  

PART 1 

2. Available Freshwater on Earth 
Water can appear to be ubiquitous but it is a limited resource. When viewed from 

space, the blue water covering 70 % of the earth’s surface gives the beautiful image of 
our planet. Yet, much of what’s seen from space is saline water. Only 3 % of water on 
earth is fresh water and most of this is locked up in icecaps and glaciers leaving only 
about 1 % of all water on earth available as a freshwater resource as surface water and 
ground water (Figure 1).  Of this 1 %, most of it exists as groundwater and about ten 
times less of it exists as surface water.  Of all the fresh surface water on earth, 20 % is 
located within the Great Lakes basin.  
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Figure 1: Distribution of earth’s water (figure obtained from USGS, 2008)  

Surface water on earth is much less abundant than groundwater, yet surface water 
is a major resource for the current US economy.  Hutson et al. (2004) estimate that of all 
the freshwater used in the US for various purposes, 76 % of it comes from surface water 
and 24 % comes from groundwater.    

3. How Is Water Used in the US? 
In the US, the USGS has compiled data on water use under eight different categories 

(Hutson et al., 2004) (Table 1). Looking at this data, with respect to sustainability, several 
points are of interest:  
 

1) 48 % of all water used in the US goes to thermoelectric power where it is used in 
cooling towers.  In North America, 95 % of fresh surface water is in the Great 
Lakes Basin (Lakes Superior, Michigan, Huron, Erie, and Ontario) (USGS, 2005). 
As such, a significant fraction (40 %) of the thermoelectric power-related water 
use happens in the Great Lakes states (Minnesota, Wisconsin, Illinois, Indiana, 
Michigan, Ohio, Pennsylvania, and New York).   

 
Will thermoelectric power production continue to require such high volumes of 
water in a water-scarce world? EPRI (2002) note that generation of thermoelectric 
power is likely to increase due to higher demand but also that more recent 
technologies use less water and that even some of the new combined-cycle plants 
use air-cooled condensers for their steam cycle that do not require any cooling 
water. As a result, it is unclear whether total U.S. freshwater consumption by the 
power generation sector will increase or decrease over the next 20+ years (EPRI, 
2002). EPRI (2002) note that the answer depends on the relative rate of decrease 
in unit (per MWh) cooling water consumption compared with the rate of increase 



 4

in MWh produced.  As the US energy sector shifts towards other energy sources, 
this will introduce an additional uncertainty with respect to whether water use for 
generating power will continue to be a high percentage in the US economy. 

  
2) The thermoelectric power, mining, and industrial sectors use both saline water 

and freshwater whereas the other categories use fresh water only. Saline water use 
accounts for approximately 15 % of all water use in the US. (98 % of saline water 
use comes from surface water withdrawals and the remaining 2 % comes from 
ground water.)  Freshwater is a much more important resource than saline water 
in terms of the quantity and purpose of use in the US economy.  Saline water is 
inappropriate for supplying water for domestic and public use unless it is 
desalinated.  

 
3) After thermoelectric power, irrigation makes up the second highest percentage of 

water use in the US.  Demand for water is therefore directly related to food 
consumption patterns (Allan, 1998).  While thermoelectric power and irrigation 
both require large amounts of water, the ‘consumptive’ use of water for these two 
sectors is different. 

 
The USGS data presented in Hutson et al (2004) is for water withdrawal rates. 
Yet there is another concept, ‘consumptive water use’, that aligns more closely 
with sustainability.  Consumptive use is the part of water withdrawn that is not 
returned back to the same watershed due to evaporation, transpiration, 
incorporation into products or consumption by humans.  The consumptive water 
use coefficient depends on the climate of the region since warmer climates will 
lead to higher evaporation rates resulting in higher consumptive water use 
coefficients.  Consumptive water use coefficients in the Great Lakes Basin are 
highest for the irrigation category compared to other categories (Table 1). 
Thermoelectric power does use the highest volume of water in the US but its 
consumptive coefficient is small. 

 
High consumptive use of water by the irrigation sector can also be observed using 
the ‘water footprint’ concept, also referred to as ‘virtual water content’.  Virtual 
water is defined as water embedded in commodities (Allan, 1996).  The greater a 
crop’s requirement for water, the higher is its virtual water content, assuming 
similar climate and irrigation methods.   One cup of coffee, for example, contains 
140 liters of embedded water, which implies that large volumes of water were 
necessary for irrigation and 140 liters of this water was lost back to the 
atmosphere by evaporation and transpiration (Table 2).  Similarly, the 
consumptive water use coefficient and the water footprint for livestock/meat are 
both very high.  Meat consumption can have a heavy toll on sustainability of 
water resources.  Therefore, influencing society’s food consumption patterns to 
favor a shift to foods with lower virtual water contents can have a substantial 
effect on water sustainability (Allan, 1998).  Additionally, obtaining energy from 
crops, which has gained momentum in the US as a ‘sustainable’ or ‘alternative’ 
approach, has far-reaching implications on water use. 
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Table 1 Water use in the US (Hutson et al. 2004) 

  Water withdrawal 
(Mgal/day) 

Percentage of total 
water withdrawn 

Consumptive water 
use coefficient* 

Public supply Fresh 43,300 10.6 
12 

Domestic Fresh 3,590 0.9 
12 

Irrigation Fresh 137,000 33.6 
90 

Livestock Fresh 1,760 0.4 
83 

Aquaculture Fresh 3,700 0.9 
 

Fresh 18,500 4.5 
Saline 1,280 0.3 

Industrial 
  

Total 19,780 4.8 

10 

Fresh 2,010 0.5 
Saline 1,490 0.4 

Mining 
  

Total 3,500 0.9 

7 

Fresh 136,000 33.3 
Saline 59,500 14.6 

Thermoelectric power 
  

Total 195,500 47.9 

2 

Fresh 345,000 84.6  
Saline 62,300 15.3  All uses  
Total 408,000 100.0  

*Data in this column is for the median value for the Great Lakes basin as reported in Table 9 in Shaffer and 
Runkle (2007). 
 
Table 2 Global average virtual water content of some selected products, per unit of product (Hoekstra and Chapagain, 
2007) 
Product Virtual water content (L) 
One cup of coffee 140 
One hamburger 2400 
One cup of tea 35 
One potato 25 
One tomato 13 
One orange 50 
One cotton t-shirt 2000 

 
  
4) Total water use in the US has varied less than 3 percent since 1985 as withdrawals 

have stabilized for the two largest uses—thermoelectric power and irrigation 
(Figure 2). Yet the domestic and public supplies have increased as the population 
increased. Correlation between population and public water supply can also be 
seen when the data is plotted for each state (Figures 3 and 4). An almost linear 
relation exists between the population of the state served by public supply and the 
public water supply withdrawal rates. As issues with public supply of water 
emerge, the population affected will be proportional to the current public supply 
withdrawal rate.  
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Public supply water is based on a centralized system where water is withdrawn 
from one or a few sources and supplied to a community of 25 people or more.  
Providing public supply of water has already become a challenge in some states. 
To serve the corresponding population, other alternatives than centrally supplied 
public supply water and more sustainable solutions may be appropriate as 
discussed in the remainder of this module. 

 
Figure 2 Trends in water withdrawals in the US by water use category (Figure obtained from Hutson et al., 2004) 
 

Relative magnitudes of public water supply withdrawals and population served by it
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Figure 3 Relative magnitudes of population and public water supply withdrawals (plotted based on data available in 
Hutson et al. (2004). 
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Figure 4 Population (served by public supply) and public supply water withdrawals for all the states (plotted based on 
data available in Hutson et al. (2004) 

4. Water Shortages  
Water shortages in many states will likely be a reality in the future. According to 

the results of GAO’s survey, even under normal water conditions, water managers in 36 
states anticipate water shortages in localities, regions, or statewide within the next 10 
years (GAO, 2003) (Figure 5). GAO (2003) notes that “under drought conditions, 46 
managers expect shortages in the next 10 years. Such shortages may be accompanied by 
severe economic, environmental, and social impacts.” 

 
Figure 5 Extent of State Shortages Likely over the Next Decade under Average Water Conditions (taken from GAO, 
2003) 
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However, Gleick (2003) notes that water use projections have, more often than 
not, been overestimated (see figure 3 in Gleick, 2003) due to the use of simple 
extrapolation methods and simplistic assumptions to develop the forecasts, though recent 
forecasts have more closely matched actual use due to improvements in forecasting tools 
and methods.  Adding to the discrepancy between actual and projected water use is the 
fact that water managers have recently begun to focus more on understanding, reacting 
to, and influencing water use patterns rather than simply increasing supply.  This, along 
with technological advances which have increased water use efficiencies, have resulted in 
lower-than-predicted water use over time.  However, as climate change is expected to 
affect weather and rainfall patterns and cause shifts in human settlements, consistent 
overestimation of water use will not necessarily continue. Disagreement between 
projected and actual water use may continue, however, making planning of traditional, 
large-scale water infrastructure projects difficult and unfeasible. 
 

Several options are possible for better management of water resources towards 
avoiding or minimizing the impacts of water shortages. Engineering solutions such as use 
of low flush fixtures (e.g. low flush toilets, low flush shower heads, no flush urinals) do 
reduce the water demand in buildings. Similarly, better irrigation techniques or not 
farming where water is scarce would also help prevent water shortages. Social behavior 
also has an effect on how much water is used. For example, a person taking a short 
shower would be using much less water than a person that fills a bathtub.  Some of the 
ways water shortages can be prevented are more controversial and multi-disciplinary.  
For example, does it make ethical, engineering, social, economic, or political sense to 
allow or encourage the use of swimming pools or lush lawns in desert communities? 
Engineering solutions alone may not be sufficient (or appropriate) to solve some of these 
water shortage related problems. Personal awareness and appropriate policies and 
programs may sometimes be more effective than engineering solutions.   A price increase 
on water coupled with appropriate policies and programs, for example may prevent 
watering of lawns and act as incentives for communities to use landscaping features that 
are characteristics of that region.    
 
 

PART 2 

5. Current Urban Water Infrastructure Setup in the US 
Water use categories in Table 1 all have an impact on society and are critical 

inputs to US economy, yet the domestic and public supply of water are the most basic 
and essential requirements for human health and survival.  Public supply of water makes 
up 10 % percent of water use in the US (Table 1). Domestic supply which represents well 
withdrawals for household use is another 1 %.  These two components of the water 
withdrawal rates relate directly to humans’ rights to safe water and adequate sanitation 
and thus human dignity (UN Millennium Project, 2005). Failure of the infrastructure of 
the domestic and public supply would have immediate health, sanitation, and disease 
related effects on the population served by it.  
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It can be argued that the current water infrastructure in the US has its foundations 
in century-old theories of disease and public health (Melosi, 2000).  Both Tarr (1985 and 
2002) and Melosi (2000) point out that the technological and design choices made in the 
late 19th and early 20th centuries were rooted in public health considerations.  Beginning 
in the late 1800’s, the relationship of diseases such as typhoid fever to sewage-
contaminated water was becoming known and around the turn of the century, methods for 
examining water were being developed (Tarr, 1985).  As concern over disease outbreaks 
grew, the highest priority was placed on eliminating the dangers posed by sewage, 
resulting in the construction of city-wide wastewater systems in the largest US cities of 
the day – Pittsburgh, Boston, New York and Chicago (Tarr, 1985).  These were deemed 
necessary to protect public health by managing the increasing volumes of sewage that 
could not be handled by individual privy vaults and cesspools.  Raw wastewater was 
collected from urban neighborhoods and piped directly to streams and rivers.   

 
While these centralized systems greatly decreased incidence of disease within 

sewered communities, disease outbreaks actually increased in some cities such as 
Pittsburgh because of direct contamination of water supplies (Tarr, 2002). Also, 
downstream communities were impacted when drinking water was drawn from 
waterways clogged with sewage and industrial wastes discharged from upstream 
communities (Tarr, 1985; Tarr, 2002).  Arguments arose between sanitary engineers and 
public health officials who could not agree on how to best protect public health: by 
treating sewage before discharge or to continue the practice of discharging raw sewage to 
waterways and filter the drinking water before use.  Also at issue was whether or not to 
construct separate sewers or combined sewers for sewage and storm water (Tarr, 1985; 
Tarr, 2002).  Those advocating only filtering the water supply and constructing combined 
sewers won out, leading the way for the construction of drinking water treatment 
facilities.  These decisions regarding drinking water and sewage led to a change from a 
decentralized system based on individual ‘privies’ and cesspools that was prevalent in the 
late 19th century to the centralized system in place today (Tarr, 2002).  Recently, 
however, water infrastructure decisions are being influenced by ecological considerations 
that do not necessarily have a public health component (Melosi, 2000).  

 
A simplified schematic of the infrastructure processes for the domestic and public 

supply of water and their relation to other water infrastructures such as runoff and 
wastewater are shown in Figure 6.  The current system is composed of three separate 
critical infrastructures: drinking water, sanitary sewer, and storm water. While they are 
managed by different agencies and regulations, these systems are highly interconnected 
(Grigg, 2003). Their engineering components include best management practices for non-
point source pollution control, pipes, pumps, aquifers, storage tanks, water and 
wastewater treatment plants, groundwater wells, water intakes, and reservoirs such as 
lakes, man-made lakes, and rivers.  
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Figure 6 Simplified schematic showing the inter-related processes associated with the water, sewer, and 
storm water systems.  Pumps and pipes are critical hardware in almost all processes.   

6. What are Some Current Issues with the Water Infrastructure in the 
US? 
 

6.1 Aging and Not Sustainable 
An infrastructure is the system of public works of a country, state, or region as 

defined in the Merriam Webster Dictionary. Infrastructure sustainability is gradually 
evolving as a field on its own.  In the past several years, as an outcome of the cascading 
infrastructure failures of 9/11 (e.g. of power, transportation, and communication) there 
has been much interest in studying infrastructure interdependencies, sustainability and 
resiliency (Lee et al., 2004; Heller, 2001; Rinald et al., 2001). Much of this interest and 
new research on modeling has focused on the energy, banking, and communication 
infrastructures (Pederson et al., 2006). These studies treated infrastructures as complex 
systems as described in Simon (1962).  Relatively less work has been done on other 
infrastructures, including water, that are in greater need of attention because of their 
failing conditions.  
 

The American Society of Civil Engineers (ASCE) evaluated six infrastructures in 
2005 and noted that all of them were in failing or close to failing condition (Table 3). 
Both the drinking water and wastewater infrastructures are continuously degrading and in 
urgent need of upgrades.  ASCE’s report card grades for these infrastructures were D in 
2001 and have fallen to D- in 2005 (ASCE, 2007). A federal report (WIN, 2000) has 
estimated a funding gap of $23 billion a year between current investments and the 
investments that will be needed in the next 20 years to meet mandates of Clean Water Act 
and Safe Drinking Water Act. According to the ASCE, U.S. drinking water and 
wastewater utilities are responsible for an estimated 800,000 miles of water delivery 
pipelines and between 600,000 and 800,000 miles of sewer pipelines, respectively (GAO, 
2004). Pipeline rehabilitation and replacement represents a significant portion of the 
projected infrastructure needs. WIN (2000) estimates that this water infrastructure 
problem cannot be addressed by simplified solutions, such as increased water and 

Store water 
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water
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wastewater rates or operating efficiencies since doubling or tripling service costs would 
leave at least 25 % of Americans unable to afford these services. Innovative technical 
solutions for the water infrastructure are necessary to protect Americans from diseases, to 
support economic growth (via recreation, commercial fishing, manufacturing), and 
maintain healthy ecosystems that can support human life.  One solution to this problem is 
better management of the water at the building scale as discussed later in this module.   

 
Table 3: ASCE report cards for six infrastructures 
Category 2005 2001 1998 1988 
Drinking Water D- D D B- 
Hazardous Waste D D+ D- D 
Roads D D+ D- C+ 
Schools D D- F n/a 
Solid Waste C+ C+ C- C- 
Wastewater D- D D+ C 
 

6.2 Energy 
Energy use is one of the major sustainable development indicators of wastewater 

treatment systems (Plame et al., 2005).The current water infrastructure system uses a lot 
of energy and can be considered as an inefficient system with respect to its energy 
utilization.  An estimated 3% of national energy consumption, equivalent to 
approximately 56 billion kilowatt hours (kWh), is used for drinking water and wastewater 
services (USEPA, 2008). Assuming the average mix of energy sources in the country, 
this equates to adding approximately 45 million tons of greenhouse gas to the atmosphere 
(USEPA, 2008). Energy costs can account for 30% of the total operation and 
maintenance (O&M) costs of wastewater treatment plants (Carns, 2005). A large fraction 
of energy is used in the activated sludge process in wastewater treatment plants (see for 
example Figure 3.2 in EPRI, 2002 or Tchobanoglous, 2002).  Pumps and blower motors 
can account for up to 80 % of a wastewater treatment plant’s energy costs (USEPA, 
2006). Use of high efficiency motors can reduce the energy use by 8 % compared to 
standard motors (USEPA, 2008). Simple and cost effective decentralized technologies 
exist that can help reduce the pumping costs associated with centralized systems. In small 
communities, collection of wastewater in conventional systems costs 60% of the total 
wastewater management budget (Hoover, 1999), whereas in decentralized systems the 
treatment and disposal stages are of main focus keeping collection costs minimal 
(Masood, 2009). One of the main benefits of using reclaimed water is it consumes less 
energy compared to importing water (Miller, 2006), which is the case in centralized 
systems. 
  

6.3 Poor Design for Non-Potable Uses 
Mayer et al (1999) estimate that the daily indoor per capita water use in the 

typical single family home is about 262 liters (Table 4). Per capita water use reported in 
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UNDP (2006) is higher (575 liters) because it includes outside water use such as watering 
the lawn. In Phoenix, Arizona, for example the daily per capita water use is 1000 L  
(UNDP, 2006). Per capita daily water use in the US is highest in the world followed by 
Australia ( ~ 500L), Italy (~385L), Japan (~375L) and Mexico (~365L) (Figure 1.2 in 
UNDP, 2006). For indoor use, toilet flushing, clothes washing and showering are the 
biggest components of the daily water use (Table 4). Toilet flushing uses a lot of water 
but this water does not need to be potable (potable water is water of sufficient quality to 
serve as drinking water). To conserve fresh water, places like Hong Kong have been 
making use of sea water for flushing toilets since 1950. (Li X, et al, 2005). Similarly, the 
water used for lawns does not need to be potable. Use of grey water for irrigation as an 
alternative has been reported in many parts of the world (Madungwe, et al, 2007).  Water 
for these uses can be supplied more locally requiring less energy and treatment instead of 
from relatively far distances which requires significant treatment and large energy inputs. 

 
Table 4.  Daily indoor per capita water use in the typical single family home. 
 Data from Mayer et al. (1999) .  
 
 
 
 
 
 
 
 
 
 
 
 

6.4 Centralization 
One issue with the current water infrastructure is that it is very centralized. Some 

recent reports question the benefits of this centralization for the wastewater infrastructure 
(Nelson, 2008; Rocky Mountain Institute, 2004). Centralization is inherently a barrier 
towards sustainable and resilient water infrastructures.  In decentralized systems, failure 
in one subsystem has smaller costs to the overall system. In the current water 
infrastructure, if a centralized water or wastewater treatment plant stops functioning, the 
entire system can break down and a larger population would be affected than would be if 
the infrastructure could be broken into smaller, autonomous units independently 
operating.  

6.5 Wastewater and Rainwater as Resources  
Used water has traditionally been considered as wastewater. The current 

wastewater system is based on the thinking that – ‘Sewage is waste and anything that’s 
waste needs to be disposed’. Human feces and urine therefore are conveyed to a 
reclamation plant to get treated and disposed using potable water as a medium. Similarly, 
any type of water used in a residential, commercial or institutional urban setting is almost 
without exception sent to a centralized wastewater treatment plant. Therefore, there is 

Use Liter per Capita Percentage of Total Daily Use

Showers 43.8 16.8%

Clothes Washers 56.7 21.7%

Dishwashers 3.8 1.4%

Toilets 69.9 26.7%

Baths 4.5 1.7%

Leaks 35.9 13.7%

Faucets 41.2 15.7%

Other Domestic Uses 6.0 2.2%

Total 262

Use Liter per Capita Percentage of Total Daily Use

Showers 43.8 16.8%

Clothes Washers 56.7 21.7%

Dishwashers 3.8 1.4%

Toilets 69.9 26.7%

Baths 4.5 1.7%

Leaks 35.9 13.7%

Faucets 41.2 15.7%

Other Domestic Uses 6.0 2.2%

Total 262
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typically one linear path for the water: from a centralized water treatment plant to point 
of use to a centralized wastewater treatment plant. Any onsite reuse opportunities are 
often missed in this kind of a setting. From a sustainability perspective this approach is 
not acceptable. Water in a given community, in a given building or cluster of buildings 
can be used multiple times depending on the quality of the water needed for a given 
purpose. Ultimately water of the lowest quality can either be treated and reused onsite or 
sent to a centralized wastewater treatment plant.  These onsite treatment and re-use 
technologies can help close the water loop at a local scale.  

 
Re-use of water on site has recently gained more attention.  Multiple studies have 

shown that greywater (water from sinks and laundering, for example, can be treated and 
used on site to flush toilets or for irrigation purposes (Eirkson et al., 2009; Finley et al., 
2009; Misra and Sivongxay, 2009).  Reuse of greywater is also a practiced technique on 
ships (Stamper et al., 2003). Recently, researchers have also been studying and 
publishing on re-use of blackwater (toilet water) in irrigation applications (Nair, 2008; 
Ou et al., 2006; Zurita et al., 2009).  As these studies suggest, on-site treatment and reuse 
opportunities are likely to be explored further in the future towards building a more 
sustainable water infrastructure.   

 
Another way to close the water loop is to consider rainwater as a resource instead 

of as a nuisance.  Rainwater from roofs can be collected and utilized instead of allowing 
it to enter the storm water drains. During periods of heavy rainfall in locations where a 
single piping system is used for both storm water and sewage, runoff entering these 
combined sewers may result in volumes of wastewater that exceed the treatment capacity 
of the wastewater plant, which is then allowed to be released into receiving water without 
any treatment. Use of rainwater harvesting technology can help avoid such situations. 
Towards more sustainable practices, use of rainwater for purposes that can tolerate low 
grade water with just required treatment, can be implemented to minimize the potable 
water demand.  Typically, people consider harvesting rainwater from roofs of buildings.  
However, rainwater from paved surfaces can also be harvested and reused in flushing 
toilets (Nolde, 2007).  
 

6.6 Separated Systems 
The conceptualization of the water infrastructure as a way to quickly remove 

urine and feces (as ‘wastewater’) from the site has been a barrier for development and 
implementation of (on-site) separated systems.  Yet, from a sustainability perspective, 
both urine and feces can be and have to be considered as resources and not as waste.  In 
treating these ‘biowastes’ as a resource, we must consider how to reduce concentrations 
and appropriately manage the presence of pathogens and pharmaceuticals in them 
(Winker et al., 2009).  For example, separately collected urine can be treated in multiple 
ways towards producing a marketable product rich in nitrogen (Maurer et al., 2006).  
Urine can be collected using no-mix technology that is gaining traction and being 
extensively studied in Europe (Rossi et al., 2009).  Researchers in Europe have recently 
begun analyzing the life cycle impacts of the separate collection and management of 
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urine (Tidaker et al., 2007a and 2007b).  Urine separation and its evaluation with respect 
to sustainability are likely to gain more attention in the future.  

 
Another related ‘separate’ collection and management method is the dry 

collection and management of feces and urine using composting facilities.  While this 
method was always used by societies, preceding the use of water to move feces and urine, 
there is relatively little published research on this topic. Just recently, several studies have 
begun analyzing the environmental implications of this technique (Gajurel et al., 2003; 
Benetto et al., 2009; Remy and Jekel, 2008). Biosolids (wastewater sludge) produced in 
wastewater treatment plants can also be used as a fertilizer.  However, joint collection of 
all kinds of storm and wastewater introduces multiple types of contaminants that degrade 
the quality of the biosolids.  Sewage sludge produced at wastewater treatment plants, for 
example, can contain pharmaceuticals, household chemicals, heavy metals, and 
pathogens (Piet Lens, 2001). These contaminants can be better managed using separate 
dry collection systems.  For example, metals typically introduced from storm water can 
possibly be eliminated in the biosolids using the separate dry collection system.  

 

PART 3 

7. A Paradigm Shift Towards More Sustainable Water Infrastructure: 
How can we reframe and re-invent the current infrastructure to avoid existing 

problems and innovate a more sustainable solution?  This question is difficult to answer 
in a world where sustainability will be changing not only the water infrastructure but 
every other component of our society. Not knowing how the other components of the 
society will change (e.g. transportation, buildings, communication, social behavior), we 
are left with envisioning ways to ‘fit’ the water infrastructure into the existing forms.  
However, water is a very central and essential aspect of the survival of our society and 
sustainable design of water infrastructure can perhaps lead the way so designs of other 
components can follow. For example, instead of designing the water infrastructure to fit 
the current norms of building design, can we visualize an ideal water infrastructure that 
the building would then have to conform to?  

7.1 Guiding Principles for Re-inventing the Water Infrastructure 
In this current day where sustainable engineering and science is in its infancy, we 

have limited tools to create a completely new water infrastructure that will be sustainable 
and function along other sustainable components that are currently in the design and 
improvement process. Yet, we do have some guiding principles that are effectively 
compiled and summarized in Edwards (2005), Mclennan (2004), and Garcia-Serna et al. 
(2007). Todd and Todd (1994) also have a visionary discussion on redesigning 
communities using sustainable water infrastructure.  

 
Guiding principles from Mclennan (2004) are included in Table 5 along with 

implications of these principles on developing sustainable water infrastructures. These 
implications point to a decentralized water infrastructure.  In the future, we may still 
continue to have centralized water and wastewater management.  However, from a 
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sustainability perspective, to better align the design with ecological design principles, and 
for better resilience, some level of decentralization is necessary.  Decentralization can be 
at the level of individual buildings or a cluster of buildings (Gikas and Tchobonaglouos, 
2007) that can be autonomous with respect to water management.  If progress towards 
more sustainable water infrastructures will arise from building scale, one of the most 
effective ways to implement and popularize the more sustainable water management 
techniques will be through US Green building Council’s LEED building rating systems. 

 
LEED  New Construction version 2 has five different credits on water efficiency: 
WE Credit 1.1: Water Efficient Landscaping: Reduce by 50%  
WE Credit 1.2: Water Efficient Landscaping: No Potable Water Use or No 
Irrigation  
WE Credit 2: Innovative Wastewater Technologies  
WE Credit 3.1: Water Use Reduction: 20% Reduction  
WE Credit 3.2: Water Use Reduction: 30% Reduction 

Unfortunately, these credits are not yet fully developed in LEED.  An explicit 
discussion or consideration of any of the water re-use or separated management 
techniques discussed in sections 6.5 and 6.6 is currently absent in the LEED rating 
system.  In addition, LEED has been criticized in general for lacking scientific credibility 
and validity1.  Concepts included in Table 5 and in sections 6.5 and 6.6 may be helpful 
guidelines towards improving the water credits in LEED. 

7.2 Other Approaches for Reducing Water Demand 
Building scale progress will possibly have considerable impacts in preserving our 

water resources and better managing them. However, other water use related 
considerations are also necessary. One approach is to analyze each of the water use 
categories of Table 1 and develop strategies to reduce the water demand within each 
category through various efficiency strategies or by interlinking the different water use 
categories.  For example, some actions can be taken to reduce the water demand due to 
irrigation.  These approaches can be relocation of irrigation water supply to low water- 
consuming and high-value crops, use of marginal quality water, use of saline water, and 
increase in water and crop productivity (Hamdy, et al., 2003).  However, successful 
implementation of these ideas has not been possible so far due to questions about long-
term sustainability, possible health and environmental issues, lack of policies and 
strategies (Hamdy, et al, 2003). Another possibility is to use wastewater effluent for 
irrigation purposes.  Similarly, another way the large water use categories can be 
interlinked is through the use of the wastewater treatment effluent in thermoelectric 
power plants’ cooling towers.  These examples do not constitute a comprehensive list of 
possibilities.  Many other strategies will likely emerge towards designing more 
sustainable water infrastructures and better managing our water resources.

                                                 
1 Schreuer and Keolian (2003) for example showed that LEED credits did not always correlate with results 
from life cycle assessment (LCA) for a given building.  Life cycle assessment is a scientific tool and its 
implementation and incorporation in LEED is one of US Green Building Council’s recent efforts. 
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Table 5: Principles of Sustainable Design as applied to water infrastructure 
Mclennon, 2004 Keywords Traditional Sustainable 

Ecological design Organic matter in wastewater degraded 
using aeration tanks requiring much energy, 
little biodiversity 

Organic matter degraded using 
wetlands/living machines that require little 
to no energy and have greater biodiversity 

Energy source Primarily the sun, secondarily other 
renewable 

Fossil fuels, nuclear power, renewable 
energy if available 

Connection to life Linked sub-ecosystems Unconnected to other life forms 
Nutrient cycle Loose and contaminated by metals and 

other organic compounds. Nutrients used 
not where they were generated 

Tight nutrient cycle. Not diluted with water 
and any contaminants.  

1. Respect for the wisdom of natural systems – The 
Biomimicry principle 

B1: Nature runs on sunlight 
B2: Uses only the energy it needs 
B3:Fits form to function 
B4: Recycles everything 
B5: Rewards co-operation 
B6: Nature banks on diversity 
B7: Demands local expertise 
B8: Curbs excesses withinaaa 
B9: Taps the power of limits 

Water friction  Friction minimized by smooth surfaces Friction minimized by geometrical design 
and surface characteristic 

2. Respect for people – The human vitality principle Includes versus excludes 
people 

Infrastructure hidden from public and 
maintained by a small number of experts 

Infrastructure transparent to the public and 
maintained by all stakeholders 

Local versus large spaces Centralized infrastructure spreading large 
distances 

On-site, decentralized management 3. Respect for place – The ecosystem principles 

Maintain local hydrologic 
features, close water cycle 
at the site 

Pipes convey water to large distances 
disrupting natural hydrological cycle 
especially with respect to runoff 

As much as possible, close water cycle at 
each site 

4. Respect for the cycle of life – The  
“seven generations principle” 

 Long life spans…centuries Short life spans…decades 

Internalized versus 
externalized 
environmental costs 

Water, wastewater, stormwater 
environmental costs not included in price of 
services 

These costs are internalized and 
environmental impacts documented 

Rainwater as a nuisance 
instead of a resource 

Rainwater seen as a nuisance that needs to 
be conveyed away from source 

Treat rainwater as resource: store and use it 
on site 
 

Solids as solids versus 
solids diluted by water 

Solids are diluted by water at points of use, 
then separated at wastewater treatment 
plants  

Solids in wastewater not diluted by water.  

Use as needed Potable water for all uses Water quality intended for sufficient use* 

5. Respect for energy and natural resources  - The 
conservation principles 

Efficient use of water Standard water fixtures Efficient water fixtures 
6. Respect for process - The holistic thinking principle Integrated versus separate Separate water, wastewater, and stormwater 

infrastructures  
Integrated design at each site or 
neighborhood 
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Homework Problems 
Homework Problem 1 (Solutions not included): 
 

1.  Contact facilities and construction or plant operations to obtain monthly water 
use data for the building your department is located in. Use the data from 
Nitschke Building at the University of Toledo main campus if you cannot obtain 
your own data ahead of time.  

Date  CCF Cost ($) 

July 2006  531 1954.5 
August 2006 451 1696.9 

September 2006  0 0 
October 2006  878 3316.44 

November 2006  0 0 
December 2006 1,243 4497.51 
January 2007 0 0 
February 2007  417 967.07 
March 2007 298 1197.98 
April 2007 390 1600.47 
May 2007 387 1584.53 
June 2007 755 2938.81 
July 2007 799 3065.91 

August 2007  1,295 4808.78 
CCF = centum cubic feet or one hundred cubic feet (1centum = 100) 
 
2. Calculate the annual cost of water use in Nitschke Building. Input this 

information in EIO-LCA to estimate the total energy consumption associated with 
this use. 

 
Here are the steps to follow for this exercise: 
1. Goto www.eiolca.net 
2. Read about the model and go through the tutorial 
3. Go to “use the model” and type “water” in the search box. 
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4. Select “water, sewage, and other systems’ sector. 
5. Read about the sector by clicking on “show” 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
6. Select ‘energy’ and ‘greenhouse gases’ 
7. Run the model for the appropriate amount of dollars. 
8. Report the total energy and the mass of CO2 (GWP) released associated with 

this water use. You will be reading the top row. 
9. Instructor should discuss limitations of this approach. 
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Homework Problem 2 
Learning Objectives for this problem: 
Find a specific piece of information online. 
Briefly discuss the extent of water-related data available online.  
Explain to a high school student what kind of water-related data is collected in the US by 
which agency. 
Analyze online collected data to answer a specific question. 
 
 
Large uses of water are grouped in six categories by the USGS; public supply, industrial, 
irrigation, thermoelectric, domestic, mining, agriculture, and livestock.  

a) What are the percentages of water use in each one of these categories in the US? 
Prepare a table that shows the total amount of water used in each category in the 
US and the corresponding percentage. In the table also report the total amount of 
water used in the US. Use the most recent data available (year 2000 is OK). 

 
b) How do the total water use percentages for the six categories in the US compare to 

the percentages in Ohio (or your state)? Present a bar graph to support your answer to 
this question. 
 
Solution: 
a) Information is available at: http://pubs.usgs.gov/circ/2004/circ1268/htdocs/text-
total.html 
 

 

US 
water 
use 
(million 
gallons 
per day) 

US water 
use 
percentage 

Public Supply 43,300 10.6
Domestic 3,590 0.9
Irrigation 137,000 33.6
Livestock 1,760 0.4
Aquaculture 3,700 0.9
Industrial 19,780 4.8
Mining 3,500 0.9
Thermoelectric 
power 195,500 47.9
Fresh Total 345,000 84.6
Saline Total 62,300 15.3
 408,000 100.0

 
b) Information is available at: 
http://pubs.usgs.gov/circ/2004/circ1268/htdocs/table03.html 
Students need to copy paste and analyze the data. The bar chart shows that Ohio’s 
percentage of water use is similar to the US percentages except for irrigation. 
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Homework Problem 3 
Daily indoor per capita water use in the typical single family home is approximately 70 
gallons based on data presented in Table 4 of this module. Use this information and any 
other relevant information you think you need to estimate the annual indoor per capita 
water use in the US. Compare your findings with the answer you present in Problem 2. 
 
Solution: 
The US population is 302,434,967 according to the Census Bureau 
(http://www.census.gov/population/www/popclockus.html). 
 
Total water use estimate based on Table 4 would be: 
70gal/day*300,000,000 = 21,000,000,000 gal/day = 21,000 million gallons per day 
 
However this number is less than the actual water use in the United States. According to 
USGS (http://pubs.usgs.gov/fs/2005/3051/) 408,000 million gallons per day (Mgal/d) are 
withdrawn in the US (Table 2). 
 
How does the student estimate based on population and household water use compare to 
the USGS data for daily water use in the US? 
 
Students estimated ~ 21 billion gallons per day 
USGS data from year 2000 is: 408 billion gallons per day 
 
Student estimate is 5 % (21/408 = 0.05) of the actual data. The reason for this is that 
household water consumption is only a small fraction of the water use in the US.  This 
rough estimate of 5 % is also within limits of the total ‘domestic’ and ‘public supply’ 
categories  (11+1 = 12 %) reported in Problem 2. 

 
 


