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1. ABSTRACT 

 Across the world, it is becoming increasingly obvious that we must change 

the way we live as human beings. Our population is over seven billion, and the 

natural world simply cannot sustain this large of a population unless we learn to 

live within its means. Buildings, the structures that house us and provide us with 

shelter every day, are responsible for nearly half of the energy consumption 

across the United States (eai.gov, 2008). As cities continue to grow and available 

land diminishes, buildings will only get taller and consume even more energy. 

This energy requires vast amounts of water, so as our population grows, we are 

using more energy and more water, two of the most critical components of 

human prosperity. Renewable and sustainable energy production is now more of 

a reality than ever, especially as people become aware of the impending 

shortage of natural resources. 

I propose to offer a modified renewable energy source in a new 

environment. The use of hydropower turbines for renewable energy generation is 

something common to many places across the globe, but the use of hydropower 

turbines in a building is not. In this paper I propose a system that utilizes 

greywater from high-rise residential buildings to create energy with hydropower 

turbines at the base of the building. Calculations show the system can produce 

energy, but improvements and changes need to be considered for this to be a 

commercially viable renewable energy source. 
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2. INTRODUCTION 

Tucson is located in the southwestern area of the United States in the 

state of Arizona near the United States-Mexico border at approximately 

32°13′18″N 110°55′35″W. Arizona is bordered by California and Nevada to the 

west, Utah to the north, Colorado on the northeast, New Mexico on the east, and 

Mexico on the south. Tucson is known for its arid climate, sprawling Sonoran 

Desert, vibrant Latin-infused roots, and abundance of sunny days.  

Rain is sparse and intermittent, approximating around 11-12 inches per 

year (Yoklic, Riley, Confer, Robinson, Lancaster, Phillips & Kroesen, 2005). The 

citizens have learned to live within their geographic climate’s means and are 

some of the most water conscious individuals in the country (epa.gov, 2016). 

Harnessing concepts such as drought tolerant landscaping, passive and active 

water harvesting features, and many water conservation techniques aided by 

municipal rebates/incentives (Molina, 2010), Tucson is now an inspiring role 

model for water conservation and all around environmental awareness. 

This environmental awareness led me to pursue relevant research and 

ultimately this project, which incorporates water and energy conservation into its 

fundamental roots. 

 

“Water conservation is so important in our region... And when you talk 

about saving water, you’re also talking about saving energy, because it takes 

energy to pump water and it takes energy to treat water. I encourage Tucsonans 

to take the pledge and commit to the many little ways they can save water and 

energy every day. It all adds up - to a brighter, greener, more energy-efficient 

future.” 

Jonathan Rothschild – Mayor of Tucson, Arizona 
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3. THE ARID SOUTHWESTERN UNITED STATES 

Since the existence of mankind, water has been one of the most essential 

components of human life. It is vital for basic human health, essential in cooling 

the body, lubricating joints, circulating nutrients throughout the bloodstream, and 

a variety of other processes. Early colonists of the Southwest settled near bodies 

of water and rivers as sources of hydration, food, agriculture, and comfort 

(Maddock and Hines, 1995). In Arizona, this was exemplified by missionaries and 

Native Americans who settled in areas of Phoenix around the Salt and Verde 

rivers and also in Tucson around the Santa Cruz River (Maddock and Hines, 

1995). Today, in addition to basic human needs, populations utilize water as a 

component to many other uses including, but not limited to, thermoelectric energy 

production, agriculture, industry, mining, and to serve the general public for a 

variety of commercial and residential needs.  

As populations have surpassed seven billion people, it has become 

apparent that the earth’s resources and supplies, including water, are finite 

resources. Humanity, as a majority, is finally beginning to accept the problems 

they have created for themselves while identifying water shortage as an obstacle 

that will have to be dealt with. The human population has continued growing at 

unprecedented rates and a plethora of associated problems have become 

apparent. A combination of fossil fuel combustion as our primary source of 

energy and extreme inefficiencies in energy derivation has led to an 

Anthropocene, or human-induced change across the globe. Greenhouse gases 

including methane and carbon dioxide have contributed to a scientifically proven 

human-induced climate change (Krotz, 2015). 30 weather stations across the 

United States have recorded an increase of temperatures above 90 degrees 

Fahrenheit by 25% in the past 20 years (James, 2014). “Continuous population 

growth, rising standards of living, climate change, industrialization, agriculture, 

and urbanization has resulted in water becoming a limited resource” (Singh, 

2008). The International Union for Conservation of Nature (IUCN) (2006) has 
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estimated between two and seven billion people will face water shortages by 

2050, and even today 20% of the world’s population is facing serious water 

shortages. Climate change will result in less snowfall and less precipitation 

across the western United States (Garrison, Kloss, and Lukes, 2011). Experts at 

NASA have used climate models to predict that precipitation will drop 20-25% 

across the Southwest by the end of the century, even with decreased emissions 

(Lindsey, 2014). Water expert Peter Gleick says “We’re past the point of ‘peak 

water’ in the western U.S. We overdraft our groundwater, we take too much from 

our rivers and streams, and so, even without climate change, part of the answer 

is changing the way we manage the system, improving especially the efficiency 

of our water use” (James, 2014).  

Experts estimate that this is the worst drought to hit this area within the 

past 1200 years (James, 2014). As the climate gets hotter, droughts are 

expected to intensify, extend in duration, and increase in frequency (James, 

2014; Lindsey, 2014). Already California faces some of the worst droughts ever 

recorded. The face potential shortages to tap water supplies foreseeable in the 

near future and NASA scientists predict a reservoir capacity of about a year left if 

droughts continue (Rice, 2015). This drought directly impacts the Colorado River 

which feeds into subsequent Lake Powell, Lake Mead, and Lake Havasu, all of 

which are sources of water and energy for lower states including California, 

Nevada, Arizona, New Mexico, and Colorado that have less abundant availability 

of water sources. Lake Powell at the top of the reservoir series was expected to 

be at about 51% capacity at the end of 2014 (Lindsey, 2014). Lake Mead was 

59% empty as of 2010 (Walton, 2010), and according to researchers, was 

dropping about a foot a week during observations in 2014 (James, 2014). 

Building upon this problem, the American West began to develop their 

technology and the ways they control and use water when water supplies were at 

a peak. The creation of new infrastructure such as dams and aqueducts is now 

approaching its limit as populations grow (NRC, 2012). This era, when we 

decided we could control the water as we pleased, was considered to be one of 
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the wettest times in known history (Arvidson, 2013) and populations weren’t 

prepared for a drier, more arid climate. When speaking of water sources, it is 

imperative to realize that without water most forms of traditional energy 

production would not be possible either. 

 

4. THE WATER-ENERGY NEXUS AND WATER INTENSITY 

When energy is produced, most do not readily think of water as a vital 

component to the process; But without water, we would not have most 

conventional forms of thermoelectric energy (Modeer, 2010). Thermoelectric 

energy turns heat into electricity and uses water in both the production of energy 

and necessary cooling systems.  

In coal power plants, coal is burned to heat water into steam, which then 

drives turbines to spin and create energy, and finally the steam is condensed in a 

condenser that also utilizes millions of gallons of cool water within the condenser 

(duke-energy.com). These power plants power a larger proportion of cities across 

the United States, including Tucson. Nuclear power plants work in almost the 

same way as coal power plants, except their source of heat is through the 

splitting of uranium atoms instead of the combustion of coal (duke-energy.com). 

In the end, both forms of power generation still require water boiled into steam to 

spin turbines, and cooling water to condense the steam at the end. Hydroelectric 

energy is different in that it uses falling water and gravity to spin turbines so water 

is not consumed directly. Indirectly though, water is lost to evaporation in the 

reservoirs where it sits until it is allowed to pass through the dam turbines that it 

uses to create energy.  

In Phoenix, the Palo Verde, Redhawk, and Kyrene power plants use an 

estimated 63 million gallons [of water] per day (MGD) for operation and thermal 

control (Arroyo, 2010). Pasqualetti and Kelley, researchers from ASU, calculated 

water use to create energy and found that 510 gallons of water are required per 

Megawatt-hour (gal/MWh) of coal energy, 785 gal/MWh for nuclear energy, 415 
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gal/MWh for natural gas, and an exorbitant 30,078 gal/MWh for hydroelectric 

energy due to high evaporation in some of the arid areas it is utilized in (Arroyo, 

2010). In the Southwest alone, it is estimated that 4.6 billion gallons per day 

(BGD), evaporate from reservoirs that power many hydroelectric sources 

(Maddock and Hines, 1995). Some could argue that the rivers that feed 

hydroelectric dams evaporated prior to the construction of the infrastructure, but 

research has shown that the unrestricted Colorado River had an average 

evaporation of about 3.2 percent of what it currently evaporates in its current, 

man-made reservoirs that power the Glen Canyon, Hoover, and Parker Canyon 

Dams (Arroyo, 2010). 

Reciprocally, not only does creating energy require vast amounts of water, 

moving water requires huge amounts of energy. It is estimated that about 75-

80% of the cost of water is for energy related expenses (Garrison, Kloss, and 

Lukes, 2011; Arroyo, 2010) and around 80% of water expended energy is used 

to move water from place to place (Liner, Henderson, Rafalko, Cavagnaro, and 

Gierlach, 2013; Snyder, 2014). Directly related to the huge expenditure of energy 

necessary, 45 million tons of carbon dioxide are put into the air from the water 

sector each year (Garrison, Kloss, and Lukes, 2011). These energy expenditures 

mostly come from the transportation of water from its source, to the public water 

supply plant, to the user, then to the wastewater plant, and finally to its final 

destination, which could be some sort of settling basin, body of water, or back to 

users as a source of reclaimed water. Nationally, the EPA estimates around four 

percent (75 billion kWh) of the nation’s energy is used on drinking and 

wastewater services throughout each year (Liner, Henderson, Rafalko, 

Cavagnaro, and Gierlach, 2013; Snyder, 2014) and seven percent of worldwide 

energy is used for the same purposes (Snyder, 2014).  

In the Southwest, renewable water supplies are about 2.3 percent, or a 

negligible fraction of the nation’s supply (Maddock and Hines, 1995). For this 

reason water is generally extracted from aquifers, a 30% more energy intensive 

process than surface water use (Snyder, 2014; Arroyo, 2010), or water is 
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imported to the area. Water importation in the Southwest demonstrates an 

excellent example of the energy required to move water. The Central Arizona 

Project (CAP), pumps water from Lake Havasu across the desert 336 miles and 

3000 feet for agricultural irrigation, cities, towns, private industry, and Native 

American communities in Arizona (Modeer, 2010). In 2009, it was recorded that 

the CAP used 2.8 million MWh to deliver 1.6 million acre-feet of water (Modeer, 

2010). This is more relevant when given the average yearly household 

consumption in the United States is 10,908 kilowatt hours (kWh) (eia.gov, 2015), 

which means that the energy used moving Arizona’s largest source of water 

could have powered 256,692 homes for one year. When compared to other 

sources of water, the CAP had an energy intensity (how much energy to move a 

certain amount of water) of 9.8kWh per kilogallon (kWh/kgal), while pumping 

groundwater out of aquifers for nearby cities such as Patagonia and Benson had 

a water intensity of 1.4 kWh/kgal and 3.1 kWh/kgal respectively, and the most 

efficient desalination plants (one of the most energy intensive water treatment 

processes) in California have a water intensity of about 12 kWh/kgal (Arroyo, 

2010) 
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Processing water and wastewater is also a relatively energy intensive 

process. Treating water and wastewater isn’t nearly as intensive as pumping it 

around to different areas, but it still adds up given the total volume each day. In 

2013, 92,534 acre-feet, or 30.1 million kgal, were pumped to metered 

connections around the city and another 12,000 acre-feet, or 3.9 million kgal, 

were pumped to reclaimed water customers (tucson.az.gov, 2015). In Tucson, 

treating drinking water from relatively decent sources requires a fraction of a kWh 

per kgal, but treating wastewater requires about one kWh per kgal (Snyder, 

2014). So at least 3.9 million kWh (remember, the average household consumes 

10,908 kWh per year) were expended for just reclaimed water treatment alone 

that year. This isn’t even accounting drinking water, or the rest (and majority) of 

the treated wastewater that is dispelled into infiltration basins around the city. 

Further elaborating on this point, rural areas face even higher energy intensities 

for wastewater treatment. Benson and Patagonia have water treatment 

intensities of 7.3 kWh/kgal and 13.5 kWh/kgal respectively (Arroyo, 2010). 

Treatments for drinking and wastewater include different processes depending 

on the water plants, but can vary from chlorination, ozonation, reverse osmosis, 

UV treatment, and others for drinking water and a variety of systems including, 

but not limited to bioreactors, activated sludge, and aerobic/anaerobic digesters 

for wastewaters. Given that chlorine, the most widely utilized and lowest energy 

usage disinfectant, will eventually be phased out due to increasing links to 

cancer, water treatment energy is only expected to increase (Snyder, 2014). 

Also, by 2050, it is expected that wastewater treatments will require 50% more 

energy due to more aggressive and stringent requirements (Snyder, 2014). 

 

5. HIGH-RISE BUILDINGS AS A SUSTAINABLE SOLUTION 

 As cities continue to grow and populations continue to increase, a logical 

way to coexist with nature and not cover every inch of available land with houses, 

strip malls, and parking lots is to build up and create tall buildings such as high-
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rises. High-rise buildings are defined as buildings that are higher than the reach 

of traditional fire-fighting methods. In numerical terms, this is about 75 feet from 

the ground level where the fire department vehicle would park to the floor of the 

highest level (Knoke, 2006). In different areas, the term high-rise can be 

applicable to buildings ranging from 40 feet or 150 feet depending on a number 

of local discrepancies (Craighead, 2009). For the sake of this paper, anything 

over 75 feet will be considered a high-rise building. Building up allows more 

people to occupy limited spaces, but it allows for surrounding areas to be utilized 

for things like agriculture, green spaces, or national parks. High urban density, a 

trait common to most high-rise buildings, also allows people to utilize modes of 

transportation that would normally not be feasible over large distances of urban 

sprawl. These include, but are not limited to, biking, walking, buses, subways, 

etc. This reduces congestion in cities from vehicles and also reduces associated 

fuel combustion and greenhouse gas emissions. The majority of bustling cities in 

the world today, such as New York, Hong Kong, Singapore, Tokyo all have high 

concentrations of high-rise buildings (Sarkar, Sharma & Malik, 2014) to allow for 

a denser population to thrive within the city. 

 Unfortunately, high-rise buildings are not found without their vices. Aside 

from lacking the amenities of a single-family residential house such as a yard, 

privacy, and oftentimes much more interior space, these large buildings use an 

incredible amount of energy. These large, modern marvels require lighting, 

cooling, heating, and electricity for everything that runs inside of them. The 

Energy Information Administration (EAI) states that buildings are responsible for 

nearly 50% of total energy consumption across the US, 75% of all electricity 

generation in the US, 38% of all US greenhouse gas emissions, and roughly a 

third of emissions across the world (eia.gov, 2008). 

 These numbers show the staggering amount of energy and water go into 

the buildings that we occupy day in and day out. This problem must be 

addressed if high-rise buildings plan to move forward into a future of sustainable 

development. 
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6. OPTIMIZING HIGH-RISE ENERGY EFFICIENCY 

 In an effort to minimize the amount of energy consumed, before 

considering generating your own energy, efficiency is the logical start to any 

project (Torcellini, Pless, Deru & Crawley, 2006). Supporting conservation before 

energy generation, Torcellini et al. states “it is almost always easier to save 

energy than produce energy.” 

When the built environment comes to mind, a number of improvements 

that can be implemented will aid in reducing the overall energy consumption 

within the building. The first step in implementing efficiency should be to use 

passive energy-saving techniques. Passive energy-saving techniques imply the 

use or control of natural elements such as the sun, shade, and wind to interact 

with the building occupants in a way that promotes comfort instead of discomfort. 

They are simple, low-maintenance systems that work reliably when correctly 

implemented (Blumenfeld, Thumm & Phelps, 2014). Some examples of passive 

energy-saving techniques include installing shading devices, using natural 

ventilation through operable windows, lightly-colored/reflective surfaces that will 

deflect more solar radiation, utilizing a well-insulated envelope that will help keep 

the building at a more comfortable temperature, installing window curtains, or any 

other number of measures that can help mitigate overall energy usage. These 

are often overlooked in the quest for higher-efficiency buildings, but they often 

prove to be the most successful and least costly (Blumenfeld, Thumm & Phelps, 

2014). 

After as many passive energy-saving strategies possible have been 

applied, increasing the efficiency of components within the building is generally 

the next step. Upgrading the lights to LED lights, which is considered one of the 

easiest efficiency upgrades, can have a tremendous boost in energy savings. 

Depending on the type of bulb that is being replaced, energy usage for lighting 

can be reduced by an average of 50-75% by switching to LEDs from older-style 

bulbs, such as incandescent or compact fluorescent (energy.gov). Windows, if 
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single-glazed, can be upgraded to double-glazed. A cheaper alternative is to put 

a low-e film on windows with a lot of solar exposure to reduce internal heat gains 

within the building. Mechanical systems such as the HVAC (heating ventilation 

and air conditioning) systems can be upgraded to higher efficiencies. This can be 

a costly upgrade, so although incredibly effective, the other previously mentioned 

strategies might be considered before. The savings often outweigh the costs 

though. For example the Empire State Building is expected to save nearly 40% 

electricity per year by installing more efficient windows and a HVAC system and 

is expected to save $4.4 million dollars per year (Dailey, 2011). 

Upgrading water delivery booster pumps to more advanced/efficient 

models can have a significant impact. In a study performed by DP pumps in 

Amsterdam, a nine-story residential high-rise building was equipped with a 

different type of booster pump system for a month and a half for six months. After 

four systems were analyzed, the conclusions showed that they consumed 

between 3.48 kWh/kGal to 0.98 kWh/kGal depending on the system used (DP 

Pumps, 2014). When you do some basic calculations, at 18,000 gallons per day, 

for a whole year, the savings are $1,782 (considering a charge of $0.11/kWh 

which is standard in Tucson) from the least efficient to the most efficient system. 

In addition to choosing more efficient booster pumps, simply designing 

water distribution systems for high-rise buildings more logically can reduce the 

energy consumed (DP Pumps, 2014; Norgaard and Nielsen). There are 

countless ways to create a water distribution system, many of which depend 

upon a number of things from available municipal water pressure, space 

requirements, funds available, occupant needs, building designer, building 

owner, engineer, consideration of energy efficiency, et cetera (Megri, 2011).  

Variation within water distribution systems can be found in different 

arrangements of the three main components. These three components include 

booster pumps, a water tank(s), and pressure-reducing valves. Note that in every 

situation booster pumps are required, but a water tank and pressure reducing 

valves are not fundamentally required. Pressure reducing valves are only used 



Steven G. Santillan ARC 910 - Spring 2016  16 

when systems are designed less-than-optimally and need to reduce the water 

pressure in certain areas. Many consider these valves as “energy wasting 

valves” (Beveridge, 2007; Norgaard and Nielsen) and it is easy to understand 

why. Their main purpose is to dampen the force of water in overpowered systems 

that lack efficient set-ups. In ideal situations, a water distribution system is set up 

without these pressure reducing valves.  

Water tanks are used for a number of reasons. Sometimes they are 

placed on top of the building and filled during non-peak electrical rate hours to be 

gravity fed to the building when electricity rates go up. Rooftop tanks also have 

the benefit of not relying on electricity to get their water to its usage point so in 

the event of a power-outage, building occupants still have access to water 

(Norgaard and Nielsen). Water tanks can also be installed at a point right after 

the water source inserts the building and before it is distributed to upper floors. 

This is done so that the tank can fill with the municipal water pressure, but in 

events of high-usage, risk of inadequate municipal supply is not an issue 

(Norgaard and Nielsen). Water tanks do not come without their disadvantages 

though; they require maintenance and cleaning to prevent bacteria from growing, 

and they take up valuable space within the building (Norgaard and Nielsen). 

In terms of optimal energy efficiency, as seen from the theoretical case 

study of Norgaard and Nielsen, a system that had intermediate water break tanks 

spaced throughout the floors with accompanying booster pumps that supplied 

pressure to that floor and the floors above until the next break tank/booster 

combo would be the best. This is not only costly, but it requires more 

maintenance and takes up valuable real estate on floors that can generate 

revenue so this is not a feasible option for most. 

Another option in reducing energy use that may not be as obvious is to 

reduce the amount of water that is needed in the building, thus reducing the 

amount of energy to elevate the water. This can be achieved in two ways: wise 

and efficient water use habits by occupants and/or by implementing water 

conservation techniques and fixtures within a property. Wise water use by 
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residents is an effective strategy to reduce water usage when the residents are 

committed, but it is often difficult to monitor and ultimately enforce. Examples 

include taking a long hot shower after waking up on a cold morning, leaving the 

water running while doing the dishes or brushing teeth, or taking a bath instead of 

a shower. There are so many variables to try to control amongst so many 

different types of people that this type of option is often unrealistic, especially in a 

large building. 

A more realistic approach to water conservation may be the use of water 

efficient fixtures. This includes toilets, faucets, showers, etc. This approach is an 

effective approach, especially since many municipalities offer incentives such as 

rebates to utilize such devices. Simple things like installing an aerator into an old 

faucet can save 30% water with no deterioration in performance (epa.gov, 2016). 

Most buildings built after 1994 will generally have water efficient fixtures installed 

but granted that many high-rise buildings that are standing today are older (pre-

1994) buildings with outdated, less-efficient fixtures, this should always be a 

starting point to reduce water and energy use (ncsl.org, 2015). In the end, water 

efficient fixtures will only be that, efficient. At the end of the day there will still be 

water and energy needed no matter how efficient the fixtures and appliances are. 

This is why it is important for renewable energy sources to be implemented. 

 

7. UTILIZING RENEWABLE ENERGY SOURCES TO GENERATE 

ELECTRICITY 

After efficiency has been optimized, it is time to start thinking about ways 

to reverse the energy deficit by feeding energy back into the energy grid that 

powers the building. Most conventional forms of thermoelectric energy that power 

these systems require huge facilities with steam-powered turbines (duke-

energy.com, 2010). This is very energy intensive in itself usually requiring coal, 

natural gas, or uranium to power (duke-energy.com, 2010), which implies this 

solution is not sustainable due to constant requirements of water and finite 
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resources. Therefore, creating energy by non-thermoelectric energy generation 

means in high-rise buildings is the ideal path. Ideally, a net-zero energy solution 

should be implemented. A net-zero energy solution implies that the building 

produces at least as much energy as it consumes throughout the entire year by 

means of on-site renewable energy generation (Torcellini et al, 2006). This is 

ideal, but the larger the building, the more energy is necessary to power the 

internal processes. So, in essence, high-rise buildings are more difficult to make 

net-zero than a smaller building or residence, and the higher the high-rise is, the 

more difficult it will be to achieve net-zero.  

To create renewable-energy in buildings, a number of renewable energy 

sources are available to buildings today. Renewable energy sources are defined 

as energy sources that are naturally replenished on a human timescale 

(Ellabban, Abu-Rub & Blaabjerg, 2014). Photovoltaic (PV) systems and wind 

turbines are the most commercially feasible ways to implement renewable energy 

on-site. Most people choose PV systems since they are easy to purchase and 

have installed. They also have the benefit of being relatively efficient energy 

providers and are low maintenance. Wind turbines are an established technology 

as well, but create noise are are more difficult to implement given their height 

requirements. In addition, these existing, well-established technologies have low 

efficiencies. PV systems have improved efficiency over time (up past 40% in 

research labs) but are still only commercially able to capture between 11-20% of 

the total solar radiation they make use of (nrel.gov, 2016) and wind turbines can 

achieve ideally 40% efficiency (at optimum conditions) of the total kinetic wind 

energy they are utilizing (Grogg, 2005). Perhaps their biggest downfall is the fact 

that they are reliant upon sources that are intermittent. The sun only shines 

approximately half the time and the wind is so intermittent, especially with climate 

change, that while they are viable sources of energy, they are not always reliable.  

Human civilization has become so dependent on energy, that disruption of 

energy sources is unacceptable. In order to supplement the possible sources of 

renewable energy and add to the theoretical “toolbox” of renewable energy 
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choices I have chosen to explore something new with a potentially untapped 

energy source in a smaller, more local environment: the building itself. The 

purpose of this research is to figure out a way to create energy by using the 

water within the building after it has satisfied its primary objective of occupant 

consumption. 

 

WATER AS A SOURCE OF RENEWABLE ENERGY 
 

Today there are multiple ways to create renewable energy from water. In 

particular three types of renewable energy come to mind when we consider using 

water as the source of energy. These include, but are not limited to: algae 

cultivation, polymer electrolyte membrane electrolysis, and hydropower turbines. 

Algae energy is a type of biofuel, similar to corn and sugarcane, and it has 

been around for many decades. Recently researchers have been attempting to 

commercialize the technology by making it economically viable and easier to 

maintain. The basic principles encompass growing algae, which can range from 

a broad spectrum of species depending on a number of variables, in an aquatic 

system filled with water, nutrients (phosphorus, carbon dioxide, and potassium), 

and sunlight (Edwards, 2010). The algae can reproduce at impressive speeds of 

10 to 100 times as fast as traditional biofuel sources (depending on grow 

conditions and other variables). One of the most prevalent problems with this 

technology is that the photobioreactors, or cultivation tanks in which the algae 

would be grown in a building, are difficult to maintain and costly to implement 

(Christi, 2007). After the algae is grown, it must also be processed, another step 

that is not optimized due to lack of research (Christi, 2014). Finally, after 

cultivation and processing, algae must be combusted like other biofuels. The first 

and most recent example of algae being used in a building is the BIQ building in 

Hamburg, Germany by Arup Engineering. Photobioreactors are aligned in panels 

as a façade-like structure where the algae are grown in plain sight. As the algae 
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grow and fill the photobioreactors, the panels have the additional benefit of 

creating shade for the building. 

 
FIGURE 1 - THE BIQ BUILDING IN HAMBURG BY ARUP ENGINEERING USING ALGAE ON ITS 
FACADE AS A RENEWABLE ENERGY SOURCE 
SOURCE: HTTPS://UPLOAD.WIKIMEDIA.ORG/WIKIPEDIA/COMMONS/B/B6/IBA_HAMBURG_BIQ_(2).NNW.JPG 
 

Polymer electrolyte membrane electrolysis is a complex name for a type of 

fuel cell. Instead of creating water from hydrogen and oxygen in order to get an 

h+ cation, polymer electrolyte membrane electrolysis devices break down water 

and extract h+ cations while creating hydrogen and oxygen as their bi-products 

(Tsiplakides, 2012). The technology has been used in buildings such as the Phi 

Suea House in Thailand and works well (Wang, 2016) but needs further research 

to bring the costs of components, maintenance, and manufacturing down to be 

more accessible for a larger population.  

The final source of renewable energy that utilizes water is that of 

hydropower turbines. Hydropower turbines are placed in areas that have flowing 
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water over differences in elevations. Different installations can be found in a 

variety of situations around the world, from massive power-generating facilities 

like that of Hoover Dam on the Arizona-Nevada border to small micro-

hydropower operations found in third world countries. Often they can be found 

with efficiencies as high as 90% (Lund, 2014) but require a large volume of water 

to be flowing and the water must be elevated to be useful. Larger scale 

hydropower operations also have the major drawback of disrupting ecosystems 

since they stop the flow of their body of water to create large reservoirs (Lund, 

2014). 

 

CHOOSING TURBINES TO GENERATE ENERGY IN A HIGH-RISE 
 

The potential for hydropower in high-rise buildings seems to be 

underutilized, if utilized at all. There is both flow and difference in elevation of the 

water within the building. One of the most basic equations of fundamental 

physics states: 

 

  Potential Energy (PE) = Mass (m) x Height (h) x Gravitational Acceleration (g) 

 

Hence in a situation where we have the mass of water, height of the high-

rise, and the constant force of gravity that surrounds us every day, there is a 

potential source of energy that we are not utilizing. Both the water and the energy 

to run the booster pumps are already paid for, so not taking advantage of this 

untapped fuel source seems wasteful and inefficient. 

 Additionally, hydropower energy generation seem to be one of the most 

efficient forms of renewable power generation. Depending on the type of turbine 

utilized and the conditions, turbines generally range from 70-90% efficiency 

(Lund, 2014). This is incredible for a renewable energy source, especially when 
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you consider that photovoltaic systems, one of the leading renewable energy 

sources, have a maximum efficiency of around 11-20% (nrel.gov, 2016). 

 

TYPES OF HYDROPOWER TURBINES 
 

 Research was conducted in an effort to understand what kind of 

hydropower turbines existed and which were best suited for the task of creating 

energy in a high-rise building. As mentioned before, hydropower turbines create 

energy based on two factors: the head, which is a term used to describe the 

elevation between the water source and the turbine, and the volumetric flow rate, 

which is how much water flows through a certain point in a certain amount of 

time. Given these two requirements, two overarching categories of turbines have 

been developed by experts to satisfy different situations in head and volumetric 

flow rate. 

 The two turbine categories that most water-powered turbines fall into are 

impulse and reaction turbines. Impulse turbines usually have water that is 

sprayed out of a nozzle in order to hit a bucket or blade. The kinetic energy of the 

water is transferred to the blade, which in turn, spins the runner. Impulse turbines 

are generally suited for low flow and high head applications but some work well 

with higher flow and lower heads (energy.gov). The two most known impulse 

turbines are the Pelton turbine and cross-flow turbine. Considering that both of 

these turbines are better for low flow and high head, the Pelton is more suited for 

higher heads and lower flows than the cross-flow. There are other types of 

impulse turbines other than the Pelton and cross-flow turbines, such as the Turgo 

turbine, which is a modified Pelton turbine, but for the purpose of this research no 

more background info is necessary. 

Reaction turbines are generally suited for low head and high flow 

applications. Opposite of impulse turbines, which stop the water and in essence 

steal its energy, reaction turbines work with the pressure of the water and utilize 
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the motion of the water to spin the turbine (energy.gov). They work in much the 

same way an airplane wing generates lift in the air, but the reaction turbines 

generate lift as the water flows around the individual turbine blades/vanes. There 

are a variety of reaction turbines also, but the most popular are the Francis and 

Kaplan turbine. The Francis turbine is the most powerful type of turbine and 

suited for high head and high flow applications. This is what some of the largest 

hydropower plants in the world run off of, e.g. Hoover Dam. A high head and high 

flow rate imply the greatest power output. The Kaplan turbine also utilizes a high 

flow but a lower head than the Francis, thus these types of turbines are generally 

not as powerful. 

The chart below shows these four most common types of hydro turbines 

plotted against head vs flow. 

     
FIGURE 2 - DIFFERENT TYPES OF TURBINES AND THEIR EFFECTIVE RANGES AMONGST 
HEAD (H) AND FLOW RATE (Q) 
ORIGINAL DIAGRAM FROM: HTTP://WWW.TRIDENTES.COM/ENERGY/EN/TURBINES.HTML 
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For the purpose of this project, I chose to use a Pelton turbine. As 

mentioned before, the Pelton turbine is best suited for applications in which there 

is a low-flow rate and high head. In a high-rise building, where there is a large 

difference in elevation and a relatively small flow rate, a Pelton turbine seems like 

the wisest choice. 

 

8. WATER USE IN A RESIDENTIAL HIGH-RISE 

 Water use per capita is a very fickle figure, and in trying to find a figure for 

water use for an average person per day, it is clear it simply depends on a variety 

of factors. Geography, type of building, type of residence, demographic, 

education level, etc. are all contributing factors to how much water is used by a 

person in a day, or for terms of this paper, how many gallons per capita day 

(GPCD). 

 In Tucson, Arizona, for example, where this prototype is modeled, the 

residential GPCD can vary from 96 GPCD for a single-family residence situation 

(Molina, 2010), or 88 GPCD for all Tucsonans in general (City of Tucson, 2016). 

Then the average across the country is estimated to be around 100 GPCD 

(epa.gov, 2016). Unfortunately none of those sources were modeled after high-

rise usage, which is probably much different. In one journal article by students 

from India who were doing a similar project, a claimed 171 liters (45.2 gallons) is 

required per capita day in an urban setting (Sarkar et al., 2014). Further 

supporting this claim of variability, a study done by Arizona State University 

reports that an average of 715 liters (188.9 gallons) per apartment per day is 

average for multifamily housing in Tempe, Arizona (Wentz, Wills, Kim, Myint, 

Gober & Bailing Jr., 2013). 

 Given the study by Wentz et al., an apartment in a two or three story 

complex is not necessarily the same as an apartment in a high-rise, but it is likely 

the numbers are similar. Since the study was done in Tempe, Arizona, a 

neighboring city to Tucson, Arizona, their figures are probably similar due to 
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proximity, geography, climate, culture, etc. For these reasons I am going to use 

Wentz et al.’s results of 188.9 gallons per day per apartment as a basis for water 

consumption in a high-rise building. I realize that this does not give us a per 

capita day figure, but for the prototype established in the next section an 

apartment water use average will suffice. 

 As water makes its way into high-rise buildings, it only makes sense that 

most of it comes out after it has been used. A small fraction of this water is 

consumed by the occupants for drinking water or cooking, but most is used in 

day-to-day activities such as showering, flushing toilets, washing hands, washing 

dishes, or washing clothes. After it is used it is directed into drains, out of the 

apartment, down the building, into sewers, and back to wastewater treatment 

plants where it is treated and released back into the environment to repeat its 

hydrologic cycle. Instead of letting that water leave the building though, it’s time 

high-rise buildings started making use of some of their wastewater which isn’t 

exactly “waste.” If anything, the only thing that’s wasteful is the fact that we’re 

letting it go down the drains when it could serve other useful applications. 

 The most easily employed wastewater is greywater. “Greywater can 

broadly be defined as all wastewater generated from domestic and commercial 

buildings, excluding that produced form toilets and urinals” (Alaziz & Al-Saqer, 

2014). Toilet and urinal water, also known as black water, can be utilized after 

proper treatment, but is generally a much more extensive, difficult, and costly 

process to prepare it up to non-hazardous standards afterwards. Other sources 

of water such as the water that comes from the kitchen sink and the water that 

comes from the washing machine is considered to be of a more contaminated 

caliber of greywater, or “dark greywater” if you will. Different estimates arise on 

how much water can be utilized as greywater from these sources and depending 

on if you utilize dark greywater. In the research paper by Sarkar et al., 76% of the 

total wastewater is expected to be usable greywater, but given that their paper is 

based of India, I decided to look for other sources to estimate how much 

greywater is produced. 
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 In a presentation given by Fernando Molina (Molina, 2010), the Public 

Information/Conservation Officer for Tucson Water, a detailed breakdown of 

water use for different sectors in Tucson, the city this prototype is based on, was 

presented. His information states that multi-family use consists of 26% outdoor 

usage, 17% for toilet flushing, 12% for showering, 13% for faucets, 12% for 

washers, 10% for leaks, and 10% for “other.” See figure 3 for a visual 

representation. 

 Considering this project is based on a multi-family dwelling in Tucson, this 

seems about as close as I could find. The only differences I considered are that 

there is little to no outdoor use in a high-rise (or at least usage that pertains to a 

single apartment) and any leaks would ideally be fixed rapidly in a high-rise that 

is focusing on efficiency and sustainability. So for my numbers I omitted these 

categories for redistributed the percentages. The new percentages come to be 

26% for toilet flushing, 19% for showering, 20% for faucets, 19% for washers, 

and 16% for other (see figure 3). I’m not sure what the “other” category 

encompassed, but I’m going to assume a number nearly as large as “showering” 

and “washers” per day is usable water in the greywater scheme. Finally, when 

these categories are added up with the exception of the toilet water, you come to 

74% usable wastewater as a viable source of greywater in a Tucson-based 

residential high-rise apartment while using dark greywater sources. 

               
FIGURE 3 - MOLINA'S WATER USAGE (LEFT) AND THE REDISTRIBUTED PERCENTAGES 
AFTER OMITTING OUTDOOR USAGE AND LEAKS (RIGHT) 
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 When this is applied to the 188.9 gallons per apartment presented by 

Wentz et al., you come up with a figure of 139.8 gallons per apartment per day 

that is usable greywater. This will be the basis for our water allotment in the next 

section. 

 

9. A PROTOTYPE FOR CREATING ENERGY IN A RESIDENTIAL 

HIGH-RISE BY COUPLING GREYWATER AND HYDROELECTRIC 

POWER 

 In this section a detailed overview of background specifics will be given, 

how my prototype will work will be demonstrated, and its components will be 

presented. 

As mentioned before, the prototype is modeled to perform with variables 

that are derived from the geographic location of Tucson, Arizona. This directly 

influenced amount of water available, sizing of the building, sizing of the 

components, and other design considerations. 

  I began my prototype with the basic building design. This high-rise 

building is 110,000 square feet, 11 stories tall (10,000 square feet/floor), has a 

lobby at the bottom, and ten stories of residential apartments above. Each 

residential floor is broken up into ten apartments, five units of which are two 

bedroom apartments (750 square feet), and five of which are three bedroom 

apartments (1000 square feet), for a total of 10 apartments per floor, or 100 

apartments in the entire building. I chose to use multiples of ten for simplicity and 

to help minimize any errors. There is an assumed average of 2.25 people per 

apartment given variety of size, theoretical amount of people that reside in each 

apartment, and economic preferences. This means there are an assumed 22.5 

residents per floor, or 225 people in the building, not including people that work 

there or visitors. 
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 Considering that an average of 188.9 gallons per apartment is necessary, 

and there are 100 apartments total, water use for the building per day is 18,890 

gallons, not including water usage in the lobby and for exterior purposes. The 

lobby’s water use was not accounted for since water usage for the lobby is 

different than a residential application. Lobby water use implies there will be no 

showers, kitchen, laundry water, etc., so to take into account that water would 

require a different figure for amount of greywater that is potentially created from 

the wastewater. Therefore if you multiply the total daily water use of the building’s 

apartments by the percentage of greywater available in residential wastewater 

that was found in section 8 above (74%), you get 13,979 gallons of greywater per 

day. 

 As for energy use, Energy Star’s Portfolio Manager (Energy Star, 2016) 

states that the mean site Energy Use Intensity (EUI), or how much energy per 

square foot per year is used, for a multi-family residential unit in the United States 

is 78.8 kBtu per square foot. When converted to kW (divide kBtu by 3.412 to get 

kW), we get 23.1 kW per square foot per year. Given that we explained the 

importance of first creating an efficient building prior to putting renewable energy 

into it by means of passive and active energy saving techniques, we can expect 

that our EUI will be much less than the national mean EUI. When implementing 

these energy saving means effectively it is not uncommon to see EUI drop by 

nearly 50% (Katz, 2012). For example, the Empire State building reached almost 

a 40% reduction in energy usage by replacing its old windows and HVAC system 

with efficient, newer technology (Dailey, 2011). Potential for more than 50% 

savings are possible as well, but for this project we will say that a 50% reduction 

in EUI has been achieved by both passive and active energy conserving 

measures. Therefore our energy efficient EUI is 11.55 kW per square foot per 

year. In order to get this to more a understandable number we will multiply this 

EUI by the square footage of the prototype building (110,000 square feet) and 

then divide it by the days in the year (365) to get an average energy use per day 
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for the whole building. The result is the whole building daily consumption of 3,480 

kW per day. 

 

 

Building	Information	
Located	in	Tucson,	AZ	

11	Stories	(Lobby	at	bottom)	
110,000	sf	total	(10,000	sf/floor)	
10	units	per	floor	(100	total	units)	
50	2br	units	(750sf	each)	
50	3br	units	(1000sf	each)	
2.25	people	per	unit	(avg)	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The following figures will build up my prototype so you can understand 

how it works. Figure 4 below illustrates a normal high-rise building divided into 

two water distribution zones in order to avoid using pressure-reducing valves. 

The water comes in from the left side (1) and then is pumped up to the floors with 

the two red booster pumps. At this point, approximately 18,890 gallons of water 

will enter the building each day to be distributed to the people who reside here. 

Water	Statistics	
188.9	GPD	of	water	per	unit	(avg)	
18,890	Gallons	Water	for	Building/Day	
Appx	13,979	GPD	Greywater	for	
Building/Day	

Energy	Statistics	
	Avg	EUI	(Multi-fam	Res)	 23.1	kWh/sqft/year	

Avg	Use/Day/Bldg	 6,962	kWh/day	
Efficient	EUI	 11.55	kWh/sqft/year	
Efficient	Avg	Use/Day/Bldg	 3,480	kWh/day	
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After the water is used it is discarded through the pipe on the right and allowed to 

drain down, eventually being discarded into the sewer (2). 

 
FIGURE 4 - THE BASIS HIGH-RISE WITH A GENERIC MULTI-ZONE WATER DISTRIBUTION 
SYSTEM 
  

From this point, we add a greywater system as shown (3) in Figure 5. 

Adding a greywater system in a new building is a relatively simple upgrade 

(Alaziz & Al-Saqer, 2014). You would need another vertical downpipe, but the 

connections for fixtures underneath the residential apartments would be the 

same, just connected to another pipe at the end of the floor (see Appendix A). 

Greywater systems are much more difficult if you are trying to retrofit an old 

building since the entire piping system has to be exposed. Thus with my 

prototype it is inferred that it is a new construction high-rise. After the greywater 

is directed out of the floors and into the vertical downpipe it will be sent through a 



Steven G. Santillan ARC 910 - Spring 2016  31 

mixed-media gravity filtration system (4). The filtration system is a mixed-media 

system since the greywater flows through wood chips on the top, medium sized 

gravel next, then coarse sand, followed by a finer sand, then gravel again, and 

then finally larger stones right before the water exits the filter. The filter system 

works by catching the larger contaminants first in the wood chips, and then 

slowly filtering out smaller and smaller contaminants as it reaches the middle, 

finer sand (Alaziz & Al-Saqer, 2014). The water then starts accelerating as it 

passes the finer sand to exit the filter. At this point it exits to a 15,000-gallon 

collection tank underneath the building. Since the expected greywater supply for 

each day is 13,979 gallons per day, I slightly oversized it in order to receive a 

little extra water in the event that greywater supply is higher on a certain day. 

 

 
FIGURE 5 - ADDING A GREYWATER SYSTEM WITH A MIXED-MEDIA GRAVITY FILTRATION 
SYSTEM 
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Figure 6 shows the water being pumped into the Surge Tank (5) at the 

roof of the building. The pump is powered by a photovoltaic (PV) system on the 

roof. The photovoltaic system covers 5,382 square feet (500 square meters) or 

approximately half the roof area. I chose to only cover half the roof so that in the 

event that there is a rooftop deck, pool, or some leisurely area, residents could 

enjoy the sun as well as the shade underneath the photovoltaic array. The total 

energy created with this array is approximately 95kW (pvwatts.nrel.gov). In an 

average day in Tucson, the array will generate 475.75kW of energy (see 

Appendix B for calculations) for the building with around 6.5 hours of usable 

sunlight (pvwatts.nrel.gov). The pump required to deliver the greywater is sized at 

2 horsepower. This size was chosen because the pump works at 40 gallons per 

minute and at that rate it will take 6.25 hours to pump the entire 15,000 gallons in 

the collection tank to the rooftop Surge Tank. So it will take the least amount of 

energy possible by utilizing the maximum amount of solar radiation available per 

day. When 2 horsepower is converted into kilowatts, you get approximately 

1.5kW. Running throughout the 6.25 hours, the pump uses 9.4kW per day, or 

about .63 kWh/kGal, which is more efficient than the other pumps researched by 

DP pumps since it does not have to keep a constant pressure within the system. 

That means the photovoltaic array is providing the building 466.375kW of energy 

per day after the pump has been accounted for. This 466.375kW covers 13.4% of 

the total energy used in the building each day. 

 In addition, the PV array will function as a rainwater catchment surface. At 

5382 square feet, with Tucson’s average 11 inches of rain per year, an average 

of about 38,224 gallons per year can be obtained throughout the entire year 

(Lancaster 2013) (see Appendix B for calculations). During a heavy rain event, 

such as in Tucson’s monsoon season, it is possible to get one to two inches of 

rain and 3185 to 6371 gallons (respectively) can be captured. Theoretically the 

catchment area could be the entire roof as well, but more thought on what would 

be on the roof and the actual area that would serve as the catchment would need 
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to be thought through. Rainwater is generally scarce in Tucson. An average of 

less than an inch per month is likely until Monsoon season where a little over two 

inches is average for July and August (intellicast.com). And when this is 

compared to the amount of water that is being used each day, approximately 

15,000 gallons, it is quite negligible. For this reason, I did not include the water 

available from the water catchment/PV surface in my equations for the final 

product. 

 The Surge Tank will be filled just as the sun goes down each day. From 

there, the Surge Tank will act as the fuel source for the turbine 11 stories below 

it. For the next four hours after sundown, when people are getting home from 

work, when they need the lights on since it is dark out, and when energy usage is 

at one of the peak times for the day, the Surge Tank will be opened up and drain 

the water down the turbine supply pipe to hit the Exhibition Turbine (6) which will 

be displayed in the lobby. The Exhibition Turbine will transfer the kinetic energy 

of the water into an alternating current (AC) generator that will provide electricity 

for the building as the water falls. It will also serve as an educational installation 

within the lobby as people come home from rush hour to see renewable energy 

in action. It will have a placard next to its glass viewing vestibule that explains the 

water-energy nexus, the energy it takes to move water, and reciprocally the 

energy that is available to capture from water. After the water has been drained 

out of the Surge Tank and through the turbine it will be routed outside where it 

can irrigate landscape (7) to create a cool and vibrant microclimate for residents 

to relax in during the hot Tucson summer days. 
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FIGURE 6 - THE GREYWATER IS PUMPED TO THE ROOFTOP SURGE TANK VIA 
PHOTOVOLTAIC POWER AND THEN ALLOWED TO SURGE DOWN TO THE TURBINE DURING 
PEAK ENERGY USE HOURS AND THEN FINALLY FED TO LANDSCAPE AT THE END 
 

10. RESULTS: 

PRELIMINARY EQUATIONS 
 

The three equations I used to size the system were: 

 

 𝑄 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒 = !!"
!
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 𝑡 = 𝑡𝑖𝑚𝑒 𝑤𝑎𝑡𝑒𝑟 𝑓𝑙𝑜𝑤𝑠 = 𝑎!"×
!×!!

.!"!!"#
  

 ℎ = ℎ𝑒𝑎𝑑 =
(!!"× !!!!!! )!(!!"#×

!
!)

!!"!!!"#
  

 
  Where: 

  Q = Volumetric flow rate (calculated – 1.042 gallons/second)  

  VST=Volume of the Surge Tank (15,000 gallons) 

  t = Time it will take for Surge Tank to empty (4 hours) 

  aST = Area of the Surge Tank (113 ft2) 

  H = Height of Surge Tank (17.75 ft) 

  g = Acceleration of gravity (constant = 32.2 ft/s2) 

  aTSP = Area of the Turbine Supply Pipe (calculated - 1.2107 in2) 

h = head (elevation difference between water source and turbine – 

calculated – 109.3768 ft) 

Y = Height from top of Turbine to bottom of Surge Tank (109.625 ft) 

VTSP = Volume of Turbine Supply Pipe (pipe that goes from Surge 

Tank to Turbine – calculated – 36.994 gallons) 

 

The givens were the time it would take the surge tank to empty (4 hours), 

the area and height of the surge tank (found a 15,000 gallon tank available online 

with those dimensions – 17.75ft tall x 113ft2 for the area), the acceleration of 

gravity (32.2ft/s2), the height from the turbine to the bottom of the Surge Tank 

(109.625 ft). 

With these givens I worked out the equations above (see Appendix B) to 

find the volumetric flow rate (1.042 gal/sec) area of the turbine supply pipe 

(1.2107 in2), the head (109.3768 ft), and the volume of the turbine supply pipe 

(36.994 gallons). 
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POWER CREATED BY THE TURBINE 
 

After this I used this equation to get the power produced by the turbine: 

 

 𝑃! = 𝑃𝑜𝑤𝑒𝑟 𝑇𝑢𝑟𝑏𝑖𝑛𝑒 𝐶𝑟𝑒𝑎𝑡𝑒𝑠 = 𝜌×𝑄×𝑔×ℎ×𝑛  

 
 Where: 

 𝜌 = The density of water 

 𝑄 = The volumetric flow rate (found above - 1.042 gallons/second) 

 𝑔 = The acceleration of gravity (32.2 ft/s2) 

 ℎ = head (found above – 109.3768 ft) 

 𝑛 = the efficiency of the turbine (I used .9 for 90%) 

 

 After the equation was solved (Appendix B) I ended up with 27,578.959 

pound*feet2/seconds3. Considering a watt is 1 kg*meter2/seconds3 I converted 

my original result to 1164.4 kg*meter2/seconds3, or 1164.4 watts, or 1.164 kW. 

 

TOTAL ENERGY CREATED WITH THE SYSTEM 
 

 After the power of the turbine is calculated, you must account for losses in 

the generator as well to determine the total energy produced each time the 

turbine is ran. I used the following equations to calculate this: 

 

 𝑃!" = 𝑃𝑜𝑤𝑒𝑟 𝑂𝑢𝑡𝑝𝑢𝑡 𝑎𝑡 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 = 𝑛!"  × 𝑛! × 𝑃!  

 𝐸 = 𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝐶𝑟𝑒𝑎𝑡𝑒𝑑 = 𝑃!"× 𝑡  
  Where: 

  𝑃!" = Power output at the generator (calculated – 1.06 kW) 
  𝑛!" = Gearbox efficiency (assumed .94 ) 

  𝑛!  = Generator efficiency (assumed .97 ) 
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  𝑃! = Power the turbine creates (calculated above – 1.164 kW) 

  𝐸 = Total energy created (calculated – 4.25 kWh) 

  𝑡 = Time turbine runs (4 hours) 
 

 In order to get the actual power produced I had to calculate the power 

output at the generator (1.06 kW) using the gearbox efficiency derived by Sarkar 

et al. (.94), the generator efficiency (.97) which Sarkar et al. also provided, and 

the power created by the turbine that was calculated in the prior section (1.164 

kW) in order to get a result of 1.06 kW. This number is smaller than the power 

created by the turbine but is expected due to efficiency losses along the way. 

 The next step was to find the total energy calculated of the system each 

time the turbine was ran. This was done by multiplying the power output at the 

generator as calculated above (1.06 kW) by the time the turbine would run (4 

hours) for a total energy of 4.25 kWh. 

 

TURBINE DESIGN 
 

 The design and specifics of the turbine itself was something I utilized from 

Sarkar et al. A schematic from their research of it can be found in Appendix C. 
 

11. PRECEDENTS IN USING HYDROPOWER ENERGY 

GENERATION IN BUILDINGS 

 Historically speaking, there are no successful real-life projects that utilize 

hydropower turbines in buildings. There are successful projects in Portland led by 

the start-up Lucid Energy® that use water flowing down hills in water-

transportation pipes to harness otherwise wasted potential and kinetic energy. 

While this is inspiring and relevant, is not the same. Water, in a pipe and flowing 

downhill, behaves differently than water in a pipe that is draining perpendicularly 



Steven G. Santillan ARC 910 - Spring 2016  38 

to the ground. When water comes down a pipe vertically, it “adheres to the pipe’s 

walls, acting much like a sleeve of water with a hollow core of air, all sliding down 

the pipe’s walls” (Connely, 2007). This means that the turbine used in a downhill 

pipe application, where the water flows along the bottom of the pipe, cannot be 

utilized in an application where the water is flowing vertically downward through a 

pipe. The fluid mechanics act differently, thus requiring a different type of turbine 

system, one that is technically not created yet. 

 
FIGURE 7 - EXAMPLES OF DIFFERENCES IN WATER FLOW SITUATIONS IN PIPES 
 

The most parallel project that is being done in real life is in Hong Kong. 

Daryl Ng with the help of Arup engineering (the same firm responsible for the BIQ 

building in Hamburg mentioned earlier), are working towards creating small 

turbines that fit into the freshwater pipes of high-rise buildings. In lieu of using the 

pressure reducing valves, the turbines will effectively reduce the pressure of the 

water while creating energy. While this is an ingenious retrofit solution, especially 

for systems that have these energy wasting, pressure-reducing valves, I find two 

anomalies with this solution. The first conflict of interests is needing a device to 

slow the water to make the system perform acceptably. If the water needs to be 

depressurized for the lower levels of the building to not be over-pressurized, this 

means that extra energy is being used at the booster pumps at the base of the 

building to be able to reach the highest levels of the building. So while these 

turbines are generating energy, they are also making up for the wasted energy in 
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the first place. The second anomaly is that only very small turbines can be used in 

these pipes. Larger hydropower turbines are capable of generating kilowatts of 

power per hour, while these little ones can only create a fraction of that. 

Nevertheless, it is an encouraging project and seems like an excellent way to retrofit 

buildings with not as efficient water distribution systems. I look forward to seeing the 

results in the future. 

In India, a group of three students (Sarkar et al., 2014) conducted research 

on a project incredibly similar to mine. Their prototype differences included the use of 

a larger and higher 20 story building (9 stories taller than mine and with more 

occupants per floor), an elevated greywater surge tank located in the middle of the 

10th floor (instead of on the roof like mine), and overall more water available per day 

to run their turbine system (100 people per floor instead of 22.5 like my design). 

Their system was more productive than mine and produced 6.85 kWh per day since 

there was a larger amount of water to be ran through their turbines and also since 

they did not have to pump the water up to the roof in order to use it. I must give due 

credit to this project because I used their turbine design since our scenarios were 

similar and their research helped me better understand some of the equations that 

are necessary to perform an analysis on power production using a Pelton turbine 

system. 

                                   
FIGURE 8 - SARKAR ET AL.'S PROTOTYPE DESIGN WITH THE SURGE/COLLECTION TANK IN 
THE MIDDLE OF THE BUILDING 
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12. DISCLAIMERS 

 Within my research there were points of uncertainty, which I feel is normal 

in a research quest to develop new knowledge. Listed below are some things that 

I want to make the reader aware of: 

1. In Sarkar et al.’s paper, the figure derived in my calculations for their 

orifice, or point of discharge where the turbine supply pipe sprays the 

water onto the turbine, was the same size as the diameter of the pipe, 

which leads me to believe they did not account for the different sizing of 

the orifice which is usually smaller to create a higher exit velocity for the 

water. This could have impacted some measurements but I do not think it 

would have had a huge impact on the prototype results since it would have 

mostly affected the volume of the turbine supply pipe (which should be 

larger if the orifice is supposed to be smaller), which would in turn change 

the value for the head a very small amount. None of the equations used to 

get the power utilized the velocity at this outlet though, so I’m not sure if 

this will actually impact anything else. Since I was unsure as to how to 

correctly size the orifice of the turbine supply pipe (or if it mattered for that 

case) I used the same technique as Sarkar et al. and the area of my 

turbine supply pipe and orifice were the same. 

2. As mentioned before, I used the turbine design proposed by Sarkar et al. 

(2014). This means that it was not optimized for my exact project, although 

when the specifics of our prototypes are compared for the main variables 

within the equations for determining the results, our projects share many 

similarities such as the head and general turbine setups. I assumed the 

same turbine design will work as well as in their similar prototype. 

3. The turbine size was not accounted for. The equations I used did not 

require any information about the turbine dimensions, which I find odd. 

Maybe the equations used present the optimal results possible, and then it 
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is necessary to design the turbine to optimal standards in order to meet 

the expectations of the equated results. 

4. The greywater filtration system from Alaziz and Al-Saqer (2014) was not 

very specific. It did not state what flow-rates are possible but the paper 

was specific to high-rise buildings so I assumed it was adequate. More 

research needs to be done on greywater filtration systems for high-rise 

buildings. 

5. Some of the equations presented in Sarkar et al. (2014) were slightly 

different from others I was referencing (pumpfundamentals.com), in 

particular when I was researching how to find the power created by the 

turbine (PT). An examination should be performed by someone who is 

more familiar with fluid mechanics and turbine systems. 

 

13. FUTURE RESEARCH 

 The research presented within this paper comes to its own conclusions 

about what can be done using my prototype. In the end, the amount of power that 

could be made each day with my system specifics was relatively low. This only 

means that the system needs to improve to be more effective. Some future 

research paths that would benefit this direction of renewable energy development 

include but are not limited to: 

1. Tucson does not have very tall buildings. This is directly influential in the 

amount of head that can be achieved in a turbine system, which is of the 

most vital components of its energy generation. The average height of a 

high-rise in Tucson is approximately 8-11 floors. In other cities around the 

world, such as Hong Kong, Tokyo, New York, etc., there exist much taller 

structures, and many more of them (Sarkar et al., 2014). It is in the best 

interest of sustainable development to research how much energy 

potential a common building in one of these “taller” cities can generate. 
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2. The turbine used in this prototype, the Pelton turbine, was not created for 

this type of application. While it may be the best suited of our current 

options, it is very likely there is a better turbine that can be developed that 

will make better use of water flow down a vertical pipe. There is also 

another type of Pelton turbine called a Turgo turbine. It is a variation of the 

Pelton turbine and should be looked into as well to see if it can yield higher 

results. 

3. The equation for the power created by the turbine relates density to flow 

rate to the acceleration of gravity to the head to the efficiency of the 

turbine. Density and the acceleration of gravity are constants and cannot 

be modified. The rest can be improved though. For example the head 

mentioned in number 1 above. The flow rate can also be increased 

somehow and/or the efficiency of the turbine can be improved even 

higher. Improvements in either of these will yield better results. 

4. A PV system was implemented within my project as well as the 

hydropower system. Maybe there is a potential to combine renewable 

energy sources that use water as a fuel to get a better output. For 

example, maybe algae could be incorporated with the hydro system 

somehow to produce more energy within the building. 

5. A rainwater catchment system  

  

14. CONCLUSION 

 The total energy produced by the prototype, 4.25 kWh per day, is much 

less than I had hoped for. This is no reason to stop pursuing this source of 

renewable energy. As Sarkar et al. points out, there are plenty of other cities that 

an abundance of much taller buildings than Tucson, Arizona does. Until the 

hydropower technologies are improved for an in-building situation like my 

prototype, it is just possible that Tucson cannot reap the full benefits from this 

sort of technology, much in the same way a geographic location that is cloudy all 
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the time cannot benefit fully from a photovoltaic system. Much more research is 

required for this topic to be fully understood since it is in its infantile stages. Like 

everything else that is related to technology, such as computers, cellphones, or 

vehicles, I have no doubt that this technology will someday be a feasible source 

of energy generation within tall enough buildings. In a time where climate change 

is upon us, fossil fuels are being phased out, and human beings are becoming 

increasingly aware of their environment, a perfect opportunity is presented to add 

another source of sustainable and renewable energy to our options. 
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16. APPENDICES 

APPENDIX A – GREYWATER SYSTEM (ALAZIZ & AL-SAQER, 2014)            

 
FIGURE 9 - GREYWATER PIPING IMPLEMENTATION 

        
FIGURE 10 - A GREYWATER MULTIMEDIA GRAVITY FILTER 
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APPENDIX B – EQUATIONS WORKED OUT 
𝑄 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒 = !!"
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!
= .6208𝑖𝑛  

𝑑!"# = 2𝑟 = 2×.6208𝑖𝑛 = 1.2416𝑖𝑛  
 

ℎ =
(!!"× !!!!!! )!(!!"#×

!
!)

!!"!!!"#
  

ℎ = !",!!!!"# !"#.!"#!" !(!".!!"!"#)(!.!"!!)
!"#$%.!!"!"#

  
ℎ = 109.3768𝑓𝑡  
 
Photovoltaic Performance 
𝑋(𝑘𝑊) = 500𝑚! 5382𝑓𝑡! × !!"

!! ×.19  
𝑋 𝑘𝑊 = 95𝑘𝑊  
Total Energy Produced/Day @ 500m2 = 475.75 kWh 
 
𝑅𝑃 = 𝑅𝑎𝑖𝑛𝑤𝑎𝑡𝑒𝑟 𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 = 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑓𝑡! ×𝑟𝑎𝑖𝑛 𝑖𝑛𝑐ℎ𝑒𝑠 ×
.623×.95  
𝑅𝑃!"!"#!!"#$ = 5382𝑓𝑡!×12×.623×.95 = 38224 𝑔𝑎𝑙𝑙𝑜𝑛𝑠  
𝑅𝑃!!"#!!"#$ = 5382𝑓𝑡!×1×.623×.95 = 3185 𝑔𝑎𝑙𝑙𝑜𝑛𝑠   
𝑅𝑃!!"#!!"#$ = 5382𝑓𝑡!×2×.623×.95 = 6371 𝑔𝑎𝑙𝑙𝑜𝑛𝑠  
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𝑃! = 𝑃𝑜𝑤𝑒𝑟 𝑇𝑢𝑟𝑏𝑖𝑛𝑒 𝐶𝑟𝑒𝑎𝑡𝑒𝑠 = 𝜌×𝑄×𝑔×ℎ×𝑛  
𝑃! =

!.!"!"
!"#

× !.!"#!"#
!

× !".!!"
!!

× !"#.!"#$!"
!

× .!
!

  

𝑃! =
!",!"#.!"!!"∙!"!

!!
× .!"!!"

!"
× .!"#!!

!!"!
= 1164.4 !"∙!

!

!!
= 1164.4𝑊  

𝑃! = 1.164𝑘𝑊  

 
𝑃!" = 𝑃𝑜𝑤𝑒𝑟 𝑂𝑢𝑡𝑝𝑢𝑡 𝑎𝑡 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 = 𝑛!"  × 𝑛! × 𝑃!   
𝑃!" = .94×.97×1.164 = 1.06𝑘𝑊  
 
𝐸 = 𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝐶𝑟𝑒𝑎𝑡𝑒𝑑 = 𝑃!"×𝑡  
𝐸 = 1.06 𝑘𝑊×4 ℎ𝑜𝑢𝑟𝑠 = 4.25 𝑘𝑊ℎ  
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APPENDIX C – PELTON TURBINE SPECIFICS (SARKAR ET AL., 2014)  

 

 


