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Overview
California produced around 0.6 million barrels of crude oil per day in 2009 representing 37% of the petroleum-based fuels consumed in the state; and 2.0 million barrels of refined petroleum products per day. [1] The EIA estimates  3 billion barrels of proven reserves in California as of 2011 [2], and 15.42 billion barrels of technically recoverable oil in the Monterey/Santos Oil Shale play in Southern California. The potential for large crude oil exploration, extraction and refining in California raises various environmental and social sustainability issues. In this study we analyze two aspects of the sustainability question – (i) water consumption  during oil extraction and refining; and (ii) handling and disposal of produced water produced during oil extraction. 
Our study takes advantage of a rich database generated  by California Department of Oil Gas and Geothermal Resources (DOGGR), which we use to assess at a high spatial resolution (well- and field-level, for production, and at individual refineries) the water use by oil production and refining disaggregated by (i) type of water – fresh, waste, produced, other; (b) source of water injected – ground, surface, produced, ocean; (c) nature of oil extraction – secondary or tertiary; (d) disposition of water produced – ground, sewer, re-injection, evaporation ponds. 
Methods
We estimate the water use impacts of California’s future oil and associated gas production spatially from extraction (depending on the source of crude), and refining, to disposal. We consider water demand by refineries, and examine the type of water injected and produced, including fresh, degraded, and potable sources. In this paper we explore the increasing water use volumes by regression analysis of the well age, oil volumes, and production method. 
Results
The water use intensity and produced water intensity of California’s oil has been increasing steadily over last 10 years of available date. From 1999 to 2012, overall water injection intensity increased from 5.3 L water injected/L of oil produced, to 9.7 L water injected/L oil produced.  The net water intensity increased from 2.3 Lwater/L oil to 2.9 L of water/L of crude oil. Overall produced water intensity has increased from 7.5 L water/L oil to 15.6 L water/L oil from 1999 to 2012. The distribution of water use intensity across wells is highly right-skewed and approximates a log-normal distribution. Water use for refining adds an additional 1 L water/L of oil.  

As indicated in Figure 1 below, most of the water used in oil extraction is degraded water with limited alternative functional use. Nevertheless, the share of fresh water is rising over time, and in California most crude oil extraction occurs in water scarce regions where fresh water availability is even limited. Fresh water injection has increased from 9.8 trillion liters (61.6 MMbbl) in 1999 to 14.3 trillion liters (90.1 MMbbl) in 2012 despite oil production decreases from 41.9 trillion liters (263.7 MMbbl) to 29.8 trillion liters (187.6 MMbbl) over the same period. Meanwhile, the injected freshwater/oil ratio has doubled from 0.22 L of water / L oil in 1999 to 0.46 L of water / L oil in 2012, largely as a result of an increasing proportions of tertiary production.  The increase in the total water ratio was positively correlated to the oil field age. 
In addition to rising water use, there has been a rising produced water use disposal problem. Water produced from oil fields has also increased from 123 trillion liters (776 MMbbl) in 1999 to 203 trillion liters (1,276 MMbbl) in 2012, with increasing volumes disposed to evaporation ponds (97 trillion liters in 2012). Evaporation ponds may pose environmental problems, as they introduce novel toxins, including Volatile Organic Compounds (VOC), to surrounding air (via off-gassing), soil, and water.  [3] [4]

 
Figure 1: Water intensity by type of water (1999-2012) 

 
Figure 2: Produced water intensity by disposition (1999-2012) 
Conclusions
Water is already a constrained resource in California, much of it devoted to agriculture. Though fresh water use for oil is a relatively small amount of the total fresh water consumed in California, the increasing age of wells and increase in tertiary extraction techniques reveals troubling trends. We further contextualize these trends spatially as the unique spatial factors and increasing water scarcity given climate change deserve special considerations in California.
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