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EXECUTIVE SUMMARY
Understanding the volume of water available and consumed is essential for water planning at both
the state and federal level. To aid in this effort, the U.S. Geological Survey (USGS Water Use
Terminology) has taken on the responsibility of creating reports of daily water withdrawals (in
million gallons per day- Mgal/d) every five years. The reports characterize water use as "public
supply, domestic, irrigation, livestock, aquaculture, industrial, mining, and thermoelectric power”
(Maupin et al., 2014).
While the USGS provides valuable insight into overall trends in the U.S. industrial water use, the
sparsity of data and differing collection methods make the USGS reports less valuable for local
water planning. A state-based analytical approach using facility level data was therefore chosen as
an alternative, selecting states representative of both the industrial sector and volume of industrial
water consumption. Chemical, oil & gas, textile, and metal manufacturing industries are the major
drivers of United States industrial water use, shaping both the economy and water trends in the
regions they inhabit. Texas (TX), North Carolina (NC), and Indiana (IN) are examples of states
that are dominated by these industrial sectors and were therefore selected in this analysis.
The study analyzes historical spatial and temporal trends by visualizing in interactive R Shiny Web
application using monthly facility level data collected from three state agencies. The study also
projects industrial water use in the next decade for three states using time series analysis, which
makes projections for the future using the historical observations.
Temporally, Texas has shown a drastic decrease from 1970 to 1995 and experiences small-scale
fluctuations from 1995 to present. TX is projected to continue the decreasing trend in the next ten
years. Indiana remains at the same level of water use from 1985 to 2016 and projects to maintain
the same level in the next five years following a seasonal pattern. North Carolina, with its limited
dataset, shows a stable water use from 2008 to 2016 and projects to decrease slightly in the next
five years under a seasonal pattern.
Spatially, water use and locations of facilities have remained centralized near the coast of Texas.
Indiana has facilities clustering around Indianapolis, while the water use pattern is not the same,

with high water use counties spreading throughout the state. North Carolina has facilities clustered
to counties in mountain region and coastal region and water use is mainly in the coastal region.
When compared to the published data by the USGS, the patterns of industrial water use in Texas
and Indiana seem to general mirror the trends of the USGS data. While the general pattern is
reflected, the USGS fails to pin point the fluctuations of water use between each five-year
increment. Since North Carolina dataset is limited, the study can only compare NC water use with
USGS in 2010 and it finds out that USGS estimation in 2010 is two times higher than NC statelevel data.
The facility level data highlights historical peaks and troughs of water use over time, which could
be a result of a multitude of environmental, economic, or political factors. Some of the
environmental influencers that could shift future supply are proximity to natural resources, water
quality deterioration, drought, and the presence of an endangered species. The market drivers are
large scale economic trends in industry and the investment in infrastructure.
While water use by industries is only a small portion of the nation's total water use, the effects of
water withdrawals from systems is felt locally and should be included in integrated planning. The
study highlights the need for incorporating industrial water demand into a holistic water plan such
as the Integrated Water Resources Management (IWRM) framework (Savenjie and Vander Zaag,
2000). Within the IWRM management strategy, this work has contributed to future local and state
level planning by 1) creating a platform for state benchmarking and comparison through the
interactive R Shiny Web application, 2) creating much needed projections for three states and
providing a detailed documentation of how to derive the projections. Moving forward, consistent
and robust local and state level reporting and recording practices from each state is essential to
ensure for the ability to meet future demand.
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I. INTRODUCTION
1.1 U. S. WATER CONSUMPTION
The U.S. Geological Survey (USGS) has taken on the responsibility of creating reports of daily
water withdrawals (in million gallons per day- Mgal/d) every five years. The reports characterize
water use as "public supply, domestic, irrigation, livestock, aquaculture, industrial, mining, and
thermoelectric power” (Maupin et al., 2014). Additionally, the reports also categorize water
withdrawal sources as surface water, groundwater, freshwater and saline water (Maupin et al.,
2014). The USGS acquires water withdrawal data from sources such as state agencies and national
datasets that are responsible for collecting and reporting the data.
The national total water withdrawals reached the highest level, around 400,000 Mgal/d, from 1985
to 2005 and experienced a drop to 350,000 Mgal/d in 2010. This recent drop in water withdrawals
from sectors such as thermoelectric and industrial is despite the economic development and
population increases during the monitoring period. (Donnelly & Cooley, 2015)
The USGS reports note that the vast majority of water withdrawals (90%) are from irrigation,
livestock, and thermoelectric power use (Blackhurst et al., 2010). Thermoelectric power is the
dominant user, which accounts for 45% of total water withdrawals, whereas irrigation is the second
largest user with up to 33% of total withdrawals (Maupin et al., 2014). Main thermoelectric users
are located in eastern and central regions, while western and mountain regions are the major
irrigation consumers (“U.S. Water Use from 1950-Present”, n.d.). According to the latest five-year
average from 2006 to 2010, four percent of national total water withdrawals have been attributed
to industrial uses (Maupin et al., 2014). As for the major source of this water, 85% of total water
withdrawals since 1950 have been made from freshwater sources (Donnelly & Cooley, 2015).
While industrial water use only accounts for a low portion of the total water use in the U.S, this
number does not take into consideration of the local and regional effects of these water
withdrawals. This study focuses on the spatial and temporal historical trends of water use by the
U.S. industrial sector as classified by the USGS.
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1.2 U. S. INDUSTRIAL WATER USE
According to USGS, industrial water is applied to processes in manufacturing such as "fabricating,
washing, [and] cooling", to produce goods like "food, paper, chemicals, and petroleum". The
definition of “industrial use” has changed throughout the monitoring period of 1950 to present
day. From 1950 to 1985, industrial water usage included thermoelectric and commercial uses.
After 1985, “industrial water use” became an independent category and was separated from power
generation, mining, commercial and aquaculture (U.S. Geological Survey, 2016), a trend that
continues to this day.
Total industrial water use has seen a consistent decrease over each five-year increment since 1985,
with withdrawals decreasing by 12% between 2005 and 2010. The main source of industrial water
is fresh surface water, accounting for 76% total industrial use, while fresh groundwater accounts
for around 15% of the total use. Industrial production index measures outputs of facilities in the
manufacturing, mining, electric, and gas utilities in the U.S. as an economic indicator of the
industrial production. The influence of industrial production on industrial water use is illustrated
in the decreasing trend of the total water use from 2008 to 2010 after the economic recession in
2008 (Figure 1.2.1). In addition, the general increasing trend of industrial productivity suggests
that the decrease in total water use is not only due to deindustrialization.

Figure 1.2.1 National total industrial water use (MG) from 1985 to 2010 (left) and industrial production
index from 1985 to 2016 with year 2012 represnted as 100 (right).

Spatially, the dominant industrial water consumers are Indiana, Louisiana, and Texas, which
consumed 33% of total industrial water from 2005 to 2010 (Figure.1.2.2). The main water source
for Indiana and Louisiana is fresh surface water whereas Texas relies on both saline surface water
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from the Gulf of Mexico and large volumes of surface water to operate its industrial facilities
(Maupin et al., 2014). Most groundwater withdrawals are in the western region given, limited
availability of fresh surface water and appropriated water rights.

Figure 1.2.2. State level industrial water use (MGD) in 2010 in the U.S. (Maupin et al., 2014).

Donnelly and Cooley (2015) noted that limited freshwater resources and environmental regulations
have been the main drivers of a decreasing trend in industrial water use from 1985 to 2010. The
quality of water discharged from facilities into natural hydrological systems is regulated under the
amendments of the Federal Pollution Control Act of 1972 and 1977, which has led to increasing
water reuse, ecological conservation and high-water use efficiency (Lumia et al., 2005; Maupin et
al., 2014). Other factors contributing to this drop are the decreasing number of manufacturing
facilities and the declining employment in primary metal industries (Lumia et al., 2005). For
example, the period between 2005 to 2010 was recorded as having the lowest total industrial water
use after several industries, such as wood and textiles, chemical, and metal manufacturers,
experienced economic recession in 2008 (Board of Governors of the Federal Reserve System,
2014).
The United States thus faces a disparity between the high percentage of population experiencing
water shortages (66%) and the abundance of industrial water usage (Padowski and Jawitz, 2012).
In 2016, Becker estimated that one percent of the 19.4 billion gallons per day of water consumed
by the industrial sector could serve 2.2 million people (Becker 2016). Despite the high
Page 3 of 64

I. INTRODUCTION
consumption, very few economic texts address industrial water use, instead focusing primarily on
agricultural and municipal uses (Renzetti, 2015). Thus, it is essential to promote tools for
understanding historic and future industrial water use to aid in strategic planning.

1.3 STATE FOCUSED APPROACH
USGS Water Science Center estimates water withdrawals every five years and publishes the
resulting data on its website. To accomplish this, the USGS not only collects facility information
from state agencies, but also adjusts the provided data to incorporate employment, location of
facilities, and economic indicators of the specific industry (U.S. Geological Survey, 2016).
However, the methodology associated with these adjustments and the water use prediction data
are confidential to the public and cannot be applied to this study (Maupin et al., 2014).
Additionally, information pertaining to the employment rate, payroll, and economic predictors of
specific industries is available from the Bureau of Census at annual time steps from 2002, while
the state water withdrawal data dates back to 1970 for Texas and 1985 for Indiana.
Given the limitations of the five-year incremental USGS data, this study intends to conduct statelevel analysis by approaching state agencies to access comprehensive datasets of monthly
industrial water use. In addition to the benefit of using more robust datasets, a state level- analysis
allows for a comprehensive look into how the natural and economic conditions of specific states
impact water use. States rely on industries with various characteristics and the locations of these
industries do not homogeneously spread throughout the country. Thus, state-level analysis can
address specific industry types and their localized impact on water use.
The state level analysis also benefits state agency water resources planners, who focus on both
economic development and natural resources allocation. The budget of economic development can
reach up to billions of dollars for states introducing new industries and expanding the local
business (Francis, 2016). The role of water planners will become increasingly important as climate
continues to change, limiting the fresh water availability and disincentivizing the relocation of
manufacturing industries to a new state. In that scenario, state agencies water planners will be
forced to balance allocating natural resources and promoting economic development.
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With this potential scenario in mind, this study aims to visualize state level temporal and spatial
industrial water use patterns and create projections of future use. In doing so, the work provides
interactive tools and repeatable methodology to aid in the current and future water planning by
state and local agencies.

II. BACKGROUND ON SELECTED STATES
With the limitations of the USGS data and the benefits of a state-based approach in mind, Texas,
Indiana, and North Carolina were selected as representative study areas of both the varying
industrial sectors and volume of water use. Texas is one of the main consumers of industrial water
in the entire U.S., making it an obvious choice for a study state. It also has an arid climate impacted
by drought and the surface water is regulated by prior appropriation, so the strategic planning of
water allocation in Texas can be an example to other states in western region such as California.
Indiana is another dominant industrial water consumer in the U.S., but unlike Texas, it has
abundant surface water and groundwater sources under the regulation of riparian water rights
system. The industrial sector is the second largest consumer of water in Indiana. Specifically,
industrial water accounted for around 28% of total state-wide water use from 1986 to 1996 (Arvin
& Spaeth, 1998). The state is representative of other states with abundant resources and
consequently holding a lower concern for environmental issues such as drought.
Nationally, North Carolina is considered medium level industrial water consumer, with traditional
manufacturing industries such as wood, textiles, and chemical utilizing the natural resources. NC
will be used as a representative for states with intermediate industrial water use consumed by
traditional industries, which experienced fluctuating market performance and water consumption
during economic recession in 2008 (Maupin et al., 2014).

2.1 INDUSTRIAL HISTORY
Although the selective states are currently representatives of specific industry types and water
consumption, these classifying characteristics have fluctuated historically. The rise and fall of
specific industries have helped shape the trends in industrial water use.
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2.1.1 TEXAS
Texas is a case where the drivers of industrial water use have held through for numerous decades.
Since the late 1800's, Texas has been renowned for the plentiful crude oil and natural gas reserves,
leading to the rise of corresponding oil and gas and chemical facilities in the state. These industries
account for a large portion of state's economy. More recently, the U.S. Energy Information
Administration notes that Texas is the leading natural gas producer with 'more than 5.6 million
barrels of crude oil per day' based on 2017 estimates (Texas State Energy Profile, 2018)
2.1.2 INDIANA
Unlike Texas, the economy of Indiana has shifted over time. More recently, Indiana is one of the
main U.S. forces promoting job opportunities in the manufacturing sector. Ranking sixth
nationally, total manufacturing shipments in 2012 reached $243 billion (U.S. Census Bureau,
2016). A large portion of the manufacturing growth stems from the automotive industry, which is
the second largest in the U.S. according to its contribution to GDP ("Advanced Manufacturing",
n.d.). Innovation of technology and car models have also influenced the automotive market, with
five original equipment manufacturer (OEM) assembly lines producing 5.1 million trucks and cars
since 2010 ("Advanced Manufacturing", n.d.).
In addition to the automotive industry, Indiana also supports the aerospace industry, the
manufacturing of medical devices, and an extensive logistic system. The aerospace industry hosts
manufacturing facilities for companies such as GE Aviation, Raytheon, and Alcoa manufacturing
advanced composites, such as jet engines ("Aerospace and Aviation", n.d.). Indiana is the largest
manufacturer of medical devices with $9.8 billion exports of life science to the world in 2009
("Life Sciences", n.d.). In addition, the state has leading logistic system with second largest FedEx
Air Hub and convenient water ways throughout the entire state ("Logistics and Transportation",
n.d.). With the advanced logistic system, foreign companies have shares in investments and exports
in the automotive and metal industry.
2.1.3 NORTH CAROLINA
The presence of fertile lands, favorable climatic conditions, and an abundance of water resources
helped North Carolina establish a strong economy around water-intensive industries like tobacco

Page 6 of 64

II. STATE LEVEL INDUSTRIAL WATER USE
products, wood and paper products, as well as textile manufacturing. However, more recently, the
state's traditional industries have seen a decline and given way to newer industries like information
technology, finance, and defense. These industries are knowledge-based and demand much less
water for their operation and maintenance, unlike the traditional industries (Economic
Development Partnership of North Carolina, n.d.). The rise and fall of these industries influence
not only the economy in the state, but also the fate of the finite water resources.

2.2. STATE WATER AVIALBLITY
Industrial facilities require water to operate and often to plan the creation of facilities around these
limited resources. Each of the three states have different water availability and levels of risks
exposed to their water supply. This section focuses on the spatial distribution of surface and
groundwater within each state while highlighting key threats to water supply.
2.1.1 TEXAS
A major portion of water use in Texas is derived from fifteen river basins, with the Brazos Sabine,
Trinity, Neches, and Red having the largest flows (6,074,000, 5,864,000, 5,727,000, 4,323,000,
and 3,464,000 acre-feet per year respectively) (Figure 2.1.1.1) (River Basins, n.d.).

Figure 2.1.1.1 Map of Texas major river basins (2012 State Water Plan, 2012).
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The borders of Texas also house nine major and twenty-one minor aquifers that supply over 60%
of the "16.1 million acre-feet" of fresh water used in Texas (2012 State Water Plan, 2012). Most
notable are the Gulf Coast, Ogallala, Edwards aquifers, with the Ogallala Aquifer providing more
water than all aquifers combined (Figure 2.1.1.2). It is estimated that these aquifers hold 16.8
billion acre-feet of fresh and brackish groundwater, but volumes of recoverable storage are much
lower (4.2-12.6 billon AF) due to economic and hydrogeologic constraints on accessing the water
(Texas Aquifers, n.d.). This volume is further constrained with continued excessive pumping in
drought-stricken areas.

Figure 2.1.1.2 Nine major Texas aquifers recognized by the Texas Water Development Board. (Casura,
2014).

The abundance of groundwater and surface water has allowed for the development of both major
cities and industrial hubs and is vital for their continued success. Regulations have therefore been
implemented to ensure water availability, both spatially and temporally, for environmental needs
and all users.
The primary threats to groundwater in Texas are drought, over withdrawal, and potential
contamination. As meteorological drought impacts communities and regions across Texas, users
rely more heavily on groundwater to meet their water needs, furthering the depletion of the finite
resource. While these aquifers were created over thousands of years and they are currently pumped
at a rate of 8-10 million acre-feet per year while only recharging a few inches per year. While the
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abundance of water is at risk for future generations, the groundwater supply may also be limited
by contamination of "naturally-occurring levels of total dissolved solids, arsenic, and
radionuclides" in some parts of Texas (TWDB Texas Aquifer Study 2016)
2.1.2 INDIANA
The mean annual precipitation in Indiana is 40.64 inch, which is at the medium level of the national
mean annual statewide precipitation (9.4 inch/year to 70.3 inch/year) (U.S. Geological Survey,
2017). The deviation of the regional mean annual precipitation throughout the state is small and
the state can be mainly divided into the southern and northern parts based on precipitation (U.S.
Geological Survey, 2017). The southern part of the state is relatively more humid than the northern
part (U.S. Geological Survey, 2017).
Ten water basins constitute the state surface water hydrology system with the scale of 6-digit
Hydrologic Unit Code (HUC). Except for largest basin, the Patoka-White, the other nine water
basins are not entirely within the state boundary (Figure 2.1.2.1-a).

(a)

(b)

Figure 2.1.2.1 (a) HUC 6 watershed boundaries in Indiana. (b) Groundwater aquifer recharge rate and
location of reservoirs in Indiana. (Data source: Indiana Geographic Information Council, n.d.)
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Four main lakes are located in IN as the natural fresh water source and three of them are in the
southern part of the state, which experiences higher precipitation. The state river of IN is the
Wabash River, which runs 475 miles from Ohio throughout nearly 80% counties in IN (Indiana
Department of Natural Resources, n.d.)
Groundwater (water well) is another water source in IN. The spatial pattern of recharge rate
separates the state into the northern and southern sections. The southern part has relatively low
recharge rate while the northern part has higher recharge rate (Figure 2.1.2.1 (b)). Since Indiana is
not limited in surface water, water consumers withdraw from either surface water or unconfined
aquifer instead of costly extraction from confined aquifer. For southern part of IN relying on
surface water, more dams are located in this region to allocate surface water resources. The
unconfined aquifers in the northern part of the state ensure that the quality of groundwater is good
to excellent, while the southern part mainly relies on surface water as the main water source
(Indiana Utility Regulatory Commission, 2016).
2.1.3 NORTH CAROLINA
North Carolina has historically been considered a water rich state due to its abundant groundwater
reserves and high average annual precipitation (Environmental Protection Agency, 2010). North
Carolina houses seventeen major river basins span across the state (Office of Environmental
Education and Public Affairs , 2013) (Figure 2.1.3.1). River basins forming the western part of the
state (Hiwassee, Little Tennessee, French Broad, Watuaga, and New) drain into the Gulf of
Mexico, and the remaining twelve basins flow to the Atlantic Ocean. Four river basins, Cape Fear,
Neuse, White Oak, and Tar-Pamlico lie completely within the state's boundary (North Carolina
Wildlife Resources Commission, 2018)￼.
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Figure 2.1.3.1. Distribution of 17 major river basins in North Carolina (NC Wildlife Resources
Commission)

Aquifers in North Carolina are also a major source for public supply, agriculture, and industrial
uses. Some of the primary aquifers include the Lower Cape Fear, Black Creek, PeeDee, and Castle
Hayne, while Beaufort, Pungo River and Lower Cretaceous form the minor aquifers (North
Carolina Division of Water Resources, 2018).

2.3. MECHANISMS FOR STATE WATER PLANNING
Water in each state is managed and regulated by both federal law and local planning agencies. The
varying strategies for managing the water resources reflect the influence of the industry on water
intake and economy and the environmental threats to the finite resource. The historical context to
current planning methods is important to understand state values for future water planning.
2.2.1 TEXAS
Groundwater and surface water are viewed as separate entities in the eyes of the Texas Law. The
most recent variation of the Texas Water Code refers to groundwater as “water percolating below
the surface of the earth” and a groundwater reservoir, or aquifer, as “a specific subsurface waterbearing reservoir having ascertainable boundaries contacting groundwater” (Texas Water Code §
36.001). Surface water, on the other hand, is defined as “water under ordinary flow, underflow and
tides of every flowing river, natural stream, lake, bay, arm of the Gulf of Mexico, and storm water,
floodwater or rain water of every river, natural stream, canyon, ravine, depression, and watershed
in the state” and is publicly owned by the State of Texas (Texas Water Code § 11.021). These
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definitions draw a stark distinction between both surface and groundwater, placing them into
inflexible categories.
Laws governing surface water in Texas traditionally follow the Western rule of prior appropriation
doctrine, which put simply means the “first in time, first in right” (Texas Water Code § 11.027).
In order for an individual to utilize the water, they must apply for a permit from the State of Texas,
which only grants the user ‘usufructuary right’ to the water, not a right to own the water (Jarvis,
1998). In contrast, “the legislature recognizes that a landowner owns the groundwater below the
surface of the landowner's land as real property”, meaning that the landowner has ‘absolute
ownership’ of any groundwater under their property (Texas Water Code § 036.002). These
differing water laws make managing water in a holistic manor challenging, as they defined and
regulated differently.
Different organizations are in place to enforce water laws and conserve water bodies for aquatic
life, plant species, and individual users as described in the Texas Water Code. At the head of all
organizations and planning is the Texas Water Development Board (TWDB), which was created
in 1957 after a severe drought in the seven prior years now known as the drought of record.
Although they have gone through a series of changes in the past, TWDB’s primary goal today is
“to provide leadership, information, education, and support for planning, financial assistance, and
outreach for the conservation and responsible development of water for Texas” (Texas Water Code
§ 36.002). They are tasked with ensuring the management of both groundwater and surface water
in Texas.
These efforts are organized by 16 planning groups, which are representative of the regional water
planning areas (Figure 2.2.1.1). The planning groups are designed while accounting for both
jurisdictional and hydrologic boundaries. Each group is responsible for creating and managing a
plan that analyzes the future water demand, threats to supply, and stakeholders (Texas Water Code
§ 036.002). To help with the planning, in regards to industrial water use, the TWDB requires each
facility that uses more than "10 million gallons of water" annually or "use[s] a significant volume
of water for the industrial sector for a particular area of the state" to complete an Industrial Water
Use Survey, which documents the monthly water use (Frequently Asked Questions for Water Use
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Survey, n.d.). The framework of the survey criteria helps to include the localized effects of water
withdrawal.

Figure 2.2.1.1 Map of Texas Regional Planning Areas (2012 State Water Plan, 2012).

2.2.2 INDIANA
Indiana regulates surface water and groundwater under riparian water rights system; the riparian
water use in IN should be beneficial and reasonable without damaging the interests of the other
riparian water rights holders (Ind. Code §14-25-7-6). In this case, the domestic use bears priority
over the other uses, such as industrial use (Ind. Code §14-25-1-3). Similar to Texas, an industrial
facility has to file a permit to withdraw either surface water or groundwater from a navigable water
way (Ind. Code §14-29-1-8).
Indiana Department of Natural Resources (INDNR) – Division of Water is in charge of facilitylevel water use inventory and water use planning (Arvin & Spaeth, 1998). INDNR has divided the
state into twelve water management basins based on HUC 6 water basins (Figure.2.2.2.1). In 1983,
the passage of Water Resource Management Act (Indiana Code §14-25-7) requires facilities with
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a withdrawing capacity over 100,000 Mgal/d to report water use to INDNR starting from 1985. To
record these withdrawals, INDNR conducts an inventory of water use by collecting forms
completed by facilities using above reporting threshold. These facilities report the monthly total
water use by estimation from flowmeter readings (Arvin & Spaeth, 1998). However, the flowmeter
is not regulated to be identical for each facility and INDNR does not have a mechanism in
validating the estimation of water use by each facility.

Figure 2.2.2.1 Twelve Indiana water management basins (State of Indiana Depart of Natural Resources
Division of Water, 2013).

The challenge lies in lack of trend analysis and planning on industrial sector water use. The
available trend analysis from INDNR captures the water use by water source, county, water
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management basin and water use type from 1986 to 1996 (Arvin & Spaeth, 1998). The other
available report records the temporal water use of each county from 1986 to 2010 (Arvin et al.,
2013). Both reports fail to publish monthly water use pattern to the public up to the date. However,
the trend analysis does not indicate potential driving forces of the temporal pattern such as
economic and environmental sources and the trend report fails to provide projections in the future
water use (Arvin & Spaeth, 1998). In addition to lack of exploring mechanism of water use
temporal pattern, INDNR has not conducted water use spatial pattern throughout the state. As
INDNR does not have available planning and analysis of state wide water use influencers, INDNR
has no comprehensive planning specifically for industrial water use compared to TWDB.
2.2.3 NORTH CAROLINA
Similar to Indiana, North Carolina adheres to the Riparian system of water allocation. This means
that anyone owning land adjacent to a surface water body reserves the right use a reasonable
amount of that water for economic purposes or for personal use (Whisnant, 2015). The state agency
manages state wide water resources in seventeen water management basins (Figure 2.2.3.1).
North Carolina’s Department of Water Resources (NCDWR) enforces regulations to protect the
state's surface and groundwater resources through a combination of permitting, monitoring, and
management programs. It regulates the public water systems within the state, develops standards
and rules to protect water quality, and implements strategies for drought monitoring. The
organization adopts a basin-level approach for efficient management of the state's water resources
(NC Division of Water Resources, 2018) .

Figure 2.2.3.1 Seventeen water management basins in North Carolina (NC Department of Environmental
Quality)
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One of the strategies adopted by the agency is the use of a classification system. Classifications
are made to ascertain the kind of water use that needs protection, such as drinking, fishing or
swimming. A water quality standard is also linked to each particular classification, depending on
the designated protected use. The state and federal "minimum protection rules" form the basis for
the state's administrative code, which dictate these classifications (NC Division of Water
Resources, 2018).
These classifications can be further divided into two categories: DWR primary surface water
classifications and DWR supplemental classifications. For the safety of the citizens, all surface
water in North Carolina must at least meet the "fishable/swimmable" water standards. To protect
the drinking and recreational uses of the state's water resources, additional levels of classification
have been implemented. Some examples of primary surface water classifications are given below
(NC Division of Water Resources, 2018):


Class C: uses such as fishing, wildlife and aquatic biodiversity are protected



Water Supply I (WSI): includes protection of water for drinking and food processing, in
addition to Class C uses



Class SA: these are tidal salt waters which are protected for commercial shell fishing

Waters with specials ecological values or uses, such as trout culture, have additional protection
through further classifications. Some of these classifications include:


High Quality Waters (HQW): protects waters which are relatively unpolluted by
physical/chemical/biological sources



Nutrient Sensitive Waters (NSW): this classification protects waters with high algal growth
and which need a greater level of management

With these extensive classification scheme, it is clear that watershed health and water quality is a
high priority for state water planners in North Carolina.

III. METHODOLOGY
The methodology section encloses data sources of state level industrial water use, development of
spatial and temporal patterns in R shiny application, and projecting industrial water withdrawal for
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the next decade using time series modeling. The extensive details, both documented here and on
the GitHub account, are provided to aid in future replication but state water planners.

3.1 DATA SOURCES
As previously mentioned, the USGS utilizes state level data along with the economic indicators to
create estimates of industrial water use every five years from 1985 to 2010 (U.S. Geological
Survey, 2016). In the USGS analysis, the usage indicates the average of the previous five years, at
the county level. These reports highlight a snapshot in time, but the analysis for each specific year
is published a few years after the year in question. While this information is useful on a long-term,
national scale, our analysis of state specific spatial and temporal shifts in water use requires a more
detailed dataset. To complete this, we contacted the state agencies responsible for collecting the
water information to receive monthly water use values for each facility in North Carolina, Indiana,
and Texas.
3.1.1 TEXAS
The TWDB began issuing an annual water use survey in 1970 to major users that use more than
10 million gallons a year to aid in future water resource planning (Frequently Asked Questions for
Water Use Survey, n.d.). The survey collected details on monthly water intakes of each facility,
county location, and the basin of origin. Additionally, the dataset provides North American
Industry Classification System (NAICS) codes for each facility, which classifies the industry type.
The product of this collection was used to analyze the spatial and temporal trends across Texas.
While this is a robust dataset, the first year of data collection was incomplete, so the following
analysis is from 1971 to 2015. Additionally, monthly data was not always available, so the annual
water use for a single industry was placed in December of that year. This made it impossible to
analyze historic and future monthly consumption.
3.1.2 INDIANA
For an analysis of Indiana historical trends and projections, a robust dataset was acquired from
Indiana Department of Natural Resources (INDNR), Division of Water. This dataset is a
compilation of facility level data collected from reporting forms. These forms have an industrial
water use reporting threshold, which is the minimum water usage required for companies or firms
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to report usage to the state agency. The threshold is set to be 100,000 gallons per day and facilities
withdrawing both surface water and groundwater should report water use to INDNR (Indiana §
Code 14-25-7).
The resulting INDNR dataset provides the monthly water usage in thousand gallon (TG) for each
facility with corresponding locations, county information, and water use source. However, unlike
the Texas dataset, the industry type of each facility is not listed in the Indiana dataset. Water use
source specifically refers to intake (surface water) or well (ground water). To be consistent with
the classification of industrial water use, the study of IN analyzes the water use data from 1985 to
2016.
3.1.3 NORTH CAROLINA
The North Carolina industrial water use data was obtained from the state’s Department of
Environmental Quality’s Division of Water Resources (DWR). In 1991, the state passed an act
requiring state agencies to record the amount of water used by agricultural, industrial, and
commercial water users (NC Water Code § 143-215.22H) . According to this act, all nonagricultural water users needing more than 100,000 G/day of water are required to report their
water use and register their facilities. In the counties that fall in the ‘Central Coastal Plain Capacity
Use Area’ category, the registration threshold is at 10,000 G/day (NC Division of Water
Resources, 2018).
This dataset includes facility level data for industries relying on self-supplied sources of water,
using over the threshold of 10,000 gallons per day. The dataset includes facility name, sub-basin,
source of water (groundwater or surface water), average daily withdrawals, and industry type.
While the data dates back to 1999, significant gaps were found in the dataset for several years,
including 2000, 2001, 2002, 2003, 2005, 2006, and 2007. Thus, only the trends in industrial water
use between 2000 and 2007 have been analyzed.

3.2 TIME SERIES ANALYSIS AND FORECASTING
One of the objectives of this study is to predict and comment on the future of industrial water use
in Texas, Indiana, and North Carolina. Forecasting is the process of making predictions about the
future response of a variable, given its past behavior and knowledge of the parameters affecting
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this response (R programming, 2017). It is an important tool which forms the basis for establishing
developmental goals for the future and implementing strategic plans for fulfilling those goals
(Hyndman & Athanasopoulos, 2018). While some forecasts are more useful when made for shorter
time scales, such as weather forecasts, planning for future water demands requires projections
spanning several years (Yang et al., 2017). Amid uncertainty over the availability of adequate
water resources for agricultural, residential, commercial, industrial, and environmental uses due to
overuse of surface and groundwater resources coupled with global climate fluctuations, it is
imperative to know just how much water would be needed to meet these demands in the future.
(Wada & Bierkens, 2014).
A time series approach was adopted for modeling the annual and monthly time series water use
data for the three states. A time series is a series of observations of a variable recorded over a
period of time. A time series plot is useful because it describes a variety of characteristics of the
observed data, such as trend, seasonality, outliers, and any other cyclical or irregular components
(Adhikari & Agrawal, n.d.). The kind of trend, seasonality, or cyclicity that a time series exhibits
is instrumental in choosing a model that appropriately describes the series (Penn State Eberly
College of Science, 2018). One of the reasons for using this method is that the data for all three
states is continuous and applicable to time series analysis, unlike the USGS data which is only
available as five-year increments. Additionally, the predictors used by USGS are inaccessible and
available information from the Bureau of Census does not match the provided time periods of
industrial water use data obtained from the three states.
Time series is a relatively new approach in planning industrial water use. Previous methods of
water planning include press-state-response analysis and economic input-output life cycle analysis
model (Walmsley, 2002; Green Design Institute, Carnegie Mellon University, 2008). Press-stateresponse analysis employs indicators like driving forces, pressures, environmental state, and
impacts to evaluate sustainable water use (Walmsley, 2002). Press-state-response also relies
heavily on a number of fine-scale indicators; moreover, the potential scale of this method is
catchment level instead of state level or national (Blackhurst et al., 2010). Another approach is
Economic Input-Output LCA (EIO-LCA) model using the available industry benchmark prices to
compute water withdrawals for 428 sectors (Green Design Institute, Carnegie Mellon University,
2008). Green Design Institute, Carnegie Mellon University has made online version of the model
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for users; however, the limited available industry benchmark prices condense the scope of water
withdrawal estimation (Green Design Institute, Carnegie Mellon University, 2008).
Due to the limitations of the press-state-response analysis and EIO-LCA model, our analysis
utilizes ARIMA modeling for projecting future industrial water use. A detailed summary of the
time series methodology applied on the Texas, Indiana, and North Carolina industrial water use
datasets has been provided in the following section.

3.3 INTRODUCTION TO ARIMA
ARIMA models are powerful statistical tools that can be applied to a variety of time series data
and were therefore chosen to model and forecast the industrial water use for all three states.
ARIMA stands for Auto Regressive Integrated Moving Average (Shumway & Stoffer, 2010). It
is described by three parameters, 'p', 'd' and 'q'. 'p' describes the degree of the autoregressive or AR
component, 'q' is the degree of the moving average or MA component, whereas 'd' is the degree of
differencing. Time series which also exhibit seasonality are best described via Seasonal ARIMA
models. These are written as SARIMA(p,d,q)*(P,D,Q)S, where S is the seasonal parameter. For
example, for monthly time series, S = 12 but for quarterly time series, S = 4 (Shumway & Stoffer,
2010). The lower case letters denote the orders of the non-seasonal component and the capital
letters refer to the seasonal component. P, D and Q have the same meaning as their non-seasonal
counterparts, with the only difference being that they describe the seasonal component of the data.
ARIMA models are built around the assumption that the regression errors obtained in a time series
resemble White Noise (WN) behavior. It means that the residuals are normally distributed,
homoscedastic, and independent (Stoffer).
3.3.1 MODEL ASSUMPTIONS
For the ease of analysis, it was assumed that the annual industrial water use data for Texas were
collected on the last day of December for all years. As for Indiana and North Carolina, it was
assumed that the monthly observations were made on the last day of each month. The data were
treated as a univariate time series, which is a series of observations of a variable recorded over a
period of time.
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The annual industrial water use data were used for modeling 10-year water demand forecasts for
Texas because some facilities lumped all of their monthly water usage under December, thus
skewing the monthly dataset. The monthly industrial water consumption data of Indiana and North
Carolina were used for modeling 5-year forecasts. While a variety of economic and environmental
factors affect industrial water use in a particular region, these projections have been made only on
the basis of historical industrial water use data available for the three states.
3.3.2 CHOOSING THE BEST FIT MODEL
In order to choose the best fit model for a time series data, a sequence of steps, called the BoxJenkins Methodology is followed (Adhikari & Agrawal). The order of the steps observed is as
follows:
a) Convert non-stationary time series into a stationary time series
b) Guess the initial parameters for the best-fit model from the ACF and PACF plots
c) Plot the residuals of the modeled time series
d) Compare the corrected AIC values of different modeled time series to choose the best-fit
model
e) Model validation
3.3.2.1 Transforming Non-Stationary Data Into A Stationary Time Series
A time series is usually modeled for a stationary process to ensure a more parsimonious model, or
a model that has fewer parameters (Matteson). A process is said to be stationary if its distribution
is stable over time, i.e., it shows random fluctuation around a fixed value (a phenomenon referred
to as mean reversion), but its behavior from one time period to the next is very similar (Matteson).
In ARIMA models, a transformation technique called 'differencing' is applied to a non-stationary
time series to convert it into a stationary process.
The time series graphs generated for Texas, Indiana and North Carolina are given below (Figure
3.3.2.1.1)
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Figure 3.3.2.1.1 Time series plots showing industrial water use in (i) Texas (1975-2015), (ii) Indiana
(1985-2016) and (ii) North Carolina (2008-2016)
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Texas shows a consistently declining water use trend. No seasonality is observed since the data
has been collected annually. The other two states show a strong monthly seasonality, with greater
water use in the summer months, and a decreasing demand in the colder periods. The Indiana plot
shows a fluctuating, sinusoidal trend, with the variance remaining constant over time. For North
Carolina, the mean industrial water use is seen to decrease, with an almost constant variance
observed for the monthly values. Thus, the raw time series data for all three states show a nonstationary behavior because of these patterns.
Following are the plots obtained for the three time series after first order differencing (Figure
3.3.2.1.2).
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Figure 3.3.2.1.2 First differenced Time Series plot for (i) Texas (ii) Indiana and (ii) North Carolina

Since the Texas water use data was collected annually, first order differencing is sufficient to make
the time series stationary as it does not have a seasonal component. However, although the time
series plots for Indiana and North Carolina are trend stabilized, they still exhibit strong seasonality.
In order to obtain a seasonally stabilized time series, the first differenced series shown above were
differenced again, but this time with an additional lag parameter of 12, indicating a repetition of
industrial water use trend after a 12-month period. The time series plots obtained for the two states
after seasonally differencing the data are shown as follows (Figure 3.3.2.1.3).

Page 24 of 64

III. METHODOLOGY

Figure 3.3.2.1.3 Seasonally differenced time series plot for (i) Indiana and (ii) North Carolina

As can be seen from the plots above, seasonally differencing the data renders a stationary time
series for both the states.
3.3.2.2 Plotting ACF and PACF of the Stationary Data
The next step is to visually inspect the ACF and the PACF plots of the stationary data. The
autocorrelation and partial autocorrelation plots of a stationary time series differentiate which
model best describes the data. These parameters reflect the relationship between consecutive
observations in a time series data and help in the determination of the order of the AR and MA
terms (Matteson).
The ACF and PACF plots for the stationary time series for Texas, Indiana and North Carolina are
given below (Figure 3.3.2.2.1).
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Figure 3.3.2.2.1 ACF and PACF plots for stationary time series for (i) Texas (ii) Indiana and (iii) North
Carolina
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The following initial guesses were made about the parameters of the time series model for the three
states based on the ACF and PACF plots:


For Texas, p = 0, d = 1, q = 2



For Indiana, p = 1, d = 1, q = 1, P = 0, D = 1, Q = 1, S = 12



For North Carolina, p = 0, d = 1, q = 1, P = 0, D = 1, Q = 1, S = 12

3.3.2.3 Analyzing Residual Plots of Modeled Time Series
The third step is to model the time series using the initial values we estimated from the ACF and
PACF plots and inspect the properties of the residuals or errors obtained for the model. An ideal
residual plot should show the following behavior (Stoffer, ARIMA Models):


The error distribution in the ‘Standardized Residuals’ plot should resemble a White Noise
(WN) model



The ACF plot should not show any significant autocorrelation



The errors should be normally distributed



The Ljung-Box statistic plot should show a significant white noise behavior
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Figure 3.3.2.3.1 Residual plots of modeled time series for (i) Texas (ii) Indiana and (iii) North
Carolina
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3.3.2.4 AICc Comparison and Model Validation
The methods discussed above are some of the visual techniques which can be employed for making
initial estimates about the parameters best describing a time series model with a reasonable fit to
the data. However, they are not always reliable and may be misinterpreted. A numeric estimate,
called the corrected Akaike Information Criterion (AICc) is used for comparing models with
different parameters (Stoffer, ARIMA Models). The AICc values of models with slightly varying
parameters were obtained by plugging in different values of the AR and MA orders. The model
with the lowest AICc value is likely the best fit model. To confirm this result, a final model
validation step was performed.
For the purpose of model validation, the datasets for all three states were split into training sets
and test sets. The training set consists of observations which are used for building a forecast for
the same duration as the test set. The errors between the predicted values and the observed values
(from the test set), called "forecast errors", were compared for different models to check the model
performance. The metric used for comparison was the 'Mean Absolute Error' (Hyndman). The
model with the lowest MAE was chosen as the best fit model for the observed time series for each
state.

3.4 R SHINY WEB APPLICATION
All data manipulation, visualizations for analysing historical trends, and graphs of the projection
were created using R statistical software. We developed an interactive R Shiny Web Application
to both showcase our work and provide a platform for comparing state industrial water use and
data collection and reporting practices. The benefit of an interactive platform is being able to see
the water use trends during specific time frames. The state datasets and scripts for creating the app,
along

with

a

descriptive

'Readme'

file

can

be

found

at:

https://github.com/nicolajhill/USIndustrialWater. This effort was done to promote data
transparency and allow for other state organizations to replicate this work or add to the code to
make it specific to their needs.
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The visualizations and results follow the same organization as R Shiny Web Application: First
describing the overall trends in the dataset and a comparison followed by analysis of state level
trends and projections.

4.1 BROAD RESULTS
With the available monthly water use collected from three state agencies, temporal trend of three
states range from 1970 to present. Texas has the most robust dataset dating back to 1970, earlier
than the consistent classification of USGS starting from 1985. Indiana has industrial water data
from 1985 to 2016 and North Carolina has the most limited dataset from 1999 to 2016 (Figure
4.1.1). However, given data gaps from 1999 to 2008, the study decides to use NC's monthly use
starting from 2008 with continuous monthly data. In order to compare the temporal trend with the
other two states with relatively more robust datasets, NC also plots a dash line from 1985 to 2010
using USGS estimation in five-year increment to interpolate the annual pattern from 1985 (Figure
4.1.1).
Texas bears a drastic decrease of water use from 1970 to 1995 and experiences fluctuations from
1995 to 2010. The changes of the fluctuations are not as large as the continuous decrease from
1970 to 1995. Indiana tends to maintain at the same level of water use throughout the monitoring
period. With the limited interpolation and observations from NC, both USGS estimation and state
agency data show that NC industrial water use maintain at the same level, yet USGS estimation is
higher than state agency data in 2010. Table 4.1.1 summarizes the comparison of largest users,
primary water sources, temporal trends, and spatial distribution of water use as well as facility for
the three states.

Page 30 of 64

IV.RESULTS

Figure 4.1.1. Historical industrial water use (MG) in Indiana, North Carolina, and Texas. Solid

lines indicate data from state agencies and dashed lines indicate data from the USGS. North
Carolina USGS is from the five-year reports with one data point form 1985, 1990, 1995, 2000,
2005, and 2010.
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Table 4.1.1 Comparison of state results

State

Largest Users (by
NACICS Group)

Primary Source of
Water

Indiana

Primary Metals,
Automobile

Surface water
(fresh)

North Carolina

Wood and Paper
Products

Surface water (fresh)

Texas

Chemical and
Petroleum Coal

Surface Water
(saline)

Temporal Trends
Maintain the same
level, with seasonal
pattern
Decline in total
annual water use;
similar monthly
fluctuations across
all years
Steady decline in
water use with sharp
drop in late 1990's
and early 2000's
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Spatial Distribution
of Water Use

Spatial Distribution
of Facilities

Spread throughout
state

Most in Marion
County

Concentrated in the
Lower Cape Fear
river basin

Concentrated in the
Upper Catawba river
basin

Clustered near Gulf
of Mexico

Clustered near Gulf
of Mexico
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4.2 STATE SPECIFIC RESULTS
The state level analysis highlights historical trends of water use, specifically looking into the
categories of users (as classified by NAICS), facility use, the overall water use in the state over
time, and the distribution of water use throughout the state. These sections are organized similar
to how they are represented in the R Shiny web application, with the ability to not only focus on
trends within a state, but evaluate differences between Texas, Indiana, and North Carolina use and
data availability.
4.2.1 MAJOR WATER USER
The analysis of Texas, Indiana, and North Carolina show major trends in the industrial sector that
reflect the biggest consumers. The consumption of a few users shifts the characterization of a
whole state and often influence future water planning measures. The following section outlines the
dominant industrial sectors and the specific facilities that contribute to that distinction, keeping in
mind that the data provided does not account for secondary sales, or indirect water use, by a single
facility.
4.2.1.1 Texas
The dominant Texas water users, as characterized by NAICS industry sector, are Chemical
Manufacturing (63.8%), Petroleum and Coal Products Manufacturing (20.3%), and Paper Products
Manufacturing (4.95%) (Figure 4.2.1.1.1). It is also important to note that the leather and allied
products, food, and primary metal manufacturing make up a significant portion of water use. In
the case of Texas, it is important to note that although a few industry types, such as transportation
and computer/electronic manufacturing, may not account for a high percentage, the volume of
water in a localized area could still be significant depending on the available water resources in
the region. Additionally, while these categories have remained major industrial users, the
distribution of their water use has fluctuated both temporally and spatially.
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Figure 4.2.1.1.1 Water consumption from 1970 to 2015 categorized by NAICS code. The other category
indicates industries that did not provide or receive an appropriate NAICS code in the TWDB annual water
use survey, or were less than 3% indiviually.

4.2.1.2 Indiana
Indiana's automotive industry includes five major OEM and over 500 automotive suppliers and it
is the only state to have auto assembly plants of Honda, Subaru and Toyota in the same state
("Advanced Manufacturing", n.d.). Other dominant plants include GM truck plant, Rolls Royce
and Cummins engine plants (Figure 4.2.1.2.1). Since INDNR does not provide NAICS code
information for industrial facilities, IN compares the dominant water use facilities based on
cumulative water use since 1985 (Figure 4.2.1.2.1). The main water uses are U.S. Steel
Corporation, ArcelorMittal and Alcoa LLC-Warricks Operations. These facilities are primary
metal industries supplying the automobile and aerospace industry in IN.
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Figure 4.2.1.2.1. Top five facilities in total water consumption in Indiana from 1985 to 2016.

4.2.1.3 North Carolina
Analysis of North Carolina's industrial water use data indicates that the state's textile industry
continues to be the most widespread out of all the industries in terms of sheer numbers. The
chemical and pharmaceutical manufacturing industries come second, followed by wood and paper
industries. As for the quantity of water used, wood and paper manufacturing facilities have the
highest recorded water usage (69.8%) over the nine-year period. For all years, the top three biggest
water users are wood and paper manufacturing facilities. The second most water intensive subindustry is the chemical/pharmaceutical manufacturing/processing industry, constituting 12.9%
for the total water use. Chemical giants like Dupont, Baxter Healthcare Corporation, and Dak
Monomers exert a significant pressure on the state’s water resources. Third in line are the
metal/plastic/fiberglass manufacturing industries (7.97%) such as Teledyne Allvac, followed by
Animal Processing industries (5.07%) like Smithfield Foods and Perdue Farms Inc. coming in
fourth.
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While traditional industries such as textile, wood and paper, etc. continue to be major industrial
water users in North Carolina, the state's economic sector has seen a shift towards knowledgebased industries like defense, information technology, and financial services.

Figure 4.2.1.3.1. Top six Industrial Water Users in 2016 (Left); Industrial sub-type of the top 10
industrial users (Right)

4.2.2 TEMPORAL PATTERN
The temporal patterns of state industrial water use showcase general water trends, along with
highlighting the types of water use, such as groundwater, surface water, reuse water, and mixed
water that the states monitor. Additionally, this data shows the peaks and troughs of water use
through time.
4.2.2.1 Texas
The TWDB dataset characterizes water use by groundwater, surface water, and reuse. While
groundwater withdrawal has decreased by almost 50% (129,243 to 63,283 MG) and reuse water
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has remained the same, the surface water use has fluctuated rapidly over the years (Figure
4.2.2.1.1). The fluctuation in surface water use can largely be attributed to the chemical
manufacturing sector of the industrial water use (Figure 4.2.2.1.2).

Figure 4.2.2.1.1 Historical water use of groundwater, reuse, and surface water.

Figure 4.2.2.1.2. Stacked graph of historical water use trends of the largest water using industrial
category. The industry category was determined using NAICS codes, and the top five were selected. The
water use of each type is stacked, creating the displayed total water use in 100 MGs.

The leading water users in chemical industry across Texas are Dow Chemical, Dupont, Eastman
Chemical, Oxy Vinyls, and Sterling Chemicals Inc. Their combined water use makes up 84% of
all water from the Chemical Manufacturing category in this time period and for 52% of the total
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water used by all sectors in this time period. The driver of this sector's water use is Dow Chemical,
which has seen a progressive decrease in water use since 1971. Most dramatic down dip occurred
in 1997, 2000, 2003, and from 2005 to 2007 (Figure 4.2.2.1.3). The water use of the other major
companies dipped dramatically after 2003.

Figure 4.2.2.1.3 Five highest chemical manufacturing water users from 1971 to 2015. The water
consumption from these companies includes all water types: groundwater, surface water, and reuse
water. The leading water users in chemical manufacturing sector were determined by filtering the dataset
by category and then summing water use by facility. A separate calculation was then made to include all
variations of the facility or organization name.

Figure 4.2.2.1.4 Highest Petroleum and Coal Products manufacturing water users. The water
consumption includes all water types: groundwater, surface water, and reuse water. The water use of the
five selected companies makes up 64.6% of all water from the Petroleum and Coal Products
Manufacturing category and for 12.9% of the total water in this time period.
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4.2.2.2 Indiana
State of Indiana has been one of the top-ranking states in terms of the volume of water used for
industrial purposes from 2000 to 2010 (U.S. Geological Survey, 2016). Using the state level data,
the temporal pattern of annual water withdrawals from dominant water sources indicates that the
main source of industrial water is surface water (Figure 4.2.2.2.1). The level of annual water use
maintains at the same level without drastic decrease over the monitoring period. The percentage
change of minor sources is higher than major sources, although the net change of major sources is
much higher with two orders of magnitudes larger than minor sources.

Figure 4.2.2.2.1. Historical water use (MG) of groundwater, and surface water in Indiana.

From the perspective of monthly water use, both surface water and groundwater withdrawals
follow a seasonal pattern from 1985 to 2016. The monthly withdrawal from surface is
approximately twice as high as the withdrawal from the groundwater sources. The general trend
of groundwater is decreasing over the year while the level of surface water remains at the same
level (Figure 4.2.2.2.1).
4.2.2.3 North Carolina
In North Carolina, industrial facilities mainly withdraw from surface water sources, while a small
fraction depend on groundwater (Figure 4.2.2.3.1). Some facilities rely on a combination of surface
and groundwater sources to meet their daily water demands. Common surface water sources are
rivers, streams, lakes, and ponds whereas groundwater is obtained from wells. Withdrawals from
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surface water sources have fluctuated over the last decade whereas groundwater extraction has
been more or less stable. Reliance on mixed sources has dipped since 2010.

Figure 4.2.2.3.1. Historical water use of groundwater, surface water and mixed use.

4.2.2 HISTORICAL SPATIAL TRENDS
This section discusses historical spatial trends of industrial water and facilities location. The study
combines the facilities within each county and displays the cumulative water use and number of
facilities within each county.
4.2.2.1 Texas
The distribution of water used throughout the past few decades was analyzed on the county level
because it was the most precise locater provided in the dataset. Spatially, the dominant water use
has remained concentrated near the mouth of the Brazos River throughout every decade of the
dataset (Figure 4.2.2.1.1). This region houses many major chemical and petroleum manufactures,
which rely on the ample water supply from the Brazos River and access to shipping ports in the
Gulf of Mexico. The concentration on the northern border of Louisiana in Cass, Morris, and
Harrison counties is due to The International Paper Company, U.S. Steel Tubular Products, and
Eastman Chemical Company respectively (Figure 4.2.2.1.2). The leader of water use by the Gulf
of Mexico is by far Dow Chemical Company in Brazoria County, with Oxy Vinyl’s and Exxon
using the most water in Harris County.
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Figure 4.2.2.1.1. Log of total industrial water use from 1971 to 2015 categorized by county. The NA
category indicates that there was no Industrial water use over 10MG in one year reported to the TWDB
from 1970 to 2015.

Figure 4.2.2.1.2 Texas counties that used over 500,000 (MG) of water characterized as industrial from
1971 to 2015.

When compared to the clustering of industrial organizations, the total industrial water use and
number of facilities in a county is only similar near the Gulf of Mexico (Figure 4.2.2.1.2 &
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4.2.2.1.3). This is due in large part because of the overwhelming majority of water that is used by
chemical and petroleum manufacturing companies. These few major users shape the way the
regional planning groups and Texas Water Development Board as a whole plan for water for water
supplies in the future. The spatial clustering of historical water use and future demand is centered
in Regional water planning group H (Figure 4.2.2.1.3).

Figure 4.2.2.1.3. Total number of facilities from 1971 to 2015. Counties without any color indicates that
no facilities reported industrial water use over 10 MG in one year on the TWBD water use survey.

4.2.2.2 Indiana
Counties located in the northern part of Indiana have relatively more manufacturing facilities as
compared to other regions (Figure 4.2.2.2.1). Most facilities are located in Marion County around
Indianapolis, which has the highest number of manufacturing shipments in Indiana. The county
level total water use does not obey the same spatial pattern of the number of facilities (Figure
4.2.2.2.1). Marion County, as the county with the highest number of facilities, does not rank the
first in water use. Counties with high water use are spread throughout the state instead of being
clustered. Since IN has abundant surface water and groundwater, the water use does not cluster to
an agglomeration. However, the number of facilities cluster to Marion County, where Indianapolis
is located. One possible reason is that industries rely on services such as marketing, auditing and
legal service, which are readily available in Indianapolis.
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Figure 4.2.2.2.1. Total number of Industrial facilities in Indiana at county level from 1985 to 2016.

Spatially, the water use pattern corresponds to the geographic distribution of technology parks
within the state (Figure.4.2.2.2.2, Figure.4.2.2.2.3). Technology parks relying on universities in
Indiana provide research and development support for advanced manufacturing such as automobile
and aerospace industries ("Advanced Manufacturing", n.d.).
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Figure 4.2.2.2.2. Total water use (MG) in Indiana at county-level from 1985 to 2016. (value ranges)

Figure 4.2.2.2.3. Locations of 23 certified technology parks in Indiana ("Advanced Manufacturing",
n.d.).
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Technology parks tend to be located in counties with high industrial water use. However, the
number of certified technology parks in a certain county is not related to the amount of water use
in that county.
4.2.2.3 North Carolina
Industrial water use in the North Carolina is primarily dominated in the Lower Cape Fear River
basin (Figure 4.2.2.3.1). The Lower Cape Fear River basin has consistently recorded the highest
annual water usage, ranging from 14,600 MG to as much as 20,770 MG. Other sub-basins
recording high water use are Pigeon (which falls within the French Broad river basin) and Lower
Roanoke.

Figure 4.2.2.3.1 Map showing industrial water withdrawals across North Carolina counties. The
counties shown in grey have no records of industrial water withdrawal.

The number of industrial facilities correspond to the basins with the largest water use. The subbasin with the highest number of facilities (6-7) for all recorded years is the Upper Catawba River
basin. Other river basins with a large number of industrial facilities are the Northeast Cape Fear
River basin, as well as the Lumber River basin. Overall, big industrial water users are in the central
and west central parts of the state, with very limited number of industries in the coastal plain
region. This is because of the limits imposed on the volume of water that can be extracted from
the aquifers in the Capacity Use area due to their depleted water levels. It is important to note that
this analysis is based on a very limited dataset, and a more robust analysis could be beneficial
when predicting future water use patterns.
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4.3 USGS COMPARISON
The USGS reports suggest that industrial water use has declined since the first report in 1985.
These estimates are based on a combination of economic trends and state reporting of water use.
The results of looking solely at state collected data also reflect this trend, with industrial water use
in Texas declining significantly, and Indiana and North Carolina remaining consistent or slightly
declining. While the general trend is similar, the USGS data fails to illustrate the peaks and troughs
in the data (Figure 4.3.1, 2, & 3). Additionally, the USGS data does not show the seasonal patterns
of use, as seen with the North Carolina and Indiana data. This could be reflective of the time lag
involved when reporting water use every five years. For example, the latest report on 2010 water
use was published in 2014 and the analysis on 2015 water use has not been published yet.

Figure 4.3.1. Comparison of state data from the Texas Water Development Board (TWDB) from 1985 to
2015 and data from the USGS in five-year increments from 1985 to 2010. The state dataset was filtered to
data past 1984 to highlight the differences in the datasets.

Figure 4.3.2 Comparison of state data from the Indiana Department of Natural Resources from 1985 to
2015 and data from the USGS in five-year increments from 1985 to 2010.
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Figure 4.3.3 Comparison of state data from the North Carolina Department of Environmental Quality
(NC DEQ) from 2008 to 2016 and data from the USGS in five-year increments from 1985 to 2010.

4.4 WATER USE PROJECTIONS
As discussed in the methodology section, ARIMA(p,d,q) was used to model 10-year forecast for
annual industrial water use in Texas, whereas a Seasonal ARIMA(p,d,q,P,D,Q,S) model was used
for projecting monthly water use in Indiana and North Carolina for the next five years. Based on
the Box-Jenkins methodology, following were chosen as the best-fit models for the three states:


Texas: ARIMA(0,1,2)



Indiana: SARIMA(1,1,1,0,1,1,12)



North Carolina: SARIMA(1,1,1,0,1,1,12)

The projections estimate the future water use with a 95% confidence interval. While they estimate
the actual consumption, they do not indicate the spatial distribution of the consumption. Texas and
North Carolina display a decreasing trend in the next decade while Indiana is seen to remain at the
same level of consumption. NC and IN are projected to continue exhibiting the same seasonal
changes over the next half decade.
4.4.1 TEXAS
The previous historical results indicate that the industrial water use in Texas has remained
clustered near the coast and has declined since the initial recording date in 1970. The projected
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water use for 2016 – 2025, shown by the blue dashed lines, mimic the historical declining trends
represented by the solid blue lines from 1975 – 2015 (Figure 4.4.1.1).

Figure 4.4.1.1 Texas industrial water use projection from 2016 to 2025 using the ARIMA(0,1,2) model.
The dark blue line represents total annual historic water use, the dashed line represents projected water
use, and the grey line indicates the 95% confidence interval. The gap between the historical data and the
projection is because the we used annual data.

4.4.2 INDIANA
Indiana uses SARIMA model to simulate the water use for next five years with available monthly
water use since 1985. The observations of state wide water use collected from the state agency
show a seasonal pattern with a peak use in summer and minimum usage in winter (Figure 4.4.2.1).
The output indicates that IN will still follow the seasonal pattern for the next five years and
maintain the same level of water use without decreases in the future, in contrast to the other two
states showing a decreasing trend in the future.
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Figure.4.4.2.1. Indiana historical monthly industrial water use and projected use from 2017 to 2026 using
SARIMA(1,1,1,0,1,1,12) model. The dark blue line represents total annual historic water use, the dashed
line represents projected water use, and the grey line indicates the 95% confidence interval.

4.4.3 NORTH CAROLINA
Like Indiana, North Carolina uses the monthly water use data, from 2008 to 2016, to make water
use projections for the next five years. The industrial water use will continue to show seasonal
fluctuations, with higher water use in the summer months. Based on this model, the overall water
consumption is predicted to gradually decrease in the future, with the assumption that the
manufacturing sector does not undergo any drastic changes in the next five years (Figure 4.4.3.1).

Figure 4.4.3.1. North Carolina historical monthly industrial water use and projected use for 2017 to
2021 using SARIMA(1,1,1,0,1,1,12) . The dark blue line represents total annual historic water use, the
dashed line represents projected water use, and the grey line indicates the 95% confidence interval.
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The projection plots for all three states show a stable or declining water use trend in the
manufacturing industry, which is consistent with the overall national trends.

V. DISCUSSION AND CONCLUSION
Texas, North Carolina, and Indiana were originally selected as representative states for both the
type and volume of industrial water use in the U.S. The analysis of the historical and future
projection of water use highlight how the burden of water demand can shift due to the rise and fall
of an industrial sector or remain stagnant in the example of Texas. A successful future water plan
relies on understanding the many factors that influence the historic distribution of use and will
continue to play a role in future consumption. Through highlighting these trends in an interactive
web application and identifying key influencers of water use, this project has added tools for future
industrial water planning.

5.1 INFLUENCERS ON WATER USE
Historical trends indicate that the demand of water users is heavily clustered both spatially and by
industry type. The regional environmental influences near the clusters and the market success of
major industrial water users could therefore play a major role in future water planning.
Environmental influencers that could shift future supply are proximity to natural resources related
to the products, water quality deterioration, drought, and the presence of an endangered species.
The market drivers are large scale economic trends in industry and investment in infrastructure. A
key to understanding the likelihood and magnitude of future water demand shifts lies in the
response after major environmental and market events.
5.1.1 ENVIRONMENTAL INFLUENCERS
Industrial water supply can be limited by both the physical lack of water and a decrease in the
quality of the water. The decrease in supply could be a result of drought or mandated limitation on
withdrawal because of an endangered species. Water quality deterioration could limit use because
it would not be economically feasible to continue filtering the water. This point will inevitably
vary based on the needs of the facility. This section explores the potential impact these
environmental influencers could have on water use.
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5.1.1.1 Proximity to Natural Resources
In the case of both Texas and North Carolina, the historical trends show a clustering of water use
near natural resources that align with the respective industrial sector. In the case of Texas, the
majority of water use has been clustered near the coast throughout the dataset. Since the water use
is dominated by the chemical and petroleum and coal industry, it is expected that the proximity to
the natural resources would guide the location of the water use. Also, the position near the Gulf of
Mexico allows for the exploration of the products of the manufacturing facility.
Similarly, the historical trend in North Carolina shows a clustering of facilities and water use close
to both the wooded region of the state and the coast to export goods. The correlation is not as
strong as is it in Texas because of the limited data availability and the shift from dominantly textile
driven state to more wood, paper, and chemical.
The spatial pattern of water use in NC indicates that facilities consuming large volumes of water
are located in close proximity to streams with higher orders. It indicates that facilities above the
reporting threshold rely on the amount of water and lower the distance to higher order streams,
higher the amount of water use for these facilities.
5.1.1.2 Water Quality Deterioration
Many industrial facilities, such as those in the states explored in this study, rely almost exclusively
on surface water. In Texas, the main historical use of water is clustered around the intersection of
the Brazos River and the Gulf of Mexico and in North Carolina the limited data indicates a
clustering around the Cape Fear River basin. Since these facilities are near the end of the river
basin, the industrial water source has the potential to incorporate upstream effluent from other
industries or contaminants from runoff.
The waste from industries is managed by the National Pollutant Discharge Elimination System
(NPDES) permit, which regulates the frequency of discharge and the quality of water. The amount
of treated wastewater that is added to a stream from the wastewater treatment plants is constant
throughout the year, and will possibly increase annually as the city or industry increases in size.
Depending on the stream order and climate conditions in the region, the only source of ‘fresh’
water could be from groundwater.
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Rice and Westerhoff (2014) analyzed the occurrence of de facto wastewater across the United
States by evaluating rain data and stream flow rate using USGS gages, spatial separation of
wastewater treatment plants, and drinking water treatment plants. The amount of de facto
wastewater reuse is directly related to the population size, location of the city, and the number of
streams that feed into the drinking water plant or the stream order (Rice & Westerhoff., 2014).
This study concluded that almost half of drinking water treatment plant systems “serving greater
than 10,000 people” saw de facto reuse during average flow conditions, and the frequency
increased during low flow periods (Rice & Westerhoff, 2014).
Water quality deterioration could also originate from a major flooding event where runoff and
bank overflow events could add contaminants to the water sources. Texas has experienced issues
with large flooding events during large storms and hurricanes and North Carolina has noted stream
contamination from concentrated animal feeding operations (CAFO) near streams.
On the regulatory side, a shift in water quality regulations towards more leniency for the quantity
and quality of wastewater effluent placed in streams or the proximity of CAFO ponds to streams
would likely impact the intake of large downstream industries. Depending on the degree of
deterioration, the company’s response would be to either decrease intakes to maintain costs of
purifying water or seeking alternative sources of water.
As for Indiana, groundwater quality issue drives the spatial pattern of groundwater withdrawal.
The high groundwater quality in northern IN leads to consumption of groundwater and surface
water while the degraded unconfined aquifers in southern part lead southern part to employ surface
water as the main source (Indiana Utility Regulatory Commission, 2016).
5.1.1.3 Drought
Unlike states in the northern portion of America, Texas water users are constantly aware of
potential for climate-based water shortages. Texas has experienced a series of significant droughts,
the worst being from 1950 to 1957, which is considered the drought of record. The detailed dataset
provided by the TWDB unfortunately only goes as far back as 1970, but includes the droughts of
1970-1971, 1988-1990, 1999-2002, 2005-2006,2007-2009, and 2010-2011 (Timeline of Droughts
in Texas, 2011). Looking at the historical trends in Texas, there are declines in water use in these
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drought time periods, but a direct correlation is difficult to make because of the number of other
influencers. The TWDB is well aware of the historical and future implication of drought and have
taken extensive measures to incorporate drought in their regional planning reports.
Similar to Texas, North Carolina faced severe droughts from 1998-2002, and again in 2007-2008.
Although North Carolina does not have a comprehensive plan for water management during
droughts, all persons who withdraw water are required to monitor drought and water supply
conditions (NC Division of Water Resources, 2018). They are also required to collaborate with
other facilities and regional water planning agencies to help manage and evaluate the effects of
water withdrawal on the local water resources and develop strategies for securing water from
alternative sources (NC Division of Water Resources, 2018).
Although Indiana has abundant surface water and groundwater resources, 1988 drought event
arouses water planning for Indiana under drought event. INDNR proposes water conservation
strategies to cope with drought events such as developing water use efficiency plan and auditing
water-use from industries in order to track water use habits and future planning. From the
perspective of state government, the drought plan encourages management strategies such as
conservation grants, offering incentives for business to increase water use efficiency and issuing
permitting system in water conservation. (Indiana Department of Natural Resources Division of
Water, 2015)
5.1.1.4 Endangered Species
The listing of a threatened species, either vulnerable, endangered, or critically vulnerable,
influences the allowable use of water by all users. This federal distinction puts the needs of the list
species ahead of senior water users in the basin, meaning that even the senior rights holder could
see a reduction in the amount of water they could use. The timing and impact of these listings and
potential consequent reductions are often difficult to predict, making the exceptionally worrisome
for industrial water planning.

Page 53 of 64

V. DISCUSSION
5.1.2 INDUSTRIAL MARKET DRIVERS
5.1.2.1 Market Growth Trends
The growth and future success of an industrial can influence water use in a region. The success of
an industry could lead to more development of facilities, which could in turn result in additional
water use. This of course is felt on local level and the fluctuation in water use depends on the type
of facility and the efficiency measures in place.
5.1.2.2 Infrastructure
The presence and investment into industrial infrastructure relates directly to the historic and future
use of water. As previously mentioned, the proximity to natural resources plays a role in the
location of water use, and correspondingly, the infrastructure to transport the raw goods to the
facility or export the completed product ties into water use. In the example of oil and gas industries
in Texas, millions of dollars have been invested the transportation of the raw materials to facilities
near the coast of Texas, so it is understandable that the location of water use has historically
clustered in that region and expected to remain there. The connection with infrastructure is
inherently linked to the success of the specific industrial sector, which in the case of Texas has
remained successful.
5.1.3 POLITICAL DRIVERS
Mechanisms in the political structure of a state act to either directly promote or lessen barriers for
industries within a state. For example, this could be in the form of zoning structures or tax credits.
In Indiana, tax credits policy promotes research and design as well as headquarters based in
Indiana. Economic Development for a Growing Economy Tax Credit offers income tax refund if
companies create job opportunities and capital investments ("Advanced Manufacturing", n.d.).
Headquarter relocation tax credit program provides 9-year carry forward toward relocation costs
("Advanced Manufacturing", n.d.). The relocation tax credit program has resulted in major OEM
in Indiana such as Toyota, Subaru, Honda and Mercedes ("Advanced Manufacturing", n.d.).
Research and development (R&D) tax offers tax credits on qualified research expense and refunds
of sales tax on R&D expense and equipment ("Advanced Manufacturing", n.d.).
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Similar to Indiana, North Carolina also provides tax incentives for industrial users. NC reduced its
corporate state tax to 3% beginning 2017 and will have fully phased-in single sales-factor
apportionment in 2018 for corporate income tax. Business costs in NC rank among the lowest in
the nation, with electricity and construction costing well below the US average (Economic
Development Partnership of North Carolina, n.d.).

5.2 IMPACTS OF WORK
The study originally chooses the 3 states as representatives of both the type and volume of
industrial water use in the U.S. The results also allow for an evaluation of the quality of data
availability to the public and general recording and reporting practices of each state. This work has
contributed to future planning by 1) creating a platform for state benchmarking and comparison,
2) creating much needed projections, and 3) adding to future strategic planning.
5.2.1 BENCHMARKING
One of the most important tools for water planning is the ability to understand historical trends
within a single state and also be able to compare how a specific sector or facility is utilizing water
in a different state. In order for this to be effective, the visualization and analytical tools should be
easily comprehended by all stakeholders in the water planning process. The R shiny web
application and corresponding documentation is therefore a vital tool in this form of comparison
or benchmarking.
Currently, the application can be beneficial to other states outside Texas, Indiana, and North
Carolina without even altering the code of the R shiny application. For example, another state
planning agency with a large oil and gas presence, such as Louisiana for example, could follow
this framework to evaluate how similar facilities in Texas are using water in comparison their own
state. Additionally, the application promotes data transparency as states are able to illustrate their
spatial and temporal trends, instead of simply providing a spreadsheet to concerned parties.
5.2.2 PROJECTIONS
Most states water strategies adequately plan for the future water use of their residents by looking
at population growth trends, but they lack water demand projections for the industrial sector. This
could be because industrial water use is a small percentage of the total water use, both in most
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states and the nation as a whole. This lack of emphasis on industrial water planning fails to
highlight the local and regional impact and burden of water withdrawal. This work not only
provides strategies for creating projections (Sections 3.2 and 3.3), but publicly displays water
demand information for water planners and the general public.
5.2.3 STRATEGIC WATER PLANNING IMPLICATIONS
As previously mentioned, states such as Indiana and North Carolina have tax incentives for
industries to relocate to or within the state. With that in mind, it is critical for water planners to
understand the historical trends of water use in the area to ensure that the region can support the
additional demand. The web application and projections add critical tools to aid in this planning
because it allows for benchmarking of state and facility water use. If an industry is relocating to a
new region with the state, the web application can evaluate past records and visualize trends. In
the scenario where a new industry type is moving into the region, the tool can aid in predicting
water by evaluating that facility or a comparable facility in a different state.
When considering a holistic, state-based water planning approach, this work contributes to the
spatial and temporal visualization techniques and adding projections of future industrial water
demand for each state. Additionally, it promotes the concept of data transparency with the general
public and comparing how industrial sectors or facilities are using water in other states.

5.3 MANAGEMENT STRATEGY
The study highlights the need for incorporating industrial water demand into a holistic water plan
such as the Integrated Water Resources Management (IWRM) framework (Savenjie and Vander
Zaag, 2000). IWRM includes four aspects: planning at temporal and spatial scales, combining with
other sector analysis, applying sustainability analysis, and encouraging stakeholder participation
(Savenjie and Vander Zaag, 2000).
The first aspect is planning water use at temporal and spatial scales. The state agencies of TX, IN,
and NC currently all have open data sources for monthly water use. However, all three states do
not conduct analysis on both temporal and spatial scales. The visualization tool of the study
summarizes the trends and makes the usage interactive so that the public data become transparent
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and user-friendly. The suggestion for the states is to develop such a tool for future planning and
data transparency.
The second aspect is inter-sectoral analysis. Since industrial water use is not the dominant type of
water use compared to irrigation, thermoelectric and domestic water use, states tend to focus on
planning water specifically in thermoelectric or domestic water use. For instance, TWDB
summarizes and projects water usage for thermoelectric use and NC DEQ projects the domestic
use for utility over next twenty years. The available surface and groundwater are limited in quantity
and we suggest that the state should not only conduct analysis on spatial and temporal trend on
industrial water use, but also apply inter-sectoral analysis toward the statewide water use. Intersectoral approach includes evaluating marginal water use based on the economic added value; the
state should balance water use between low value added sectors such as industrial water use and
high value added sectors such as municipality with a perspective on economy and society as a
whole (Savenijie & Vander Zaag, 2002).
The third approach is conducting sustainability analysis. This study has an assumption that water
withdrawal of each facility is the direct water use, regardless of indirect water uses and water sales
in the secondary market. Given the fact that supply analysis is based on finer scales such as the
watershed level, the state level study neglects the supply chain for each industry. However, up to
60% water use comes from indirect water use and water trading exists (Blackhurst et al., 2010).
For instance, during drought years, utility purchases water from other sources such as farmers.
Besides, U.S. national water use has shown a decreasing trend in industrial water use and the
increase of water use efficiency and water reuse may be the dominant contributors (Maupin et al.,
2014). It is necessary to explore water use efficiency throughout the supply chain for big water use
industries. The study encourages the state to conduct sustainability analysis on water use for
specific counties and dominant industries.
The last approach is to involve stakeholders into the management plan. The water plan
management can be shifted into water demand management targeting the demand from big water
users instead of balancing the supply from available surface water (Savenjie and Vander Zaag,
2002). In this case, water use efficiency can be elevated using the targeted water demand and
encouraging water reuse because the water users will not consume water infinitely as the users
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may consume as much as the available water is. Also, this demand management approach will
adjust demands from big users.
While water use by industries is only a small portion of the nation's total water use, the effects of
water withdrawals from systems is felt locally and should be included in integrated planning. For
a water strategy to adequately plan for the future demand in the state, it is imperative that planners
understand historic trends and implications for economic incentives to entice industry to relocate.
Through this work, we have added tools to help visualize and plan for future water use while
highlighting areas of limited information. Moving forward, consistent and robust local and state
level reporting and recording practices from each state are essential to ensure for the ability to meet
future demand.
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