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ABSTRACT 8 

The potential impact of water shortages on U.S. manufacturing is unknown. While water 9 

for manufacturing constitutes an estimated 6% of U.S. water intake, the data (i.e. location, 10 

quantity, and purpose of water intake) needed to determine this impact does not exist. This paper 11 

will identify manufacturing subsectors at risk of physical water shortages by applying a method 12 

for estimating U.S. manufacturing water intake at the necessary spatial and sectoral resolutions. 13 

First, the data requirements to quantify a manufacturing facility’s water footprint within the 14 

context of the watershed are developed. Second, using international data, estimates of  water 15 

intake at the national, state, and county-levels by each U.S. manufacturing subsector are 16 

developed. Third, manufacturing subsectors that are most vulnerable to risks of physical water 17 

shortages are identified. Based on the results, the Paper, Primary Metals, Chemical, Petroleum 18 

and Coal Products, and Food subsectors have the largest intake, respectively. However, the 19 

Primary Metals, Fabricated Metals, Transportation Equipment, Petroleum and Coal, and Plastics 20 

and Rubber subsectors are at the greatest risk of physical water shortages based on 21 



concentrations of water intake in water-stressed regions. The results can be used to develop 22 

strategies to mitigate the risks of water shortages on the U.S. manufacturing sector.  23 

TOC/Abstract A 24 

 25 

1. Introduction 26 

Water shortages are of increasing concern to both state water planners and manufacturers 27 

in the U.S. In a 2014 survey conducted by the U.S. Government Accountability Office, 40 of 48 28 

state water planners (two states did not respond) reported anticipating water shortages at the 29 

state, regional, or local-level in their state within the next ten years. Forty-two of 48 state water 30 

planners anticipated water shortages within their state in the next ten to twenty years 1. From the 31 

perspective of the manufacturing community, a 2015 Carbon Disclosure Project (CDP) report 32 

listed the U.S. as a top country where facilities in the Industrials and Consumer Staples sectors 33 

are at risk of water shortages. The list was developed using survey responses from CDP partners. 34 

The other countries listed are China, India, and Japan for the Industrials sector and Mexico, 35 

Brazil, and India for the Consumer Staples sector 2. The consequences of water shortages include 36 

production disruptions, closing plants, retrofitting process to be waterless, relocating plants (or 37 

not siting them at all), and increases in water costs.  38 

Little is understood about U.S. manufacturing’s vulnerability to water shortages, leaving 39 

policymakers and corporate decision makers unprepared to address them. This is due in large 40 
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part to a dearth of information on quantities, purposes, or geographic distribution of water intake 41 

3–7.  In this paper, the manufacturing sector will be defined as the subsectors spanning the North 42 

American Industrial Classification System (NAICS) codes 311-339. For a listing of the 43 

manufacturing sectors at the 3 digit NAICS level as used in this paper, see the Supplemental 44 

Information. Blackhurst et al (2010) estimated U.S. industrial (defined to include more economic 45 

sectors than considered here) water withdrawals using input-output models. However, these 46 

estimates are at the national–level and, as stated by the authors themselves, should not be used 47 

for regional evaluations of the kind needed to better understand water shortages 8. Wang et al 48 

(2014 and 2015) have made additional estimates of industrial (again, defined to include more 49 

economic sectors than considered here) water withdrawals and conducted analyses of the drivers 50 

leading to changes in water withdrawal intensity over time 9,10. However, these too are made at 51 

the national-level. The last comprehensive survey of U.S. manufacturing water intake was in 52 

1984 and is now out-of-date 11.   53 

More information on manufacturing water intake characteristics would enable 54 

policymakers and manufacturers to take actions to safeguard against water shortages. Examples 55 

of such actions include: evaluating the impact of water shortages on U.S. manufacturing 56 

competitiveness, identifying sector/regions to focus water conservation efforts, establishing 57 

national water saving targets, developing requirements/guidance on water footprinting (at the 58 

facility-level) and accounting (at the regional/national-level), and developing high-impact 59 

research and development portfolios and technical assistance. 60 

This paper identifies manufacturing subsectors in the U.S. at risk of physical water 61 

shortages by relating the geographic distribution of their water intake to the location of water 62 

stressed regions in the U.S.  This paper will: 1) identify counties in the U.S. that are water 63 



stressed, 2) estimate manufacturing water intake by 3-digit NAICS manufacturing subsector at 64 

the state and county-levels in the U.S., and 3) combine 1 and 2 to rank the manufacturing 65 

subsectors most at risk of physical water shortages.  66 

2. Background on identifying water stress regions in the U.S. 67 

There are a variety of indices for determining water stress 12,13. One is the Water Supply 68 

Stress Index (WaSSI) as introduced by Sun et al. (2008) 14. This index is a ratio of a region’s 69 

total water demand (manufacturing and all other sectors) to the amount that is replenished, as 70 

shown in Equation 1. 71 

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 =
𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝐷𝐷𝑊𝑊𝐷𝐷𝑊𝑊𝐷𝐷𝐷𝐷 + 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑊𝑊𝑆𝑆𝑆𝑆𝑊𝑊𝑊𝑊𝐷𝐷 𝐿𝐿𝐿𝐿𝑆𝑆𝑆𝑆

𝑊𝑊𝑆𝑆𝑊𝑊𝑆𝑆𝑊𝑊𝑆𝑆𝑊𝑊 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑊𝑊𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 𝐺𝐺𝑊𝑊𝐿𝐿𝑆𝑆𝐷𝐷𝐷𝐷𝐺𝐺𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑊𝑊𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 𝑅𝑅𝑊𝑊𝑊𝑊𝑆𝑆𝑊𝑊𝐷𝐷 𝐹𝐹𝑆𝑆𝐿𝐿𝐺𝐺𝑆𝑆
 72 

Equation 1: Definition of WaSSI14. WaSSI values used in this paper were taken from the 73 

WaSSI Ecosystems Services Model15 74 

The WaSSI Ecosystems Services Model from North Carolina State University, the U.S. 75 

Department of Agriculture, and the U.S. Forest Service calculates the WaSSI at the 8-digit 76 

Hydrologic Unit Code (HUC), as defined by the U.S. Geological Survey (USGS)15. While water 77 

supply estimates are based on hydrologic models for each HUC (e.g. evapotranspiration, soil 78 

storage, snow accumulation and melt, etc.), the water demand component is estimated from 2005 79 

county-level USGS data, rescaled to HUC-8.  80 

The HUC-8 divides the continental U.S. into 2,264 watersheds. Since non-water related 81 

data sets (e.g., U.S. Economic Census, Bureau of Labor Statistics, Energy Information 82 

Administration energy consumption surveys) report on geographic/administrative/political 83 



subdivisions (e.g., state, county), any effort to correlate a watershed’s WaSSI to other regional 84 

information (e.g., demographics, economic data, water intake) must map the watersheds to these 85 

subdivisions. The number of watersheds under the HUC-8 division aligns most closely to the 86 

number of counties in the U.S. (3,142 as of 2013) than any other HUC disaggregation, and 87 

therefore appropriate for the present analysis. The 6-digit HUC subdivides the U.S. into 379 88 

units, while the 10-digit HUC subdivides it into 22,000.  89 

Using the WaSSI Ecosystems Services Model, a long-term WaSSI over the period from 90 

1985 to 2010 for each HUC-8 can be estimated. The WaSSI for the HUC-8 encompassing a 91 

county was assigned to that county. In instances where a county contained multiple HUCs, the 92 

simple arithmetic average of all WaSSIs within the county was used. It was not possible to 93 

perform a weighted average of all WaSSIs within a given county because water supply and 94 

demand data is not spatially resolved to a level finer than the HUC-8 or county-level. Using this 95 

approach, 85 of the 3,142 counties in the U.S. have a long-term WaSSI > 1. A WaSSI of 1 serves 96 

as the demarcation for a region withdrawing more water than is naturally replenished.  For a list 97 

of these 85 counties, the reader is referred to the Supplemental Information. 98 

3. Water intake for U.S. manufacturing 99 

3.1 Water balance around a manufacturing facility 100 

In order to develop a qualitative understanding of manufacturing water intake, a water 101 

balance around the control volume of the facility will be described here. This water balance is 102 

depicted in Figure 1. A manufacturing facility may draw its water from a variety of sources. 103 

Some common sources are shown in Figure 1: municipal water supply (either potable or 104 

recycled), self-supplied saline or fresh surface water, self-supplied saline or fresh ground water, 105 



and as part of the raw materials. Self-supplied water is drawn from on-site sources. Raw 106 

materials for the manufacturing process may contain water (e.g., wood, food). There may be 107 

other potential sources of water supply not shown in Figure 1, such as storm water. Water 108 

recycled within a facility does not cross its boundaries and is not a distinct category of water 109 

intake. The facility may dispose of its water via a variety of options including to a municipal 110 

wastewater treatment site, onsite treatment before disposal to surface or ground water, 111 

evaporation, or with the final product.  112 

 113 

Figure 1: Qualitative water balance of a manufacturing facility. Adapted from Rao, P.; 114 

Sholes, D.; Morrow, W. R.; Cresko, J. Estimating U.S. Manufacturing Water Use. In 115 

2017 ACEEE Summer Study on Energy Efficiency in Industry; American Council for an 116 

Energy Efficient Economy: Denver, CO, 2017; pp 104–115. Copyright 2017 ACEEE 117 

Summer Study on Energy Efficiency in Industry.16 118 

Water ‘use’ is the water that enters a facility’s boundaries, whereas water ‘intake’ 119 

(defined in this paper) is the water withdrawn from a water source. Though there is a distinction 120 

between the two with the difference being water loss, this paper will use a one-to-one 121 

correspondence due to a lack of sufficient data on water losses in the manufacturing sector.  122 



Municipal water systems in the U.S. experience on average 14% water loss between the source 123 

and facility, ranging from 4% - 53% 17,18. However, water loss information is not available for 124 

every municipal system and therefore cannot be applied at the desired geographic resolution. 125 

Further, as will be presented in this paper, U.S. manufacturers rely on self-supplied water to a 126 

great extent and water loss information is not available for these sources. By assuming no losses 127 

between intake and water use, a conservative estimate of manufacturing water intake can be 128 

developed. 129 

3.2 Available data on U.S. manufacturing water intake 130 

The most robust quantification of U.S. manufacturing water intake is provided by the 131 

USGS. Every five years, the USGS estimates industrial water intake. USGS uses the term 132 

‘withdrawals’ which is identical to ‘intake’ used in this paper. USGS labels “industrial” as 133 

industries with NAICS codes 31 – 33 and Construction. This paper will assume Construction 134 

water intake is negligible and consider the USGS industrial category to be equivalent to the 135 

definition of manufacturing used in this paper. This assumption is evaluated in the Discussion 136 

section. 137 

In its most recent surveys, only estimates for manufacturing self-supplied water are 138 

provided. USGS breaks down the self-supplied water withdrawals by state and county, but not by 139 

manufacturing subsector. Quantities of water purchased by the manufacturing sector from public 140 

supplies (e.g., from the municipal water authority) are no longer reported by the USGS as of 141 

1995.  142 

Using recent (2010) and past (1995) estimates from the USGS, Rao et al. (2015) 143 

estimated that 75% of manufacturing water intake is from self-supplied sources. Overall, 144 



manufacturers took in 20,940 million gallons of water per day (MGD) from self-supplied and 145 

municipal sources in 2010. This accounted for 6% of water intake in the U.S, and is the 4th 146 

largest sector behind thermoelectric (45%), agriculture (36%), and domestic (8%) 19–21. While 147 

this may seem small, single-pass thermoelectric cooling of power plants is being phased out in 148 

some places through legislation or turnover of coal plants (steam cycle) to natural gas plants 149 

(combustion cycle) 22,23. As the share of water for thermoelectric uses declines, the share for 150 

manufacturing will accordingly increase. While these national estimates provide a high-level 151 

understanding of how the U.S. uses its water, it does not provide any insight into the impact that 152 

a sector has on local water stress conditions. Water stress and the share of water intake by each 153 

sector is location specific, and regional evaluations are required to understand a sector’s impact 154 

on water stress.   155 

3.3 Available data on Canadian manufacturing water intake 156 

Since 2005, the Canadian government’s Statistics Canada has collected information on 157 

manufacturing water intake (self-supplied and municipal) at the 3-digit NAICS level through its 158 

biennial Industrial Water Survey (IWS). Canada is one of the few countries to conduct such a 159 

survey, making it a potential reference for estimating U.S. manufacturing water intake. Since 160 

both the U.S. and Canada classify their manufacturing subsectors sectors using NAICS, there is 161 

no need for any adjustments and accompanying assumptions to the categorization of the reported 162 

data. Other characteristics facilitating comparisons between the two countries include: both 163 

countries have highly industrialized economies; they are each other’s largest trading partner; the 164 

value of manufacturing to each country’s economy is similar as judged by comparing the value 165 

added from manufacturing to the gross domestic product (12% in the U.S. to 11% in Canada); 166 



and both have experienced similar drops in manufacturing employment between 2008 and 2015 167 

(-8.1% for the U.S. and -9.1% for Canada) 24.   168 

4. Method for Estimating U.S. Manufacturing Water Intake 169 

The following section describes the method used to estimate U.S. manufacturing water 170 

intake. It has been applied in previous work and described in greater detail here.16 The method 171 

correlates Canadian manufacturing water and employment data to county-level U.S. 172 

manufacturing employment and water data to estimate U.S. manufacturing water intake at the 173 

desired spatial and sectoral resolution.  174 

Three broad water intake characteristics were sought: purpose, geography, and source of 175 

the water intake. Each characteristic can be evaluated at varying levels of granularity. Increasing 176 

granularity will increase the ability to assess watershed, energy, risk, and economic impact from 177 

the water intake. For example, at the most general level of granularity, purpose can be defined as 178 

all sectors in the U.S. economy (e.g., agricultural, manufacturing, retail trade, etc.). At this level 179 

of granularity, little can be understood about water intake for manufacturing. From a 180 

policymaker’s perspective, it would be more desirable to estimate water intake by a specific 181 

sector (e.g., manufacturing). Understanding that manufacturing encompasses a wide variety of 182 

disparate processes and accompanying water requirements, it is better still to understand 183 

manufacturing water intake by manufacturing NAICS subsector (e.g., 322 - Paper, 314 –Textile 184 

Product, 311- Food).  Similarly, increasing levels of granularity for geography (nationwide to 185 

HUC-12 or smaller) and water source (distinguishing between all sources and fresh or saline, 186 

ground or surface, public or self-supply) are desired. The levels of granularity for each of the 187 

three broad characteristics are summarized in Figure 2. The solid red bow markers in Figure 2 188 

indicate the existing level of granularity for each category after simple analysis using 1995 and 189 



2010 USGS data (as described in the previous section). The hashed blue bows indicate the level 190 

of granularity used in the present paper in order to determine sectors at risk of physical water 191 

shortages. Currently, estimates of water intake for all U.S. manufacturing across all water 192 

sources can be estimated at the county-level. The method described below leads to estimates of 193 

water intake distinguished by water source across each manufacturing subsector at the 194 

county/HUC-8 level.  195 

 196 

Figure 2: Levels of granularity for the three water intake characteristics estimated in the present 197 

paper. Red bows indicate the existing level of information from USGS. Hashed blue bows 198 

indicate the level of granularity developed in this paper. 199 

Another important characteristic is time-of-use, which affects water availability and the 200 

impact of water intake on the watershed 25. However, due data constraints, time-of-use is not 201 

considered in this paper. 202 

To correlate the Canadian industrial water data to U.S. manufacturing, number of 203 

employees was used as a normalizing factor.  Number of employees was selected because: 1) it 204 

is readily available for each country through the Canadian Annual Survey of Manufacturers and 205 



U.S. County Business Patterns (CBP) and 2) CBP provides it at the state, county, and 3-digit 206 

NAICS level, thereby providing the level of granularity desired. CBP is released annually by the 207 

U.S. Census Bureau and provides economic data by industry and county in the U.S. Other 208 

normalizing factors were considered as well: total energy consumption, total electricity 209 

consumption, value add (a measure of production output), and number of establishments. Of 210 

these, only number of establishments is available at the U.S. county-level. Number of employees 211 

is preferred over number of establishments due to its ability to capture the size of the 212 

establishment. A small and large establishment may have significant difference in resource 213 

utilization, but both would be considered equivalent in terms of water intake if establishment was 214 

used as the normalizing factor. Further, employment data is used by the USGS (along with other 215 

factors) when developing their estimates, lending credibility to its use in the present method. 19 216 

Economic productivity (e.g., value add, units shipped, revenue) is often used as a 217 

normalizing factor in analyses such as the one conducted in this paper. However, economic 218 

productivity is a poor proxy for resource use since the influence of demand for the product can 219 

outweigh the influence of cost of materials/resources.  220 

Using the Canadian data, the water intake intensity (WII) for each subsector in units of 221 

MGD/employee as defined in Equation 2 was developed. 222 

𝑊𝑊𝑊𝑊𝑊𝑊𝑖𝑖 =  
𝑊𝑊𝐷𝐷𝐷𝐷𝑆𝑆𝑊𝑊𝑆𝑆 𝐺𝐺𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑖𝑖𝐷𝐷𝑊𝑊𝑊𝑊𝑖𝑖𝑊𝑊 𝑖𝑖𝐷𝐷 𝑆𝑆𝑆𝑆𝑠𝑠𝑆𝑆𝑊𝑊𝑆𝑆𝑊𝑊𝐿𝐿𝑊𝑊 𝑖𝑖
𝐷𝐷𝑆𝑆𝐷𝐷𝑠𝑠𝑊𝑊𝑊𝑊 𝐿𝐿𝑆𝑆 𝑊𝑊𝐷𝐷𝑆𝑆𝑆𝑆𝐿𝐿𝑆𝑆𝑊𝑊𝑊𝑊𝑆𝑆 𝑖𝑖𝐷𝐷 𝑆𝑆𝑆𝑆𝑠𝑠𝑆𝑆𝑊𝑊𝑆𝑆𝑊𝑊𝐿𝐿𝑊𝑊 𝑖𝑖

 223 

Equation 2: Water Intake Intensity (WII) 224 

The WII for each Canadian manufacturing subsector was calculated between 2005 and 225 

2013 using IWS data. Due to insufficient data reported in the IWS, the 315 - Apparel, 316 - 226 

Leather and Allied Product, 323 - Printing and Related Support, 337 - Furniture and Related 227 

Product, and 339 - Miscellaneous subsectors were grouped into an "Other" category.  228 



Since the USGS water data used for the analysis is from 2010, the arithmetic mean was 229 

taken of the five annual WIIs calculated for each manufacturing subsector. For the majority of 230 

subsectors, the WIIs did not show any trend over time and no conclusions regarding efficiency 231 

improvements or other trends over time could be defensibly discerned. Five biennial data points 232 

spread over a time period of less than a decade are insufficient to accurately characterize trends 233 

through linear regression or similar statistical techniques. Since 2010 falls in the middle of the 234 

time period of IWS collection (2005 – 2013), any linear trend in the data would be captured by 235 

the arithmetic mean.  236 

The Number of Employees in the U.S. by county and 3-digit NAICS was taken directly 237 

from CBP. For each subsector, the average WII from Canada was then multiplied by the Number 238 

of Employees for each subsector and U.S. county to estimate the water intake by county and 239 

manufacturing subsector in the U.S.  240 

 The resulting water intake needed adjustment to align with the USGS estimates of water 241 

intake for all manufacturing in each county. This was done using the water intake values to 242 

calculate the water intake fraction (WIF) that each manufacturing subsector uses within each 243 

county. See Equation 3 for an example calculation of the WIF for the food sector in Alameda 244 

County, California: 245 

WIF311,Alameda County= 
𝑊𝑊𝑊𝑊𝑊𝑊311,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑥𝑥 (𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝐸𝐸𝑁𝑁𝐸𝐸𝐸𝐸𝑜𝑜𝐸𝐸𝑁𝑁𝑁𝑁𝐸𝐸)311,𝐴𝐴𝐴𝐴𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

∑  [𝑖𝑖=339
𝑖𝑖=311 𝑊𝑊𝑊𝑊𝑊𝑊𝑖𝑖,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑥𝑥 (𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝐸𝐸𝑁𝑁𝐸𝐸𝐸𝐸𝑜𝑜𝐸𝐸𝑁𝑁𝑁𝑁𝐸𝐸)𝑖𝑖,𝐴𝐴𝐴𝐴𝐶𝐶𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶]

 246 

           Where WIFi,j = water intake fraction for subsector i and county j 247 

WIIi,Canada = water intake intensity for Canadian subsector i 248 

Number of Employeesi,j = number of employees in subsector i and county j 249 

Equation 3: Example calculation of Water Intake Fraction (WIF) for the Food subsector 250 

in Alameda County, California 251 



 Each WIF was then multiplied by the total manufacturing water intake (self-supplied and 252 

municipal) for each county based on a combination of 1995 municipal and 2010 self-supplied 253 

USGS estimates. With this, the water intake by U.S. county and manufacturing subsector was 254 

determined. County-level estimates were summed to the state and national levels.  255 

A listing of the data sources used in the analysis for this paper can be found in the 256 

Supplemental Information.  257 

5. Results: Estimates of U.S. Manufacturing Water Intake 258 

The following results were obtained when the method described above was applied: 259 

1. Total water intake in MGD by water source for U.S. manufacturing by state and county  260 

2. Total water intake in MGD by manufacturing subsector broken down by state and county 261 

3. Percent of water intake in U.S. in physically water stressed counties for each 262 

manufacturing subsector 263 

5.1 Total water intake by source for U.S. manufacturing by state and county 264 

Figure 3 uses USGS data from 1995 and 2010 to estimate total manufacturing water 265 

intake (self-supplied plus municipal) by state and county in MGD. The states with the largest 266 

total water intake for manufacturing are, in order: Indiana, Louisiana, Texas, Pennsylvania, and 267 

Tennessee. The counties with the highest total water intake for manufacturing are, in order: Lake 268 

and Warrick Counties in Indiana, Brazoria County in Texas, Sullivan County in Tennessee, and 269 

Saint Charles and Iberville Parish in Louisiana.  270 



 271 

Figure 3: Estimates of manufacturing total water intake (self-supplied plus municipal) by 272 

state (left) and county (right) using USGS data in MGD. Reprinted from Rao, P.; Sholes, 273 

D.; Morrow, W. R.; Cresko, J. Estimating U.S. Manufacturing Water Use. In 2017 274 

ACEEE Summer Study on Energy Efficiency in Industry; American Council for an 275 

Energy Efficient Economy: Denver, CO, 2017; pp 104–115. Copyright 2017 ACEEE 276 

Summer Study on Energy Efficiency in Industry.16 277 

For 60 counties, it is estimated that manufacturing water intake accounts for more than 278 

75% of the total water intake, which is far higher than the national share of total water intake 279 

from manufacturing (~6%). This indicates that the impact of manufacturing on a county’s water 280 

supply and watershed varies greatly across the U.S., and impacts at the national-level may not 281 

accurately convey regional impacts. Also, of the 100 counties with the largest estimated 282 

manufacturing water intake, 8 have a long-term WaSSI > 1. These are (in order of manufacturing 283 

water intake): Lake and Porter Counties, Indiana, Wayne County, Michigan, Brown County, 284 

Wisconsin, Cook County, Illinois, Pueblo County, Colorado, San Bernardino County, California 285 

and Lucas County, Ohio.   286 

Figure 4 shows the estimated breakdown of water intake in MGD by source. Though not 287 

evaluated here, water restrictions or regulations may be imposed on a source, such as 288 



groundwater in states where subsidence is a concern. States whose manufacturing sector is 289 

heavily reliant on a single water source, such as Tennessee on surface water or California on 290 

groundwater, may seek to diversify their water portfolio to strengthen the resilience of their 291 

manufacturing sector.   292 

 293 

Figure 4: Breakdown of total manufacturing water intake in MGD by source (self-294 

supplied ground and surface, self-supplied saline, and municipal) for each state. Adapted 295 

from Rao, P.; Sholes, D.; Morrow, W. R.; Cresko, J. Estimating U.S. Manufacturing 296 

Water Use. In 2017 ACEEE Summer Study on Energy Efficiency in Industry; American 297 

Council for an Energy Efficient Economy: Denver, CO, 2017; pp 104–115. Copyright 298 

2017 ACEEE Summer Study on Energy Efficiency in Industry.16 299 



5.2 Total water intake by subsector and state 300 

Figure 5 provides a breakdown of U.S. manufacturing total water intake by subsector. 301 

The subsectors with the largest intake are, in order: 322 - Paper, 331 - Primary Metals, 325 - 302 

Chemical, 324 - Petroleum and Coal, and 311 - Food.  303 

 304 

Figure 5: Estimates of U.S. manufacturing total water intake by subsector. Adapted from 305 

Rao, P.; Sholes, D.; Morrow, W. R.; Cresko, J. Estimating U.S. Manufacturing Water 306 

Use. In 2017 ACEEE Summer Study on Energy Efficiency in Industry; American 307 

Council for an Energy Efficient Economy: Denver, CO, 2017; pp 104–115. Copyright 308 

2017 ACEEE Summer Study on Energy Efficiency in Industry.16 309 

Figure 6 shows estimates of state-level manufacturing water intake in MGD broken down 310 

by subsector. These estimates allow for a better understanding of how each state’s manufacturing 311 

sector uses water. Such an understanding can facilitate the development of drought/water-stress 312 



mitigation strategies. Texas and California, two drought-prone states, have a diverse 313 

manufacturing base dominated by water-intensive industries (325 - Chemical, 322 - Paper, 324 - 314 

Petroleum and Coal Production). In these states, subsector-specific water conservation strategies, 315 

not general strategies, will likely be required. 316 

 317 

Figure 6: Estimates of manufacturing total water intake by subsector and state using 318 

USGS and Canadian data in MGD. Adapted from Rao, P.; Sholes, D.; Morrow, W. R.; 319 

Cresko, J. Estimating U.S. Manufacturing Water Use. In 2017 ACEEE Summer Study on 320 

Energy Efficiency in Industry; American Council for an Energy Efficient Economy: 321 

Denver, CO, 2017; pp 104–115. Copyright 2017 ACEEE Summer Study on Energy 322 

Efficiency in Industry.16 323 



 County-level estimates can reveal concentrations of manufacturing water intake, 324 

particularly by subsector. Figure 7 maps manufacturing water intake for the 325 - Chemical 325 

subsector. West Virginia (inset) is estimated to have the 4th highest intake for the 325 - Chemical 326 

subsector of any state. However, the water intake is concentrated in Kanawha County where 327 

major chemical companies, including Dow, DuPont, and FMC Corporation, have operations. The 328 

intent of Figure 7 is not to show the county(ies) with the highest concentration of water use for a 329 

particular sector, but to highlight that data visualizations similar to Figure 7 can help 330 

stakeholders quickly identify areas of high intake for specific industries. For county-level maps 331 

of water intake for other subsectors, see the Supplemental Information. 332 

 333 

Figure 7: Total water intake in MGD for the 325 - Chemical subsector at the state-level 334 

using USGS and Canadian data. The inset shows the breakdown of water intake for the 335 

Chemical subsector in West Virginia to illustrate that intake may be concentrated. For 336 

example, Kanawha County in West Virginia has a high concentration of the state’s 337 

Chemical subsector intake. Reprinted from Rao, P.; Sholes, D.; Morrow, W. R.; Cresko, 338 

J. Estimating U.S. Manufacturing Water Use. In 2017 ACEEE Summer Study on Energy 339 

Efficiency in Industry; American Council for an Energy Efficient Economy: Denver, CO, 340 



2017; pp 104–115. Copyright 2017 ACEEE Summer Study on Energy Efficiency in 341 

Industry.16 342 

5.3 Evaluating Manufacturing Subsectors at Risk of Physical Water Shortage 343 

With the WaSSI and the manufacturing water intake by subsector for each county 344 

estimated, the subsectors most vulnerable to physical water shortages can be identified. This was 345 

done by calculating the percent of overall water intake for each subsector that occurs in a water-346 

stressed county. The results are shown in Table 1.  347 

Table 1: Share of water intake occurring in counties with a WaSSI ≥  1 for the period 348 

between 1985 and 2010 (calculated as previously described) for each manufacturing 349 

subsector. 350 

Sub-sector Percent of water intake in 
counties with WaSSI ≥ 1  

331 - Primary Metal 35 
332 - Fabricated Metal Product 10 
336 - Transportation Equipment 10 
324 - Petroleum and Coal Product  9 
326 - Plastics and Rubber Products 9 
327 - Non-metallic Mineral Product 8 
333 - Machinery 8 
311 - Food 7 
334 - Computer and Electronic Product  7 
312 - Beverage and Tobacco Product 6 
322 - Paper  6 
335 - Electrical Equipment 5 
314 - Textile Product Mills 3 
325 - Chemical 3 
313 - Textile Mills 2 
321 - Wood Product 2 
Other [315,316,323,337,339] 8 

 351 

The following sectors are estimated to have the highest percent of their intake (in order) 352 

occurring in areas of physical risk of water shortages: 331 - Primary Metals, 332 - Fabricated 353 



Metal, 336 - Transportation Equipment, 324 - Petroleum and Coal, 326 - Plastics and Rubber, 354 

327 - Non-metallic Mineral, and 333 - Machinery. Comparing this to the subsectors with the 355 

greatest volume of intake reveals differences; 332 - Fabricated Metal, 336 - Transportation 356 

Equipment, 326 - Plastics and Rubber, and 333 - Machinery are not among the top seven 357 

subsectors by intake, but are among the ones with the greatest percent of intake in regions at risk 358 

of physical water shortages. As a consequence, water conservation efforts that focus solely on 359 

subsectors with the greatest water intake may not target subsectors with the greatest vulnerability 360 

to water shortages.  361 

6. Discussion 362 

6.1 Limitations of the WaSSI 363 

The WaSSI was used in this paper because: 1) it captures the societal water demand in the 364 

context of water availability at local scales 2) it has been used by others to evaluate sectoral 365 

contributions to water stress26 and 3) its calculation is publicly available through the WaSSI 366 

Ecosystem Services Model. However, the WaSSI, as described by Sun et al. (2008) and Averyt 367 

et al. (2013): 1) does not take into account storage (i.e., reservoirs) or regional water planning 368 

that can help allocate available supply, 2) considers all the supply and demand to be contained in 369 

the same watershed neglecting that some (especially those in urban areas) will import water from 370 

another (e.g., California State Water Project, Colorado River Compact), 3) does not consider 371 

limitations on groundwater pumping and consequences of overdraft, 4) does not consider 372 

seasonal variation in supply and demand which could lead to variations in water stress 373 

throughout the year, especially for watersheds that have dry and wet seasons, 5) does not 374 

consider that some of the water supply will be naturally used for environmental purposes such as 375 



maintaining ecosystems and therefore not available for anthropogenic use, and 6) does not 376 

consider any impact on water quality from anthropogenic use. 14,26   377 

6.2 Refining water intake estimates 378 

The estimates used in this paper to identify subsectors at risk of physical water shortages 379 

have some uncertainty. Sources of uncertainty include the use of employees as a normalizing 380 

factor, and compiling disparate data sets collected by different agencies during different years. 381 

Additionally, any imprecision with the source data will carry through to the estimates developed 382 

here. For example, the USGS water intake data is compiled from reports provided by each state. 383 

States use different methods to estimate water intake thereby introducing uncertainty when 384 

summed to the national-level.8 385 

The estimates presented in this paper could be refined by comparing to other existing data 386 

sets. Some existing data sets include subsector information for a particular state, such as food 387 

processing in California 27, results from surveys conducted by the Texas Water Development 388 

Board on industrial water intake in the state, or effluent discharge permits (e.g., EPA’s Discharge 389 

Monitoring Report). Compiling these “bottom-up” data sets and reconciling with the “top-down” 390 

estimates developed here may lead to adjusting the estimates and/or developing error ranges.  391 

The assumption that Construction water intake is negligible leads to additional 392 

error/uncertainty in the estimates. A comparison to the Texas data shows Construction is less 393 

than 1% of the state’s industrial water intake. This suggests that the assumption is valid.  394 

Even if the above refinements could be incorporated, the estimates may still carry 395 

significant uncertainty and would not represent a sufficient replacement for primary data 396 

collection of water intake in the U.S. at better granularity than what is currently collected. In the 397 

U.S., energy data for the residential, commercial, and manufacturing sectors are collected using a 398 



statistically representative sample of U.S. facilities every four years by the U.S. Department of 399 

Energy. Similar surveys are needed for water. 400 

6.3 Incorporating other risk considerations 401 

In addition to refining estimates to account for uncertainty, the evaluation of subsectors at 402 

risk could be expanded to consider more than just physical risk. There are multiple definitions of 403 

risk. The United Nations CEO Mandate uses two categories of risk aside from physical 404 

shortages: regulatory and reputational28. Regulatory risks are due to poor water supply oversight 405 

and/or management. Reputational risks are those associated with public perception of water 406 

mismanagement. The authors of this paper propose that risk factors specific to manufacturing 407 

also exist. Two such categories are the inability to substitute water in the facility/process (i.e., in 408 

the beverage industry) and vulnerability to climate change effects. Further examination of these 409 

will require quantifying reputational, regulatory, and climate change risks as well as subsectors 410 

and processes that are inherently water-dependent (i.e., beverage, paper).  411 

Acknowledgements 412 

This work was supported by the Assistant Secretary for Energy Efficiency and 413 

Renewable Energy, Advanced Manufacturing Office, of the U.S. Department of Energy under 414 

Contract No. DE-AC02-05CH11231 415 

Supporting Information Available: Includes: 3-digits NAICS codes for each manufacturing 416 

subsector studied, list of counties with a mean WaSSI>1 during the period from 1985 to 2010, 417 

list of data sources used, numeric estimates of state-level manufacturing water intake by 3-digit 418 

NAICS, numeric estimates of manufacturing water intake by state and source, numeric estimates 419 



of manufacturing water intake by 3-digit NAICS, mapping of water intake distribution by county 420 

for several manufacturing subsectors. This information is available free of charge via the Internet 421 

at http://pubs.acs.org. 422 

References 423 

(1)  U.S. GAO. Freshwater Supply Concerns Continue, and Uncertainties Complicate 424 

Planning.; Washington, D.C., 2014. 425 

(2)  Carbon Disclosure Project. Accelerating Action: CDP Global Water Report 2015; 426 

London, UK, 2015. 427 

(3)  Becker, R. A. Water Use and Conservation in Manufacturing : Evidence from U . S . 428 

Microdata. Water Resour. Manag. 2016, 4185–4200. 429 

(4)  U.S. Environmental Protection Agency. The Importance of Water to the U.S. Economy; 430 

Washington, D.C., 2013. 431 

(5)  U.S. Environmental Protection Agency. The Importance of Water to the U.S. Economy 432 

Part 1: Background Report; Washington, D.C., 2012. 433 

(6)  Gleick, P. H.; Henges-jeck, C.; Wolff, G. Waste Not , Want Not : The Potential for Urban 434 

Water Conservation in California; Oakland, CA., 2003. 435 

(7)  Walker, M. E.; Lv, Z.; Masanet, E. Industrial steam systems and the energy-water nexus. 436 

Environ. Sci. Technol. 2013, 47 (22), 13060–13067. 437 

(8)  Blackhurst, M.; Hendrickson, C.; Vidal, J. S. I. Direct and indirect water withdrawals for 438 

U.S. industrial sectors. Environ. Sci. Technol. 2010, 44 (6), 2126–2130. 439 

(9)  Wang, H.; Small, M. J.; Dzombak, D. A. Factors governing change in water withdrawals 440 

for U.S. industrial sectors from 1997 to 2002. Environ. Sci. Technol. 2014, 48 (6), 3420–441 



3429. 442 

(10)  Wang, H.; Small, M. J.; Dzombak, D. A. Improved efficiency reduces U.S. industrial 443 

water withdrawals, 2005-2010. Environ. Sci. Technol. Lett. 2015, 2 (4), 79–83. 444 

(11)  Bureau of the Census. 1982 Census of Manufacturers: Water Use in Manufacturing; 1986. 445 

(12)  Brown, A.; Matlock, M. A Review of Water Scarcity Indices and Methodologies; 2011. 446 

(13)  Damkjaer, S.; Taylor, R. The measurement of water scarcity: Defining a meaningful 447 

indicator. Ambio. 2017, pp 513–531. 448 

(14)  Sun, G.; McNulty, S. G.; Moore Myers, J. A.; Cohen, E. C. Impacts of multiple stresses 449 

on water demand and supply across the southeastern United States. J. Am. Water Resour. 450 

Assoc. 2008, 44 (6), 1441–1457. 451 

(15)  North Carolina State Univeristy; US Department of Agriculture; US Forest Services. 452 

WaSSI Ecosystems Services Model Version 2.1 https://www.wassiweb.sgcp.ncsu.edu/ 453 

(accessed Oct 27, 2017). 454 

(16)  Rao, P.; Sholes, D.; Morrow, W. R.; Cresko, J. Estimating U . S . Manufacturing Water 455 

Use. In 2017 ACEEE Summer Study on Energy Efficiency in Industry; American Council 456 

for an Energy Efficient Economy: Denver, CO, 2017; pp 104–115. 457 

(17)  Hering, J. G.; Waite, T. D.; Luthy, R. G.; Drewes, J. E.; Sedlak, D. L. A changing 458 

framework for urban water systems. Environ. Sci. Technol. 2013, 47 (19), 10721–10726. 459 

(18)  American Water Works Association. 2015 Validated Water Audit Data. 460 

(19)  Maupin, M. A.; Kenny, J. F.; Hutson, S. S.; Lovelace, J. K.; Barber, N. L.; Linsey, K. S. 461 

Estimated Use of Water in the United States in 2010 Circular 1405; Reston, VA., 2010; 462 

Vol. 1405. 463 

(20)  Solley, W. B.; Pierce, R. R.; Perlman, H. A. Estimated Use of Water in the United States 464 



in 1995; Reston, VA., 1998. 465 

(21)  Rao, P.; McKane, A.; De Fontaine, A. Energy Savings from Industrial Water Reductions. 466 

In ACEEE Summer Study on Energy Efficiency in Industry; ACEEE: Buffalo, NY., 2015. 467 

(22)  U.S. Energy Information Administration. Many newer power plants having cooling 468 

systems that reuse water. https://www.eia.gov/todayinenergy/detail.php?id=14971 469 

(accessed Jun 2, 2017). 470 

(23)  Scanlon, B. R.; Duncan, I.; Reedy, R. C. Drought and the water–energy nexus in Texas. 471 

Environ. Res. Lett. 2013, 8 (4), 45033. 472 

(24)  Levinson, M. U.S. Manufacturing in International Perspective; 2017. 473 

(25)  Mubako, S. T.; Ruddell, B. L.; Mayer, A. S. Relationship between Water Withdrawals and 474 

Freshwater Ecosystem Water Scarcity Quantified at Multiple Scales for a Great Lakes 475 

Watershed. J. Water Resour. Plan. Manag. 2013, 139 (6), 671–681. 476 

(26)  Averyt, K.; Meldrum, J.; Caldwell, P.; Sun, G.; McNulty, S.; Huber-Lee, A.; Madden, N. 477 

Sectoral contributions to surface water stress in the coterminous United States. Environ. 478 

Res. Lett. 2013, 8 (3). 479 

(27)  Kennedy/Jenk Consultants; Brown & Caldwell. Water Use Efficiency Report for 480 

California League of Food Processors; Sacramento, CA., 2015. 481 

(28)  CEO Water Mandate. Driving Harmonization of Water Stress , Scarcity , and Risk 482 

Terminology; 2014. 483 

 484 


	Evaluation of U.S. Manufacturing Subsectors at Risk of Physical Water Shortages
	Prakash Raoa*, Darren Sholesa, Joe Creskob
	a Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, CA 94720, U.S.A
	b United States Department of Energy, Advanced Manufacturing Office, 1000 Independence Avenue SW, Washington, D.C. 20585, U.S.A.
	*Corresponding author: PRao@lbl.gov

	ABSTRACT
	1. Introduction
	4. Method for Estimating U.S. Manufacturing Water Intake
	5. Results: Estimates of U.S. Manufacturing Water Intake
	5.1 Total water intake by source for U.S. manufacturing by state and county
	5.2 Total water intake by subsector and state
	6.1 Limitations of the WaSSI
	The WaSSI was used in this paper because: 1) it captures the societal water demand in the context of water availability at local scales 2) it has been used by others to evaluate sectoral contributions to water stress26 and 3) its calculation is public...
	6.2 Refining water intake estimates
	6.3 Incorporating other risk considerations

	Acknowledgements

