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Effective water management is critical for social welfare and
ecosystem health. Nevertheless, information necessary to
meaningfully assess sustainable water use is incomplete. In
particular, little information is available on supply chain or indirect
water use for the production of goods and services in the
United States. We estimate a vector of water withdrawals for
all 428 sectors in the 2002 U.S. economic input—output

table. The vector was applied using economic input—output
life cycle assessment (EIO—LCA) methods to estimate direct and
indirect water withdrawals for each sector’s production,

both in terms of total withdrawals and per dollar of output.
Agriculture and power generation account for an overwhelming
majority of direct water withdrawals (90%). A majority of
water use (60%) is indirect (“embodied” or “virtual” water)
with 96% of the sectors using more water indirectly in their supply
chains than directly. The food and beverage industry accounts
for 30% of indirect withdrawals. These results can be

useful for environmental life cycle assessment of U.S. production
and other studies, especially to avoid truncation errors due

to boundary setting associated with process based life cycle
impactassessments. However, we conclude that better information
on water use would be helpful for effective water management.

1. Introduction

The attention paid to water management varies considerably
from region-to-region, reflecting local scarcities, water prices
and ecological health concerns. Variation also occurs among
industries, reflecting industrial needs and impacts. Water
rights, under the jurisdiction of states in the U.S., also vary
regionally, often reflecting historical patterns and trades. In
the U.S., attention to water supply management is much
greater in arid regions, such as the Colorado River basin,
compared to the Ohio River basin, where water quality is of
more concern. The information available on water use
likewise varies from region to region. Little information is
available on supply chain or indirect water use for the
production of goods and services.

Metrics and methodologies for modeling sustainable water
use are becoming more available in the literature. Some
researchers advocate using indicators in a press-state-
response framework for assessing sustainable water use (1, 2).
Pressure-state-response methods are data intensive, require
the development of custom indicators, and do not readily
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accommodate supply chain analyses. Process LCA modeling
software, such as Simapro (3) can be suitable for process
assessments; however, such software is not suited for regional
and national scale policy assessments.

Defining appropriate life cycle inventories and impact
assessment can be particularly challenging in assessing water
use. Fresh water is a locally renewable but globally finite
resource. Hydrologic forces—such as evapotranspiration,
rainfall, and surface runoff—move freshwater in time and
space. Industrial water users may return withdrawn water to
its original watershed. However, water quality may be
impaired such that downstream uses are limited. These
factors complicate explicit and clear definitions of water use
inventories and impact assessments (4).

Owens (5) presents categories of water use that depend
upon the renewability of the water resource, in-stream or
off-stream withdrawals, and whether or not withdrawn water
is “consumed.” The FAO (6) also provides helpful definitions
of water use for life cycle modeling.

Udo de Heas (7) indicates that regional variations and
LCA modeling structures limit impact assessments for water
use. We concur and add that temporal variations in water
use, diverse quality impacts, and diverse downstream quality
requirements make life cycle impact assessment difficult.

Even with adequate and acceptable definitions of water
use, the data available typically do not align with such
definitions. The mostrecent detailed survey of U.S. industrial
water use was done in 1982 by the U.S. Census (8). The 1982
census reported four categories of water use (withdrawal or
intake, recirculated or reused, untreated discharge, and
treated discharge) for standard industrial classification (SIC)
sectors. This SIC system was replaced by the current North
American Industry Classification (NAICS) system in 1997.
Regional water use inventories are occasionally prepared by
states, especially in arid climates. However, such inventories
are not necessarily suitable for life cycle assessments.

In this paper, we estimate national water withdrawals by
industrial sector based upon United States Geological Survey
(USGS) totals, without considering amounts of water returned
to the watershed.

Few economic input—output life cycle assessment studies
of water use have been completed. Lenzen (9) prepared the
most complete study, tracking “virtual water flows” in the
Australian state of Victoria using 344 economic sectors.
Hubacek (10) provides a summary of previous input output
efforts to track water use.

In this paper, we estimate water withdrawals (also called
“use” here) for the 426 sectors of the U.S. 2002 economic
input—output table (11). The type of water use, source of the
water, and geographiclocation of use would also be of interest
for environmental impact assessment (12). Nevertheless,
national averages of water use by industry are useful. In
particular, this water use vector can be coupled with the U.S.
economic input—output model to develop estimates of direct
and indirect water use for U.S. industrial production (13— 15).

The economic input—output model itselfis routinely used
in forming the national accounts and for employment impact
assessments from new investments. The coupling between
economic input—output models and resource use or envi-
ronmental emissions permits tracing a wide variety of effects
associated with the production of goods and services. The
resulting EIO—LCA software (13) has been widely used in life
cycle inventory and assessment studies. In this paper, we
develop ameans to provide a inventory of supply chain water
use which could be used in more comprehensive assessment
studies.
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TABLE 1. Total Water Withdrawals hy Category and Allocation Data for Each Category, As Reported by United States Geological

Survey 2000 (76)

USGS 2000 direct

allocation factor use estimate water allocation data year of
USGS sector or method billion gal. (teral)  use (%) reference(s) allocation data
allocated to the
power generation
power generation sector 71 000 (270) 47.8%
yields and irrigation rates USDA 2004a (17)
irrigation reported by usda surveys 50 000 (190) 33.6% USDA 2004b (18) 2002—-2003
2002 purchases
from “Water,
non-domestic sewage and
public supply* other systems” sector 6500 (25) 5.1% BEA 2009 (171) 2002
StatCan 2008 (79)
By employee as Industry
Industrial reported by Canada 7200 (27) 4.8% Canada (20) BLS (27) 2005
yields and
irrigation rates
live-stock and reported by USDA 2004a (17)
aquac-ulture USDA surveys 2040 (7.7) 1.3% USDA 2004b (178) 2002—-2003
Gleick (22), EIA (23)
Ripley (24) Birchfield (25)
Rutherford (26) NRC (27),
By employee BLS (27) Mudd (28),
as reported Gelt (29) Census (30),
Mining by Canada 1300 (4.9) 0.94% Kelly (37) 2002—-2008
not allocated
to an industrial
domestic water use  sector 1300 (4.9) 0.9%
total 140 000 (532)

In the following section, our method of water withdrawal
estimation is briefly described, followed by an overview of
estimated direct and indirect water use for sectors. A final
section discusses the uncertainty in our estimates and
alternatives to the estimation process presented here. The
Supporting Information (SI) describes the estimation method
in more detail and presents the complete estimated vector.

2. Estimation of Direct U.S. Water Withdrawals for Each
Economic Sector. The United States Geological Survey
(USGS) estimates water use for seven aggregate categories
(Table 1) (16). Since detailed information on industrial sector
water use is not available, each USGS category is allocated
to sectors in the economic input output table or to residential
water use not represented by an industrial sector. Residential
or domestic water use, which constitutes 23 300 billion gallons
per year (88 000 gigaliters) or 6.4% of total withdrawals,
represents final demand and was not allocated to any
industrial activity. Aside from this adjustment, the allocations
presented here maintain USGS category totals. For each USGS
category, the allocation calculation was

Gsi

= u; X (agy/Zag) (1
where ¢ is direct water use for sector s from category i, u;
is the USGS direct use water withdrawal estimate for category
i, and ay is an allocation factor for sector s for category i. The
final vector of estimated water withdrawals is the sum of
each of the separate category allocations (ws). In order from
largest to smallest category of use, the various USGS
categories (i) and allocation sources are as follows.

“Power Generation” water use was allocated directly to
the Electric power generation, transmission, and distribution
sector. This water use does not include in-stream use, such
as hydro-electric power generation, and represents the largest
category of use reported by USGS (48%). Power generation
water use is primarily for cooling water and much of it is
returned to the natural system, although there are evaporative
losses in storage reservoirs.

“Irrigation” water use is 34% of the total and was allocated
to 10 agricultural economic sectors based upon reported use
of water by farms sampled in United States Department of
Agriculture (USDA) surveys (17, 18).

“Public supply” water is provided by government entities
or private providers for fees through water distribution
networks. Public supply water use was reduced by the amount
of residential (household) water use as residences do not
represent an economic sector in the input—output model.
The remaining public supply water was allocated to 379
economic sectors based upon their share of purchases from
the Water, sewage and other systems sector. For several
government sectors with unreported purchases, comparable
rates of purchase for similar service sectors were used for
allocation.

“Industrial” water use consists of self-supplied water taken
from streams or wells and represents 5% of all water
withdrawals. This use was allocated to 30 industrial sectors
based upon reported self-supplied water use per employee
in Canada. For these 30 industrial sectors, we assume that
relative use of self-supplied water would be similar in Canada
and the United States.

“Livestock” and “aquaculture” self-supply water was
allocated to four animal production sectors using the same
allocation method as for irrigation water.

“Mining” self-supplied water was allocated among the 10
mining sectors using a mix of process data, employee
allocations, and the same allocation method as for industrial
water use.

Domestic water use is self-supplied water from streams
or wells that is used by individual households. Since
households are included in final demand in the economic
input—output model, this 1% of water use was not included
in the industrial water withdrawal vector.

The various allocation sources are summarized in Table
1. Residential use amounts to 23 300 billion gal/day and is
not included in the final input—output vector since it is not
an industrial user. A table of the estimated water use and

VOL. 44, NO. 6, 2010 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 2127



TABLE 2. Direct and Largest Indirect Water Withdrawals for $1 of final Demand “Sugar Cane Mills and Refining” and Commodity

Price of 5 Lh of Refined White Sugar ($ 0.06/5 Ib, (36))°

sector name

direct use
sugar cane mills and refining

indirect, supply chain uses

sugar cane and sugar beet farming

power generation and supply

grain farming

pesticide and other agricultural chemical manufacturing
cotton farming

paperboard mills

other indirect uses (remaining 419 sectors)

total, all sectors

?Values subject to rounding. (calculated by authors).

water withdrawals water withdrawals

Gal./$ (1./$) (gal./5 Ib. bag)
0.082 (3.1) 0.026
270 (1022) 84

11 (42) 3.4
2.4(9.1) 0.75
0.39 (1.5) 0.12
0.28 (1.1) 0.087
0.25 (0.95) 0.078
1.3 (4.9) 0.40

283 (1071) 88
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FIGURE 1. Cumulative distribution of direct to indirect water use ratio for economic sectors

water use per dollar of output for each of the 426
input—output industrial sectors is included in the SI.

3. Direct and Indirect Water Withdrawals by Sector. As
developed originally by Leontief (for which he received the
Nobel Prize in Economics) (14), the supply chain inputs for
any particular output can be estimated from the economic
input—output model available from the U.S. Bureau of
Economic Analysis (11). The economic input—output model
reflects the intersector purchases required for production.
For example, livestock production would require purchases
of feed from sectors such as grain farming. In turn, the supply
chain production can be multiplied by the water withdrawals
per unit of production for each sector to obtain an estimate
of the supply chain or indirect water withdrawals associated
with a good or service. Thus, direct and indirect water
withdrawals for sector production can be estimated from
the withdrawal vector described above, a vector of sector
output, and the economic input output model as

w= (- A 'xF 2

where w is a sector vector of water use due to the purchase
x, Iis the unit matrix, Ais the economic input—output matrix,
x is a vector of purchases, and F is a matrix with diagonal
elements equal to water use per dollar of output for each
sector (9, 14). Direct water use consists of water use by the
sector itself (including water provided to the sector by
providers), whereas indirect water use is water used in the
supply chain of the sector.
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As an example, Table 2 illustrates the direct and indirect
water use calculated from eq 2 for $1 of production in the
“sugar cane mills and refining” sector. Table 2 also reports
direct and indirect water use for a typical 5 Ib (2.27 kg) bag
of sugar. The bulk of water use for this sector is indirect, with
about 95% of water used in sugar cane and beet farming in
the supply chain for sugar production. Power generation,
grain farming, and pesticide manufacturing are much smaller
indirect water users, with near negligible water withdrawals
reported for all upstream sectors except sugar cane farming.
For example, indirect use of paperboard for bagging sugar
isonly 0.1% of water withdrawals. Disaggregating the indirect
uses further from the economic sectors shown in Table 2
would require hybrid models including both economic sector
and specific process models (14).

Sugar refining is typical in that most input—output sectors
use more water indirectly than they do directly. Figure 1
shows the cumulative distribution function of the ratio of
direct to indirect water use for all 426 sectors. For 93% of
sectors, supply chain water use exceeds direct use.

Table 3 shows the total water use for the sector’s 2002
entire economic production for the largest 10 water use
sectors. For example, Cattle ranching and farming used a
total of 8280 billion gallons (31.3 teral) in 2002 either directly
or indirectly in its supply chain. The largest water users were
power generation and agricultural sectors, with several
commercial sectors also demonstrating significant water
withdrawals.


http://pubs.acs.org/action/showImage?doi=10.1021/es903147k&iName=master.img-000.png&w=300&h=198

TABLE 3. Direct and Indirect Water Use for the Largest User Sectors - 2002 Economic Output®

total water direct water indirect water direct/

sector name billion gal (teral) billion gal (teral) billion gal (teral) indirect
power generation and supply 62 900 (238) 62 700 (237) 183 (0.69) 343
grain farming 36 200 (137) 35 800 (136) 399 (1.51) 90
food services and drinking places 8970 (34.0) 200 (0.76) 8770 (33.2) 0.023
animal (except poultry) slaughtering and processing 8690 (32.9) 16 (0.06) 8680 (32.9) 0.0018
general state and local government services 8530 (32.3) 1900 (7.20) 6620 (25.1) 0.29
cattle ranching and farming 8280 (31.3) 2440 (9.20) 5850 (22.1) 0.42
other animal food manufacturing 5770 (21.8) 139 (0.53) 5630 (21.3) 0.025
poultry and egg production 5680 (21.5) 32(0.12) 5650 (21.4) 0.0056
fruit farming 5160 (19.5) 4890 (18.5) 277 (1.05) 18
real estate 5140 (19.5) 326 (1.23) 4820 (18.2) 0.068

? Note that the total water use is the sum of the direct and indirect use.

TABLE 4. Direct and Indirect Water Use per Dollar of Output for the Largest Economic Sectors of Water Use per Dollar®

sector
grain farming 1400 (5000)
cotton farming 1300 (5000)
sugar cane and sugar beet farming 830 (3100)
tree nut farming 500 (1900)
fruit farming 480 (1820)
flour milling and malt manufacturing 470 (1780)
power generation and supply 450 (1700)
wet corn milling 380 (1440)
beet sugar manufacturing 330 (1250)
vegetable and melon farming 280 (1060)
other animal food manufacturing 270 (1020)
sugar cane mills and refining 270 (1000)
poultry and egg production 250 (900)
dog and cat food manufacturing 200 (800)
cattle ranching and farming 190 (700)
fiber, yarn, and thread mills 180 (700)
tortilla manufacturing 140 (500)
milk production 140 (500)
paint and coating manufacturing 140 (500)
frozen food manufacturing 130 (500)

?Values subject to rounding.

total use total gal (L)/$ direct use direct gal (L)/$ indirect use indirect gal (L)/$ direct/ indirect

1400 (1,900) 34 (22) 41
1300 (1,900) 14 (49) 93

810 (1480) 21 (38) 39

470 (950) 26 (53) 18

450 (870) 26 (49) 17
0.082 (0.11) 470 (640) 0.000174
0.87 (610) 450 (1.7) 0.0019
0.065 (1.1) 380 (610) 0.00017
8.0 (0.09) 320 (530) 0.025
0.082 (450) 280 (42) 0.00029
1.5 (10) 270 (420) 0.0056

240 (0.10) 22 (350) 11

250 (1.8) 0.73 (320) 341

58 (7.6) 140 (250) 0.41

1.7 (72) 190 (170) 0.0089
5.3 (2.2) 170 (240) 0.031
0.24 (0.31) 140 (220) 0.0017
0.20 (7.6) 140 (190) 0.0014

120 (170) 16 (24) 7.5

15 (0.33) 120 (200) 0.13

Finally, Table 4 shows the direct, indirect and total water
use for the sectors having the largest water use per dollar of
output. Agricultural sectors dominate water use per dollar
of output, although some manufacturing sectors also appear
in Table 4.

EIO—LCA methods also track the pervasiveness of a
particular activity throughout the supply chain. Power
generation and grain farming were top-10 water users in the
supply chain of almost every other economic sector in the
2002 U.S. economy. These sectors accounted for 41% of total
water use. Cotton farming, paperboard mills, and paint and
coating manufacturing were top-10 water users in the supply
chain of most sectors; however, these sectors constitute only
2.5% of total use.

4. Discussion

Total predicted 2002 direct withdrawals (140 000 billion gal
or 530 teraliters) are 50% of the flow of the three largest rivers
in the continental United States (32). As with worldwide water
use generally (22, 34), a majority of U.S. withdrawals are
associated with agricultural activities, food processing, and
power generation. Grains and animal products are significant
water users; however, animal products are more economically
efficient in that they use less water per dollar of output across
the product supply chain.

A majority (60%) of water use is indirect. In addition, 96%
of U.S. 10 sectors use more water indirectly than directly.

These results indicate that truncation errors associated with
water use life cycle impact assessments could be significant.

The results presented here are subject to considerable
uncertainty and underlying variability. For example, the USGS
water use data is estimated for the year 2000, whereas the
economic input—output table is estimated for the year 2002.
Moreover, the USGS water use totals themselves have
considerable uncertainty as they rely on state agency
estimates. Different agencies use different methods to
estimate water use and come to different values. For example,
USDA irrigation water estimates for crops (17, 18) are 60%
of the USGS crop irrigation total. Our allocation methods are
also imperfect, introducing additional errors. As a result, we
estimate that the water use data is only accurate to a single
significant digit.

Our results apply to the national scale only. We caution
practitioners against using our results for regional analyses
given regional variation in hydrologic and industrial or
agricultural practices. For example, the USDA’s Irrigation
Survey (18) indicates that irrigation rates can vary regionally
by more than an order of magnitude. Regional EIO—LCA
models may produce more accurate regional EIO—LCA
results. Methods for developing and applying regional models
can be found in Cicas (35).

For use in life cycle assessments, we would recommend
the use of hybrid methods. Hybrid methods combine process
data for the region or plant of interest with national averages,
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such as those documented here. The degree of indirect water
use demonstrated by many sectors necessitates applying
system boundaries that extend upstream of secondary
suppliers, emphasizing the importance of EIO in water use
LCA’s.

More direct information on water use would be helpful,
including different categories of use, such as water with-
drawals and consumptive use. Such data is available for many
other countries, such as the Canadian data used in our
industrial self-supply allocation (18). The U.S. Census Bureau
did collect and report industrial water use data up until 1982,
but this question was dropped to reduce costs. Our results
demonstrate substantial differences from the 1982 data,
highlighting the need for more meaningful and accurate
national water use data. Given the increasing importance of
water for economic development, it would be helpful if the
water use questions were reinstated in the Census.

Life cycle impact assessments would be improved with
a more stringent definition of the water impacts as well as
a better characterization of use. Supply impacts to water
vary in time and space; water quality impacts vary in severity,
time, and space. Agencies with jurisdiction over water are
encouraged to develop standard conventions and nomen-
clature for tracking and reporting water use.
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