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ABSTRACT

To fully understand water and energy use within a city, both the
individual use of these resources and their interactions must be observed. An
understanding of this water-energy nexus (WEN) can inform decisions about
reducing the use of either resource and the implications that changes in one
resource have on the other. These decisions can help a city respond to climate
change, demand increases from urbanization, greenhouse gas emission reduction
goals, infrastructure sustainability, and economic cost. This thesis uses data from
various reports on New York City (NYC) to build a quantitative understanding
of the WEN in large cities. The overall flows of water and energy and their
interactions are mapped, and quantitative relationships of embeddedness are
developed. The most significant interaction of water and energy found was a
surface water withdrawal demand for electricity generation of 7.5 billion gallons
needed for every trillion Btu of electricity generated. The most significant energy
demand in water systems in NYC is electricity demand for wastewater treatment
plants, although this would be overshadowed by municipal water treatment if
filtration were required for all of NYC’s water, as is likely in other cities. The
heating and cooling demand met by the NYC steam system impacts both impacts
energy demand and creates an embedded water demand. However, the use of
steam that is created as a byproduct from electricity generation instead of
petroleum-produced steam or another energy source can lower the city’s overall
energy demand.
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INTRODUCTION
Motivation
As the world faces growing populations and urbanization, cities will likely
face an increase in both energy and water demand (World Urbanization
Prospects: The 2014 Revision, 2015). In the absence of conservation efforts,
cities will need sufficient supplies of these sources, as well as accompanying
infrastructure that can support these supplies. Water and energy resources also
have associated economic costs, which have the potential to be reduced.
Simultaneously, global environmental efforts to reduce greenhouse gas emissions
through actions such as Nationally Determined Contributions via the Paris
Agreement often include a call for overall reduction in energy demand (NDC
Registry, 2016). Finally, there are currently effects of climate change that
introduce risk into water supply security: changes in precipitation patterns or
rising temperatures may reduce surface and groundwater supplies (Gorokhovich
& Goldsmith, 2009). Coastal cities that rely on groundwater sources may face
increased saltwater intrusion and consequently less available freshwater , while
increases in storm intensity and frequency are more likely to damage the
infrastructure that provides communities with water and energy (Gorokhovich &
Goldsmith, 2009). Considering these concurrent circumstances, it is important
for cities to understand their energy and water use and the benefits of
conservation efforts, new water or energy sources, or increased infrastructure
capacity.
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To fully understand water and energy use within a city, both their
individual usage and the use of one resource to provide the other must be
considered. While it is typically simpler to address the water and energy sectors
independently, there is significant overlap between the two systems. In the
United States Department of Energy’s report The Water-Energy Nexus:
Challenges and Opportunities, it is noted that, “flows of energy and water are
intrinsically interconnected, in large part due to the characteristics and properties
of water that make it so useful for producing energy and the energy requirements
to treat and distribute water for human use” (2014). To treat, heat/cool,
transport, and possibly treat again water, an amount of energy is required.
Likewise, water is needed within the energy sector, for instance to provide
thermoelectric cooling for electricity generation. There is embedded energy
within water use, and embedded water within energy use. This overlap of the
water and energy sectors is known as the water-energy nexus (WEN).

Objectives
To quantitatively understand the WEN on a large city scale, this thesis
uses data on New York City (NYC) to quantify the flows of both water and
energy through the city. The interaction of these flows can be better understood
using a Sankey diagram, similar to Figure 1 below. Figure 1 shows the overall
flow of energy and water in the United States, highlighting the WEN on a
national scale. The Sankey diagram created for this thesis will similarly show
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water and energy flows, but on a smaller, more local scale.
Once this understanding of the energy and water flows and how they
interact is established, this thesis models the interconnected system of water and
energy use in NYC. This model, using the water use intensity of energy systems
and energy use intensity of water systems, can then be used to understand how
water and energy use may be better optimized given certain goals such as lowest
economic cost, lowest greenhouse gas emissions, etc. The findings and model
developed from an analysis of the WEN in NYC are used to build a framework
for quantitatively understanding the WEN in the more general case of large
cities.
It is the goal of this thesis to develop a framework and model for
quantitatively understanding the WEN that can provide insights not only into
water and energy use in New York City, but also in large cities in general. This
can then allow a quantitative comparison of the WEN between cities with overall
flow quantities and water and energy use intensities.
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Figure 1. 2011 United States Water and Energy Flows Sankey Diagram

(New York City's Energy and Water Use 2013 Report, 2016)
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Review of Prior Research
In recent years, the WEN has become recognized as increasingly
important, and substantial research and attention have been devoted to its
understanding on different geographic and technical scales. While the United
States has been studied on several scales from different perspectives, there is a
gap in understanding the WEN at the scale of a large city. According to a review
of the WEN in cities by Kenway, et. al (2011), “a major gap is the lack of a
unifying theoretical framework and consistent methodology for analysis.”
Without a consistent framework for analysis, it is difficult to create meaningful
comparisons between cities. It can be difficult to gather the necessar y
information to understand the WEN on a large city scale due to privatization of
energy resources. However, as populations grow and urbanize, a framework for
understanding the WEN on a large city scale will become increasing relevant and
necessary. A framework that can be consistently applied across large cities will
allow a comparison of the WEN between cities and possible insights for
improvements on this scale.
In his article, Climate change and the water-energy nexus: an urban
challenge, Gabriela da Costa Silva develops a conceptual framework for
understanding the WEN using the Driving force-Pressure-State-ImpactResponse (DPSIR) model, which he then applies to New York City (2014). The
article identifies urbanization and its causes as driving forces, changes in
environmental condition caused by use of natural resources as a pressure, the
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physical, biological, and chemical conditions of an area as its state, changes in
these conditions and human and ecosystem health as impacts, and action to adapt,
mitigate, or prevent as responses (da Costa Silva, 2014). This model is able to
holistically address the various influences or causes of impact on the WEN, water
and energy availability, and possible responses, both technical and policy-driven.
Da Costa Silva identifies a number of general negative impacts concerning
climate change and the WEN, including shortage of freshwater, damage to
infrastructure, and economic impacts to water-dependent infrastructure. He then
gives a variety of possible responses, including improving climate-water-energy
policies, repairing infrastructure, and improving water-energy use efficiency (da
Costa Silva, 2014).
In his specific application of the DPSIR model to the WEN in New York
City, da Costa Silva reviewed the NYC Center for Clean Air Policy (CCAP), an
organization that works to develop and implement policy to solve air quality,
climate, and energy problems. He found that the NYC CCAP had researched and
addressed many aspects of the DPSIR model. Specifically, possible impacts of
climate change on the NYC drinking water supply were recognized: a decrease in
water quality may occur, and rising temperatures that reduce dissolved oxygen
(DO) levels could necessitate the installation of aeration equipment in water
pollution control plants (da Costa Silva, 2014). These identified potential impacts
provide motivation for gaining a better understanding of the WEN, to possibly
further optimize water use and understand the implication of aeration equipment
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on both water and energy use. While the DPSIR model is useful for identifying
influence, impacts, and responses such as these, to claim that it provides a
framework through which the interaction between water and energy can be
quantitatively understood or defined would be an overstatement
An analysis of the Princeton University campus WEN was conducted in
the thesis of Taylor Morgan. Morgan created a mathematical model to
understand the relationship between these resources and how changes to one
affects the other using water and energy data from the University. Her work
used data from Princeton University campus and aimed to provide broader
insight into the WEN. Morgan found that, “while the embedded energy in water
supply is overall insignificant in comparison to the total campus energy demand,
the embedded water in campus energy is a significant portion of the total campus
water” (Morgan, 2016). This embedded water demand was primarily for the
campus chilled water system. However, it is unclear whether these findings
translate from a campus environment to cities such as NYC.
NYC was chosen as a source of information for the development of this
thesis because it has sufficient data on the water and energy sectors to perform an
analysis and currently lacks a study of this nature. Also, as a mega-city, NYC
handles the generation and distribution of very large amounts of water and
energy for a large population and diverse needs. Even minor improvements of
either the water or energy sector due to insights from the city’s WEN has the
potential to lead to valuable economic savings or significant reductions in the
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other sector. NYC also faces the challenge of old and aging infrastructure (One
New York, 2015). As the world population grows and urbanizes, many cities
will face similar problems of aging infrastructure and possible increasing water
and energy demands. This will stress the capacities of these systems and require
cities to better understand their water-energy nexuses.
Per a study on the impact of climate change on NYC’s water supply, “the
NYC reservoir system will most likely continue to show high resilience, high
annual reliability and relatively low vulnerability” (Matonse, et al., 2012).
Matonse, et al. used three future climate scenarios and a reservoir system model
to simulate the effect of climate change on the NYC water supply and system
operations. It was found that while the results “show large variability,” most
simulations show a decrease in number of days under drought conditions
(Matonse, et al., 2012). Therefore, with current projections, climate change is not
expected to significantly decrease the water quantity that can be supplied for
New York City. In general, the northeastern United States is not expected to face
water shortage problems due to climate change. However, while quantity is not
expected to be significantly decreased, the NYC CCAP “recognizes that climate
change may reduce water quality,” and the NYC Department of Environmental
Protection suggests a project “‘to quantify and provide a comprehensive
understanding of the potential impacts of climate change on drinking water
quality, supply, and demand’” (da Costa Silva, 2014).
While New York City and more broadly, cities in the northeastern United
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States, are not expected to face water insecurity due to decreased water supply or
increased water demand in the near future, there is still significant room for
improvement in the water sector in order to further improve water security,
decrease water-associated costs, and decrease embedded energy use. According to
its 2015 Water Demand Management Plan, the City of New York, is trying to
decrease its water consumption by 5% by 2020 compared to 2015 consumption
(Licata & Kennif, 2015). However, the discussion of water supply and demand
within this report references the water-energy nexus only insomuch as a
discussion of financial savings due to lower energy use associated with reduced
volumes of wastewater that require treatment.
New York City has also set a goal to reduce its greenhouse gas emissions
by 80% as compared to 2005 levels by 2050 (One New York, 2015). This
demands both a change in energy sources to require a higher portion of the
energy mix to be renewable, but it also demands energy use reductions. In the
spirit of the game, NYC aims to achieve net-zero energy use at in-city wastewater
treatment plants by 2050 as part of this energy reduction (One New York, 2015).
In 2016, The City of New York released a report of 2013 energy and
water use, but this also lacked consideration of the WEN. The report provides
information on water and energy use in NYC buildings that occupy at least
50,000 square feet, but it fails to develop a relationship between the water and
energy use. Also, by focusing only on end use for water and energy, this report
fails to encompass the water embedded in the energy usage and the energy
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embedded in water usage for these buildings (New York City's Energy and
Water Use 2013 Report, 2016). By not including the WEN in data collection
and analysis, these reports are unable to identify possible savings or
improvements within the overlap of the water and energy sectors.

APPROACHES AND METHODS
To quantitatively understand the WEN on a large city scale, this thesis
uses water and energy source data from NYC to understand how much water and
energy are entering its system. Data and insights were also provided by Dr.
Forrest Meggers, Assistant Professor in the School of Architecture and
Andlinger Center for Energy and the Environment at Princeton University, Dr.
Ted Borer, Princeton University Campus Power Plant Manager, and Alan Cohn,
Director of Climate and Water Quality for the New York City Department of
Environmental Protection (DEP). Data of water transport, use, and treatment
are used to understand the flow of water through and ultimately out of NYC.
Similarly, data on energy transport and use are used to understand energy flows
and uses in the city. It is the goal of this thesis to structure the model of the
WEN so that it can be adjusted to fit the specific situations in other cities for
their use in understanding their WENs. For the scope of this research, New
York City is defined as the five boroughs of the city: Staten Island, the Bronx,
Manhattan, Brooklyn, and Queens.
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Water Sector
Data on the water sector were gathered from a variety of public reports
released by the NYC government. Sources of data include the NYC Water
Demand Management Plan, the New York City 2015 Drinking Water Supply
and Quality Report, and New York City’s Energy and Water Use 2013 Report.
Other sources of information include The Water-Energy Nexus: Challenges and
Opportunities, a report released in June 2014 by the Department of Energy.
NYC uses an average of 1056 million gallons per day, or 385.44 billion
gallons per year (BGY) for its public drinking water supply. This water is
supplied from 19 reservoirs and three controlled lakes from two water suppl y
regions: the Catskill/Delaware supply and the Croton supply, NYC’s original
upstate supply, as shown in the below figure (Lloyd, 2015).
The NYC Water Supply System also includes a groundwater supply in
southeastern Queens, but due to lack of demand, this system has not operated in
over nine years (Lloyd, 2015). The city’s upstate reservoirs are at a higher
elevation than the city, allowing for a primarily gravity-driven delivery system
from the aqueducts to the city. NYC also does not require filtration treatment for
its Catskill/Delaware supply due to the quality of the water and its watershed
(Lloyd, 2015). In 2007, NYC’s ability to deliver unfiltered water to its residents
from this source was extended for 10 years by a Filtration Avoidance
Determination (FAD) by the DEP, signaling confidence in the health and
stability of the water supply over this period. Another FAD is expected in 2017
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to approve and continue the provision of unfiltered water to NYC residents
(Lloyd, 2015). Under this FAD, the Catskill/Delaware supply will continue to
only require chlorine and ultraviolet disinfection treatment (Lloyd, 2015).
Unlike the Catskill/Delaware supply, the Croton water supply is not
covered by the FAD. Therefore, this water supply requires filtration and the
Croton Water Filtration Plant was constructed as a result. This filtration plant
began treating and delivering water in May 2015 with processes including
filtration and disinfection (Lloyd, 2015).
Once treated, water is distributed throughout the city using three water
tunnels, of which the third is being extended to serve as a redundant tunnel, as
shown in Figure 2 below. This will allow other parts of the tunnel system to be
temporarily shut off and repaired to reduce leaks.
Of the 385.44 BGY provided to the city, 243.09 BGY are for residential
use, 56.94 BGY are for commercial and institutional use, and 4.38 BGY are for
industrial use (Licata & Kennif, 2015). By building type, the largest water users
in NYC are multifamily buildings, followed by mixed commercial and residential
buildings, and two-three family dwellings, reaffirming that residential water
demand is higher than commercial or industrial (Licata & Kennif, 2015). The
remaining 81.03 BGY are “unaccounted for water,” and are the difference in
amount of water that enters the distribution system and that which reaches users.
This is thought to be water that is lost through pipe leaks. 12.78 BGY of this
unaccounted for water have been identified as water lost to leaks in a portion of
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the Delaware Aqueduct and the Rondout-West Branch Tunnel (One New York,
2015).

Figure 2. New York City Water Tunnels and Distribution

(Lloyd, 2015)

NYC has 2,200 miles of sanitary sewers and 49 pumping stations
dedicated to transporting wastewater to one of the city’s 14 wastewater treatment
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plants (WWTP) (PlaNYC, 2013). During rain events, storm water is collected
by catch basins and part of it is carried through 1,820 miles of storm sewers
using 16 pumping stations to be discharged directly into the New York Harbor.
The remaining storm water is carried alongside wastewater through the city’s
combined sewer system, in which 31 pumping stations and 3,330 miles of pipes
carry wastewater and storm water together to WWTP. During heavy rain
events, the city’s combined sewer system cannot handle the large flow of water
and so diverts it to combined sewer overflow (CSO) facilities before sending it to
WWTPs. If a rain event is too much for the CSO facilities to handle as well, the
excess combined storm water and wastewater is transported directly into the New
York Harbor to preserve functionality of the CSO facilities and WWTPs.
To reduce peak and total CSO, NYC has both green infrastructure (GI)
and bluebelts. In 2010, NYC Mayor Michael Bloomberg launched the 20-yearlong NYC Green Infrastructure Plan. This plan has the ultimate goal of using GI
to manage the equivalent of one inch of precipitation on 10% of the 78,749 acres
of impervious areas that use the combined sewer system within NYC (PlaNYC,
2013). Currently, about 1.1% implementation has been achieved, with a plan to
use “bioinfiltration, permeable paving, subsurface retention systems, stormwater
harvesting and reuse systems, and green roofs” among other GI assets to reach
the 10% goal (Green Infrastructure Performance Metrics Report, 2016). About
90% of the currently constructed systems are right of way bioswales (ROWB) as
of February 2016, as exemplified in Figure 3 below (2016). These ROWB retain
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water during rain events, allowing it to infiltrate surrounding soils instead of
entering the sewer system, thus lowering overall CSO.

Figure 3. Standard right-of-way GI in NYC
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(Green Infrastructure Performance Metrics Report, 2016)

Through data collection and modeling, it was found that at 1.5%
implementation of GI over impermeable surfaces in combined sewer areas, 0.4
MG of CSO is eliminated annually per acre of impervious area managed from GI
(Green Infrastructure Performance Metrics Report, 2016). With the current
1.1% coverage, this equates to a reduction in CSO by 346.50 MG yearly, as
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shown in equation 1.

Equation 1. CSO currently avoided due to GI.
𝟕𝟖, 𝟕𝟒𝟗 𝒂𝒄𝒓𝒆𝒔 ∗ 𝟏. 𝟏% 𝒐𝒇 𝒂𝒄𝒓𝒆𝒔 ∗

𝟎. 𝟒 𝑴𝑮 𝒂𝒗𝒐𝒊𝒅 𝑪𝑺𝑶
𝒂𝒄𝒓𝒆

= 𝟑𝟒𝟔. 𝟓𝟎 𝑴𝑮 𝒐𝒇 𝑪𝑺𝑶 𝒂𝒗𝒐𝒊𝒅𝒆𝒅 𝒚𝒆𝒂𝒓𝒍𝒚

However, this rate is expected to lower from 0.4 MG/acre to 0.21
MG/acre for 10% GI coverage (Green Infrastructure Performance Metrics
Report, 2016). This is due to a higher proportion of detention versus retention
assets in the overall 10% coverage than is present in the 1.5% coverage. While
most of the coverage is currently provided by ROWB, retention assets that allow
water to filter into the soil, future plans include significant coverage using
detention-style GI, which stores water during heavy rain events and releases into
the combined sewer system at a controlled rate. Therefore, detention-style GI
decreases peak water flow through the sewer system but does not decrease total
water flow through the sewer system.

Equation 2. CSO avoided due to 10% GI coverage.
𝟕𝟖, 𝟕𝟒𝟗 𝒂𝒄𝒓𝒆𝒔 ∗ 𝟏𝟎% 𝒐𝒇 𝒂𝒄𝒓𝒆𝒔 ∗

𝟎. 𝟐𝟏 𝑴𝑮 𝒂𝒗𝒐𝒊𝒅 𝑪𝑺𝑶
𝒂𝒄𝒓𝒆

= 𝟏𝟔𝟓𝟑. 𝟕 𝑴𝑮 𝒐𝒇 𝑪𝑺𝑶 𝒂𝒗𝒐𝒊𝒅𝒆𝒅 𝒚𝒆𝒂𝒓𝒍𝒚
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Complementing this GI program is the city’s bluebelt program, meant to
“enhance existing drainage corridors (such as streams, ponds, and other wetland
areas) and convey, treat, and retain stormwater in place of traditional “grey”
infrastructure” (PlaNYC, 2013). Through means such as improving culverts,
meandering streams, and constructed stormwater wetlands, these natural
drainage corridors can continue to convey, store, and filter stormwater at a high
level of functionality, thereby reducing the need for a “grey” stormwater
management system. Currently, the NYC DEP has the Staten Island Bluebelt,
which provides stormwater management for approximately one third of Staten
Island’s land area and saves tens of millions of dollars as compared to the use of
conventional storm sewers for that area (The Staten Island Bluebelt, 2017). The
NYC DEP plans to continue expanding the use of bluebelts for stormwater
management across more area of Staten Island.
Although bluebelts and GI reduce stormwater that reaches the city’s
WWTP, about 470 BGY of water are treated by one of the city’s 14 plants each
year (Cventure LLC, Pasion, Amar, & Zhou, 2016). Wastewater includes
sanitary water from taps, washing machines, and toilets, as well as rain or snow
water that runs off into the sewers. This water is treated through preliminary,
primary, and secondary treatment, and disinfection before being returned to the
city’s waterways (PlaNYC, 2013). This process also creates a sludge byproduct
which is treated and often shipped elsewhere to be used as compost or fertilizer
or to be disposed of in landfills (PlaNYC, 2013).
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No data was found specifically quantifying the amount of water that flows
through the city’s pumping stations and CSO facilities. The water flow through
these stations are therefore assumed to be equal to the quantity that arrives at
WWTP for treatment.

Figure 4. The Water and Wastewater System in New York City
Adapted from PlaNYC, 2013
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Energy Embedded in the Water Sector
Uses of energy in the water sector include energy demand for the water
supply, pumping stations and CSO facilities, and wastewater treatment plants. In
2014, NYC required 0.22 trillion British thermal units (TBTU) for pumping
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stations and CSO facilities, 0.45 TBTU for water supply treatment, and 2.15
TBTU for wastewater treatment plants (Licata & Kennif, 2015).
It is due to the nature of NYC’s water supply that it can achieve low
energy demands for drinking water treatment and pumping stations. Because of
the minimal treatment and gravity-driven transport, the city has avoided the need
for an expensive and energy-intensive filtration plant for the Catskill/Delaware
Supply. The effect on specifically electricity demand of adding the Croton
Filtration Plant is illustrated in Figure 5, showing an increase from virtually no
electricity demand associated with the public water supply to an approximately
0.45 TBTU yearly demand between 2012 and 2014. The Croton Supply
accounted for about 6% of the water provided to NYC in 2015, or approximately
23.17 BGY (Lloyd, 2015). Therefore, due to the Croton Filtration plant the
water provided by the Croton Watershed has an embedded energy intensity (EI)
of 19.42 Btu/gallon. While this is by far more energy intensive than pumping
and CSO facilities or WWTP, it remains that the largest energy demand for
water systems is that for wastewater treatment.
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Figure 5. Electricity demands for NYC Water and Wastewater

(Licata & Kennif, 2015)

Currently, in-city WWTP account for 18 percent of NYC government
emissions due to both onsite methane emissions and offsite emissions from
electricity generated from fossil fuel sources (One New York, 2015). NYC
government plans to reduce these emissions by achieving net-zero energy at the
plants by 2050. To reduce onsite emissions, the city aims to increase wastewater
treatment efficiency, increase production of biogas, and capture and use all biogas
as an energy source (One New York, 2015). The city also aims to decrease
wastewater treatment demand (for instance through increased GI) and increase
onsite power generation. Together, the decreased demand, higher efficiency,
onsite generation, and use of biogas derived from the wastewater as a fuel source
the city aims to attain net-zero energy plants.
Table 1 below lists the embedded energy demand of NYC’s water systems
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and the energy use intensity in billion Btu yearly (BBY) per billion gallons yearly
(BGY). The WWTP are the most energy intensive components composing
76.4% of the total embedded energy demand for the city. As such, reducing
either the energy use intensity or the water input into the wastewater treatment
plants would most effectively reduce embedded energy use.

Table 1. Energy Embedded in Water Systems
Water System

Energy Use
Intensity [Btu/gal]

Water Flow [BGY]

Embedded Energy
[BBY]

Public Water
Supply Treatment

386.105

443

1.147

Pumping and CSO
Facilities

474.5

222

0.468

WWTP

474.5

2150

4.531

Total

2815

Energy Sector
The Inventory of New York City Greenhouse Gases provided data on
greenhouse gas (GHG) emissions, their sources, and conversion factors from
these sources to the associated emissions. Using the emission data and conversion
factors, energy data was calculated. The inventory gathered data from energy
providers and distributors to the city. According to the report, “ConEdison
(ConEd) provided data on use of citywide electricity and steam, and natural gas
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in the Bronx, Manhattan, and parts of Queens. National Grid reported natural
gas use data for Brooklyn, parts of Queens, and Staten Island. The Long Island
Power Authority (LIPA) reported electricity use data for the Rockaways area of
Queens” (Cventure LLC, Pasion, Amar, & Zhou, 2016).
From these calculations, it was found that in 2014 NYC used a total of
about one quadrillion Btu in source energy. Source energy is the amount of
energy available from a given resource, such as natural gas or coal. In contrast,
site energy refers to the amount of energy used on-site. The difference between
these totals reflects the dissipated energy lost through transformation or
transportation of energy.
This source energy is from 633 TBTU natural gas, 169 TBTU nuclear,
2.62 TBTU renewable energy sources, 0.14 TBTU coal, and 196 TBTU
petroleum. The majority of petroleum is used for transportation. 310.27 TBTU
of natural gas, or about 49%, is sent to buildings for direct use. The rest of the
natural gas, along with all of the nuclear, renewable, and coal energy is for
electricity generation. As part of NYC’s goal of 80% reduction in GHG
emissions by 2050, the city has replaced coal-fired power plants with cleaner
natural gas plants, and it plans to increase the renewables portion of its energy
mix over the next 30 years (Cventure LLC, Pasion, Amar, & Zhou, 2016).
NYC has 24 operating electric power plants within or directly connected
to the city with a total net summer capacity of 9,600 MW, or 32.76 billion
Btu/hr (PlaNYC, 2013). Of the 621.56 TBTU of source energy used for
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electricity generation, 173.96 TBTU or about 28% are used for residential,
commercial, institutional, industrial, and transportation purposes, while the
remaining 72% is lost as dissipated energy during energy conversion or
transmission. Specifically, 51.74 TBTU of electricity went to residential use,
82.21 TBTU to commercial/institutional, 30.36 TBTU to industrial use, and
9.65 TBTU to transportation.
Part of NYC’s electricity is generated elsewhere and transported into the
city. The power plants within city limits are powered by natural gas or
petroleum; all other energy, including nuclear, coal, other natural gas or
petroleum plants, and renewables, is generated outside of NYC and brought in.
Figure 6 below outlines the NYC electricity system from source to end-use.

Figure 6. Diagram of New York City Electricity System
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Transportation

Adapted from Bhatt, Crosson, Horak, & Reisman, 2009
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Subway & Train

Steam is also provided to buildings for heating and as an energy source to
run mechanical systems such as air conditioners. In 2014, 22.86 TBTU of
energy were delivered to NYC buildings in the form of steam (Cventure LLC,
Pasion, Amar, & Zhou, 2016). This was determined using given mass of steam
delivered and a conversion of 2.3022 million Btu per metric ton of steam
(Cventure LLC, Pasion, Amar, & Zhou, 2016). Consolidated Edison (ConEd)
operates the NYC steam system, servicing southern Manhattan, using six steam
plants fueled by natural gas and petroleum (PlaNYC, 2013). The three steam
plants that provide steam from natural gas use waste steam, the steam produced
as a byproduct of electricity generation. This is supplemented by three steam
plants that are fueled by petroleum. ConEd’s steam system and the air
conditioning equipment that operates using it are the country’s largest steam
system and steam-based cooling system (New York City Energy Policy, 2004).

End Uses of Energy
Figure 7 below illustrates energy end use in NYC in 2011 by activity. Of interest
for this research are heating and cooling, which are major energy systems that
can have an associated water demand.
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Figure 7. Distribution of In-Building Energy Use in NYC by Activity, 2011
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Adapted from Bryant & Moore, 2013

ConEd made available the energy use of its customers by source and use in
2007, shown in Figure 8 below. 51% of the 335 TBTU provided by ConEd are
delivered as electricity, totaling to 170.85 TBTU. Assuming that there was no
significant decrease in electricity provided by ConEd between 2007 and the
recorded 171.15 TBTU total city demand for 2014, ConEd supplies the
overwhelming majority of the city’s electricity. Because of this majority, the
electricity uses reported by ConEd are used to estimate distribution of electricity
and end use for all NYC residents.
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Figure 8. Consolidated Edison of New York City Customer Energy End-Use

(Integrated Long-Range Plan, 2012)

Due to relatively high electricity prices in the NYC area, the most
prevalent heating options used by NYC ConEd customers are heating oil, natural
gas, and steam (Integrated Long-Range Plan, 2012). Due to clean heat
regulations and financial savings, many heating oil customers are switching to
natural gas.
Of particular interest for the NYC WEN is steam use for heating. In
2007, 77% of all steam delivered to customers in NYC was used for heating
(Integrated Long-Range Plan, 2012). Assuming the same proportion of steam
was used for heating in 2014, this equates to 17.60 TBTU. However, heating
demand and therefore steam use for heating is temperature dependent. The City
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of New York recorded its monthly government steam consumption and heating
degree days (HDD) for 2012 to determine a correlation between heating demand
and steam consumption. The results are shown in Figure 9 below. There is a
strong correlation between HDD and steam consumption, with a best fit rate of
211.37 million pounds of steam per HDD, or 2.21 x 10 5 Btu per HDD. Since
77% of steam is used for heating, HDD are therefore the driving factor for steam
demand in the city and a decrease in yearly HDD due to climate change can be
expected to produce a decrease in steam demand.

Figure 9. Correlation between steam consumption and heating degree days in
NYC in 2012.

(Cventure LLC, Pasion, Amar, & Zhou, 2016)
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Residents of NYC can also obtain heat using combined heat and power
(CHP). CHP allows on-site generators to send waste heat from electricity
generation to be used for heating. There have been over 90 Megawatts (MW) of
distributed generation CHP built in ConEd’s service area and connected to its
grid, along with 1 MW of photovoltaic solar power generation. According to
ConEd, “CHP efficiency can reach 75%, compared to 35% efficiency for
conventional central generation of electric and on-site burning of boiler fuel for
thermal needs” (Integrated Long-Range Plan, 2012).
The largest source of heat for NYC residents is natural gas. 86% of direct
natural gas use, 266.83 TBTU, is dedicated to heating each year. A small
portion of the city’s heating demand is met instead by 6.85 TBTU of electricity.
For cooling, ConEd customers choose between individual room airconditioning units (window units), or a central cooling system. The most
common solution for these customers is electric powered window units, with
about 6 million units throughout the city (Integrated Long-Range Plan, 2012).
ConEd also serves “thousands of large, high-rise, mixed-use buildings that use a
central chiller plant because their greater demand for cooling justifies the
investment in a higher efficiency system” (Integrated Long-Range Plan, 2012).
Chillers provide cooling using evaporation and condensation to manipulate a
fluid’s temperature. These chillers are powered by electricity, direct-fired gas, or
steam. Many existing chillers are steam chillers due to their position as a
competitive chilling system roughly 20 years ago. However, according to ConEd
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concerning centrifugal chillers, “Over the last couple of decades, technological
advances have improved electric chiller efficiency from ~75% to ~95%, while
steam chiller efficiency has remained at ~75%” (Integrated Long-Range Plan,
2012). Figure 10 below illustrates the relative energy demand of different
chillers, showing electric chillers to consume at least four times less energy per
ton of cooling than steam chiller systems. Therefore, due to the energy and
subsequent economic efficiency, many more recent chillers are electric chillers.

Figure 10. Efficiency of Different Types of Chillers

(Integrated Long-Range Plan, 2012)

Together, electric chillers and window air conditioning units account for
cooling provided by electricity, totaling 29.10 TBTU yearly. In 2012, The City
of New York recorded monthly electricity consumption and cooling degree days
(CDD) to understand the correlation between these two variables. Electricity use
and CDD have a correlation that is weaker than that of steam and HDD, yet is
still significant. The best fit rate determined by The City of New York’s
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measurements is 134.333 MWh electricity used per CDD, or 458.36 million Btu
per CDD. Therefore, an increase in yearly CDD is expected to produce an
increase in electricity demand.

Figure 11. Correlation between electricity consumption and cooling degree days
in NYC in 2012.

(Cventure LLC, Pasion, Amar, & Zhou, 2016)
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Water Embedded in the Energy Sector
Electricity Generation
Uses of water in the energy sector include water demand for power plants,
water used for steam generation, and water demand for cooling towers
throughout the city. Outside of the municipal water supply, companies can apply
for water withdrawal permits. Along with a few small withdrawal requests for
golf courses, these permits allow water withdrawals for some of NYC’s power
plants. Specifically, six in-city power plants request a total of 644.05 BGY water
(NYS Water Withdrawal Reporting, 2016). Figure 12 below shows the water
demand of these six plants. Electric power generation requires a large amount of
water to then cool this system. Overall, 70.9% of in-city generating capacity is
provided by these power plants that require water withdrawals.

Figure 12. NYC Power Plant Water Withdrawals
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The two main cooling technologies used by power plants are once-through
cooling and closed-loop cooling, with once-through cooling being the more
antiquated approach that has been replaced with closed-loop cooling for newly
constructed plants, yet is still the predominant system (Rabin, 2010). The
approximate water withdrawal intensity of the six power plants above is within
the expected range for once-through cooling systems (see appendix for
calculations) and much higher than would be expected from closed-loop cooling
systems; therefore, it is assumed that these power plants permitted to withdraw
water use once-through cooling. Once-through cooling withdraws water from a
nearby water source, runs it through a system by the power plant to cool and
condense the steam, after which the water is discharged back into its source. This
requires higher water withdrawals than the alternative, closed-loop cooling. The
returned water from once-through cooling is at a higher temperature that can
have ecological impacts on the water bodies and negatively impact aquatic life
(Madden, Lewis, & Davis, 2013). Water withdrawal for cooling also injure or
kill aquatic life that are unintentionally drawn into the system and trapped
against intake screens. Because of this, the NYC Department of Environmental
Conservation is working to minimize the environmental impact of cooling for
electricity generation through use of best available technology to ensure the
health of the area’s aquatic life. Part of this goal is hoped to be met by
constructing new cooling infrastructure that requires significantly less water
withdrawal, such as closed-loop cooling (Aquatic Habitat Protection, 2017).
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Closed-loop cooling retains the water used to cool the system, letting this
water release its energy through evaporation. A smaller flux is needed than open
systems, so that the remaining water can be reused. A cooling tower is used to
generate that evaporative cooling and reduce the temperature of the liquid water
in the cooling cycle.
The water demand of power plants depends on the type of cooling used,
the fuel source and generating system, and the amount of electricity generated.
No available data were found on the specific water demands of the electricity
generating plants in NYC without water withdrawal permits.
Macknick, Newmark, Heath, and Hallet of the National Renewable
Energy Laboratory published a paper in 2012 reviewing literature on water
consumption and withdrawal for electricity generating technologies. They
present water withdrawal intensities based on cooling type, fuel source, and
generating system. The generating systems used for out-of-city electricity plants
are unknown, so the average water withdrawal intensity for each fuel source
across the generating system options is used as an estimate for that fuel source,
and all power plants are assumed to use once-through cooling. The full figure of
water withdrawals can be found in the appendix, and a summary of relevant
average withdrawal intensities is given in Table 2 below.
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Table 2. Average Water Withdrawal Intensity
Fuel Source
Coal

Average Water Withdrawal Intensity (gal/thousand
Btu)
10.11

Natural Gas

5.86

Nuclear

12.24

Renewables

≈0

Data from Macknick, Newmark, Heath, & Hallet, 2012

These data are used to estimate the water use of power plants that provide
electricity to NYC because there are no coal or nuclear power plants within city
limits to provide estimations nor details on the proportion of electricity generated
in-city versus out-of-city. The water demand of renewable sources is assumed to
be negligible due to the very low necessity for water in solar or wind power
generation. The increased evaporation of water due to hydropower as a form of
water consumption for energy is outside the scope of this thesis. The water
demands associated with natural gas extraction and oil refinery are also outside
the scope of this thesis.
To estimate water withdrawal demand, the fuel source energy was
converted to electrical energy using 2015 average heat rates for various fuel
sources, given by the Environmental Protection Agency (EPA) (Average
Operating Heat Rate for Selected Energy Sources, 2017). Heat rates describe the
amount of energy contained in the used fuel per unit electricity generated. The
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Eq. 1

efficiency of a power plant can be found using Equation 3 below, where 3412 Btu
= 1 kWh:

Equation 3. Calculating efficiency from heat rate.
𝑩𝒕𝒖
𝟑𝟒𝟏𝟐 𝒌𝑾𝒉

𝑩𝒕𝒖
𝑯𝒆𝒂𝒕 𝑹𝒂𝒕𝒆 (𝒌𝑾𝒉 )

∗ 𝟏𝟎𝟎 = % 𝒆𝒏𝒆𝒓𝒈𝒚 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚

In addition to energy converted to heat during generation, an additional
5% of energy is dissipated due to transmission and distribution on average in the
United States, and an approximately equivalent energy loss is expected for
transmission and losses in NYC (Electricity Lost in Transmission and
Distribution in the US, 2017). To account for this, the efficiency is decreased by
5% for each source. This is then multiplied by source energy quantity to
calculate electricity generated by each fuel source and then translated into water
demand by multiplying by the water intensities in Table 2. These calculations are
summarized in Table 3, in which the total electricity provided sums to 172.76
trillion Btu. This is 1.61 TBTU, or 0.95% more than the reported electricity use
of 171.15 TBTU, likely due to a slightly higher national average efficiency than
the efficiency of power plants that provide electricity to NYC. The total water
demand for 172.76 trillion Btu provided gives an overall water withdrawal
intensity of 7.5 billion gallons per TBTU. This intensity provides a more

42

accurate actual water withdrawal demand using the reported electricity use of
171.15 TBTU, giving a water demand of 1283.6 billion gallons.

Table 3. Electricity generation efficiency and water demand for NYC
Fuel
Source

Source
Energy
(TBTU)

Heat rate
(Btu/kWh)

Efficiency

Coal

0.14

10495

32.5%

322.7

7878

Nuclear

169

10458

Renewable

2.62

0

Total

494.46

Natural

Electricity
provided
(TBTU)
0.0385

Water
Demand
(BGY)

43.3%

123.59

724.24

32.6%

46.64

570.87

95.0%

2.49

0.389

Gas

172.76

0

1295.50

Chillers
98% of the steam delivered to NYC is for heating or cooling, according to
2007 data from ConEdison. Specifically, 21% was used for cooling, wherein
steam is used to operate chillers (Integrated Long-Range Plan, 2012). In 2014,
0.55 billion gallons of water in the form of steam were delivered throughout
NYC’s steam system to provide 4.8 trillion Btu of energy for cooling (Cventure
LLC, Pasion, Amar, & Zhou, 2016). As of 2012, ConEd had 307 steam air-
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conditioning clients whose steam use accounted for 304 MW of coincident peak
electric demand (Integrated Long-Range Plan, 2012).
The choice between steam and electric chillers therefore has a small but
present impact on water and energy demand for the city. Steam chillers require
more energy per ton of cooling, but steam has a small municipal water demand
relative to the water withdrawal demand of electricity. The water demand per
ton of cooling for steam turbine chillers, single-stage steam absorption, and
electric chillers are shown in equations 4, 5, and 6, respectively.

Equation 4. Water demand per ton of cooling by a steam turbine chiller
𝟏𝟎𝟎𝟎𝟎

𝑩𝒕𝒖
𝟎. 𝟓𝟓 𝒃𝒊𝒍𝒍𝒊𝒐𝒏 𝒈𝒂𝒍𝒔 𝒎𝒖𝒏𝒊𝒄𝒊𝒑𝒂𝒍 𝒘𝒂𝒕𝒆𝒓
∗(
)
𝒕𝒐𝒏 𝒄𝒐𝒐𝒍𝒊𝒏𝒈
𝟒. 𝟖 𝒕𝒓𝒊𝒍𝒍𝒊𝒐𝒏 𝑩𝒕𝒖
= 𝟏. 𝟏𝟓

𝒈𝒂𝒍𝒔 𝒎𝒖𝒏𝒊𝒄𝒊𝒑𝒂𝒍 𝒘𝒂𝒕𝒆𝒓
𝒕𝒐𝒏 𝒄𝒐𝒐𝒍𝒊𝒏𝒈

Equation 5. Water demand per ton cooling of single-stage steam absorption
𝟐𝟐𝟎𝟎𝟎

𝑩𝒕𝒖
𝟎. 𝟓𝟓 𝒃𝒊𝒍𝒍𝒊𝒐𝒏 𝒈𝒂𝒍𝒔 𝒎𝒖𝒏𝒊𝒄𝒊𝒑𝒂𝒍 𝒘𝒂𝒕𝒆𝒓
∗(
)
𝒕𝒐𝒏 𝒄𝒐𝒐𝒍𝒊𝒏𝒈
𝟒. 𝟖 𝒕𝒓𝒊𝒍𝒍𝒊𝒐𝒏 𝑩𝒕𝒖
= 𝟐. 𝟓𝟐

𝒈𝒂𝒍𝒔 𝒎𝒖𝒏𝒊𝒄𝒊𝒑𝒂𝒍 𝒘𝒂𝒕𝒆𝒓
𝒕𝒐𝒏 𝒄𝒐𝒐𝒍𝒊𝒏𝒈
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Equation 6. Water demand per ton of cooling by an electric chiller
𝟐, 𝟑𝟎𝟎

𝑩𝒕𝒖
𝟕. 𝟓 𝒃𝒊𝒍𝒍𝒊𝒐𝒏 𝒈𝒂𝒍𝒔 𝒘𝒊𝒕𝒉𝒅𝒓𝒂𝒘𝒂𝒍
∗
𝒕𝒐𝒏 𝒄𝒐𝒐𝒍𝒊𝒏𝒈
𝒕𝒓𝒊𝒍𝒍𝒊𝒐𝒏 𝑩𝒕𝒖
= 𝟏𝟕. 𝟐𝟓

𝑔𝒂𝒍𝒔 𝒘𝒂𝒕𝒆𝒓 𝒘𝒊𝒕𝒉𝒅𝒓𝒂𝒘𝒂𝒍
𝒕𝒐𝒏 𝒄𝒐𝒐𝒍𝒊𝒏𝒈

Given the chiller efficiencies per ton of cooling and water demands of
steam and electricity per Btu, steam chillers provide a much lower water demand
than electric chillers and provide an alternative to electricity during peak cooling
hours that can reduce overall peak electricity load. Steam chillers use municipal
water and therefore include the embedded electricity demand of providing this
water and ultimately the water withdrawal demand for generating this electricity.
Municipal water treatment requires 1.147 Btu/gallon, which equates to 0.0086
gallons of water withdrawal demand per gallon municipal water demand.
Steam chillers require a much higher energy demand per ton of cooling as
a tradeoff for this saved water. However, a portion of this energy is steam
generated as a byproduct of electricity generation. Rather than creating a new
energy demand, this waste steam uses energy that would then otherwise be
dissipated. Therefore, only steam generated directly has a source energy demand.
Due to a lack of data found on the proportion of city steam provided by was te
steam versus steam produced using petroleum, the quantity of source energy
demand avoided by using waste steam instead of petroleum-generated steam is
not calculated in this thesis.
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Table 4. Water and energy demands of electric and steam chillers per ton cooling
Type of Chiller

Water withdrawal
(gal / ton cooling)

Municipal water
(gal / ton cooling)

Energy demand
(Btu / ton
cooling)

Electric

17.25

0

2,300

Steam turbine

0.0099

1.15

10,001.32

Cooling Towers
Water-based closed-loop cooling is also used for air-conditioning and
refrigeration in large commercial and residential spaces. These cooling towers are
used in conjunction with chillers and cool water that runs through the condenser
water circuit, as shown in the simplified diagram in Figure 13 below provided by
Baltimore Aircoil Company, a major producer of cooling tower systems.

Figure 13. Example Cooling Tower and Chiller System

(Closed Circuit Cooling Towers, 2017)
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These closed-loop cooling towers exist throughout NYC, contributing to
the water demand of the city. This water demand is to make up the water lost to
evaporation which removes energy from the system; this lost water is called
makeup water. As of 2014, makeup water for cooling towers can be obtained
from rainwater or recycled water, potentially lowering the public water supply
water demand of cooling towers. However, data on NYC water demand does not
change distinctly in 2014 (History of Drought and Water Consumption, 2017).
Given that there is no known reason for a distinct increase in water demand that
would hide a decrease due to rainwater or recycled water use for cooling towers,
it is assumed for this thesis that an insignificant amount of makeup water is
supplied by rainwater or recycled water.
No data were found on the portion of municipal water demand accounted
for by cooling towers; previous to 2015, there was no record of cooling towers
installed or in use in NYC. In 2015, NYC experienced an outbreak of the
Legionella bacteria, leading to the requirement for NYC cooling tower owners to
self-register all cooling towers. This data was then compiled into a publicly
available database. This database currently reports on 4111 cooling towers within
the five boroughs of NYC (Registered Cooling Towers in New York, 2017).
Cooling capacities were reported, but no available data were found on the cooling
provided by these towers.
To estimate cooling demand met by cooling towers and the subsequent
water demand of these towers, estimations of heat load met by the towers were
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made. To provide an upper bound estimation, it was assumed that all cooling
towers operated at full capacity for 8 hours per day during the 92 days of June,
July, and August. The cooling capacity of NYC’s cooling towers was use to
estimate the heat load cooled by these cooling towers and the associated makeup
water demand. The self-reported cooling capacities are displayed in the tables
below in log-linear scale. Upon inspection and conference with Ted Borer, it was
found that the towers with the highest cooling capacities reported unrealistic
numbers, suggesting errors in reporting (Borer, 2017). Equivalently, some
registered cooling towers reported cooling capacities that are unrealistically low
or zero. To account for this inaccuracy, total cooling capacity was calculated
using the median reported cooling capacity multiplied by the total number of
cooling towers in the registry. It was then assumed that all cooling action came
from evaporation of cooling tower makeup water using the latent heat of
evaporation of water at its boiling point: 2260 kJ per kg. (Datt, 2014). It should
be noted, however that the latent heat of evaporation of water increases as
temperature decreases. Therefore, for water at less than 100°C, less water loss to
evaporation is needed to produce the same cooling effect, reducing the overall
water demand of cooling towers. The gallons of water evaporated to meet the
heat load are reported as the estimated water demand for cooling towers. Specific
calculations can be found in the appendix.
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Figure 14. Cooling capacities of registered NYC cooling towers.
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This method gives a median cooling capacity of 3.6 x 10 6 Btu/hr and total
cooling capacity of 1.5372 x 10 10 Btu/hr, which translates into a makeup water
demand of 1.34 BGY. To account for inaccuracy of this method, the makeup
water demand was also calculated using a cooling capacity given by the 75th and
25th percentile capacities. Together this gives a range of makeup water demand
of 0.45 BGY to 3.58 BGY. Compared to the 386.105 BGY provided to NYC for
the public water supply, this makeup water is between 0.12% and 0.93% of this
demand, with the median estimation comprising 0.35%.
Unlike cooling, about 80.7% of heating is provided by natural gas, which
does not have an embedded local water demand (though it does during
production through fracking for example). The remaining heating demand is
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provided by either electric or steam. ConEd reported 20.6 TBTU delivered to
its customers as steam for heating in 2007. This translates into 2.37 billion
gallons of municipal water demand for steam. Alternatively, electric heating
provided 7.69 TBTU to customers in 2007, equating to 57.68 billion gallons of
water withdrawal demand (Integrated Long-Range Plan, 2012). As discussed
earlier, temperature changes will influence electric and steam demand for heating
and/or cooling, thereby also affecting these systems’ embedded water demands.

Table 5. Embedded Water in Energy Use
Energy System

electricity generated

Quantity Energy
[TBTU]

171.15

Quantity Embedded Water Water Use
[BGY]
Intensity
[BG/TBTU]

1283.60 (surface water
withdrawal)

cooling towers

11.31 (median heat
load removed)

1.34

steam system

22.86

2.62

Total

7.5

0.1239
0.1146

1287.56

Water demand for electricity generation accounts for 99.7% of the overall
embedded water demand examined in this research, and has a water use intensity
roughly 60 times that of cooling towers. However, this is the demand for water
withdrawal, not municipal water consumption. Due to the once-through cooling
systems used in NYC for electricity generation facilities, the 1283.60 BGY water
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demanded for withdrawal is returned to its source without needing additional
treatment. Cooling towers and the steam system, which use municipal water,
account for just over 1% of the city’s municipal water demand.

THE WATER-ENERGY NEXUS
Using the data collected on water and energy in NYC, the below Sankey
diagrams were constructed. Energy values are given in TBTU per year, while
water is given in BGY. The diagrams reflect primary energy sources (natural
gas, petroleum, coal, etc.) without discriminating between power generation that
occurs within city limits and power generation that happens elsewhere and sends
electricity to NYC. This allows for a better understanding of how much of the
total energy demand of the city is used for water systems.
The largest interaction of energy and water services is the significant
amount of water withdrawal demand embedded in the energy sector for power
plants for use once-through cooling. However, due to the nature of once-through
cooling, this water withdrawal demand does not contribute to public water
supply demand, consumed water, or water that must be processed through a
WWTP, though it remains an important demand that needs to be met from
surface water bodies The yearly water demand for the steam system accounts for
0.68% of total NYC public water supply, making steam not a prominent
consumer of water but potentially significant for goals to reduce municipal water
demand.

51

Commercial and institutional buildings provide the largest demand for
both steam and electricity, while the residential sector has the largest demand for
natural gas and petroleum. Commercial and institutional buildings therefore play
the largest role in influencing the embedded water in the energy of both the
steam system and electricity demand for the city.
Concerning energy embedded in water, 1.24% of total electricity demand
is used for WWTPs, and 1.62% of total electricity demand is used for water
systems overall, including water supply, pumping and CSO facilities, and
WWTPs. New York City provides an atypical case for drinking water treatment
and pumping. The city’s water is transported from its watershed mainly by
gravity, and minimal treatment is needed due to the high quality of the water.
Energy demand related to these water functions may still be small in other cities
compared to total energy demand, but it is to be expected that they will be larger
than in NYC.
Figure 16 highlights heating and cooling, the energy systems identified as
having potential embedded water demands. The figure shows the portion of the
city’s heating and cooling demand met by various resources that do and do not
have embedded water demands. When considering petroleum, natural gas, steam,
and electric as heating resources, the large majority of the city’s heat demand is
met by natural gas, which does not have an associated water demand after
extraction. Only the small portion of energy delivered for heating as steam has an
embedded municipal water demand; 2.63 billion gallons of water are embedded
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in the 341.62 TBTU of energy provided for heating by petroleum, natural gas,
electricity, and steam. This gives an average water use intensity for heating in
NYC of 0.00770 billion gallons municipal water demand per TBTU delivered.
The electricity used for heating demands 51.375 billion gallons of surface water
withdrawal, making the overall surface water withdrawal intensity of heating in
NYC 0.150 billion gallons withdrawal per TBTU delivered. These lower
intensities are due to the majority of energy being provided by natural gas.
While it plays a small role in heating, electricity is the main source of
cooling energy for the city when considering electric and steam cooling. The
overall water withdrawal demand for NYC cooling from electric and steam is
6.438 billion gallons withdrawal per TBTU delivered. The steam used for
cooling leads to an overall municipal water demand for NYC cooling of 0.0162
billion gallons municipal water per TBTU delivered.
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Figure 15. New York City WEN Sankey Diagram showing use by building type

Figure 16. New York City WEN Sankey Diagram showing only energy and
water flows for heating and cooling. The removal of other water and energy
flows makes clearer the proportions of heating and cooling demand met by
various energy resources that do or do not have an embedded water demand.
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Figure 17 below shows a Sankey diagram of the WEN for Princeton
University’s campus. A much larger portion of the campus water demand is used
for the chilled water system compared to cooling in NYC. This is due to the
much larger proportion of Princeton’s campus that is cooled using chillers and
cooling towers, as opposed the numerous individual room air conditioning units
and central cooling systems that do not use chillers that are used in the city
(Morgan, 2016). This highlights a key difference between campuses (and similar
smaller water-energy systems) and cities; cities are more likely to feature a
complex interaction of multiple smaller energy and/or water systems, which are
more difficult to optimize overall. In contrast, a campus system that uses
centralized sources of heating and cooling can more easily design this system to
meet water or energy needs for the entire system. This can be seen in a portion
of the NYC system. In its Integrated Long-Range Plan, ConEd discusses the
merit of encouraging steam instead of electricity for heating and cooling as a
means to minimize peak electricity demand. If these steam systems are
abandoned or outdated, the 304 MW of coincident peak electric demand that
they currently avoid for air-conditioning will become additional demand capacity
that ConEd must have the infrastructure and fuel to supply (2012). However,
their steam system only reaches a portion of Manhattan, and this is already the
largest steam system in the country.
The Princeton campus uses a CHP plant, providing the large steam
demand for campus and roughly a third of campus electricity (Morgan, 2016).
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This creates a higher water demand for heating and other end uses that can be
satisfied by steam or electricity than in NYC, where CHP accounts for only about
3.2% of generating capacity and therefore uses steam water to provide a much
smaller amount of energy services.

Figure 17. Princeton University Campus Water-Energy Nexus Sankey Diagram
Water values are in thousand gallons [ThGal] and energy units are in megawatt hours [MWh]

(Morgan, 2016)

Modeling the Water-Energy Nexus
To build upon the understanding of scale and areas of interaction between
water and energy flows portrayed in the Sankey diagram, a model was created to
calculate how changes to one aspect of the NYC WEN affect other aspects. To
model the WEN, each relevant water and energy system’s demand, the energy or
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water intensity of that system, and the relationship between these systems and
demands was mapped. The flow chart in Figure 18 below shows the dependence
of each of the variables of the WEN model on the other variables.
As is shown, the water or energy intensity of involved processes is not
dependent on the other studied variables. Instead, these intensities can change by
changes within that particular system. Regardless of which variable is changed,
surface water withdrawal demand for power plant cooling is ultimately
dependent on all other variables. Further, because this withdrawal is not from
the public water supply, changes to its demand do not affect energy demands.
By understanding these relationships and this flow of influence, the model
can be used to quantitatively define the changes in certain WEN variables given
a change in another, and it can also be used to define the embedded water and
energy for a city given sufficient knowledge of the other involved variables.
It should be noted that natural gas-fueled versus petroleum-fueled steam
generation was not distinguished quantitatively in this study, and the only water
demands found for primary energy sources within the scope of this thesis are
those for electricity and steam generation. Thus, instead of focusing on changes
in energy demand between primary energy sources, the model only focuses on
changes in energy demand in terms of steam and electricity. Changes in the
primary energy mix of electricity generation would cause changes in the overall
water intensity of electricity generation that is used in the model.
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Figure 18. Schematic flow chart of influence of aspects of the NYC WEN.
Diagram shows direction of influence of each variable for determining other
variables.
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Model Results
The developed WEN model was used to find changes in embedded water
and energy given various changes to the water or energy sectors in NYC.
Simulations were run for changes in coverage of GI, energy demand of WWTP,
proportion of steam versus electric chillers, and treatment requirements for
municipal water.
By covering impervious surfaces throughout the city with GI, CSO and
WWTP water flow during storms can be reduced. In response to Hurricane
Sandy, the City of New York aims to cover 10% of all impermeable surfaces
within the city’s combined sewer watershed with GI by 2030. The model was
run to reflect this scenario, decreasing the overall CSO, pumping, and WWTP
demand. While this addition of GI does effectively reduce peak CSO and
WWTP demand and slightly reduce overall embedded electricity due to lower
CSO and WWTP demands, this decrease in electricity demand is insignificant in
relation to total electricity generation, roughly 0.005%.
The City of New York also aims to make WWTP more resilient in the
face of power outages that may occur during storm events. To achieve this goal
and reduce GHG emissions from WWTP, the city has the goal for all in-city
WWTP to have net-zero energy demands by 2050. The pursuit of this goal was
simulated in the model by reducing the current WWTP energy demand by 50%
and 100%. These changes caused a significant decrease in the city’s embedded
electricity: 38.19% and 76.38% respectively, which correlates to a 0.63% and
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1.26% decrease in overall electricity demand respectively.
The model was also run for the scenario of all current steam chillers being
replaced with electric chillers. Currently, electric chillers are at least four times
more energy efficient than steam chillers per ton of cooling, and the only area of
NYC able to receive steam is lower Manhattan. While ConEd is working to
maintain steam customers where economically advantageous, the trend of
customers is towards natural gas and electric chillers. By replacing this steam
demand with electricity demand that would produce equivalent cooling, the
embedded municipal water demand is decreased by 13.68%, only a 0.14%
decrease in total municipal water demand.
Due to the higher efficiency of electric chillers, switching from steam
chillers to electric chillers replaces the 4.8 TBTU of steam needed for chilling
with an electricity demand of only 1.103 TBTU, a 0.64% increase to overall
electricity demand. However, as discussed earlier, only steam generated directly
(not as a byproduct of electricity generation) has a source energy demand.
Therefore, if enough of the steam demand for chilling can be met by waste steam,
both the source demand for the 4.8 TBTU of steam or alternatively the source
demand of 1.103 TBTU of electricity can be avoided.
Finally, NYC is in the advantageous position of having very clean reservoir
water that requires minimal treatment before being delivered to the city. To
understand the consequences of a lower quality water source (due for instance to
pollution or increased temperature), the model was used to simulate all of NYC’s
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water needing the level of treatment that water from the Croton watershed
requires. This added water treatment increases embedded electricity demand by
7.055 TBTU or 250.6%, which equates to a 4.12% increase to overall electricity
demand. This higher level of energy intensity for water treatment is also
reflective of the energy intensity experienced by most other cities that do not
benefit from such clean water sources.

Table 6. Embedded and total water and electricity demands for various scenarios.
Scenario

Current
situation
10% GI
Coverage
50% reduction
in WWTP
offsite energy
demand
100%
reduction in
WWTP offsite
energy
demand

Total
Embedded
Electricity
(BBTU)
2815

Total
Electricity
Generation
(TBTU)
171.15

2806.6

Total
Steam
Generation
(TBTU)
22.86

Surface
Water
Demand
(BG)
1283.6

Total
Embedded
Municipal
Water (BG)
4.02

Total
Municipal
Water
(BG)
386.105

171.14

22.86

1283.6

4.02

386.105

1739.9

170.08

22.86

1275.6

4.02

386.105

664.9

169.00

22.86

1267.5

4.02

386.105

3918.3

172.25

1291.9

3.47

385.555

9870.2

178.205

1336.5

4.02

386.105

18.06
All steam
chillers
replaced with
electric chillers

22.86

All reservoir
water requires
filtration
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CONCLUSIONS AND SYNTHESIS
The Role of Green Infrastructure
GI has a more complicated relationship with the WEN than simply
reducing CSO. The addition of green infrastructure in NYC fulfills its purpose
of decreasing CSO, pumping, and WWTP processing of water. Additionally, GI
can provide urban heat island mitigation and building energy demand reductions,
decreasing the city’s cooling demand, which involves cooling towers, steam
chillers, and electric chillers (Green Infrastructure Performance Metrics Report,
2016). Cities face an urban heat island effect, in which urban surfaces that tend
to be darker and absorb more heat capture this heat and raise air temperatures,
therefore contributing to cooling demand. Vegetation, such as that used for GI
can help to mitigate this effect (Green Infrastructure Performance Metrics
Report, 2016).
Certain types of GI can also reduce building heating and cooling demand
if there are trees that produce shade or green roofs that provide additional
building insulation (Green Infrastructure Performance Metrics Report, 2016).
This translates into a decrease in municipal water demand for cooling towers and
steam chillers, the consequent decrease in electricity needed for municipal water
treatment, and finally a decrease in surface water demand from less electricity
demand due to less municipal water and less electric chiller use. However, if
rainfall alone is insufficient, green infrastructure has a municipal water demand to
preserve the greenery. If the decrease in municipal water demand due to the
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cooling effect is less than this water demand, municipal water demand increases.
This municipal water demand creates an electricity demand. If this demand is
more than the energy saved from decreased pumping, CSO facility, WWTP, and
electric chiller use, overall electricity generation and the consequent water
withdrawal demand increases. Understanding how green infrastructure relates to
the WEN allows NYC to understand the full consequences on water and energy
demand of using green infrastructure to meet their intended goal of reducing
water flow through WWTPs during heavy rain events.

WEN Implications for the City’s Goals and Infrastructure
The City of New York has broad goals for its resource use and emissions
that can be better met given an understanding of the city’s WEN. For the water
sector, the NYC DEP has a goal to reduce overall water consumption by 5% by
the year 2020 compared to 2015 (Licata & Kennif, 2015). Along with several
initiatives in place to directly reduce municipal water demand, strides can be met
towards this goal by reducing water demand of energy systems. Together, the
water demand of cooling towers and the steam system comprise over 1% of the
city’s municipal water consumption. Taking steps to reduce these demands can
therefore have a significant impact on the city’s goal.
As discussed earlier, the steam system is naturally losing its customer base
for chillers due to low efficiency. The demand of those customers that do use
steam chillers can also be reduced by reducing cooling demand. Finally, the
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water consumption by steam systems can be largely negated by using steam
condensate, the condensed water from the steam system that is often not reused.
Steam condensate can be used for toilet or urinal flushing, cooling tower makeup
water or other non-potable uses (Licata & Kennif, 2015). Princeton university
collects steam condensate for example and pumps it back to the power plant.
This reduces overall municipal water demand despite not directly reducing the
water demand of the steam system.
There are several ways in which to reduce the municipal water demand of
cooling towers. As with chillers, the water demand of cooling towers is linked to
temperature and can therefore be lowered by reducing the cooling demand.
Another way to reduce cooling tower water demand is through higher
cycles of concentration. The water within cooling towers becomes less and less
pure over time, as part of the water evaporates and its impurities are left behind,
increasing the impurity of the remaining liquid water. Eventually, the
concentration of impurities becomes too high for the cooling tower to function
properly, and this water must be disposed of and replaced. Each series of water
being added, increasing its concentration of impurities, then eventually being
removed is called a cycle of concentration. A strategy for reducing water demand
of cooling towers is to slightly raise the concentration of impurities permitted in
the water before disposing of it, thereby reducing the amount of water replaced
yearly. The municipal water demand can also be lowered by using alternative
water for the cooling towers’ makeup water.
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Although the practice is not currently widely adopted, The City of New
York already allows rainwater to be used as cooling tower makeup water . If NYC
is able to encourage cooling tower owners to use on average 50% rainwater
instead of municipal water and recover 50% steam condensate for reuse, it will be
one tenth of the way to its goal before addressing direct decreases in water
demand.
NYC has also committed to reducing its GHG emissions by 80 percent
over 2005 levels by 2050, with an intermediate target of 35 percent over fiscal
year 2006 by 2025 (Cventure LLC, Pasion, Amar, & Zhou, 2016). Data has
shown that the city was initially able to reduce GHG emissions by using cleaner
energy sources such as natural gas instead of coal. However, in 2013 and 2014
this relationship has diminished and yearly GHG emissions now most closely
correlate to HDD and the energy demand for heating in buildings. In response,
the city is accelerating its effort to increase energy efficiency in buildings
(Cventure LLC, Pasion, Amar, & Zhou, 2016).
This effort can also be assisted by the achievement of net-zero energy
WWTP within the city. This would not only eliminate the GHG emissions
associated with 2.15 TBTU of electricity, it would also capture and use the
biogas produced from the WWTP that is currently unused and ultimately
emitted.
Further, the GI initiative can improve building energy efficiency by
increasing insulation and therefore helping to reduce building energy demand
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while also serving its original goal of reducing CSO.
NYC can also further its GHG reductions by maximizing the use of waste
steam from electricity generation for its steam system. If 100% of the city’s steam
can be provided from this byproduct of electricity generation, then the petroleum
demand for steam generation and associated GHG emissions will fall to zero.
Similarly, by using waste steam wherever possible in place of electricity or direct
natural gas, the GHG emissions for that electricity and natural gas combustion
will be removed.
NYC faces the common problem of old and aging infrastructure. In the
water sector, this is apparent from the 81.03 BGY of unaccounted for water that
the city does not have records of its use, assumedly due to its loss through pipe
leaks. The steam system, while the largest in the country, is losing customers due
to the inefficiency of this outdated system versus newer electric and gas systems.
And finally, utilities such as ConEd must work to keep peak electricity demands
from rising due to the peak capacity of the electric infrastructure within the city.
Particularly, these latter two situations work against each other, leading to
strategic moves by ConEd to promote its customers to use steam when possible
(Integrated Long-Range Plan, 2012). As aging electricity generation plants
need to be replaced, the city is likely to see a shift from once-through cooling to
recirculating cooling towers at these plants. This will decrease surface water
withdrawal but create a surface water consumption, currently not experienced by
NYC at significant levels.
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The WEN in Other Large Cities
The relationships between water and energy developed using data from
NYC can be applied more broadly to the WEN in other cities with similar water
and energy systems. However, differences in resource availability or more
significant expected effects of climate change may lead to different priorities and
strategies for other cities. For instance, NYC and in general cities in the
northeastern United States enjoy an abundance of water. Because of this, there is
little concern in having high surface water withdrawal demands, and the capacity
for municipal water is more likely to be driven by infrastructure constraints than
a lack of water resources. However, cities in the southwestern United States
more frequently face drought conditions and water scarcity, leading to efforts to
minimize both surface and municipal water demands. Therefore, these cities may
be more likely to use recirculating cooling towers for electricity generation,
electric and natural gas chillers systems instead of steam, and overall work to
keep both electricity and water demands down to preserve water. For these
cities, understanding the water demand of electricity can be much more critical.
Other cities are also likely to face much higher energy demands for water
treatment than NYC, which enjoys unusually clean water sources. This creates a
stronger relationship between water and energy demand, and in cities where
surface water withdrawal is a significant variable, there is a stronger feedback of
water requiring energy that then requires water. Cities in different parts of the
country may also face significantly different heating and cooling demands,
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therefore increasing or decreasing the significance of these systems within the
WEN.
Despite these differences, other large cities are likely to have the same
major distinction from the Princeton WEN that NYC does. Namely, existing as a
system of smaller WENs due to various energy sources, types of generation and
secondary energy types, and the possibility for a more complex water system than
the more singular WEN that exists in smaller, planned areas such as university
campuses.

Economic Implications
This thesis examines the WEN on a large city scale, including the
interconnections between water and energy and how these relationships may be
shifted to reach certain goals. While this does include some decisions made at
the private consumer level, such as whether to use a steam chiller or an electric
chiller, the majority of the decisions surrounding the WEN in large cities are
dictated by the government and utilities. Due to this, cost savings generated by
reducing end-use water or energy demands for general consumers are not likely
to stimulate changes to the WEN. Instead, changes that are advantageous to the
utilities or government are more likely to be implemented. This includes the
continuation of a steam system so that ConEd can avoid investing in electrical
infrastructure that can handle a higher peak load and GI that reduces CSO to
preserve water quality so that the government does not need invest more in
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maintaining the quality of its water. These are typically economic decisions that
involve costs of infrastructure or outside processes, not simply a reduction in cost
due to lowered demand of water or energy.

FUTURE RESEARCH
Other features can be included in the developed model to give a more
complete picture of the WEN within a city, such as quantitatively defining the
cooling effects and water demand of green infrastructure that has a more
complicated relationship with water and energy. Further, data on the energy
efficiencies of natural gas, steam, electric, and other heating systems can give a
more complete understanding of how water and energy demands can change by
choosing between these systems and with changes in temperature. The balance of
use of these resources can be manipulated to achieve goals such as minimized
electricity use, water use, GHG emissions, or operating cost. More detailed
information on the use of waste steam and the production and efficiency of
conversion of steam from petroleum can create further insight into the role of
steam in energy systems, including potential energy and GHG emission
reductions possible by utilizing waste steam.
Other useful future research includes a more in-depth exploration of certain
types of electricity and heat generation, such as co-generation or CHP and its role
in the WEN. A better understanding of the water demands of hydropower can
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also create a more complete understanding of surface water withdrawal and
consumption demands. Similarly, further research can be conducted on the
embedded water demands of natural gas extraction and oil refineries.
Finally, further research can be conducted on the feasibility and progress of
net-zero energy WWTP, the ability of WWTP to harness potential energy, and
how this energy is used either for the operations of the plant or if the energy is
delivered elsewhere.
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APPENDIX
Figure 19. Water withdrawal demand of various electricity generating
technologies

(Macknick, Newmark, Heath, & Hallet, 2012)

In-City Power Plants Water Withdrawal Intensity Calculations
To estimate water withdrawal intensity of in-city power generation, the
ratio of water withdrawal to generating capacity for the six power plants with
water withdrawal permits was used to scale water withdrawal demand to the
generating capacity of all in-city power plants. Under a mandate from the New
York State Reliability Council and the New York Independent System Operator,
reliability concerns require that 80% of NYC’s peak load be met with in-city
resources (New York City Energy Policy, 2004). While this requirement is for
peak loads, it is used here to estimate the portion of yearly electricity demand met
by in-city versus out-of-city generation. Therefore, of the 171.15 trillion Btu
electricity generated for NYC each year, it is estimated that 136.92 trillion Btu
are generated in-city. This amount of in-city generation is then used with the
estimated total water withdrawal for in-city power plants, giving an average
water withdrawal intensity for in-city generation. This number is comparable to
the water withdrawal intensity of once-through cooling given by Macknick et. al.,
74

allowing the assumption that all in-city power plants use once-through cooling.
𝟏𝟏𝟐𝟕𝟖 𝑴𝑾 𝒕𝒐𝒕𝒂𝒍 𝒊𝒏−𝒄𝒊𝒕𝒚 𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒚∗ 𝟔𝟒𝟒.𝟎𝟓 𝑩𝑮 𝒘𝒊𝒕𝒉𝒅𝒓𝒂𝒘𝒂𝒍𝟕𝟗𝟗𝟏.𝟗 𝑴𝑾
𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒚=𝟗𝟑𝟕.𝟎𝟗 𝑩𝑮 𝒕𝒐𝒕𝒂𝒍 𝒊𝒏−𝒄𝒊𝒕𝒚 𝑤𝑖𝑡ℎ𝑑𝑟𝑎𝑤𝑎𝑙
171.15 𝑇𝐵𝑡𝑢 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 ∗ 80% = 136.92 𝑇𝐵𝑡𝑢 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑖𝑛 − 𝑐𝑖𝑡𝑦
937.09 𝐵𝐺
𝑤𝑖𝑡ℎ𝑑𝑟𝑎𝑤𝑎𝑙
= 6.84 𝐵𝐺
136.92 𝑇𝐵𝑡𝑢
𝑇𝐵𝑡𝑢 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑

Water Demand of Cooling Towers Calculations
Median Cooling Capacity: 3600000 Btu/hr
25% percentile Cooling Capacity: 1200000 Btu/hr
75% percentile Cooling Capacity: 9600000 Btu/hr
Total number of cooling towers: 4111
ℎ𝑟𝑠

ℎ𝑟𝑠

Hours of Cooling: 8 𝑑𝑎𝑦 ∗ 92 𝑑𝑎𝑦𝑠 = 736 𝑦𝑒𝑎𝑟
Latent Heat of Evaporation: 2260 kJ/kg
1 Btu = 1.05506 kJ
1 gallon = 3.79 kg
Cooling load = (cooling capacity) * (number of cooling towers) * (hours of
cooling)
Water demand =
(cooling load) / (latent heat of evaporation) * (1.05506 kJ/Btu) / (3.79 kg/gal)
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