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Abstract 9 

The production of liquid fuels from crude oil requires water. There has been limited 10 

focus on the assessment of life cycle water demand footprints for crude oil production 11 

and refining. The overall aim of this paper is address this gap. The objective of this 12 

research is to develop water demand coefficients over the life cycle of fuels produced 13 

from crude oil pathways. Five crude oil fields were selected in three North American 14 

countries to reflect the impact of different spatial locations and technologies on water 15 

demand. These include the Alaska North Slope, California’s Kern County heavy oil, and 16 

Mars in the U.S.; Maya in Mexico; and Bow River heavy oil in Alberta, Canada. A 17 

boundary for an assessment of the life cycle water footprint was set to cover the unit 18 

operations related to exploration, drilling, extraction, and refining. The recovery 19 

technology used to extract crude oil is one of the key determining factors for water 20 

demand. The amount of produced water that is re-injected to recover the oil is essential 21 

in determining the amount of fresh water that will be required. During the complete life 22 
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cycle of one barrel of conventional crude oil, 1.71-8.25 barrels of fresh water are 23 

consumed and 2.4-9.51 barrels of fresh water are withdrawn. The lowest coefficients 24 

are for Bow River heavy oil and the highest coefficients are for Maya crude oil. Of all the 25 

unit operations, exploration and drilling require the least fresh water (less than 0.015 26 

barrel of water per barrel of oil produced). A sensitivity analysis was conducted and 27 

uncertainty in the estimates was determined.  28 

  29 

 30 

Keywords: Life cycle water footprint; water-energy nexus; crude oil; water consumption; 31 

extraction; refining 32 

 33 

 34 

1. Introduction 35 

Petroleum oil is one of the largest sources of energy and its extraction has 36 

environmental impacts on air, water, and land [1]. One of the key environmental 37 

indicators is the life cycle water footprint, which can be used to measure the impacts of 38 

petroleum oil on water resources [2,3]. The demand for fuels extracted from petroleum 39 

oil is highest in the transportation sector, and there is no expectation that this situation 40 

will change in near future.  41 

 42 

The U.S., Canada, and Mexico are key players in the crude oil production in North 43 

America [4-6]. The U.S. is the largest consumer of oil products in the world and in 2012 44 

consumed 18.6 million bbl/d. That country produced 60% of this consumption and 45 
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imported 40% of it. The largest oil supplier to the U.S. is Canada (28% of the total 46 

imports) and Mexico is the third largest (10%) after Saudi Arabia (13%) [7]. Canada’s 47 

total crude oil production in 2015 was 3.85 million bbl/d and is projected to reach 4.93 48 

million bbl/d by 2030, with more than half coming from Alberta’s oil sands [8]. Mexico is 49 

among the top ten oil producers in the world and the third largest North American 50 

producer after the U.S. and Canada, although its production has been in continuous 51 

decline since 2005 [9].  52 

 53 

The concern about the use of water for energy is high all over the world [10-13], and the 54 

great challenge in the production of primary fuels is not only the absolute amount of 55 

water required for extraction, but also the geographical location of the resources, should 56 

these be in an area with limited water. The geographical location of oil resources cannot 57 

be controlled by humans, unlike electricity generation or oil refining, for which water 58 

availability is a consideration at the plant design phase. The other challenge with 59 

petroleum production is that most of water withdrawn is consumed and either not 60 

returned to the source or a lower quality water is returned. For example, in Alberta, 61 

Canada, in 2005 only 8% of water allocations were assigned to the petroleum sector. 62 

92% of water withdrawn was consumed and 65% of the water used in the petroleum 63 

sector was diverted for oil sands extraction from a single river basin, the Athabasca, 64 

which flows close to oil resources. Most of the surface water (88%) used in Alberta is 65 

allocated for the petroleum sector [14]. In Alberta, electricity generation plants, 66 

refineries, and proposed oil sands upgraders could be located so that they are 67 

distributed near different river basins where water use is not a large concern [15-18]. 68 
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Most of the earlier studies conducted on energy sector water demand either focused on 69 

a single geographical region [19-21], recognized water consumption but not water 70 

withdrawals [19-24], or covered specific unit operations and not over the complete life 71 

cycle [25,26].  In addition, none of these studies provide a comparative assessment of 72 

life cycle water footprints of North American crude oils. In other words, there are few 73 

studies on the life cycle water footprint assessment of crude oils and none studies on a 74 

comparative life cycle assessment of crude oils’ water footprint. The authors of this 75 

study have conducted complete life cycle assessments of water footprints for coal- and 76 

natural gas-based power generation based [27, 28], but none have been done on crude 77 

oils. This is a significant gap in the literature, and this paper is aimed at addressing this 78 

gap. 79 

The key objectives of this paper are to: 80 

 Develop life cycle water demand coefficients for crude oil produced at five 81 

different locations in North America. 82 

 Carry out a comparative life cycle assessment of water demand for crude oils.  83 

 Assess the impacts of the re-injection of produced water on water demand over 84 

the complete life cycle. 85 

 Assess the impact of the water used for refining unit operations on the water 86 

demand over the complete life cycle. 87 

 Estimate the uncertainty in the life cycle water footprint for crude oil production at 88 

various North American locations. 89 

 90 

2. Methodology 91 
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The life cycle methodology used in this paper covers the unit operations involved in 92 

crude oil production. Unit operations have been defined for exploration, drilling, 93 

extraction, and refining. Water demand coefficients for crude oil are represented in this 94 

paper by water consumption coefficients and water withdrawals coefficients. The water 95 

withdrawal (WW) is the total water diverted from a source and includes water 96 

consumption (WC) and water returned (WR) to the source. Further details on the life 97 

cycle water footprint assessment methodology of energy conversion processes are 98 

given in earlier publications by the authors [27, 28]. Five crude oil production regions in 99 

North America were selected: three in the U.S. (Alaska North Slope, California’s Kern 100 

County heavy oil, and Mars), one in Mexico (Maya), and one in Alberta, Canada (Bow 101 

River heavy oil) [29]. Figure 1 shows the selected oil production fields on the map of 102 

North America. Water demand data for these regions were estimated, and coefficients 103 

for unit volume of water per unit volume of oil produced (bbl/bbl) were developed in 104 

order to conduct a comparative assessment. Only fresh water is considered in this 105 

study. Fresh water is defined based on information from government agencies such as 106 

Alberta Environment [30, 31] that specify water with total dissolved solids (TDS) less 107 

than 4000 milligrams per litre (mg/L) is considered fresh water. Beyond this level of 108 

water salinity, a diversion license from the Government of Alberta is not required [31]. 109 

The consumption coefficient of fresh water during extraction unit operations was 110 

calculated as follows:    111 

 112 
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where FW is the consumption coefficient of fresh water (in bbl/bbl), TWT the total water 113 

injected (in bbl/bbl), PRE the percentage of produced water re-injected (in %), and TWP 114 

the total produced water (in bbl/bbl).  115 

The uncertainty in the input parameters was assessed in an extensive sensitivity 116 

analysis. The sensitivity analysis was conducted through Monte Carlo simulations [32 – 117 

35] to evaluate the impact of technology variations on the water demand coefficients for 118 

the complete life cycle of crude oil production.  119 

 120 
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 121 

Figure 1: Location of the selected oil production fields in North America 122 

    123 

3. Selected oil fields  124 
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Alaska North Slope (ANS) is one of the largest oil producers in the U.S., although 126 

production dropped by an average of 6%/year over the ten years preceding 2013 and 127 

was 500 thousand bbl/d that year [36]. Prudhoe Bay is the largest oil field in the Alaska 128 

North Slope, the largest in the North America, and the twentieth largest in the world; it 129 

had a production rate of 271 thousand bbl/d in 2012 [37]. The medium crude oil 130 

produced from Alaska North Slope is sent to refineries through the Trans-Alaska 131 

Pipeline System (TAPS) [38]. The resulting ANS crude is usually loaded into vessels at 132 

the Alaska Marine Terminal and sold to customers on the U.S. West Coast [39]. The 133 

enhanced oil recovery method most often used in Alaska North Slope is water-134 

alternating-gas injection (WAG) [37, 40]. WAG technology has been used extensively in 135 

recent years to increase oil productivity [41-43]. In Alaska North Slope, a miscible 136 

injectant is created by mixing compressed produced gas and natural gas liquid (NGL), 137 

and the water requirement is met with produced and treated seawater [44]. Figure 2 138 

shows the unit operations considered for crude oil production from the Alaska North 139 

Slope oil field. 140 
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 141 

Figure 2: System boundary and unit operations for the Alaska North slope oil field  142 

 143 

3.2 California’s Kern County heavy oil 144 

In 2013 California was the third largest oil producer in the U.S. Its production rate in 145 

2013 was 545 thousand bbl/d following a decline since 1986 by an average of 146 

2.4%/year [45]. The largest field in California producing heavy oil (13° API) is Midway-147 

Sunset. In 2012 Midway-Sunset produced 15% of the state’s total [46]. Steam flood 148 

(thermal enhanced oil recovery) recovery technology is used to melt the heavy oil and 149 

increase its pressure, allowing it to be pumped out as a mixture of oil and water [47-49]. 150 

The heavy oil produced in California is heated or blended with lighter crude oil to ease 151 

pipeline transportation to Los Angeles or the Bay area refineries in the U.S. [38]. Figure 152 
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3 shows the unit operations considered for crude oil production from California’s Kern 153 

County oil field. 154 

 155 

 156 

Figure 3: System boundary and unit operations for California’s Kern County oil 157 

field  158 

 159 
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the refining demand [50]. Water flood is the recovery technology used in the Mars oil 165 

field and sea water is used for injection [52]. Figure 4 shows the unit operations 166 

considered for crude oil production from the Mars oil field. 167 

 168 

 169 

Figure 4: System boundary and unit operations for Mars oil field  170 
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decline from 2.1 million bbl/d in 2004 to 1.46 million bbl/d (70%) in 2008 [57] and finally 177 

440 thousand bbl/d (21%) in 2013 [9]. To increase production, nitrogen injection 178 

technology was introduced [9, 56, 58]. Due to the lack of suitable refineries, most of 179 

Mexico’s heavy oil is exported as crude [53]. The crude oil extracted in the Bay of 180 

Campeche is sent through pipelines to Cayo de Arcas and then stored at Dos Bocas. 181 

From Dos Bocas some of the oil is exported and some is transported by pipeline to 182 

meet internal demand [56]. Figure 5 shows the unit operations considered for crude oil 183 

production from Maya oil field. 184 

 185 

 186 

Figure 5: System boundary and unit operations for Maya oil field  187 
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 189 

3.5 Bow River heavy oil 190 

Bow River heavy oil is produced in Alberta, the largest oil-producing province in 191 

Canada. In 2013, Alberta’s total crude production was 2.7 million bbl/d, of which 78% 192 

was from the oil sands and 22% from crude oil. That same year, 153 thousand bbl/d of 193 

heavy oil were produced in Alberta; heavy oil was 26% of the province’s crude oil and 194 

6% of its crude and bitumen oil production [59]. In 2011, Alberta exported 60% of its 195 

crude to the U.S., 22% remained in the province, 16% went to other Canadian 196 

provinces, and 2% went offshore [60]. Bow River heavy oil has an API gravity of 23°-197 

24°, is sour with 2.75% sulphur content, and is collected from the producer facilities 198 

through a network of pipelines in southern Alberta [61]. Of Alberta’s total initial 199 

established heavy crude oil reserves of 2.6 billion bbl, 75% would be recovered by the 200 

primary method, 24% by water flood, and 1% by polymer and alkali surfactant polymer 201 

(ASP) flooding [59]. Figure 6 shows the unit operations considered for crude oil 202 

production from Bow River oil field. 203 
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 204 

Figure 6: System boundary and unit operations for the Bow River oil field  205 
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percentages of re-injected water (PRE) accordingly. These were based on information 216 

from the Petroleum Administration for Defense District (PADD). The percentage of 217 

produced water re-injected in the Maya region is assumed to be the same as in Mars 218 

(PRE=52%) [23]. The percentage of produced water re-injected into the Bow River oil 219 

field in Canada, however, comes from the fresh water consumption coefficient (FW=0.6 220 

bbl/bbl) average obtained from the literature [5,59,63-65] and has been adjusted for this 221 

study. The coefficient for the total water injected has two parts, one for fresh water and 222 

another for produced water. The total amount of water produced (TWP) with the crude 223 

oil [29] is used along with the associated percentage (PRE) to estimate the re-injected 224 

portion. This is further subtracted from the total coefficient required by the recovery 225 

technology to obtain the fresh water coefficient (equation 1). Figure 7 shows the flow of 226 

the input data, and more details for drilling and extraction are shown in Table 1.  227 
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Figure 7: Input data water demand flow for exploration, drilling, and extraction of crude oil 
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The fresh water demand coefficients for the refining unit operations are averages taken 

from the literature [23, 66 - 70] and included in this study to complete the life cycle 

assessment. Water withdrawals coefficients for the complete life cycle are estimated 

based on the assumptions that water consumption for exploration and drilling is the 

same as the associated water withdrawals and that the water consumption for 

extraction is 92% [14] of the associated water withdrawals. Water demand coefficients 

for the transportation of crude oil through pipeline are not included in this paper [71]. 



18 
 

Table 1: Input data for drilling and crude oil extraction 
 

Oil field Productivity 
(bbl/well)a 

Total water 
consumption 
for drilling 
(bbl)b 
 

 

Total 
water 
injected 
(TWT) 
(bbl/ 
bbl)c 

Total 
produced 
water 
(TWP) 
(bbl/bbl)d 

Percentage 
of 
produced 
water re-
injected 
(PRE) (%)e 

Alaska North Slope 1,955,733 1,833 8.7 3 76 

California’s Kern 
County heavy oil  

133,151 1,833 5.4 5.17 76 

Mars 533,856 1,833 8.6 5.5 52 

Maya  46,800,000 1,833 8.7 3 52 

Bow River heavy oil  320,176 1,833 8.6 14.9 53.7 
a
 Lifetime productivity from Rahman et al. [29]. 

b 
Assumed with average of water consumption for drilling oil well from Goodwin et al. [62]. 

c 
Based on the type of the recovery technology [23]. 

d 
Based on the parameter water-to-oil used for energy calculations [29]. 

e 
Based on the information provided by the PADD [23]. 
 

5. Results and discussion 

Figure 8 shows the fresh water consumption coefficients for the complete life cycle of 

crude oil from different North American regions. The fresh water consumption range is 

1.71- 8.25 bbl/bbl, with the lowest for Bow River heavy oil and the highest for Maya. The 

produced water is highest in Bow River (14.9 bbl/bbl) and significantly lowers the 

amount of injected fresh water needed for oil recovery. About 87% of the water 

consumed for Maya’s crude oil is for the extraction unit operations, and the low amount 

of produced water, along with the smallest percentage re-injected (of the five studied oil 

fields), meant that this region had the highest fresh water requirement. Based on the 

complete life cycle, the water consumption coefficient for Alaska North Slope is 9% 

better than Maya’s due to the 24% increase in the produced water that is re-injected.  
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The steam flood recovery that is used in California’s Kern County heavy oil requires the 

least water for injection, yet the same oil field has the highest percentage of produced 

water re-injected (76%), which means this region has the second lowest water 

consumption coefficient (2.59 bbl/bbl). 

 

For the complete life cycle, water withdrawals range from 2.41-9.51 bbl/bbl (see Table 

2), and, based on all studied oil fields, 81% of these figures are consumed and not 

returned to the source.  

 

  

Figure 8: Water consumption coefficients for the life cycle of crude oil 
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Table 2: Water withdrawals coefficients for the life cycle of crude oil 
 

Process 
Exploration and 
drilling (bbl/bbl) 

Extraction 
(bbl/bbl) 

Refining 
(bbl/bbl) 

Total 
(bbl/bbl) 

Bow River heavy oil  0.0061 0.65 1.75 2.41 

California’s Kern 
County heavy oil  

0.0141 1.60 1.75 3.36 

Mars 0.0038 6.24 1.75 7.99 

Alaska North Slope 0.0013 6.98 1.75 8.73 

Maya  0.0004 7.76 1.75 9.51 

 

 

6. Sensitivity analysis 

Variations in water consumption for the exploration and drilling unit operations have the 

least impact of all the operations on the total water demand for crude oil. When the total 

water consumption for drilling is increased ten times over the base case (18,333 bbl/well 

instead of 1,833 bbl/well), the effect is an average increase of only 1.7% in the total 

water consumption coefficient of the complete life cycle for the all oil fields studied here.  

 

The extraction unit operation is the most sensitive to water demand (as shown in Table 

2), particularly in the percentage of produced water that is re-injected (PRE).  

 

In the base case, the refining unit operation makes up 18-73% of the water withdrawals 

coefficient and 13-65% of the water consumption coefficient. These sensitivity factors 

were varied in order to study the effect of variation on the water demand coefficients 

based on the complete life cycle. PRE and water demand coefficients for refining were 

varied in Monte Carlo simulations with minimum, maximum, and most likely values as 

detailed in Table 3. Minimum PRE is assumed to be at no water produced re-injected 
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(0%) and maximum is assumed at full satisfaction of technology from produced water 

(100%). 
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Table 3: Variations of PRE and refining water demand coefficients  

 
 
 

 

Oil field Percentage of 
produced water 
re-injected (PRE) 
(%) 

Probability 
percentile of 
the most 
likely PRE 
(%) 

Refining 
water 
consumption 
coefficient 
(bbl/bbl)   

 

Probability 
percentile of 
the most 
likely refining 
water 
consumption 
coefficient 
(%) 

Refining 
water 
withdrawals 
coefficient 
(bbl/bbl)   

 

Probability 
percentile of 
the most 
likely 
refining 
water 
withdrawals 
coefficient 
(%) 

 
Min. - Most likely 
value - Max. 

 Min. - Most likely 
value - Max. 

 
Min. - Most likely value 
- Max. 

 

Alaska North 
Slope 

0 – 76 - 100 76 

0.40 – 1.11 – 1.85 
 

49 
0.98 – 1.75 – 3.70 
 

28 

California’s Kern 
County heavy oil  

0 – 76 -100 76 

Mars 0 – 52 -100 52 

Maya  0 – 52 - 100 52 

Bow River heavy 
oil  

0 - 53.7-100 53.7 
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Figure 9 shows the probability distribution of the water consumption coefficients for the 

complete life cycle with variable PRE while the refining coefficient remains constant at 

1.11 bbl/bbl. The water consumption coefficients for the five oil fields studied ranges 

from 1.12 to 9.60 bbl/bbl.  Maya and Alaska North Slope produce very low volumes of 

water (the lowest amounts in all the oil fields studied here) and so are the least sensitive 

to changes in the PRE. For example, when 95% of produced water is re-injected at 

Alaska North Slope with a 99% probability, the water consumption coefficient (6.96 

bbl/bbl) is the same as at Mars when only 50% of produced water is re-injected with a  

48% probability. 

 

Bow River heavy oil and California Kern County heavy oil have equal water 

consumption coefficients at a 25% probability and PREs of 37% and 44%, respectively. 

When the PRE reaches 58% for Bow River heavy oil with a probability of 62%, the total 

injection required for extraction would be fully satisfied by the produced water; however, 

the exploration, drilling, and refining unit operations do not benefit from any of this water 

and still require a constant amount of water (1.12 bbl/bbl).  

 

Figure 10 shows the probability distribution of the water consumption coefficients for the 

complete life cycle while the PRE remains constant at the assumed base case values 

and the water consumption coefficient for the refining unit operation changes through 

the Monte Carlo distributions. The distribution of the refining consumption coefficient 

plays a major role in controlling the complete life cycle distribution in this case. The 

water consumption coefficient for refining unit operations ranges from 0.5 to 1.75 
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bbl/bbl. The corresponding complete life cycle range is 1.11 – 8.88 bbl/bbl. At a 

probability of 10%, the complete life cycle range is 1.33 – 7.86 bbl/bbl and at 90% 

probability, the range is 2.13 – 8.66 bbl/bbl. Figure 11 shows the distribution of water 

withdrawals coefficients at probability percentiles 10% and 90%. At constant refining 

coefficient 1.75 bbl/bbl, the water withdrawals coefficient for the complete life cycle 

range is 1.76- 10.46 bbl/bbl. The highest withdrawals coefficient is for Maya oil field, 

which is increased 10% at a probability of 10% over the most likely coefficient and 

decreased by 9% at a probability of 90%. At the variable water withdrawals coefficient 

for refining, the ranges widen to 2.09 – 10.73 bbl/bbl compared to the base case range 

of 2.41 – 9.51 bb/bbl.  
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Figure 9: Distribution of complete life cycle water consumptions at a constant refining coefficient 
   The most likely value and the accompanied probability is shown in the graph for each oil field  
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Figure 10: Distribution of complete life cycle water consumptions at a variable refining coefficient 
     The most likely value and the accompanied probability is shown in the graph for each oil field 
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Figure 11: Distribution of water withdrawals coefficients 
 
 

7. Conclusions 

This paper is aimed at developing water demand coefficients for the complete life cycle 

of fuel from crude oil. The developed water demand coefficients were used as a 

benchmark for a comparative assessment of five North American oil fields. The water 

consumption coefficient for the complete life cycle of crude oil is in the range of 1.71- 

8.25 bbl/bbl. Among the five crude oils assessed here, the lowest life cycle water 

consumption coefficient is for Bow River heavy oil and the highest for Maya crude oil. 

The most sensitive unit operation for the water footprint of crude oil is the extraction, 

especially the type of recovery technology used. Water produced with crude oil can 

significantly reduce the fresh water demand during extraction unit operations. The 
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technology used to increase the percentage of produced water that is re-injected is 

another key means of reducing the fresh water requirement. Improving the refining 

technology so that less water is used can positively affect the water demand for fuels 

produced from crude oil pathways. Even when maximum use is made of produced 

water in extraction unit operations, water is required for exploration, drilling, and 

refining. Exploration and drilling unit operations have lower water demand coefficients 

than extraction and refining when amortized over the total production from a well. The 

effect of variable water withdrawals coefficients for refining on the corresponding 

complete life cycle coefficient is an increase in the base case ranges of 2.41-9.51 bb/bbl 

to ranges of 2.09-10.73 bbl/bbl.   

Water demand for crude oil is a critical metric in determining the environmental footprint 

of different crude oils and this needs to be taken into account by decision makers when 

making investment decisions or formulating policies.  

Among the five crude oils assessed here, the lowest life cycle water consumption 

coefficient is for Bow River heavy oil and the highest is for Maya crude oil. Of all the unit 

operations, exploration and drilling require the least fresh water, less than 0.015 barrel 

of water per barrel of oil produced. 
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Nomenclature 
 

ANS Alaska North Slope  

API American Petroleum Institute 

ASP alkali surfactant polymer  

bbl/bbl barrel of water per barrel of oil 

bbl/d barrel per day  

bbl/well barrel per well 

FW consumption coefficient of fresh water (in bbl/bbl) 

Loop Louisiana Offshore Oil Port  

NGL natural gas liquid  

PADD Petroleum Administration for Defense District  

PRE percentage of produced water re-injected (in %) 

TAPS Trans-Alaska Pipeline System  

TWP total water produced (in bbl/bbl) 

TWT total water injected (in bbl/bbl) 

U.S. United States 

WAG water-alternating-gas  

WC water consumption 

WR water returned 

WW water withdrawals 
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