
ABSTRACT
Numerous studies have pointed out the growing need to
assess the availability of water sources in numerous regions
around the world as future forecasts suggest that water
demands will increase significantly while freshwater
resources are being depleted. In this paper, we highlight the
difference between water use versus consumption and
analyze the life-cycle water consumption of a car from
material extraction through production, use, and final
disposition/end of life and determine a car's water footprint
using data from the EcoInvent database as well as data
collected from literature sources. Although water use is
typically metered at the factory level, water consumption
(i.e., water lost through evaporation and/or incorporation into
a material, part, and/or product) is much harder to quantify.
As shown in this paper, the difference can be an order of
magnitude or more. The use phase has significant impact on
the overall vehicle water consumption, followed by material
production, whereas end of life processing seems to be
relatively insignificant. The assessment in this paper
represents a life-cycle inventory assessment. The impact of
water consumption varies by region and locality, and a
differentiation of impact would still be needed whether the
water consumption actually happens in water scarce regions
or not.

INTRODUCTION
MOTIVATION
Water is a prerequisite for life on earth. It is an essential
natural resource for basic human needs such as food, drinking
water and a healthy environment. Human beings are
inextricably linked to freshwater for personal sustenance,
basic hygiene, growing crops, producing energy,
manufacturing goods or maintaining ecosystems. Given the

rise in population, and the increase in consumption of natural
resources, management of water resources has become
critical [1]. The need for freshwater in some locations has led
to water allotments, shifts towards full-cost water pricing,
more stringent water quality regulations, growing community
opposition, and increased public scrutiny over water
practices.

Water consumption is a much different issue from
greenhouse gas emissions because water has a local impact
versus the global impact of greenhouse gas emissions. In
regions that have a surplus of water, variations in the level of
consumption may have little noticeable impact. However, in
water scarce regions, the same consumption could put
extreme strain on the available water resources.

For these reasons, we believe that assessments of water use
and consumption must be developed to facilitate water
management and policy making. Ultimately, such analyses
can serve as social change instruments - encouraging a water-
oriented society that manages disputes and ensures the
sharing of water by determining water use limits and
equitable and efficient allocations [1].

WATER USE VS CONSUMPTION
In this paper, we distinguish between water use and water
consumption:

• Water consumption is defined as freshwater withdrawals
which are evaporated or incorporated in products and waste.
The water molecule is not available in liquid form for (re)use
after it is consumed, at least not immediately. The difference
between the amount of liquid input water and liquid waste
water is the water consumption.
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• Water Use is defined as all water that goes into a system.
Most of this typically leaves the system as waste water.

This is an important distinction because, depending on how
water consumption is defined, it can alter the results of the
water footprint for a given life cycle significantly. Some
authors include water transferred into different watersheds, or
disposed into the sea after usage into the definition, e.g., [2],
but we take a stricter definition due to our manufacturing
process focus. In principle, any waste water from process
operations can be brought back to the same local with equal
or better quality as the input water. Water that is included in
the product or evaporated during the process is completely
lost, however.

FOCUS AND SCOPE
Given these distinct definitions, in this paper, we will assess
the amount of water consumed in a car's life-cycle, starting
with the production of materials used in a car. Although
many articles have been written about a vehicle's energy
consumption and greenhouse gas emissions, very few studies
have been made to assess the water consumption in
producing, operating and retiring a vehicle. With a growing
international emphasis on water as a critical resource, a more
in-depth understanding of the water footprint, or “splash” (a
term coined by Dave Berdish of the Ford Motor Company),
of a typical automobile is needed. In this paper, we will focus
on the water consumed by the processes of extracting and
producing the materials needed for a typical automobile. A
comparison will be made with data from domain specific
literature and data from the EcoInvent Life-Cycle Analysis
database (version 2.2). As will be shown, large discrepancies
exist which emphasize the need of further research.

To begin the proper assessment of how much water is
consumed in the automotive life cycle, the goals and scope
must first be identified so that proper data is collected. The
model will only include direct water consumptions of
production of materials, vehicle, fuels, etc. As such, we
ignore the water used in developing the infrastructure of the
supply chain network at this time, such as the water
consumed in constructing the manufacturing facilities or the
water used for electricity or the indirect water consumption
resulting from transportation of the components. Once we
consider infrastructure development water consumption, we
not only must consider the water consumption for each set of
raw materials for construction but also the water consumed in
the intermediate processes; that said, such data is
inconsistent. In defining this boundary, we also must consider
that the majority of the infrastructure for producing the raw
materials or electricity could have existed for decades and
would not be dedicated solely for the production of raw
materials for the automobile industry [1].

RELEVANT STUDIES AND
PUBLICATIONS
WATER FOOTPRINT AND “SPLASH”
OF PRODUCTS
The need for assessing and understanding the water use
and/or consumption of products has risen in the past years
due to increased droughts and global warming. Analogous to
ecological footprints, the term “water footprinting” has been
used to define this process of assessing a product's water
impact source [3]. According to [4], the water footprint of an
individual, community or business is defined as the total
volume of freshwater that is used to produce the goods and
services consumed by the individual or community or
produced by the business.

Given that the set definition of a water footprint does not
include a distinction between consumption versus use, we
prefer to use “water splash”, a phrase coined by Dave Berdish
of Ford Motor Company, to represent the water consumption
and/or use by products, process, and or services.

As in Life-Cycle Analysis studies, all processes within a
production system that significantly contribute to the overall
water footprint need to be accounted for. If one traces the
origins of a particular product, one will see that supply chains
are never-ending and widely diverging because of the variety
of inputs used in each process step. Depending on the
purpose of a particular study, however, one can decide to
include only the direct or indirect water use/consumption in
the analysis. By identifying which portions of the supply
chain are the most water-intensive, whether that is raw
materials or entire assemblies, a company is able to
understand its indirect water consumption and to better assess
the business risk associated with using different suppliers in
potentially water-stressed areas or ecologically sensitive
regions [5].

Ultimately the water splash should be taken in context with
other environmental and social impacts, as a water
assessment by itself does not provide all answers or solutions,
but provides a better understanding of absolute volumetric
needs, the opportunity costs of the water used, and the
impacts to environments and people that could become
material risks. For companies, a water assessment begins to
tell an important story of dependence and risk, and can bring
about the type of changes necessary for delivery of
sustainable and equitable water management [6].

WATER STUDIES ON VEHICLE
SUPPLY CHAIN
Before starting the life cycle water consumption analysis,
literature reviews were completed to determine existing water
models. Most reports were not concerned with the water
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consumption, but chose to focus on either carbon dioxide
emissions or energy use. The information available on water
consumption or use for the automotive supply chain was
limited at best.

Very few articles provided a comprehensive discussion of the
water or materials consumed in the whole supply chain, but
would focus on specific case studies for different areas or
gave overviews of total consumption. In some cases, the data
found did provide information on water use for different
materials as part of the supply chain, but did not offer any
further description on the scope of the footprint to determine
the actual water consumption [7, 8].

In [9], on the life cycle consumption of materials by vehicles,
it was determined that the typical water consumption was
90,100 liters for materials, and 242,000 liters per vehicle.
However, no information was provided to indicate where and
how water was used or even if it took into account recycling
rates of water to determine the actual consumption rate. No
description of their water consumption definition was given
[9].

A report by Volkswagen focused on the 10 year life-cycle
inventory of four VW Golf A4 variants (ranging from
800-1,181 kg curb weight) provides detailed assumptions and
results on water use and consumption [10]. The authors report
that “water consumption of 95 m3 (95,000 liters) per car can
be broken down into that needed for electric power
generation (46 m3), fuel production (23 m3), car washing (8
m3), material production (10 m3) and other factors (9 m3)”
[10]. The report also commented on a lack of references
against which comparisons can be made. Specifically, the
authors wonder whether 8 m3 of water used during the 10-
year use phase for car washing excessive or below average.
They cite the water consumption with of an average
household to be approximately 50 m3 per person per year.

AUTOMOBILE MATERIAL
COMPOSITION
A representative model of material composition of a vehicle
was developed to start the water consumption accounting of
the supply chain. In other words, the raw materials used to
manufacture a vehicle were identified. Given the importance
of having the correct material composition, multiple sources
were compared which listed the information from various
locations. The comparison of the data allowed for a better
understanding of the material composition (type and amount)
in a typical vehicle.

A study on the life cycle analysis of passenger cars by
(Spielmann and Althaus 2007) provided the average weight
of passenger vehicles sold in Switzerland. The paper
investigated the environmental burdens of car infrastructure

by expenditures for fuels and operating materials consumed
in the manufacturing, maintenance and disposal of the vehicle
in Switzerland, but includes material compositions for a car
in 2004 by percentage [11]. However, the paper only
provided a basis percentage of expected materials without
giving more detailed descriptions of what specific materials
comprised these specific percentages [11]. In [12],
information is given for the typical weight composition of a
New Ford Galaxy 2.0 I DW10 cDPF Trend edition. Like the
paper on Swiss passenger vehicles [11], the vehicle
composition in [12] did not provide more detailed
descriptions on specific compositions for values that could
encompass a vast range of materials either.

Comprehensive data for average size automobiles in the
United States was found in [13]. We use their data in our
assessment because it better presents the typical weight for a
US vehicle and reports the individual material composition
[13]. The information on individual metals and plastics
provided a more detailed basis with which to construct a
more accurate and encompassing water footprint assessment
of the supply chain [13]. The U.S. Geological Survey found
that the typical weight of a US vehicle was 1470 kg in the
year 2004, and made of 131 kg aluminum 975 kg iron [14].
Both values match those of the selected study [13].

A summary of the data found in the publicly available
literature on average automobile material compositions is
given in Table 1. As can be seen in Table 1, the values for the
U.S. vehicles from [13] are consistent and in the same
magnitude as the values of for both the Swiss passenger
vehicles [11]. Obviously, depending on which vehicle is
chosen, the water footprint and supply chain will differ.

WATER CONSUMPTION IN THE
PRODUCTION AND PROCESSING OF
MATERIALS
LITERATURE DATA
The next step was to identify water consumption in liters per
kilogram of material. This information includes both the
water consumption in liter/kg of raw materials and the water
consumption in liter/kg to processes the material. The
percentage of weight as part of the entire vehicle can also be
used to determine the percentage of water consumption for
different materials as part of entire water consumption.
Ultimately, by examining how much is consumed in the
making of the materials, the final water cost of making a
vehicle can be determined.

An effort was made to ensure that the data was from sources
that were either tied to industry, published in an academic
journal, or from a government agency. The data, collected for
water consumption for steel and aluminum were gathered
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from the U.S. Department of energy [15, 16]. Although these
values can vary depending on interpretation, and even
depending on which processes are assumed in the analysis,
the values selected were from more common processes. The
values for some of the other materials, like copper, zinc,
magnesium and glass were obtained from sources like the
U.S. Department of the Interior or from published work in the
International Journal of Life Cycle Analysis [17,18,19,20].
The data obtained for plastics and rubber were obtained from
either publicly available data provided directly by
manufacturers or from professional associations [21, 22].

In addition, an effort was made to ensure that the definition
and scope mentioned in the work was consistent with the
water consumption described earlier. Finding such sources
proved challenging because many of the sources did not
provide a definition for water consumption nor described the
specific processes that led to the given value. We observed
that the terms water use and water consumption are often
used as synonyms, making the determination of true water
consumption according to our definition very difficult at
times.

A summary of the data found for the water consumed in
materials production and processing is given in Table 2. The
non-ferrous/other metals category listed in Table 2 was
assumed to be primarily magnesium. As can be seen in Table
2, steel has a relatively low consumption of water compared
to aluminum. As will be later shown, these two materials
have the largest impact on the overall water consumption for
the materials in a vehicle.

Despite efforts to ensure the use of quality data, uncertainties
and limitations of data are inevitable and thus restrict a
specific interpretation of results. However, comparisons of
water consumption of the materials, general trends in the
water consumption, and differences between data from

EcoInvent and from other sources provide a directional trend
and areas of concern of water consumption in the supply
chain.

Table 2. Summary of Water Consumption for Selected
Materials and Processing

ECOINVENT AND LITERATURE DATA
COMPARISON
The EcoInvent V2.2 LCA database was also used to create an
alternative model to use as a comparison. Although the data
obtained from the reports in the data base did not contain
descriptions of how the water was being used, or how much
water was consumed, it provided a comparison of the existing
trends [7, 8].

Water data found in EcoInvent for the various materials can
be found in Table 2. For completeness, Table 3 also lists the
record number showing where the data was stored in the
EcoInvent database (V2.2). The database includes various
water inputs, specifically,

• Water, cooling, unspecified natural origin

• Water, lake

Table 1. Materials Composition [11, 13].
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• Water, river

• Water, salt, ocean

• Water, salt, sole

• Water, turbine use, unspecified natural origin

• Water, unspecified natural origin

• Water, well, in ground.

The database does not contain any water output or waste
water data. Clearly, the EcoInvent data represents water use
rather than consumption. Although no detailed explanation
could be found regarding the origins of the “turbine water”
listed, it was assumed that this water used in hydropower
production of electricity for the materials. In order to remain
consistent, water used for turbines was therefore not included
in the following analyses using EcoInvent data. The values in
table 3 refer to extraction of materials and processing of those
into semi-finished products. The definition of semi-finished
product is not clearly defined, however.

Table 3. EcoInvent V2.2 Water Data for Selected
Materials

By comparing the information from EcoInvent in Table 3
with the literature data in Table 2, a significant difference in
numbers can be seen (see Table 4). This large difference,
ranging from one to two orders of magnitude, has to do
mainly with the fact that the data from EcoInvent only
contains water inputs and no output data. The water data from
EcoInvent reflects water use and as can be seen in Table 4,
the differences are significant. The water values in Table 3
and 4 are much higher than those reported by others who
have made detailed process studies which include recycling
of water and have more clear definitions on water
consumption.

Table 4. Comparison of Water Data from EcoInvent and
Literature Sources

Thus, the data from the EcoInvent LCA database only
captures water use and does not distinguish between water
that goes to the sewer system (and can thus be reused) versus
water that is truly lost (consumed) due to evaporation or
encapsulation in a material. The water data from the
EcoInvent LCA database should therefore not be used for a
water consumption assessment, as it will result in a wrong
assessment as will be shown in the next section where we
apply this data to producing the raw materials for an
automobile.

AUTOMOBILE MATERIAL WATER
CONSUMPTION
WATER CONSUMPTION BASED ON
LITERATURE DATA
An effort was made to ensure that the information found
included recycling of water in all processes and explicitly
explained what was meant by water consumption and to
ensure that this water consumption definition was consistent
with that set out in the scope. However, is inevitable that
some discrepancies in the data could exist. More importantly,
the analysis shows a trend in water consumption and explains
in detailed where most of the water is used, specifically in
recovery and processing of the metals, as these tend to be the
greater consumers of water in the supply chain. These values
can vary depending on the vehicle, model, and even for
manufacturing centers depending on individual processes and
technologies being implemented.

Using the values from literature sources listed in Table 2, an
assessment of the water consumption for material production
was constructed. By using the typical car material
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composition in combination with the water consumption for
semi-finished products of the materials composition, we
determined that the production of one vehicle consumes
5,570 liters of water. Most of the water consumption (over
75%) in a vehicle occurs in producing steel, aluminum, and
rubber (see Table 4 and Figure 1). Although aluminum is
second in terms of material mass in a typical U.S. vehicle, its
water consumption as part of the supply chain is nearly as
high as that of steel. This water consumption can be reduced
by using more recycled aluminum.

Figure 1. Water Consumption Percentages using
Literature Data

WATER CONSUMPTION/USE BASED
ON ECOINVENT DATA
A comparison was made with water data for materials found
in the EcoInvent LCA database. The data found only showed
the amount of water that went into a system, without taking
into account recycling rates or reuses of water or breaking

down any steps. EcoInvent reports often mentioned the fact
that recycled water was not accounted for in the inventory.
Although no definition or actual explanation could be found
regarding water use or water definition in the EcoInvent
reports, it is clear that the data only reflects water use and not
consumption.

The assessment using the water data from the EcoInvent
database can be found in Table 5. The results from the
EcoInvent database are significantly higher than the literature
sources used for determining true water consumption.

Table 5. Water Use for Vehicle Material Production
based on EcoInvent Data

Although the amounts differ, compiling the data from the
EcoInvent database in a pie chart as shown in Figure 2

Table 4. Water Consumption for Vehicle Material Production
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indicates a similar trend between water use and consumption.
For instance, the water use is still highest for steel, as a result
of it comprising the largest mass of a vehicle. Aluminum is
still second but glass moves up to third in water consumption.
Nevertheless, the amount of water used using data from
theEcoInvent data base is 30 times higher than that calculated
using literature based water consumption data. This
discrepancy comes from the fact that the LCA databases
account for water use and not water consumption. Water
consumption due to evaporative losses is typically a fraction
of water use.

Figure 2. Water Use Percentages using EcoInvent Data

The differences in the water data for EcoInvent and literature
sources are provided in Table 6. The EcoInvent data base
values are much higher (30 times) and reflect only water
inputs. Recycling of water can greatly reduce the water
consumption. The water data from the EcoInvent LCA
database should therefore not be used for a water
consumption assessment, as it will result in wrong
conclusions.

Table 6. Water Data Comparison for Material
Production for One Average US Vehicle

WATER CONSUMPTION OF
MATERIALS PRODUCTION IN
COMPARISON TO OTHER LIFE
CYCLE STAGES
A comparison of water consumption in other phases of the
vehicle life-cycle process is also made to identify which
phase (production and assembly, use, end-of-life recycling,
parts production) has the greatest consumption.

PARTS PRODUCTION
The making of most standard automobile parts typically
involve a number of similar processes that are adjusted for
each case to yield different products. For metal components,
encompassing anywhere from 70 %-85 % of a vehicle by
weight, the parts production process can have many
individual processes for which water can be used and
consumed [13]. However, they can be summarized into major
sets encompassing most of the intermediate categories as
shown in Figure 3. The percentages of material flows for the
various manufacturing stages shown in Figure 3 were based
on a report from Argonne National Laboratory [24]. For some
of the metal components, more than one major process will
be applied in the manufacturing of the final product. For
instance, an aluminum part may be cast, and then machined,
so water consumption for both processes must be included in
the analysis.

Similarly to the metal components, the major components
encompassing the rest of the vehicle, consisting mainly of
plastic, rubber, and glass components, can be categorized into
consisting of other major manufacturing processes as shown
in Figure 4. Unlike metals, the nonmetal parts typically do
not have a major secondary process during manufacturing so
one manufacturing process can be assigned to a percentage of
the material for each category.

A summary of the water consumption in the production of
parts is shown in Tables 7 and 8. The amount of material for
each process was found using the material composition of an
average US vehicle from Table 1 with the process
compositions from Figures 3 and 4. Water consumption data
was gathered from a variety of sources for metal parts
[25,26,27,28,29,30,31,32,33,34] and non-metal parts [19, 35,
36]. Most sources provide flow rate information and not
water consumption per se. However, 3% to 5% evaporation
and loss rates are typical and have been used to determine the
consumption rates when direct information was not available.
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The total water consumption for the primary processes is 847
liters and the water consumption for the secondary processes
is 47 liters for a total water consumption of 894 liters for the
parts production for an average US vehicle. The casting of
metal components has the highest water consumption values.
This is because of the higher temperatures required for
treating of the materials, requiring more water for cooling.
The machining of steel components consumed the most water
for the secondary processing of metals. Relative to the water
consumption in metals, the effect of plastics and rubber is
minimal. This is because of the lower temperatures required
for treating of the materials, requiring less water for cooling,
and of the relatively less energy intensive manufacturing
processes involved.

 
 

A water use assessment was also completed using data from
EcoInvent. The results are given in Table 9. The data for
machining, the secondary process, for all of the different
materials was not included primarily because the data was
presented in terms of kilogram of material removed (which is
unknown). Furthermore, the secondary operations require far
less water than the primary processes.

A comparison of water consumption and use results presented
in Tables 7 and 9, respectively, indicates again a factor 30
difference between Ecoinvent data and literature data (35,000
liters versus 894 liters).

Figure 3. Manufacturing Processes for Metal Parts [24]

Figure 4. Manufacturing Processes for Non-Metal Parts [24]
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Table 7. Water Consumption for Primary Processes in
Parts Production for Average US Vehicle

Table 8. Water Consumption for Secondary Processes in
Parts Production for Average US Vehicle

Table 9. Water Use for Primary Processes in Parts
Production for Average US Vehicle using EcoInvent

Data

PRODUCTION AND ASSEMBLY
In order to put material production numbers in context, we
assessed how much water is used in vehicle production and
assembly by OEMs. Water data given in sustainability reports
from selected automakers was compiled and summarized in
Table 10. In case water use or consumption per vehicle was
not directly reported by the OEMs, the use/consumption per
vehicle was calculated by combining vehicle production data
was combined with water data from the reports.

Examinations of the reports showed that the reporting of
water data by car makers is inconsistent and do not follow
standard definitions. Specifically, the words “consumption”
and “use” seem to be used interchangeably. For example, the
BMW group (BMW, Mini, Rolls-Royce) reports water
“consumption” of 2.31 m3/vehicle produced, see page 87[37].
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This includes the process water input for the production as
well as the general water consumption like for sanitation
facilities. In the same report, the BMW group also reports
group wide a total water input of 3,418,816 m3 and total
waste water output of 2,427,754 m3, see page 86 [37]. This
would mean a water loss (consumption) of 991,062 m3. With
a reported vehicle production of 1,481,253 units (and
ignoring the production of 112,271 motorcycles) this results
in a water consumption (per definition used in this paper) of
0.67 m3/vehicle. Most likely the “consumption” of 2.31 m3/
vehicle reported by BMW is actually water use. We suspect
that such issues are the results of linguistic translations from
German to English because use and consumption are often
used as synonyms in dictionaries and thesauri. This would
also explain the high water consumption of Daimler, which
reports consumptions of 6.0 m3 per car produced and 18.1 m3

per truck produced [38].

Discrepancies were also found in Toyota's reports. For 2009
and 2010, Toyota lists water “consumption” of 4.4 m3 and
3.7 m3 per vehicle produced in its assembly plants,
respectively [39]. It seems likely that Toyota's data also
represents water used rather than consumed (and thus
evaporated). Discrepancies also exists for Toyota between
data reported in[39] and [40] for the year 2009, namely 4.4
m3/vehicle versus 3.6 m3/vehicle, respectively.

For the US automakers, Ford reports a water use of 4,800
liters per vehicle [41]. General Motors did not report water
consumption per vehicle for their operations. Chrysler
reported total water withdrawal of 10,684,609 m3 and total
water discharge of 7,057,625 m3. With production data of
1,571,662 vehicles this results in a water use of 6.80 m3/
vehicle and water consumption of 2.31 m3/vehicle.

Table 10. Water Use/Consumption for Vehicle Assembly
and Production for Selected OEMs

*Values directly reported by manufacturer

Clearly, the reporting of water data by car makers is
inconsistent and these numbers do not include parts
production done by suppliers, but merely the in-house

operations. Nevertheless, by comparing the data in Tables 6
and 10, the impact of vehicle production operations is less
than material production with respect to water consumption.

USE PHASE
To better understand how the water consumption of materials
production is part of the entire vehicle life cycle, a
comparison was made with the water consumption in the
vehicle's use stage. Some studies have been performed
quantifying the water consumption in the production of
traditional petroleum fuels. An overview is presented herein.

The first major life cycle water assessment for petroleum-
based fuels was conducted as part of the comprehensive
energy-water outlook as described in [47], where Gleick
assessed water demands for the extraction and refining
processes for crude oil and petroleum. Water consumption
was calculated for onshore exploration and primary
extraction, as well as for secondary and tertiary methods
including enhanced oil recovery (EOR) technologies, as well
as for petroleum refining. While water consumption data for
petroleum extraction and refinement in [47] illustrate the
widely varying water requirements for producing gasoline
and diesel, there is no information regarding the distribution
of these technologies in fuel production pathways in the
United States.

A more recent study [48] provides a more detailed
breakdown of available fuel extraction technologies based on
the process water flows from which a weighted average of
primary and additional oil extraction water consumption
could be determined (and by extension a comprehensive
range of total water consumption for gasoline production)
[48]. It outlines the technology shares in onshore and offshore
crude oil extraction in key production regions in the United
States. The authors considered three major petroleum-
producing regions in the United States that contribute to 90
percent of domestic crude oil production and 81 percent of oil
refining. The authors also considered foreign oil production
by examining water consumption trends in Saudi Arabian oil
production, as that region has a lack of surface water and low
recharging aquifer rates [48]. Much of the water used in the
oil production process in Saudi Arabia is treated from
brackish or seawater resources and the authors stress that
water consumption values are based on individual wells and
projects instead of a national distribution. Similarly, the
authors considered petroleum recovered from Canadian oil
sands, which accounts for 39 percent of total petroleum
production in Canada, from where bitumen is either extracted
from surface mining or in situ extraction methods and is
processed into synthetic crude oil; as with EOR technologies
for conventional crude extraction, the authors assessed water
demands based on a national technology distribution for oil
sands production. Water consumption for oil sands crude
production was leveraged from Gleick's study (which
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includes a brief assessment of oil sands crude production) and
later assessments for surface mining and in situ oil sands
extraction. In addition to specifying the distribution of
primary and secondary oil recovery technologies in these
regions, the researchers also examine the amount of produced
water stemming from water stored in extracted crude oil that
needs to be removed from the extracted fuel; some of the
produced water is reintroduced to the well via water flooding
and injection in secondary recovery methods.

These water consumption values are summarized below in
Figure 5, where a direct comparison shows that water
consumption varies significantly based on regional conditions
for conventional crude extraction, while water consumption
in Saudi Arabian and Canadian oil sands production are
slightly lower overall.

Figure 5. Water Consumption for Petroleum Production
and Refining for U.S., Canadian, and Saudi Production

(Adapted from [48]).

In this paper, we assume it takes 3.8 liters of water
consumption to produce one liter of gasoline. Assuming
typical fuel efficiency of 11.7 km/liters of gasoline equal to
the current Corporate Average Fuel Economy standard (=27.5
mpg), we can calculate the vehicle's use phase water
consumption. Driving 100,000 mile (160,000 km) would
consume 13,675 liters of gasoline and thus 51,965 liters of
water. This is 10 times the amount of water consumed in
material production or OEM vehicle assembly operations.

Comparing the use phase to material production, using the
preceding fuel data, it would take 17,443 km in the use phase
of a vehicle to equal the 5,570 liter of water consumption in
the production and processing of raw materials for a car.
Based on this preliminary data, it would seem that the use of
a car is a more a water intensive process than the production
of a car, similarly to energy consumption and greenhouse gas
emissions.

The data from EcoInvent for material production, which
equates to 169,211 liters of water use for material production,

would result in 505,853 km of driving to equate the water
consumption in the production and processing of raw
materials in the supply chain. Clearly, using different water
data-sets and assumptions with respect to water use versus
water consumption can lead to completely different
conclusions with respect to the relative impact of different
life-cycle stages.

In this context, Volkswagen states that by far the largest
proportion of water consumption is accounted for by
processes in the upstream material supply chain based on
their Life-Cycle Assessment studies [42]. This statement
seems correct if based on EcoInvent data, but incorrect if one
uses direct water consumption data only. For comparison, we
have provided the EcoInvent life-cycle inventory data for 1
kg unleaded petrol and diesel at a regional storage in Europe
in Table 11 which would imply a use of 857 and 690 liters of
water per kilogram of gasoline and diesel, respectively. Using
a gasoline density of 0.77 kg/liter, this would imply a water
use of 13,675 × 857 × 0.77 = 8,950,288 liters over the use
phase of a gasoline powered car.

If we take out the turbine use water, we arrive at about 14 and
13 liters per kilogram gasoline and diesel, which seems more
realistic, but still 2 to 4 times higher than from [48].

Table 11. Water Consumption/Use for 1 kg Gasoline
(Petrol) and Diesel Production per EcoInvent

END OF LIFE RECYCLING
An assessment of the amount of water consumed at the end of
life for a mid-sized gasoline powered US vehicle was also
performed. Published documents were used to develop
diagrams of how the car material flows at the end of life for a
vehicle. Various papers contained valuable information on
the typical processes and some of the values for material
flows [10, 13, 49,50,51,52], but typically did not contain date
on water use. Companies involved in the design and
manufacturing of recycling equipment like shredders and sink
float separators, provided most of the water intake, and water
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consumption values for the different machines and processes
[53,54,55,56,57]. Although much of the required information
is provided publicly through the specifications for their
equipment, individual engineers confirmed the water values
for the different processes and assumptions.

According to our analysis based on shredder machinery and
other industry data, 259 liters of water is consumed for the
dismantling, shredding, and processing of a US vehicle at the
end of life. Even though the processing of the plastics can
require significant amounts of water, with the use of waste
water treatment technology, much of it can be recycled and
reused.

End of life data found in the EcoInvent V2.2 database
indicates 3,039 liters of water for end of life vehicle recycling
and disposal. The EcoInvent supporting information did not
provide any background information regarding what
assumptions or definitions were given for the water numbers.
The description merely said that the values represented
information for the bulk materials and explained that there
could have been uncertainty in methodology. There is also no
description of what happens to that water after it goes into the
system. Using publicly available machinery information, it
was found that the water use would be 4,346 liters, most of
which is part of the shredding residue separation process,
which is in the same scope as that of the EcoInvent database.
The biggest discrepancies between the EcoInvent data and
publicly available information were found in the water intake
to the shredding operation. The EcoInvent database had 1,781
liters for water intake, while machinery data suggested a
value of 23 liters.

WATER CONSUMPTION SUMMARY
In Table 12, the overall water consumption of a vehicle is
given using Ecoinvent as well as literature data discussed in
this paper. No definitive total has been given, but some
conclusions can be made. As can be seen, in both cases, the
end of life processing is rather insignificant to the other life
cycle phases. The use phase dominates the assessment using
the literature data. It also dominates the EcoInvent based
assessment if the full water use including turbine water is
included, but the use phase becomes less important than the
material production phase if this turbine water is excluded.
This clearly indicates that significant uncertainty and
ambiguity exists in the LCA databases and literature
regarding water use and consumption data.

Table 12. Water Consumption/Use for an Average US
Vehicle Life Cycle

SUMMARY AND CONCLUSIONS
This paper focused on an assessment of the amount of water
consumed in the production, use and recycling for a mid-
sized gasoline powered US vehicle. Although water use is
typically metered at the factory level, water consumption
(i.e., water lost through evaporation and/or incorporation into
a material, part, and/or product) is much harder to quantify
and requires data on water discharge in addition to water
input. As was shown, the difference can be an order of
magnitude or more.

According to our analysis, 5,570 liters of water is consumed
for the extracting and processing of materials to produce a
typical US vehicle. The 5,570 liters is less than the
approximately 10,000 liters reported in [10] for the smaller
Golf vehicles' material production, but is directionally in the
same order of magnitude. In comparison, water consumed for
fuel production is almost 10 times more, namely, 52,000
liters for 160,000 km with a corporate average fuel economy
of 11.7 km/liter gasoline. Water consumption in parts
production was significantly less at 894 liters per vehicle with
casting being the primary consumer of water. Vehicle
recycling is relatively insignificant at 259 liters/vehicle. The
assembly and production operations seem to be more
significant than parts production, but the data reported by
OEMs is very inconsistent and lack proper definition of use
versus consumption.

Using water data found in the EcoInvent V2.2 database we
calculated that 169,212 liters of water are used in the
production of materials to produce one car. The comparison
showed that the water numbers in the database were
significantly (30 times) higher than those found in
government documents, in published papers, and in publicly
available company information. This can be explained by the
fact that the EcoInvent water numbers only reflect water
input data and do not include discharge or recycling rates. As
stated in the paper, the EcoInvent water data is even higher if
the turbine use water category was also included in our
assessment. We did not include this category because it is
almost certainly related to indirect electricity production.

Similarly, water for parts production processes using
EcoInvent data was also significantly higher (35,000 liters)
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than the water consumption calculated using literature data
(894 liters). Whereas the use phase dominated the life cycle
in the water consumption assessment per literature data, the
assessment using EcoInvent water data for gasoline
production (and excluding turbine use water) resulted in a
lower water amount than used for material productions. This
would indicate that material production is more important
than the use phase. Given the ambiguity of the data in
EcoInvent, we would question such a conclusion.

Overall, end of life recycling has a relatively low overall
impact, ranging from 259 liter of water consumption (as per
literature data) to 3,039 liters (as per EcoInvent data).

Despite the variability and uncertainties still observed as part
of this assessment, directional trends and areas of concern of
the water consumption in a vehicle life cycle can be
observed, however. As it was shown, in material production,
most of the water was consumed in the production of steel,
aluminum and rubber.

It is clear that further research is needed before any robust
conclusions on life cycle water consumption can be drawn.
The data uncertainty is still very significant and definitions/
system boundaries of the different literature sources are not
fully consistent.

Most of the data presented in the paper illustrates the use of
the best available technology by U.S. standards. Most of the
information found was based on the U.S. industry which must
meet certain EPA environmental regulations so the use of
wastewater recycling seemed a common trend. This trend
may not exist in other localities such as low cost countries,
however, where many automotive suppliers reside. This may
mean that the actual water “splash” from materials production
may be higher than stated in this paper.

Going beyond a water inventory (in terms of consumption
and/or use) for various vehicle types and models, the next
step is to assess the actual impact. The impact of water
consumption varies by region and locality, and a
differentiation would be needed whether the water
consumption actually happens in water scare regions or not.
In addition, the quality of water (input and output) is
important: obviously the consumption of drinkable water in
water scarce regions is much more important than the
consumption of non-drinkable water. It remains to be seen
whether a life cycle approach - adding up generic figures
along the life cycle - will be the right approach.

For all these reasons, care and caution should be taken when
using pure total figures of water consumption or water use.
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