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Abstract 

The water-energy nexus refers to the relationship between water and energy, wherein each one 

needs the other. This thesis examines that part of the water-energy nexus concerned with water 

needed for energy production, conversion, and utilization. There has been limited focus on 

assessing the life cycle water footprints of energy pathways. Such an approach assesses the water 

requirement for the various unit operations in energy pathways from fuel extraction to its final 

energy form. A study of the life cycle water footprints of different energy pathways with a focus 

on minimizing water use could help in policy formation and investment decisions. The main 

objective of this research is to establish a benchmark for water demand coefficients for energy 

pathways based on a complete life cycle. The focus is on the assessment of different energy 

pathways and development of life cycle water demand coefficients through comprehensive 

modeling. The research includes the evaluation of energy pathways based on both conventional 

and non-conventional sources of energy, and the energy sources assessed are coal, natural gas, oil, 

biomass, wind, solar, hydroelectricity, nuclear, and geothermal. The initial focus is on power 

production. The conversion efficiency of power generation is correlated to developed water 

demand coefficients to study the effect of a power plant’s performance on water use. Coal-based 

power generation has high water use compared to gas-fired power generation due to differences 

both in conversion efficiency and the unit operations of fuel extraction. Biomass-based power 

generation has the highest water demand coefficients over the complete life cycle and wind has 

the lowest. This study found complete life cycle water consumption coefficients for power 

generation for coal transported by conventional means to be 0.96 – 3.21 L/kWh and 0.07 – 2.57 

L/kWh for gas-fired power plants. Excluding biomass and hydroelectricity pathways, non-

conventional energy technology has complete life cycle water consumption coefficients of 0.005 
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– 4.39 L/kWh. The corresponding range for biomass pathways is 259.6 – 1164.01 L/kWh. 

Throughout the complete life cycle of a transportation fuel produced from the oil sands in Alberta 

2.08 – 4.19 volume of water per volume of oil are consumed, and the corresponding fuel from 

crude oil extracted from five selected oil fields in North America consumes 1.71 – 8.25 volume of 

fresh water per volume of oil.  

 

The water demand coefficients developed in this study could be used in making decision regarding 

selection of water efficient pathways. 
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 Chapter 1 

Introduction 

1.1 Background 

Water and energy are strongly interrelated, as energy production requires water for the extraction, 

processing, transportation, and generation of power from primary fuels. Water pumping, 

transportation, treatment, and desalination require energy. This relationship has been extensively 

investigated by researchers in what is known as the water-energy nexus in the research community 

[1 - 8]. The water-energy nexus identifies the two-part inter-relationship of “water for energy” and 

“energy for water” [1, 2]. 

 

Water demand in the world has increased three-fold during the last 50 years and is expected to 

increase by 18% in the next 15 years [9]. Total annual fresh water withdrawal in the world is 3,941 

km3; 70% of this is for agricultural use, 19% for industrial use, and 11% for domestic use [10]. 

Concern about water demand in the energy sector is high because of the continuous increase in 

energy demand. A study conducted by the U.S. Energy Information Administration (EIA) [11] 

estimated that primary energy consumption by 2040 will be 8.9% higher than the 2013 level (from 

97.1 to 105.7 quadrillion Btu) and total electricity consumption will grow by 25% from 3.83 to 4.8 

billion MWh for the same period. The United Nations World Water Development Report [12] 

highlighted that about 90% of power generation in the world requires water intensively. Energy 

outlooks suggested that oil, gas, and coal will be the most demanded fuels in the world by 2040, 

with a 78% share [13]. Another study reported that the most intensive water users in the energy 
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sector in Canada are the oil and gas industries, thermal electric generators, and hydroelectric power 

plants [14].  

 

Greenhouse gas (GHG) emissions are a concern, and in order to alleviate the related impact of 

energy production, various mitigation options have been proposed, such as the use of renewable 

energy, improving efficiency in energy demand and supply sectors, and the implementation of 

clean coal production technologies and carbon sequestration technologies [15 – 17]. These 

proposed mitigation options and their associated economic impacts have been estimated at various 

levels of detail, but the research to study their impact on water demand is limited. The use of 

renewable energy can be the best clean technology alternative and may be economical in certain 

jurisdictions, but when water demand is considered for these mitigation options, the outcome may 

be different. 

 

1.2 Motivation 

To support decision making for appropriate energy planning, the criteria considered should cover 

quantitative and qualitative assessments of the resources involved. This research is motivated by 

the need to quantify and evaluate the life cycle water footprint of various energy conversion 

pathways. System-level assessments of energy conversion pathways in terms of life cycle GHG 

emissions and techno-economic assessments have been intensively researched [18 - 21]. The water-

energy nexus can be introduced to this system-level assessment to add a new dimension and help 

in comprehensive decision-making focussed on improving sustainability. 
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The establishment of standard indicators for water demand in the energy sector would ease the 

comparison of different technology pathways. Through proper indicators, the decision maker could 

determine which energy pathway should be focussed to optimize water use. Water consumption 

and water withdrawals coefficients are already established in the water-energy nexus field as 

standard indicators [22 – 24]. The United States Geological Survey (USGS) has defined water 

consumption as the portion of water withdrawal not returned to the source; this portion includes 

water consumed by evaporation, transpiration, and direct consumption by a product or any involved 

human or livestock. Water withdrawals are defined as the total amount of water that is taken from 

a surface source or underground for use [22]. The difference between water withdrawals and water 

consumption is the amount returned to the source. The water coefficients reflect the volume of 

water consumed or withdrawn in the production of primary fuel or power generation units. Studies 

conducted to estimate water consumption projections for energy sectors define the water demand 

coefficient as the amount of water consumed per unit of fuel produced. The unit of fuel produced 

can be a tonne of coal, a barrel of oil, or a gallon of ethanol [23]. The same approach was followed 

earlier by the National Energy Technology Laboratory (NETL) [24] to estimate future needs for 

thermoelectric power generation. 

 
Water demand is one of the essential decision-making factors for developing new energy 

technologies (e.g., shale gas extraction). New technologies for horizontal drilling and hydraulic 

fracturing introduced for shale gas extraction in the United States have added abundant resources 

to natural gas. Hydraulic fracturing associated with production from deep shale gas is a concern 

because of the large amount of water required [25]. This high concern about water availability is 

compelling researchers to study new technologies with lower water requirements. 
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One of the challenges facing the province of Alberta, Canada is how to balance the water-energy 

nexus. The province is a major producer of primary fuels that have heavy water demand. In 2009, 

Alberta produced more than 70% of the total crude oil produced in Canada, more than 70% of the 

total gross natural gas, and more than 50% of the total coal [26]. Most of the petroleum oil 

production in Alberta is done through extraction from the oil sands, an activity that is projected to 

increase and has a high demand for water. Canadian Association of Petroleum Producers (CAPP) 

forecasts that crude oil production from the oil sands is expected to grow from 2.37 mb/d in 2015 

to 3.06 mb/d in 2020 and to 3.67 mb/d in 2030 [27]. Concern about the use of fresh water for oil 

and gas projects is very high in Alberta [28]. The province of Alberta has a significant share in 

total natural gas production in Canada. Unconventional gas resources are coal-bed methane (CBM) 

and shale gas, which represent 8% and 0.1% of the total production, respectively. [29]. Alberta, 

B.C., and Saskatchewan together produce nearly all of Canada’s coal. Alberta produces about 25 - 

30 million tonnes/year and 70% of the Canadian reserves are available in Alberta [30]. Abundant 

coal reserves, high production rates, and favorable economics make coal-based power generation 

more attractive than other sources of electricity. 

 
Most studies conducted in the area of water demand in the energy sector are limited to an 

incomplete life cycle and include only power generation in their system boundaries; all the unit 

operations for primary fuels from its extraction to use are not included [31 - 33]. Some studies in 

this field considered water consumption and not withdrawals [1, 34]. The water demand 

coefficients developed for earlier studies did not show the impact of conversion efficiency on water 

use [31 - 34]. There is little research that comparatively assesses conventional and non-

conventional sources of energy production. Water demand is investigated in earlier studies 

independently without broad concepts of integration with economic and GHG factors [35 - 37]. 
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This research is motivated by the aim to fill these gaps. Further details on literature review of water 

demand for energy sector are given in respective chapters. 

 

1.3 Objectives 

The overall aim of this research is to develop water footprints based on the full life cycle for both 

conventional and non-conventional sources of energy. Development of water coefficients for the 

complete life cycle based on unit operations and pathways can be used in management, modeling, 

and forecasting of water demand for the energy sector when combined with production projections. 

The key contribution of this research is the application of the life cycle assessment (LCA) concept 

for a comprehensive development of water coefficients for the energy sector and the impact of a 

power plant’s technology and performance on the water demand. There are water demand 

coefficient estimates for the conversion of fuel to power but there is limited information on the 

integration of water demand for different upstream and downstream unit operations. 

The key objectives of this research are: 

• The development of a framework to estimate the life cycle water demand coefficients for 

the energy pathways. 

• The development of life cycle water demand coefficients for the conversion of various 

conventional and non-conventional sources of energy to electricity. 

• The development of life cycle water demand coefficients for petroleum oil production 

pathways.  

• An assessment of the impacts of water demand coefficients on variations in energy 

production technologies and performance. 
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• A comparative assessment of the water demands of different pathways involved in the 

conversion of primary fuels to power. 

 

1.4 Methodology 

Water demand coefficients were analyzed by estimating water consumption and water withdrawal 

coefficients. To cover the complete life cycle of an energy source, the water footprint was 

developed for all the unit operations from the extraction of primary fuels through to power 

generation (cradle to grave). For power generation based on non-conventional energy, the complete 

life cycle included upstream and downstream stages. For petroleum oil, the full life cycle covered 

extraction, upgrading, and refining unit operations. Further details are given in respective chapters 

related to the energy source. 

  

The developed footprints trace the unit operations that have intense water use. Coefficients for the 

upstream stages are estimated as the volume of water per unit of energy input. For power generation 

pathways, the upstream coefficients are harmonized as litres of water per kWh using the energy 

input and the conversion efficiency of the power plant. In order to trace the life cycle of energy 

production, the processes restructured into pathways that include the unit operations of the 

complete life cycle. Coefficients of water consumption and withdrawals are developed for 

pathways and used for comparative assessments. 

 

In the base case, the conversion efficiencies of coal, gas, and non-conventional energy power plants 

are assumed at a certain level. These assumed conversion efficiencies are considered the most 

likely to develop the water demand coefficient benchmark. Sensitivity analysis is conducted to 

evaluate the impact of the most uncertain factors on water demand.  
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1.5 Scope and limitations of the research 

The study covers the unit operations in the complete energy sector life cycle: exploration, drilling, 

stimulation, production, transportation, and power generation. The primary fossil fuels considered 

are coal, natural gas, and petroleum oil. Power generation includes all existing and new advanced 

electricity production technologies for both conventional and non-conventional sources of energy. 

 

The scope considers only “water for energy”; the other part of the water-energy nexus, “energy for 

water,” is not covered in this study. The qualitative impacts of energy sector unit operations on 

water are beyond the scope of this study. 

 

1.6 Thesis organization 

This thesis consists of seven chapters. This thesis has been written in a paper format. The chapters 

are independent papers and hence some information in chapters might be repeated. The first chapter 

introduces the background, motivation, objectives, and methodology. The next five chapters are 

condensed versions of independent papers intended for publication on different energy sector 

pathways. Chapters two and three describe the development of water demand coefficients for coal 

and natural gas, respectively. Chapter four is for non-conventional energy technology pathways. 

Chapters five and six are devoted to oil sands in Alberta and crude oil in North America, 

respectively. The last chapter outlines conclusions and recommendations for future research work. 
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Chapter 2 

Development of Water Demand Coefficients for Coal Pathways1 

2.1 Introduction 

Coal, one of the main fossil fuels, is heavily used around the world predominantly for the 

generation of electricity. In the reference case (IEO, 2013) conducted by the U.S. Energy 

Information Administration (EIA) for the period 2010 to 2040, the generation from coal is expected 

to grow annually by 1.8% and it was contributed by 40% of the electricity generated globally in 

2010 [1]; that is, the 1,759 GW generation capacity in 2010 is expected to rise to 2,384 GW by 

2020 and this increase is largely due to the anticipated drastic increase in demand for energy in 

Asian countries [2].  

 

Total electricity generation capacity from coal in 2006 was 314 GW in the U.S. and in Canada was 

16 GW [3]. In the same year, Canada burned about 51 million tonnes of coal to generate electricity. 

The largest coal deposits are found in the Canadian provinces of British Columbia (B.C.), Alberta, 

and Saskatchewan, and of the 22 mines in operation, 17 of them are in B.C. and Alberta. It is 

estimated that Canada holds 190 billion tonnes of coal-in-place and 6.6 billion tonnes considered 

recoverable with current technologies and economic conditions. These 6.6 billion tonnes are 

expected to last roughly 100 years [4]. The significant market for coal is Asia and coal for 

electricity generation is heavily imported by China, Japan, and Korea [5]. In Alberta, more than 

40% of the total power generation capacity is based on sub-bituminous coal extracted by surface 

mining [6].  

                                                 
1 Complete paper was published as Ali B, Kumar A. Development of life cycle water-demand coefficients for coal-
based power generation technologies. Energy Conversion and Management 2015; 90: 247–260. 
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However, coal-based power generation is associated with considerable environmental impacts, 

specifically the consumption of huge amounts of water. In the U.S., total water consumption from 

coal-based power plants is expected to increase by 21% (from about 3.32 to 4 billion cubic metres 

[BCM] per year) between 2005 and 2030, and some plants may be vulnerable to water supply-

demand conflicts [7]. In Canada, gross water withdrawals during 2009 for thermoelectric power 

production were 31 BCM and net total consumption was 4.7 BCM [8]. 0.89 BCM was diverted in 

2007 for commercial cooling in Alberta [9] and 0.096 BCM was consumed during 2005 [10]. As 

the demand for energy grows, the water requirement for coal-based power generation will increase. 

  

The amount of water used to generate electricity from coal depends on several factors including 

the type of coal, the technology used to extract and process coal in its conversion to power, cooling 

systems, types of reclamation and ash disposal, and the mode of transportation of coal (e.g., through 

pipelines as slurry). There have been independent studies conducted on water demand related to 

energy-producing activities as part of the water-energy nexus field [11-13]. Studies have also 

estimated and projected water demand for power generation with different conversion technologies 

including coal-based power plants [14-17]. The power generation shift from coal and nuclear-based 

fuels to natural gas will contribute significantly to decreasing the amount of water consumption in 

the U.S. This decrease is based on the fact that natural gas combined cycle (NGCC) using cooling 

towers consume 40% of the water consumption by steam cycle using the same cooling system.  

This expected decrease is based only on the power generation stage without consideration for the 

fuel extraction stage [14]. Torcellini et al. [15] have taken 1.8 L/kWh as one aggregate coefficient 

for consumptive water use in the thermoelectric U.S. power plants without consideration of the 

technology, fuel, and cooling system used. For example, coal can be converted to power through 
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subcritical pulverized coal power plants [18, 19], supercritical coal power plants [20, 21], or ultra-

supercritical coal power plants [22, 23]. Similarly, there are variations in water demand depending 

on the type of cooling system used by the coal power plants, the location of the power plants, and 

conversion efficiency of the power plant. A study conducted for eleven river basins in Texas, USA 

[16] showed a potential reduction in water diversion through utilizing more efficient cooling 

systems, such as cooling towers and dry cooling. The impact of the power plant’s efficiency on the 

water demand is highlighted by King et al. [17] that improvement of a coal power plant’s efficiency 

from 32% to 40% would reduce the water demand by a range of 5% – 10%.  But there is a scarcity 

of research on the full life cycle water consumption of coal-based power generation that includes 

all the unit operations involved in power generation from coal. Also, there is very limited research 

on a comparative assessment of life cycle water consumption that takes into account the variations 

in unit operations involved in the production of power from coal. 

 

This chapter aims at addressing the gaps identified above and contributes to the full life cycle 

assessment taking into account the variations of coal mining and transportation modes, the different 

power generation and cooling technologies, and impact of the conversion efficiency on the water 

demand for the power plant. The analysis of the impact of conversion efficiency of the power plant 

on water demand is another significant contribution in the research field of the water-energy nexus. 

 

The overall objective of this chapter is to develop a life cycle water demand paradigm for coal-

based power generation. The key objectives of this chapter are to: 

• Develop a framework to estimate the life cycle water demand for coal-based power 

generation including plants with advanced conversion technologies. 
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• Provide a comparative assessment of the water demand of thirty-six different pathways in 

the conversion of coal to power; and 

• Assess the impacts on water demand from variations in power plant’s performance and coal 

transportation methods. 

 

2.2 Scope and system boundary 

Water demand coefficients for the complete life cycle are estimated through pathways developed 

mainly according to the unit operations for both coal extraction and power generation. Coefficients 

for coal upstream processes are derived from the literature, through calculations and in discussion 

with experts as the volume of water required per unit weight of coal. An average water coefficient 

is developed for each pathway in cubic meters of water per tonne of coal and converted to the 

equivalent electricity coefficient in litres of water per kWh using the coal energy content and the 

conversion efficiency for each technology. Power generated from coal is structured in specific 

pathways (from cradle to grave), and water demand coefficients are developed. Some of the water 

demand coefficients in the U.S. for specific unit operations were reviewed and used to fill the gap 

for those pathways not used in coal-based power generation everywhere. Figure 2.1 shows the 

system boundary and unit operations considered for this chapter. 
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Figure 2.1: System boundary and unit operations for coal-based power generation 
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2.2.1 Definitions 

The water demand coefficients followed in this chapter are derived from an earlier study conducted 

by Argonne National Laboratory (ANL) [24] and the same terms of water consumption and water 

withdrawals are being used by the U.S Geological Survey (USGS) [25]. Water demand coefficients 

for coal-based power plants comprise the water consumed and water withdrawn during the 

complete life cycle (that is, the mining of coal and its processing, transportation, and conversion to 

electricity). Each coefficient is expressed as intensity in terms of the amount of water in litres per 

kWh of electricity generated. 

  
2.2.2 Selection of coal upstream pathways 

Coal upstream pathways are disaggregated according to unit operations and their water footprints. 

Coal extraction pertains to mining, preparation, and transportation. Other operations are added to 

cover water demand coefficients for coal upstream and electricity generation. 

 

Surface and underground mining are the two common methods of coal mining, and the geology of 

the coal deposit is the essential factor in determining which method to use [26]. Underground 

mining can be carried out by room-and-pillar or longwall mining [27]. Surface mining recovers 

coal closer to the surface and is used for about 80% of coal production in Australia and about 67% 

in the U.S. [28]. Water demand for coal mining depends mainly on the method followed and 

whether revegetation is required or not. Operations and equipment used for coal mining methods 

differ and therefore demand different levels of water. 

 

Coal needs to be crushed and cleaned before being used in power plants as fuel. Coal is prepared 

by removing impurities, rocks, and some ash-forming materials; this is sometimes referred as coal 
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beneficiation or coal washing [28]. The jig cleaning process, in which coal is separated from the 

refuse by a pulsating flow of water, is the most common washing method for coarse coal [28, 29]. 

 

Coal can be transported by various means, and the method depends mainly on the distance traveled. 

Coal transportation methods include conventional and unconventional means. The conventional 

type in this chapter is meant to cover all types of moving vehicles and electric conveyors. 

Unconventional transportation covers different types of pipeline transport. Thermal coal used for 

coal-based power plants in Canada needs little transportation, but when coal is exported, it is 

transported long distances by rail. In Canada, more coal is transported by rail than any other 

commodity [30]. Pipelines are another way to transport coal, either in a slurry pipeline (SP) or a 

coal log pipeline (CLP). 

 

Separate water demand coefficients are reserved for other operations resulting from upstream coal 

mining activities and plant operation activities. These other operations include ash handling, dust 

suppression, desulphurization, and plant decommissioning [31]. 

 

2.2.3 Selection of coal-fired generation pathways 

The life cycle assessment in this chapter covers a number of electricity generation processes. The 

two main factors affecting water footprints in this stage are conversion technology which 

determines the level of power plant performance and cooling system used. 

 

Coal power plant technology is determined in this chapter according to the boiler operation 

conditions. The four most common coal power technologies are subcritical pulverized coal, 

supercritical pulverized coal, ultra-supercritical pulverized coal, and integrated gasification 



20 
 

combined cycle (IGCC). Improving the efficiency of coal-based power plants is critical in order to 

alleviate environmental impacts. Conventional subcritical coal power plants are being replaced by 

the more advanced and higher efficiency supercritical and ultra-supercritical plants [32, 33]. 

 

The cooling system is one of the essential unit operations in a coal power plant. Steam is generated 

through the boiler and passed to the turbine to generate electricity. The steam expanded from the 

turbine then has to be condensed to water and pumped back to the boiler to start a new cycle. This 

condensation of steam to water is carried out through the cooling systems which necessitates 

passing of cooling medium to remove the heat. This cooling medium can be water as in wet cooling 

systems or air as in dry cooling systems [34].  Types of cooling systems considered in this chapter 

are once-through, closed loop cooling (cooling towers and cooling pond), and dry cooling [34- 36]. 

In the U.S., nearly half (48%) the coal-fired power plants use wet re-circulating cooling systems; 

39.1% use once-through systems, 0.2% use dry cooling systems, and 12.7% use cooling pond 

systems [37].  

Theoretically, the heat rejection rate (HR) through the steam cycle is greater than the useful output 

power (Us) for all plants with cycle efficiency (η) less than 50%. This is shown in the following 

equation [38]: 

 HR = Us * ((1/ η) – 1)          (2.1)     

Cycle efficiency (η) in eq. (2.1) is expressed in decimal fraction. Using this equation, for a coal-

fired power plant with a net output of 450 MW and a cycle efficiency of 40%, the heat rejection 

rate is 675 MW, which is 1.5 times the amount of useful power and has to be removed through a 

cooling system. 
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Once-through cooling in coal-based power plants is a system in which water is drawn from a natural 

source such as a river or a lake, passed through pipes to extract heat from the steam in the power 

system, and then discharged back to the water source. Heat rejection through evaporation from the 

mixture is a common process in all once-through cooling systems and water consumption is lower 

and water withdrawals is higher compared to closed loop cooling systems [38- 40]. Heat rejection 

requires cooling water to be passed through the condenser. The water flow rate per megawatt (MW) 

of power output can be calculated as: 

WF = 1550 * (1 – η) / (ΔT * η)        (2.2) 

where (WF) is the amount of water in m3/h/MW of generating capacity, (ΔT) the temperature rise 

of the cooling water in °F, and (η) is the thermodynamic efficiency of the power plant, expressed 

as a decimal fraction [41]. 

 

In closed-loop systems that use cooling towers, water is circulated between the condenser and the 

cooling tower. A natural water source is used to feed the make-up water and receive the blow-

down. The cooling devices can be wet or dry cooling towers, spray ponds, or spray canals and this 

type of cooling is characterized by higher water consumption and much lower water withdrawals 

compared to open loop systems [38- 40]. Cooling ponds can be used instead of cooling towers in 

the closed-loop cooling systems.  

In these cooling systems, theoretical make-up water requirements (WRT) in m3/h can be calculated 

as follows [42]: 

WRT = E * (1/ (1- (1/C)))         (2.3) 

where (C) is the recycling ratio and (E) the evaporative water loss in m3/h, which for a typical mean 

water temperature (WT) of 80°F can be calculated as [42]: 

E = 1.4831 * a * HR          (2.4) 
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where ‘a’ is the fraction of heat dissipated as latent heat of evaporation (for evaporative towers a = 

75% to 85%); and ‘(HR’) the rate of heat rejection by the plant in MW, which can be calculated 

from equation (2.1) using ‘Us’ in MW and (η) the efficiency of the plant expressed as a fraction. 

 

Air is used instead of water in dry cooling systems. There are two methods for dry cooling: direct 

and indirect [37]. Because air has a lower thermal capacity than water, the plant’s thermal 

efficiency is reduced and this efficiency loss is proportional to the increase in ambient temperature 

[43-45]. In addition, dry cooling systems have very high capital and operating costs compared to 

wet re-circulating cooling systems [45]. In the U.S., most of the new power plants do not use dry 

cooling due to the associated higher costs and loss in efficiency [46]. 

 

2.3 Input data and assumptions 

2.3.1 Coal upstream water demand coefficients 

Input data are developed through basic thermodynamic calculations, gathered from the literature 

and determined in consultation with the experts to estimate the water demand coefficient over the 

life cycle of coal-based power plants. Assumptions for heat content of coal and different conversion 

efficiencies as shown in Table 2.1 are used to convert water demand coefficients for coal upstream 

pathways from cubic meter of water per tonne of coal to litres of water per kWh of electricity 

generated. The average values of water consumptions considered in this chapter for coal upstream 

pathways are shown in Table 2.2 and for the power generation cycle are shown in Table 2.3. In an 

earlier study, Gleick [31] published only consumption coefficients without associated withdrawals 

coefficients. Meldrum et al. [47] reviewed and harmonized a comprehensive data from the 

literature with the assumption that consumption and withdrawals coefficients are equal for coal 
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fuel cycle.  Water withdrawal coefficient for coal upstream life cycle is assumed in this chapter is 

equal to water consumption coefficient. With this assumption, no water is returned back to the 

source. 

Based on the water consumption results obtained by King and Webber [48] for light duty vehicles 

(LDV) using petroleum gasoline or diesel and traveling a distance of 1600 km (1000 miles) with a 

load of 50 tonnes of coal, the average transportation coefficients for water consumption is 0.007 

m3/tonne. The same is considered in this chapter within conventional transportation coefficients.  

 
Table 2.1: Input data and assumptions for characteristics of coal and power plants 
 

Items Values Comments/Sources 

Heat content of coal (HHV) 22.7 GJ/tonne 
Typical average heat content 
of coal consumed in the U.S. 
during 2012 [49]. 

Conversion efficiency (η) of subcritical power 

plant at HHV of coal  35% 
Assumed based on literature 
[47, 50, 51, 52]. 

Conversion efficiency (η) of supercritical 

power plant at HHV of coal  38% Assumed based on literature 
[47, 50, 51]. 

Conversion efficiency (η) of ultra-
supercritical power plant at HHV of coal 45% Assumed based on literature 

[46, 51, 52]. 
Conversion efficiency (η) of IGCC power 

plant at HHV of coal 45% Assumed based on literature 
[53, 54, 55]. 
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Table 2.2: Input data and assumptions for estimation of water consumption coefficients of coal upstream pathways 

 

Average for 
surface 
mining 
(m3/tonne) 

Average for 
underground 
mining 
(m3/tonne) 

Comments/Sources 

Mining 0.038 0.257 

Gleick’s [31] coefficient for surface mining was 0.05 m3/tonne. Average values for 
extraction of 0.025 m3/tonne for surface and 0.226 m3/tonne for underground mining 
are derived from a wide range of studies conducted and harmonized by Meldrum et. al. 
[47] at an efficiency (η) of 34.3% (HHV). For underground mining, the average is taken 
from the range 0.075 – 0.500 m3/tonne with the higher value for underground mining 
with no recycle.  

Revegetation 0.075 0.000 Obtained from Gleick [31] as the difference between surface mining with revegetation 
and without. 

Preparation 0.140 0.140 

The NETL[56] base case is considered here to include jig cleaning of the coal and 
landfilling for both surface and underground mining as 0.17 m3/tonne. Gleick’s [31] 

coefficient of 0.1 m3/tonne for beneficiation is considered here for preparation of both 
mining types. An average value of 0.15 m3/tonne for processing both types of mining 
is also considered from a wide range of studies conducted and harmonized by Meldrum 
et. al. [47] at an efficiency (η) of 34.3% (HHV). 
 

Conventional 
transportation 0.005 0.005 

Calculated from King and Webber [48] for transportation by LDV as 0.007 m3/tonne 
for both mining types. Transport by train in the range 0.001-0.004 m3/tonne for both 
mining types is also included here from Meldrum et.al. [47]. 

Slurry pipeline 
transportation 1.161 1.161 

Assumption by Kania [57] that coal is crushed and mixed with water to form a slurry 
of about 50% by dry weight is considered here (1 m3/tonne). Range for both mining 
types from Gleick [31] as 1.0-2.125 m3/tonne for coal power plants in the U.S is also 
considered. The median value 0.92 m3/tonne for both types of mining from Meldrum 
et. al. [47] is added to calculate the average. 

Coal-log pipeline 
transportation 0.333 0.333 The assumption from [58] that coal-to-water mass ratio 3:1 is considered here (0.333 

m3/tonne). 

Other operations 2.250 2.250 
Assumption from Gleick [31] is considered here to include plant service, potable water 
requirements, ash handling, and make-up water for boiler and for flue gas 
desulphurization. 
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2.3.2 Water demand coefficients for power generation cycle from coal 

Table 2.3 shows the input data for water demand coefficients gathered from the literature for the 

power generation stage. Data on the actual annual amount of water consumption and withdrawals 

are collected for coal power plants in Alberta [9,10,59 - 63] and combined with power generated 

[60 - 66] to estimate the water demand coefficients. Capacity factor is assumed at 90% for all coal-

fired power plants in Alberta. 

Ultra-supercritical water demand coefficients are extrapolated from subcritical and supercritical 

coefficients using their associated conversion efficiencies. The average of the constants of 

proportionality (K2 and K3 in equations (2.7) and (2.8) of section 2.5.1 below) are obtained at 

conversion efficiencies 35% and 38% and with the associated average coefficients from Table 2.3 

for subcritical and supercritical, respectively, then the same constants are used to estimate the ultra-

supercritical water demand coefficients at conversion efficiency 45%.  

Water demand for dry cooling is minimal, and many studies estimate it to be one tenth of the 

demand of wet re-circulating systems to cover other plant operations such as boiler make-up and 

drinking [16, 46, 67]. The same assumption is taken for the dry cooling in this chapter as one tenth 

of cooling towers coefficients. 

Table 2.4 shows all the average values considered in this chapter for water demand coefficients of 

power generation stage and the associated maximum and minimum ranges gathered from the 

literature. 
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  Table 2.3: Input data for power generation coefficients from coal 
  
Cooling 
system 
type 

Consumption 
coefficient 
(L/kWh) 

Withdrawals 
coefficient 
(L/kWh) 

Comments and sources 

Once-
through   143.93 Theoretical coefficient calculated from equation 

(2.2) at η =35% and ΔT=20 °F [41]. 

1.20  Derived from Gleick [31] as consumptive use at 
η =35%.  

1.14 75.76 For the U.S., thermal power plants based on ΔT= 

30 °F [14]. 

1.14 189.39 For the U.S. thermal power plants based on 
ΔT=12 °F[14]. 

0.51 128.54 
Median of subcritical pulverized coal for a wide 
range of studies harmonized at η =34.3% (HHV) 

[47]. 

 112.30 
Calculated from actual total water withdrawals 
and total electricity generation from coal power 
plants in the U.S. during 2006 [68]. 

2.31 94.70 

Based on the total water withdrawals for 
thermoelectric power plants in the U.S. and 
consumption coefficient calculated as a 
percentage from the daily withdrawals [69]. 

1.8  

Calculated from the total amount of water 
evaporated from thermoelectric power plants 
per kWh of end-use energy for all of the U.S. 
[15]. 

0.38 98.48 Average values for all coal-fired power plants in 
the U.S. according to the NETL [7]. 

1.17 88.74 

Estimated from the actual total annual water 
demand and electricity generated by 675 MW 
subcritical Battle River coal-fired power plant in 
Alberta, Canada, with an assumed capacity 
factor of 90% [63,70]. 

1.52  Average of a range for water use by cooling 
systems in the Missouri River Basin [71]. 

1.24 116.48 
Average value assumed in this chapter for 
subcritical pulverized coal power plants 
using once-through cooling systems. 

0.39 88.90 

Median of supercritical pulverized coal for a 
wide range of studies harmonized originally at η 

=38.4% (HHV) with consumption coefficient 
range 0.25 – 0.47 L/kWh[47].  
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Cooling 
system 
type 

Consumption 
coefficient 
(L/kWh) 

Withdrawals 
coefficient 
(L/kWh) 

Comments and sources 

0.39 88.90 
Average value assumed in this chapter for 
supercritical pulverized coal power plants 
using once-through cooling systems.  

Closed-
loop using 
cooling 
towers 

2.20 2.75 
Theoretical coefficients calculated from 
equations (2.3-2.5) at a = 80%, WT=80°F, 
η=35%, and C =5 [42]. 

2.20 2.45 
Theoretical coefficients calculated from 
equations (2.3-2.5) at a = 80%, WT=80°F, η 

=35%, and C =10 [42]. 

2.60  Derived from Gleick [31] as consumptive use at 
η =35%.   

1.82 1.89 Based on cooling water demand for the U.S. at 
the cycle of concentration = 10 [14]. 

1.82 2.27 Based on cooling water demand for the U.S. at 
the cycle of concentration = 5 [14].  

1.69  

Typical evaporation from cooling systems for 
cold climate zone calculated theoretically for a 
1000 MW power plant with η =35% and ΔT=18 

°F [38]. 

2.09  

Typical evaporation from cooling systems for 
hot climate zone calculated theoretically for a 
1000MW power plant with η =35% and ΔT=18 

°F [38]. 

1.70 2.05 
Average values for all coal-fired power plants in 
the U.S. using recirculating cooling systems 
according to NETL[7]. 

1.95 2.43 
Median of subcritical pulverized coal for a wide 
range of studies harmonized at η =34.3% (HHV) 

[47]. 

2.27  Average of a range for water use by cooling 
systems in the Missouri River Basin [71]. 

1.82 2.31 
Baseline established by the DOE/NETL [72] for 
water use by subcritical pulverized coal power 
plants using wet recirculating cooling systems. 

2.01 2.31 
Average value assumed in this chapter for 
subcritical pulverized coal power plants 
using the cooling tower. 

1.61 2.90 

Estimated from actual total water demand and 
electricity generated by a new 450 MW 
supercritical power plant located at Keephills, 
Alberta, Canada with an assumed capacity 
factor of 90% [9,65].  
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Cooling 
system 
type 

Consumption 
coefficient 
(L/kWh) 

Withdrawals 
coefficient 
(L/kWh) 

Comments and sources 

1.93 2.31 
Median of supercritical pulverized coal for a 
wide range of studies harmonized originally at η 

=38.4% (HHV) [47].  

1.30 1.48 
Proposed supercritical MAXIM power plant to 
be located near Grande Cache, Alberta, Canada 
[66]. 

1.59 2.08 
Baseline established by the DOE/NETL[72] for 
water use by supercritical pulverized coal power 
plants using wet recirculating cooling systems. 

1.61 2.19 
Average value assumed for supercritical 
pulverized coal power plants using cooling 
tower in this chapter. 

1.14 1.52 
Baseline established by the DOE/NETL [72] for 
water use by IGCC power plants using wet 
recirculating cooling systems. 

0.93 1.13 
Median for a wide range of studies harmonized 
originally at η =38.5% (HHV) for IGCC [47]. 

Again re-harmonized here at η =45% (HHV). 

1.04 1.33 Average value assumed for IGCC power 
plants using cooling tower in this chapter. 

Closed-
loop using 
cooling 
ponds 

1.02 1.14 Based on cooling water demand for the U.S. at 
C =10 [14]. 

1.89 2.27 Based on cooling water demand for the U.S. at 
C = 5 [14].  

3.38  Calculated as stated by Gleick [31]: 30% higher 
than the corresponding wet cooling towers.   

2.02 3.25 

Estimated from actual total water demand and 
electricity generated by subcritical coal power 
plants (Genesee’s G1&G2) located in Alberta, 

Canada [59,64]. 

1.47 2.63 

Based on the projected evaporation from the 
cooling pond from the three units (G1, G2, & 
G3) at Genesee’s coal power plants in Alberta, 

Canada [9]. 

1.66 2.37 

Estimated from actual water demand and 
electricity generated by two units (1 & 2) of a 
766 MW subcritical Keephills coal power plant 
located in Alberta, Canada [60]. A capacity 
factor of 90% is assumed. 
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Cooling 
system 
type 

Consumption 
coefficient 
(L/kWh) 

Withdrawals 
coefficient 
(L/kWh) 

Comments and sources 

1.04 1.23 

Estimated from actual water demand and 
electricity generated by six units of a 2126 MW 
subcritical Sundance coal power plant located in 
Alberta, Canada [61]. A capacity factor of 90% 
is assumed. 

1.79 3.41 

Estimated from actual water demand and 
electricity generated by two units of subcritical 
Sheerness coal power plant located in Alberta, 
Canada [62].  

2.24  

Average water consumption for power plants 
operated by TransAlta in Alberta, Canada. 
Based on the total MWh generated, operated 
power plants include 72% from coal and the rest 
28% from natural gas, hydro, and wind [73]. 

3.03  Average of a range for water use by cooling 
systems in Missouri River Basin [71].  

1.95 2.33 
Average value assumed for subcritical 
pulverized coal power plants using cooling 
pond in this chapter. 

0.88 1.60 

Estimated from the expected total water demand 
and electricity generated by Genesee’s 

supercritical coal power plant (G3) located in 
Alberta, Canada [9,74,75]. 

0.88 1.60 
Average value assumed in this chapter for 
supercritical pulverized coal power plants 
using cooling ponds. 
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Table 2.4: Ranges of consumption and withdrawals coefficients for power generation stage 
from coal 
 

Pathway Consumption coefficient 
(L/kWh) 

Withdrawals coefficient 
(L/kWh) 

 Min. Average Max. Min. Average Max. 
Subcritical with once-through 
cooling 0.38 1.24 2.31 75.76 116.48 189.39 

Subcritical with cooling tower  1.69 2.01 2.60 1.89 2.31 2.75 
Subcritical with cooling pond 1.02 1.95 3.38 1.14 2.33 3.41 
Subcritical with dry cooling  0.17 0.20 0.26 0.19 0.23 0.28 
Supercritical with once-through 
cooling 0.25 0.39 0.47 88.90 88.90 88.90 

Supercritical with cooling tower 1.30 1.61 1.93 1.48 2.19 2.90 
Supercritical with cooling pond 0.88 0.88 0.88 1.60 1.60 1.60 
Supercritical with dry cooling  0.13 0.16 0.19 0.15 0.22 0.29 
Ultra-supercritical with cooling 
tower 1.04 1.26 1.58 1.18 1.58 1.99 

Ultra-supercritical with dry 
cooling  0.10 0.13 0.16 0.12 0.16 0.20 

IGCC with cooling tower 0.93 1.04 1.14 1.13 1.33 1.52 
IGCC with dry cooling 0.09 0.10 0.11 0.11 0.13 0.15 

 
 

2.4 Results and discussion 

Figure 2.2 shows the results for water consumption coefficients of complete upstream coal 

processing pathways. The obtained coefficients are affected negatively by slurry pipeline 

transportation followed by underground mining, and slight effect results from revegetation for 

surface mining.  

Based on the boundary set in this chapter and data gathered from the literature, general water 

demand coefficients that include consumption and withdrawals were developed for the power 

generation life cycle and are shown in Figure 2.3. Yang and Dziegielewski [76] found that cooling 
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towers consume on average around 1 L/kWh (0.26 gallon per kWh) more water than the once-

through cooling systems. From Figure 2.3, the corresponding difference in average water 

consumption for subcritical power plants is 0.77 L/kWh (0.20 gallon per kWh) and for supercritical 

power plants is 1.22 L/kWh (0.32 gallon per kWh). Moreover, Yang and Dziegielewski [76] 

concluded that on average, more than 150 L/kWh (39.6 gallons per kWh) in withdrawals could be 

saved if cooling towers replaced once-through cooling systems. The corresponding estimation 

from Figure 2.3 shows the same difference is 114 L/kWh (30.0 gallons per kWh) for subcritical 

power plants and 87 L/kWh (23.0 gallon per kWh) for supercritical power plants. The difference 

between two results is mainly due to the fact that Yang and Dziegielewski [76] based their work 

on the database of the U.S. thermoelectric power plants burning coal, petroleum, natural gas, and 

nuclear, while this chapter estimated generic coefficients for coal-based power plants with the 

consideration for the different generation technologies.  
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Figure 2.2: Water consumption coefficients for coal upstream stage 
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Figure 2.3: Water demand coefficients for the stage of power generation from coal
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Coal upstream and power generation stages (Figure 2.2 and Figure 2.3) are combined to give the 

results shown in Table 2.5. These combined coefficients represent benchmarks for generic water 

demand coefficients associated with the type of coal mining, power generation technology, and 

cooling system used. Other conversion efficiencies and unconventional transportation by pipeline 

are studied in the sensitivity analysis to reflect the impact on water demand coefficient for each 

pathway. 

 

The lowest water consumption coefficient based on the complete life cycle is obtained through 

surface mining without revegetating, transporting coal by a conventional method, and using IGCC 

technology and a dry cooling system. New coal-firing technologies such as IGCC and ultra-

supercritical have higher conversion efficiencies and consequently lower water requirements 

during both the fuel life cycle and power generation stages. Pathways involving IGCC have lower 

water demand coefficients due to the fact that in combined cycle only about one-third of the 

electricity generated is by Rankine-cycle and the rest two third is generated by gas turbines which 

need less water for cooling [9]. 
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Table 2.5: Water demand coefficients for complete life cycle of coal-based power generation pathways  
 

No. Pathway 

Conventional transportation Coal log pipeline Coal slurry pipeline 
Consumption 
coefficient 
(L/kWh) 

Withdrawals 
coefficient 
(L/kWh) 

Consumption 
coefficient 
(L/kWh) 

Withdrawals 
coefficient 
(L/kWh) 

Consumption 
coefficient 
(L/kWh) 

Withdrawals 
coefficient 
(L/kWh) 

1 
Surface mining with 
revegetation-Subcritical-
Once through cooling 

2.376 117.616 2.523 117.763 2.899 118.139 

2 
Surface mining with 
revegetation-Subcritical-
Cooling tower 

3.146 3.446 3.293 3.593 3.669 3.969 

3 
Surface mining with 
revegetation-Subcritical-
Cooling pond 

3.086 3.466 3.233 3.613 3.609 3.989 

4 
Surface mining with 
revegetation-Subcritical-
Dry cooling 

1.337 1.367 1.484 1.514 1.860 1.890 

5 
Surface mining without 
revegetation-Subcritical-
Once through cooling 

2.342 117.582 2.489 117.729 2.865 118.105 

6 
Surface mining without 
revegetation-Subcritical-
Cooling tower 

3.112 3.412 3.259 3.559 3.635 3.935 

7 
Surface mining without 
revegetation-Subcritical-
Cooling pond 

3.052 3.432 3.199 3.579 3.575 3.955 

8 
Surface mining without 
revegetation-Subcritical-
Dry cooling 

1.303 1.333 1.450 1.480 1.826 1.856 

9 
Underground mining-
Subcritical-Once through 
Cooling 

2.441 117.681 2.588 117.828 2.965 118.205 
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No. Pathway 

Conventional transportation Coal log pipeline Coal slurry pipeline 
Consumption 
coefficient 
(L/kWh) 

Withdrawals 
coefficient 
(L/kWh) 

Consumption 
coefficient 
(L/kWh) 

Withdrawals 
coefficient 
(L/kWh) 

Consumption 
coefficient 
(L/kWh) 

Withdrawals 
coefficient 
(L/kWh) 

10 Underground mining- 
Subcritical-Cooling tower 3.211 3.511 3.358 3.658 3.735 4.035 

11 Underground mining - 
Subcritical-Cooling pond 3.151 3.531 3.298 3.678 3.675 4.055 

12 Underground mining - 
Subcritical-Dry cooling 1.402 1.432 1.549 1.579 1.926 1.956 

13 
Surface mining with 
revegetation-Supercritical-
Once through cooling 

1.436 89.946 1.572 90.082 1.918 90.428 

14 
Surface mining with 
revegetation-Supercritical-
Cooling tower 

2.656 3.236 2.792 3.372 3.138 3.718 

15 
Surface mining with 
revegetation-Supercritical-
Cooling pond 

1.927 2.648 2.063 2.784 2.409 3.130 

16 
Surface mining with 
revegetation-Supercritical-
Dry cooling 

1.207 1.265 1.343 1.401 1.689 1.747 

17 
Surface mining without 
revegetation-Supercritical-
Once through cooling 

1.405 89.915 1.540 90.050 1.887 90.397 

18 
Surface mining without 
revegetation-Supercritical-
Cooling tower 

2.625 3.205 2.760 3.340 3.107 3.687 

19 
Surface mining without 
vegetation-Supercritical-
Cooling pond 

1.896 2.617 2.031 2.752 2.378 3.099 

20 
Surface mining without 
revegetation-Supercritical-
Dry cooling 

1.176 1.234 1.311 1.369 1.658 1.716 
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No. Pathway 

Conventional transportation Coal log pipeline Coal slurry pipeline 
Consumption 
coefficient 
(L/kWh) 

Withdrawals 
coefficient 
(L/kWh) 

Consumption 
coefficient 
(L/kWh) 

Withdrawals 
coefficient 
(L/kWh) 

Consumption 
coefficient 
(L/kWh) 

Withdrawals 
coefficient 
(L/kWh) 

21 
Coal-Underground mining- 
Supercritical-Once through 
cooling 

1.496 90.006 1.632 90.142 1.978 90.488 

22 Coal-Underground mining- 
Supercritical-Cooling tower 2.716 3.296 2.852 3.432 3.198 3.778 

23 Underground mining - 
Supercritical-Cooling pond 1.987 2.708 2.123 2.844 2.469 3.190 

24 Underground mining - 
Supercritical-Dry cooling 1.267 1.325 1.403 1.461 1.749 1.807 

25 
Surface mining with 
revegetation-Ultra- 
supercritical-Cooling tower 

2.143 2.463 2.258 2.578 2.550 2.870 

26 
Surface mining with 
revegetation-Ultra- 
supercritical-Dry cooling 

1.009 1.041 1.124 1.156 1.416 1.448 

27 
Surface mining without 
revegetation-Ultra- 
supercritical-Cooling tower 

2.117 2.437 2.231 2.551 2.524 2.844 

28 
Surface mining without 
revegetation-Ultra- 
supercritical-Dry cooling 

0.983 1.015 1.097 1.129 1.390 1.422 

29 Underground mining-Ultra- 
supercritical-Cooling tower 2.194 2.514 2.309 2.629 2.601 2.921 

30 Underground mining-Ultra- 
supercritical-Dry cooling 1.060 1.092 1.175 1.207 1.467 1.499 

31 
Surface mining with 
revegetation-IGCC-Cooling 
tower 

1.923 2.213 2.038 2.328 2.330 2.620 
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No. Pathway 

Conventional transportation Coal log pipeline Coal slurry pipeline 
Consumption 
coefficient 
(L/kWh) 

Withdrawals 
coefficient 
(L/kWh) 

Consumption 
coefficient 
(L/kWh) 

Withdrawals 
coefficient 
(L/kWh) 

Consumption 
coefficient 
(L/kWh) 

Withdrawals 
coefficient 
(L/kWh) 

32 
Surface mining with 
revegetation-IGCC-Dry 
cooling 

0.987 1.016 1.102 1.131 1.394 1.423 

33 
Surface mining without 
revegetation-IGCC-Cooling 
tower 

1.897 2.187 2.011 2.301 2.304 2.594 

34 
Surface mining without 
revegetation-IGCC-Dry 
cooling 

0.961 0.990 1.075 1.104 1.368 1.397 

35 Underground mining-
IGCC-Cooling tower 1.974 2.264 2.089 2.379 2.381 2.671 

36 Underground mining-
IGCC-Dry cooling 1.038 1.067 1.153 1.182 1.445 1.474 
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2.5 Sensitivity analysis 

2.5.1 Impact of power plant performance 

The assumed conversion efficiency of the power plants as detailed in Table 2.1 is changed in the 

range 20%[50] to 50%[33] to study the impact of the performance on the water-demand 

coefficients of coal upstream pathways (Figure 2.4). The upper part of Figure 2.4 is dominated by 

the three pathways using the slurry pipeline as the means of transportation. This indicates that 

slurry pipeline transportation has the most negative effect on coal upstream pathways. For the 

pathways with the same unit operations and different only on the type of mining, underground 

mining has the most negative impact on water demand and affected the ranking. Within pathways 

using surface mining and with the same mode of transportation, revegetation is the most sensitive 

factor.  

A factor of merit K1 in L/kWh is introduced to rank coal upstream pathways according to the water 

demand performance. The profile of the curves in Figure 2.4 follows the relationship:  

WCUP = K1 * (1/ η)           (2.5) 

where: WCUP = Water consumption coefficient in L/kWh for coal upstream pathway 

K1 = 3600 (kJ/kWh) * F1 (L/tonne) / H (kJ/tonne)      (2.6) 

where: F1 = Water consumption coefficient in litre of water per tonne of coal for upstream pathway 

as detailed in Table 2.2. 

H = Heat content of coal as given in Table 2.1. 

 

The lower the value of K1 (in L/kWh) is the better its performance is in terms of the water-demand 

coefficient. K1 values are given in the legend of Figure 2.4 for ranking of each coal upstream 

pathway. 
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Figure 2.4: Performance curves for coal upstream pathways 
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The impact of conversion efficiency on water consumption coefficient during the power generation 

stage is shown in Figure 2.5. The water consumption coefficient (WCC) is correlated to the 

conversion efficiency (η) according to the associated water cooling type and parameters (included 

in equations (2.2), (2.3), and (2.4)) other than conversion efficiency terms are considered constants. 

K2 (in L/kWh) is assumed the constant to represent the factor of merit for water consumption 

during power generation stage. The value of K2 was determined after taken the average value for 

water consumption coefficient (WCC) from Table 2.3 with the corresponding conversion (η) 

efficiency from Table 1: 

WCC = K2 *((1/ η) - 1)         (2.7) 

Lower values of K2 indicate the better performance of a pathway in terms of water consumption. 

From Figure 2.5, dry cooling outperforms followed by once-through cooling and cooling pond. 

Cooling tower systems have the lowest ranking with the highest value of K2=0.988 L/kWh. 

The profile can give an indication to the decision maker whether to use existed conditions of the 

cooling system and level of performance or to change to better water use conditions. For example, 

a power plant (A) with 30% efficiency and using once-through cooling system has nearly the same 

water consumption coefficient of a power plant (B) with cooling tower system and conversion 

efficiency of 48%. 

The water withdrawals coefficient (WWC) performance is shown in Table 2.6 through the same 

procedure of correlating to conversion efficiency through constant rate K3 (in L/kWh): 

WWC = K3 *((1/ η) - 1)         (2.8) 

WWC can play the major role in the result of comparison between two power plants due to the 

fact that once-through cooling systems have a different negative impact on water withdrawals. The 
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same power plant (A) withdraws more than 100 times the water withdrawals of power plant (B), 

which will significantly affect the final decision regarding the water use.  

 

Figure 2.5: Performance curves for water consumption during power generation stage 
from coal 
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Table 2.6: Performance of cooling systems in water withdrawals during power generation 
stage from coal 

Conversion 
efficiency  

WWC for once-
through cooling 
systemsa  
(L/kWh) 

WWC for 
cooling tower 
systemsb 
(L/kWh) 

WWC for 
cooling pond 
systemsa  
(L/kWh) 

WWC for Dry 
cooling 
systemsb 
(L/kWh) 

20% 234.41 4.97 4.47 0.50 
25% 175.81 3.73 3.35 0.37 
30% 136.74 2.90 2.61 0.29 
35% 108.84 2.31 2.08 0.23 
40% 87.91 1.86 1.68 0.19 
45% 71.63 1.52 1.37 0.15 
50% 58.60 1.24 1.12 0.12 

K3 (L/kWh) 58.60 1.24 1.12 0.12 
 aThe factor of merit K3 estimated as an average value from subcritical and supercritical water withdrawals 

coefficients at η =35% and η=38%, respectively. 
bThe factor of merit K3 estimated as an average value from subcritical, supercritical, ultra-supercritical, and IGCC 
water withdrawals coefficients at η =35%, η=38%, η=45%, and η=45%, respectively. 

 

To obtain the water consumption coefficient (WCOMP) or withdrawals (WWCOMP) for the 

complete life cycle of a specific pathway, the two portions related to fuel cycle and power 

generation cycle can be added to conduct a better comparative assessment between different 

pathways: 

WCOMP = K1 *(1/ η) + K2 *((1/ η) - 1)       (2.9) 

WWCOMP = K1 *(1/ η) + K3 *((1/ η) - 1)       (2.10) 

Equations (2.9) and (2.10) can be helpful in decision making to save water and compare between 

the cooling system used and the impact of improving the power plant performance. For example, 

a pathway using coal from underground mining transported conventionally and with cooling 

towers would have WCOMP 3.28 L/kWh and WWCOMP 3.79 L/kWh from equations (2.9) and 

(2.10) at conversion efficiency 33%. To improve the water demand coefficients of this pathway, 

shifting from cooling towers to cooling pond would give the same improvement results without 
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shifting the cooling systems but instead increasing the conversion efficiency of the power plant to 

36%.  

 

2.5.2 Impact of coal transportation mode 

To study the effects of unconventional transportation of coal on the water demand coefficients, 

conventional transportation is replaced by SP and CLP transportation. The effect on the total water 

demand of shifting from conventional transportation to pipelines depends mainly on the power 

plant’s conversion efficiency. To shift from conventional transportation to SP for all subcritical 

technologies, 0.52 more L/kWh is consumed. The extra water consumption needed for 

supercritical, ultra-supercritical, and IGCC are 0.48, 0.41, and 0.41 L/kWh, respectively. To shift 

from conventional transportation to CLP and using ultra- supercritical or IGCC technology would 

increase the water consumption coefficient by 0.12 L/kWh.  

Other extra values that resulted in the shift from conventional to pipeline transportation (both SP 

and CLP) are shown in Figure 2.6. 
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Figure 2.6: Extra water consumption coefficients resulting from changing conventional to 
pipeline transportation modes of coal 
 

2.6 Conclusions 

Water demand during the fuel life cycle is significant and should be taken into account when 

estimating the water required for the complete life cycle of coal-based power plants. Development 

of water coefficients for the complete life cycle based on unit operations and pathways can be used 

in management, modelling, and forecasting of water demand for coal power plants when combined 

with projections for productionof electricity. Improving the performance of coal-based power 

plants through new technologies, such as ultra supercritical and IGCC, would reduce water 
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consumption during both electricity generation and the fuel life cycle due to the reduction in fuel 

used to generate the same amount of energy. 

 

The key contribution of this chapter is the application of life cycle assessment (LCA) concept for 

comprehensive development of water coefficient for the coal power generation and the impact of 

power plant’s performance on the water demand. There has been an estimation of the water 

consumption coefficient for only conversion of coal to power but there is very limited information 

on the integration of the water demand for different upstream and downstream unit operations. 

 

Power generation pathways involving new technologies of integrated gasification combined cycle 

(IGCC) or ultra supercritical technology with coal transportation by conventional means and using 

dry cooling systems have the least complete life cycle water-demand coefficients of about 1 

L/kWh. The water consumption coefficient over the life cycle of ultra supercritical or IGCC power 

plants are 0.12 L/kWh higher when conventional transportation of coal is replaced by coal-log 

pipeline. Similarly, if the conventional method of transportation of coal is replaced by its 

transportation in the form of a slurry through a pipeline, the consumption coefficient of a 

subcritical power plant increases by 0.52 L/kWh. Generally, unconventional transportation of coal 

increases water demand and their impact on total water use depends mainly on the conversion 

efficiency of the power generation. Dry cooling has the advantage of reducing water demand 

during power generation, although its application is accompanied with uncertain economic 

feasibility and technical performance. The scope of this study was focused on the United States 

and Canada and more regional analysis with recent data on water footprints for coal power 

generation would be helpful to reflect the new advancements in the technology.  
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Chapter 3 

Development of Water Demand Coefficients for Natural Gas 

Pathways2 

3.1 Introduction 

It is expected that natural gas production and demand will increase due to the diversity of its 

applications, well-established technologies of extraction and conversion, cost competitiveness, and 

attractiveness to environmentalists as a cleaner fuel than other fossil fuels. Natural gas with a lower 

carbon content emits less GHG compared to coal and oil on combustion. The water footprints for 

power generation from natural gas can be evaluated through the life cycle assessment (LCA) which 

is considered as a useful tool in the research community to conduct a comparative analysis of the 

environmental impacts [1]. 

 

In 2013 the production potential of natural gas in Alberta was 6.69 trillion cubic meters (tcm); the 

remaining established reserves were 0.96 tcm, total production was 0.096 tcm, including 0.048 

tcm used locally, and the remaining 0.048 tcm was exported to other Canadian provinces and the 

U.S. Other unconventional gas resources in Alberta are coal-bed methane (CBM) and shale gas 

[2]. The production potential represents the ultimate recoverable natural gas in Alberta and the 

remaining established reserves represent the initial natural gas left after cumulative production.  

 

Shale gas is one of the unconventional sources that have started to contribute significantly to the 

production of natural gas, and one of the largest shale gas resources in the U.S. is the Marcellus 

                                                 
2 Complete paper was published as Ali B, Kumar A. Development of life cycle water footprints for gas-fired power 
generation technologies. Energy Conversion and Management 2016; 110: 386–396. 
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Shale with estimated reserves of 42.4 tcm [3]. Researchers, policymakers, and the public have 

raised concerns about the extraction of this unconventional gas and its environmental impact on 

water [3-5]. The annual natural gas production in Canada is expected to reach 0.21 tcm by 2025, 

and 40% of this production will be from unconventional gas [6]. 

 

Water use for electricity generation has been raised as a key issue and some power plants have 

been forced to shut down or reduce generation due to the water shortage [7,8]. 

   

The generation of power through natural gas is expected to increase because of its availability and 

its ability to compete with other fossil fuels and renewable sources of energy. It has been expected 

that by 2035 natural gas will overcome coal as the most used source for electricity generation in 

the world. [9]. Natural gas is also used for cooking, space heating, transportation, hydrogen 

production, and petrochemical industries, where it is converted to heat or used as a feedstock.   

 

The unit operations associated with natural gas are those related to primary fuel extraction and 

processing. The impact on the water demand varies according to the natural gas source and the 

technologies used for processing and transportation. The type of technology and cooling system 

used for power generation from natural gas are essential unit operations in determining the amount 

of water required. Electricity can be generated from natural gas without the use of steam through 

a single cycle while combined cycle (NGCC), cogeneration, and the steam cycle necessitate the 

use of water for steam make-up and cooling [10-12].  

Most studies carried out in the water-energy nexus consider only the power generation stage [13-

15] without taking into account the fuel cycle, some recognize only water consumption without 
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considering intensive water withdrawals for power generation stage [16-18], and comprehensive 

studies, including fuel life cycle water demand through detailed pathways, are scarce. Other than 

that, the broad effects of boundaries, technologies, and power plant’s performance on the 

variability of water demand coefficients have not been captured through sensitivity analysis in 

earlier studies [19]. There has been a study on life cycle water demand on power generation from 

coal [20]. Grubert et al. [21] addressed natural gas and coal power generation through complete 

life cycle for the specific geographical boundary (Texas) and for a specific technology (NGCC). 

  

One of the motivations to estimate water demand for the first stage of primary fuel extraction is 

due to the fact that the geographical location of natural gas resources is not controlled by humans, 

unlike the locations of power plants, which of necessity have to be located near a water source.   

 

The aim of this chapter is to develop a life cycle water demand benchmark for power generation 

from natural gas. The key objectives of this chapter are to: 

• Develop and estimate the life cycle water demand for gas-fired power generation including 

plants with advanced conversion technologies. 

• Provide a comparative assessment of the water demand of twenty-six different pathways in the 

conversion of natural gas to power. Pathways were structured to cover the full life cycle based 

on the unit operations of the gas source, power generation technology, and cooling system 

used.  

• Assess the impacts on the complete life cycle water demand coefficients from using minimum, 

maximum, and average coefficients of the different unit operations.  
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3.2 Scope and system boundary 

Water demand coefficients include water consumption and water withdrawals as considered in 

chapter two and defined by the U.S Geological Survey (USGS) [22] are followed in this chapter.  

Natural gas is consumed either in power generation pathways or for heat and other applications. 

Effects on water demand due to conversion to heat and applications of natural gas other than power 

generation are not covered in this chapter, except in the case of cogeneration technology. Each 

pathway of electricity generation from natural gas consists of a number of unit operations. This 

includes unit operations for the production of natural gas, its processing, transportation and 

utilization of power production. Upstream pathways are divided according to the type of natural 

gas source. Power generation pathways are branched according to the unit operations that affect 

the water footprint significantly.  

 

In this chapter, data were developed, gathered from the literature and harmonized at the assumed 

conversion efficiency for each technology. In the base case, average values for the data are used 

to represent water demand coefficients for the various upstream and downstream unit operations 

involved in power generation from natural gas. These developed water demand coefficients for 

each unit operations are used to estimate the complete life cycle water demand coefficient of gas-

fired power generation. Only fresh water was considered in this chapter. A comprehensive 

sensitivity analysis is carried out in order to study the uncertainty of using average values in the 

base case on the complete life cycle water demand coefficients. The average data are taken as the 

most likely in Monte Carlo simulations model with the consideration of the minimum and 

maximum values. The unit operations and system boundary considered for this chapter are shown 

in Figure 3.1. 
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Figure 3.1: System boundary and unit operations for gas-fired power generation 
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3.2.1 Selection of gas-fired power generation pathways 

Gas-fired power generation pathways are branched according to the technology and cooling 

system used. Technologies used to generate power from natural gas are single cycle, steam cycle, 

NGCC, and cogeneration. The same four types of cooling systems investigated in chapter two for 

coal power plants are considered in this chapter for gas-fired power generation. 

 

Gas-fired power plants with single cycle work on the principle of the Brayton cycle by burning a 

mixture of pressurized air and fuel in a chamber. The exhaust gasses are expanded in the turbine, 

which spins to generate electricity and drive the compressor [10]. When the gas turbine reaches a 

high temperature, it needs to be cooled to improve the conversion efficiency. Wet compression, 

the injection of water into the compressor inlet, is one of the technologies used to improve the 

performance of gas turbine power plants [23]. Other technologies used to improve performance 

are evaporative cooling, fogging, mechanical cooling, absorption chillers, and thermal energy 

storage [23-26].  

 

Gas-fired power plants can use steam as the working fluid, and the simplest, most practical plant 

using steam is based on the Rankine cycle. In this cycle, the boiler is fired by natural gas to generate 

steam that is supplied to the turbine to spin and generate electricity at a low conversion efficiency 

in the range of 33% to 35% [11]. The steam, after expanding in the turbine, is passed to the 

condenser and pumped back as water to the boiler [27]. The condensation of steam into water 

necessitates wet or dry cooling systems. 
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The efficiency of the single gas turbine can be improved significantly by incorporating the 

principles of the Rankine cycle [11] in combined cycle (NGCC) power plants. The exhaust gasses 

from the gas turbine are supplied to the heat recovery steam generator, which is a combination of 

the Brayton and Rankine cycles [28]. This combination of high and low-temperature cycles in the 

gas and steam turbines, respectively, make this technology one of the most effective in energy 

conversion [25]. Water is required both for the cooling systems used during the steam cycle and 

to improve performance in the gas turbine. 

 

Cogeneration or combined heat and power (CHP) refers to the simultaneous production of 

electricity and thermal power from one source of energy [12]. This thermal power can be used for 

heating or cooling in different sectors such as industrial, commercial, or residential. The combined 

efficiency of the cogeneration power plant is higher than the efficiency of a single application for 

an electricity generation plant. Adding cogeneration to an existing electricity generation power 

plant can improve conversion efficiency from 45% to 80% [12, 29]. The major fuel used for 

cogeneration in the U.S. is natural gas [30], and district heating, of great concern to researchers, is 

one of the promising applications of cogeneration in which space heating and electricity generation 

are combined [30-32]. Cogeneration based on NGCC technology is considered in this chapter to 

be a significant improvement on plant performance. 

 

3.2.2 Selection of natural gas upstream pathways 

The upstream unit operations for the extraction of natural gas considered in this chapter includes 

processes and delivery. Processes have stages of exploration, drilling (drilling mud and casing), 

fracturing (stimulation), water produced (production), and well abandonment [33,34]. Delivery 
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unit operations include gas transportation, through pipelines, storage, and distribution. Each stage 

in the system boundary has its own impact on the water footprints of the complete life cycle. The 

selection of upstream pathways for water footprints depends mainly on the type of natural gas 

resource, since the unit operation and equipment used may differ according to the type of natural 

gas. In this chapter, upstream pathways are initiated from resource types and include conventional, 

CBM, and shale gas. Other types of natural gas resources such as deep, tight, geo-pressurized, and 

Methane hydrates [35] are not considered in this chapter due to the limited data available for water 

footprints in these pathways. 

 

The conversion efficiency (η) and higher heating value (HHV) in (MJ/m3) are used to estimate the 

water demand coefficients (WDC) (includes water consumption and water withdrawals in L/kWh) 

for the upstream stage with respect to the unit of power to be generated: 

WDC = 3600*COE/ (HHV *η)                                                                                          (3.1) 

In equation (3.1): 1 kWh = 3600 kJ is used for conversion and COE is the upstream water demand 

coefficient (water consumption and water withdrawals) in litres of water per cubic meter of gas 

(L/m3).  

 

3.3 Input data and assumptions 

Table 3.1 shows the assumptions taken in this chapter for higher heating value (HHV) of natural 

gas and conversion efficiencies for different technologies of gas-fired power plants. Table 3.2 

shows the minimum, maximum, and average water demand coefficients for the upstream stage and 

the assumptions of Table 3.1 are used to convert the average coefficients from L/m3 to L/kWh 

using equation (3.1) for the analysis of the base case. The water consumption coefficient for gas 
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upstream pathways is assumed to be equal to the water withdrawals coefficient [19], which 

indicates that no water is returned to the source after being diverted. The minimum water demand 

coefficients for the upstream stage are all assumed with no fresh water is consumed/ withdrawn 

and the required amount is fully satisfied from the produced water. 

 

Table 3.1: Assumptions for natural gas and power plant characteristics 
 

Items Values Comments/Sources 

Higher heating value (HHV) of 
natural gas  

 
38.2 MJ/m3 

 

Typical average heat content of natural 
gas delivered to consumers in the U.S. 
based on the period 2003-2011 [36] 

Conversion efficiency of a single 
cycle power plant at HHV (ηsc) 40% Assumed based on literature [17,37,38] 

Conversion efficiency of an 
NGCC power plant at HHV (ηcc) 60% Assumed based on literature [38-41] 

Conversion efficiency of a 
cogeneration power plant at HHV 
(ηcg) 

75% Assumed based on literature 
[12,19,37,42] 

Conversion efficiency of a steam 
power plant at HHV (ηst) 33% Assumed based on literature [17,37,42] 
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Table 3.2: Ranges for water demand coefficients of natural gas upstream pathways 
 

Pathway 
Conventional gas (L/m3) Shale gas (L/m3) Coal bed methane (CBM) 

(L/m3) 
 
Comments/Sources 

Min. Average Max. Min. Average Max. Min. Average Max. 

Exploration 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 Assumed based on literature 
[16, 17, 19, 33]. 

Drilling 0.000 0.045 0.068 0.000 0.045 0.068 0.000 0.045 0.068 Assumed based on literature 
[17, 19,33,43].  

Extraction 0.000 0.003 0.01 0.000 0.534 1.048 0.000 0.007 0.01 

Assumed based on literature 
[16, 17, 19, 33, 43]. Hydraulic 
fracturing is included in this 
stage. 

Processing  0.000 0.194 0.278 0.000 0.194 0.278 0.000 0.194 0.278 

Assumed based on literature 
[16, 17, 19, 33] and the 
processing is the same for 
different types of gas sources. 

Transport 0.000 0.115 0.139 0.000 0.115 0.139 0.000 0.115 0.139 

Assumed based on literature 
[16, 17, 19, 33] and the 
transport is the same for the 
different types of gas sources. 

Total 0.000 0.357 0.495 0.000 0.888 1.533 0.000 0.361 0.495 
These ranges are to be used 
for the sensitivity analysis of 
the upstream stage. 
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The conversion efficiency of a natural gas combined cycle (NGCC) power plant (ηcc) is assumed 

to be 60%, for a single cycle (ηsc) 40%, and for the steam cycle (ηst) 33%. The assumed conversion 

efficiencies are related and should satisfy the following governing equation [44]: 

ηcc= ηsc +  ηst -  ηsc * ηst                                                                                                  (3.2) 

With these conversion efficiencies, a gas turbine would generate two-thirds and a steam turbine 

would generate the remaining one-third of the total generated by an NGCC power plant [45]. Input 

data for the power generation stage as shown in Table 3.3 were gathered from literature and 

harmonized at the assumed conversion efficiency values. 
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Table 3.3: Input data for water demand coefficients during the power generation stage of gas-fired power plants 
 

Cooling system type 
Consumption 
coefficient 
(L/kWh) 

Withdrawals 
coefficient 
(L/kWh) 

Comments and sources 

Single cycle 

0.04 0.04 

Mentioned as “other use” to include water for gas turbine cooling, 
equipment washing, emission treatment, etc., by the U.S. DOE [46]. 
The withdrawals coefficient is assumed to be equal to the consumption 
coefficient. 

0.16 1.34 
Median taken from Meldrum et al. [19], with a range 0.16-1.06 L/kWh 
for the consumption, and harmonized at ηsc =40%. 

0.14 0.14 
Derived from Clark et al. [17] and harmonized at ηsc =40%.The 
withdrawals coefficient is assumed to be equal to the consumption 
coefficient. 

0.00 0.00 
Mentioned as zero [47] or not specified in some studies [13, 14, 16, 43] 
and assumed to be zero in this chapter. 

0.09 0.38 Average value used for the analysis in this chapter for single cycle. 
Steam cycle with once-
through cooling  

1.14 75.76 For U.S. thermal power plants based on ΔT= 30 °F (from Goldstein and 
Smith [14]). 

1.14 189.39 For U.S. thermal power plants based on ΔT=12 °F (from Goldstein and 

Smith [14]). 

1.57 157.35 
Theoretical withdrawals coefficient calculated at ηst =33% and ΔT=20 

°F [20] and consumption coefficient assumed to be 1% of the 
withdrawals (from Goldstein and Smith [14]). 

1.10 136.36 
Median taken from Meldrum et al. [19] with the consumption range 
0.72 – 1.55 L/kWh. 

0.91 132.58 
Median taken from Macknick et al. [13] with the consumption range 
0.36 – 1.10 L/kWh and withdrawals range 37.88 – 227.27 L/kWh. 

1.17 138.29 
Average value used for the analysis in this chapter for steam cycle 
using once-through cooling systems. 
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Cooling system type 
Consumption 
coefficient 
(L/kWh) 

Withdrawals 
coefficient 
(L/kWh) 

Comments and sources 

Steam cycle with closed-
loop using cooling tower 1.82 1.89 

Based on cooling water demand for the U.S. at a cycle of concentration 
=10 (from Goldstein and Smith [14]). 

1.82 2.27 Based on cooling water demand for the U.S. at a cycle of concentration 
= 5 (from Goldstein and Smith [14]). 

1.85 2.11 

Typical evaporation from cooling systems for cold climate zones 
calculated theoretically for a 1000 MW power plant with ηst =33% and 
ΔT=18 °F [48]. Withdrawals coefficient calculated theoretically at a 

recycling turns =7[20]. 

2.28 2.61 

Typical evaporation from cooling systems for hot climate zones 
calculated theoretically for a 1000 MW power plant with ηst =33% and 
ΔT=18 °F [48]. Withdrawals coefficient calculated theoretically at a 

recycling turns =7[20]. 

2.41 3.01 Theoretical coefficients calculated at a = 80%, WT=80°F, ηst =33%, 
and C =5 [20]. 

2.41 2.68 
Theoretical coefficients calculated from equations 3-5 at a = 80%, 
WT=80°F, ηst =33%, and C =10 [20]. 

2.77 4.55 
Median taken from Meldrum et al. [19] with the consumption range 
2.12 – 4.17 L/kWh. 

2.13 2.43 
Average used by [17] for analysis and harmonized at ηst =33%. 
Withdrawals coefficient calculated theoretically at a recycling turns 
=7[20]. 

3.13 4.56 
Median taken from Macknick et al. [13] with consumption range 2.51 
– 4.43 L/kWh and withdrawals range 3.60 – 5.53 L/kWh. 

2.58 2.69 Estimated coefficients for Texas, U.S. [49]. 

2.32 2.88 
Average value used for the analysis in this chapter for steam cycle 
using cooling tower systems. 
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Cooling system type 
Consumption 
coefficient 
(L/kWh) 

Withdrawals 
coefficient 
(L/kWh) 

Comments and sources 

Steam cycle with closed-
loop using cooling pond 1.02 1.14 

Based on cooling water demand for the U.S. at a cycle of concentration 
=10 (from Goldstein and Smith [14]). 

1.89 2.27 
Based on cooling water demand for the U.S. at a cycle of concentration 
= 5 (from Goldstein and Smith [14]). 

1.02 1.71 
Median for consumption coefficient taken from [19] and withdrawals 
coefficient calculated as average (from Goldstein and Smith [14]).  

3.09 3.81 
Calculated as stated by Gleick [16]: 30% higher than the corresponding 
wet cooling towers.  

1.76 2.23 
Average value used for the analysis in this chapter for steam cycle 
using cooling pond systems. 

NGCC with once-through 
cooling 0.44 43.27 

Based on the assumption that two-thirds of the total generation are from 
gas turbines and one-third from steam turbines. 

0.38 28.41 
For U.S. thermal power plants based on ΔT= 30 °F (from Goldstein and 

Smith [14]). 

0.38 75.76 
For U.S. thermal power plants based on ΔT=12 °F (from Goldstein and 

Smith [14]). 

0.22 15.71 
Median value from Meldrum et al. [19] and harmonized at ηcc 
=60%[20]. 

0.36 40.79 
Average value used for the analysis in this chapter for the NGCC 
cycle using once-through cooling systems. 

NGCC with closed-loop 
using cooling tower 0.85 1.23 

Based on the assumption that two-thirds of the total generation are from 
gas turbines and one-third from steam turbines. 

0.41 0.64 
Median value from Meldrum et al. [19] with consumption range 0.13 – 
0.57 L/kWh, withdrawals range  0.47 – 1.52 L/kWh, and harmonized 
at ηcc =60%[20]. 
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Cooling system type 
Consumption 
coefficient 
(L/kWh) 

Withdrawals 
coefficient 
(L/kWh) 

Comments and sources 

0.24  Derived from Clark et al. [17] and harmonized at ηcc =60%. 

0.78 0.97 
Median taken from Macknick et al. [13] with the consumption range 
0.49 – 1.14 L/kWh. 

0.87 0.98 Estimated coefficients for Texas, U.S. [49]. 

0.63 0.96 Average value used for the analysis in this chapter for the NGCC 
cycle using cooling tower systems. 

NGCC with closed loop 
using cooling pond 0.65 1.00 Based on the assumption that two-thirds of the total generation are from 

gas turbines and one-third from steam turbines. 

0.46  
Median taken from Meldrum et al. [19] and harmonized at ηcc 
=60%[20]. 

0.87 1.17 
Calculated as stated by Gleick [16]: 30% higher than the corresponding 
wet cooling towers.   

0.66 1.09 Average value used for the analysis in this chapter for NGCC using 
cooling pond systems. 
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Table 3.4 gives the maximum and minimum ranges as well as the considered average values for 

water demand coefficients of the power generation stage. Cogeneration pathways are extrapolated 

from the related NGCC pathways with the conversion efficiency (ηcg) extended to 75%. The 

increase in the conversion efficiency of cogeneration technology is assumed to be from the steam 

cycle portion (ηpst), with its constant, single cycle performance at ηsc=40%.  

The same assumption taken in chapter two for dry cooling that the total water demand is about one-

tenth of wet re-circulating systems [50-52] is followed in this chapter. 

 

Table 3.4: Ranges of water demand coefficients for the power generation stage from natural 
gasa 
 

Pathway Consumption coefficient 
(L/kWh) 

Withdrawals coefficient 
(L/kWh) 

 Min. Average Max. Min. Average Max. 
Single cycle 0.00 0.09 1.06 0.00 0.38 1.34 
Steam cycle with once-through 
cooling  0.36 1.17 1.57 37.88 138.29 227.27 

Steam cycle with cooling tower 1.82 2.32 4.43 1.89 2.88 5.53 
Steam cycle with cooling pond 1.02 1.76 3.09 1.14 2.23 3.81 
Steam cycle with dry cooling 0.00 0.23 0.44 0.00 0.29 0.55 
NGCC with once-through 
cooling  0.08b 0.36 0.44 15.71 40.79 75.76 

NGCC with cooling tower 0.13 0.63 1.14 0.47 0.96 1.52 
NGCC with cooling pond 0.46 0.66 0.87 1.00 1.09 1.17 
NGCC with dry cooling 0.00 0.06 0.11 0.00 0.10 0.15 
Cogeneration with once-
through cooling  0.09 0.19 0.21 5.78 14.62 26.94 

Cogeneration with cooling 
tower 0.1 0.28 0.46 0.41 0.58 0.78 

Cogeneration with cooling 
pond 0.22 0.29 0.36 0.60 0.63 0.66 

Cogeneration with dry cooling 0.00 0.03 0.05 0.00 0.06 0.08 
aRanges are based and abstracted from Table 3.3. 
bTaken from Macknick et al. [13] 
All minimum coefficients for dry cooling pathways are assumed with 0.00 L/kWh and 
Ranges for cogeneration pathways are extrapolated from NGCC pathways  
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3.4 Results and discussion 

3 .4.1 Water demand for the upstream stage 

Equation (3.1), Table 3.1, and Table 3.2 were used to obtain the water demand coefficients for 

natural gas upstream processes as shown in Figure 3.2. The water footprint of this stage is 

determined mainly by the gas source and the performance of the power generation technology. The 

source affects the water demand through the unit operations, and the technology impacts the water 

demand through the amount of gas used to generate a specific unit of power. A considerable amount 

of water is required for hydraulic fracturing in the case of shale gas [17, 33], and a huge amount of 

water is produced during the extraction of coal-bed methane (CBM) [33, 53]. The amount of water 

required during the upstream stage does not depend only on the amount of water produced, but on 

the portion of that water recycled and re-injected, which has to be of a certain quality [54]. The 

more efficient power generation technology would consume less energy to produce a specific unit 

of power and consequently would use less natural gas and water. In this early stage of the gas 

production life cycle, a pathway through a CBM source using steam cycle would have a very close 

water demand coefficient (0.10 L/kWh) to a different pathway through a shale gas source using 

cogeneration (0.11 L/kWh). Although the two pathways have different gas sources, the final type 

of power generation technology with higher conversion efficiency would compensate for the extra 

water used during the fuel extraction stage. Pathways from the same power generation technology 

and using conventional gas or CBM have nearly the same water demand coefficient. 
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Figure 3.2: Water demand coefficients for the upstream stage of natural gas extraction 

 

3.4.2 Water demand for the power generation stage 

Figure 3.3 shows the water consumption and water withdrawals coefficients for the second stage 

of the power generation life cycle based on the average data shown in Table 3.4. The effect of the 

minimum and maximum values would be studied in the sensitivity analysis section. Besides the 

power generation technology, the most important  water demand factor in this stage is the cooling 

system type. Dry cooling systems have very low water demand coefficients. Single-cycle power 

plants have low water demand coefficients in this stage because no condenser or steam is used. The 

conversion efficiency of the power generation technology in this second stage determines the level 

of water demand.  The conversion efficiency of the power plant is important, and it affects the two 

stages of the life cycle (natural gas upstream stage and power generation stage).  
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Figure 3.3: Water demand coefficients for the stage of power generation from natural gas 

 

3.4.3 Water demand coefficients for the complete life cycle 

Two stages of fuel extraction and power generation from natural gas, as detailed in Figures 3.2 and 

3.3, are combined in Table 3.5 to give the water demand coefficients over the complete life cycle 

(because of the closeness of values for the natural gas and CBM are presented together in one line 

in Table 3.5). These combined coefficients represent benchmarks for generic water demand 

coefficients associated with the type of natural gas source, power generation technology, and 

cooling system. 
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The lowest water demand coefficients (0.07 L/kWh for consumption and 0.10 for withdrawals) are 

achieved through the pathway that uses conventional gas to generate power through cogeneration 

and dry cooling. These lowest coefficients are achieved due to the low water requirement for 

conventional gas and dry cooling, along with the highest conversion efficiency of cogeneration 

technology. The highest water consumption coefficient (2.57 L/kWh) is seen in the pathway that 

uses shale gas with a steam cycle and cooling tower. Ninety percent of this full life cycle-based 

coefficient is from the power generation stage and 10% from the gas upstream stage. Improving 

this technology’s conversion efficiency is a solution to the intensive consumption of water in this 

pathway. A further improvement in NGCC technology efficiency would decrease the same highest 

water consumption coefficient by 70% to 0.77 L/kWh, and even this last coefficient could be 

improved 49% further to reach 0.39 L/kWh through cogeneration technology, so the total reduction 

in water consumption over the complete life cycle would be 85% (from 2.57 L/kWh to 0.39 

L/kWh).   

 

The once-through cooling system has the greatest impact on the water withdrawals coefficient, and, 

when considering the complete life cycle, all pathways using once-through cooling have more than 

99% of water withdrawn during the power generation stage. On average and for the complete life 

cycle of all pathways that use once-through cooling systems, 1.26% of the water withdrawn is 

consumed. Based on the all developed pathways, water consumed for the power generation stage 

averaged 73% of the total life cycle consumption and the remaining 27% was consumed during the 

upstream fuel extraction stage. For water withdrawal, 85% is the average for the power generation 

stage and 15% for the upstream fuel extraction stage.  
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Table 3.5: Water demand coefficients for the complete life cycle of gas-fired power generation 
pathways  
 

No. Pathway Consumption 
coefficient 
(L/kWh) 

Withdrawals 
coefficient 
(L/kWh) 

1 Conventional gas/CBM-Single cycle 0.17 0.46 

2 Shale gas-Single cycle 0.30 0.59 
3 Conventional gas/CBM-Steam cycle-Once-through 

cooling 
1.27 138.39 

4 Conventional gas/CBM-Steam cycle-Cooling tower 2.42 2.98 
5 Conventional gas/CBM-Steam cycle-Cooling pond 1.86 2.33 
6 Conventional gas/CBM-Steam cycle-Dry cooling 0.33 0.39 
7 Shale gas-Steam cycle-Once-through cooling 1.42 138.54 
8 Shale gas-Steam cycle-Cooling tower 2.57 3.13 
9 Shale gas-Steam cycle-Cooling pond 2.01 2.48 
10 Shale gas-Steam cycle-Dry cooling 0.49 0.54 
11 Conventional gas/CBM-NGCC-Once-through 

cooling 
0.42 40.85 

12 Conventional gas/CBM-NGCC-Cooling tower 0.69 1.02 
13 Conventional gas/CBM-NGCC-Cooling pond 0.72 1.15 
14 Conventional gas/CBM-NGCC-Dry cooling 0.12 0.15 
15 Shale gas-NGCC-Once-through cooling 0.50 40.93 
16 Shale gas-NGCC-Cooling tower 0.77 1.10 
17 Shale gas-NGCC-Cooling pond 0.80 1.23 
18 Shale gas-NGCC-Dry cooling 0.20 0.24 
19 Conventional gas/CBM-Cogeneration-Once-through 

cooling 
0.23 14.66 

20 Conventional gas/CBM-Cogeneration-Cooling tower 0.32 0.62 
21 Conventional gas/CBM-Cogeneration-Cooling pond 0.31 0.67 
22 Conventional gas/CBM-Cogeneration-Dry cooling 0.07 0.10 
23 Shale gas-Cogeneration-Once-through cooling 0.30 14.73 
24 Shale gas-Cogeneration-Cooling tower 0.39 0.69 
25 Shale gas-Cogeneration-Cooling pond 0.38 0.74 
26 Shale gas-Cogeneration-Dry cooling 0.14 0.17 

 
 
3.5 Sensitivity analysis 

The average values of water demand coefficients assumed for the base case are taken as input with 

the associated minimum and maximum ranges in a model using Monte Carlo simulations to study 

the uncertainty of the obtained results. Triangle distribution is used through ModelRisk software 

[55] and the inputs for the upstream stage are based on Table 3.2 data and for the power generation 

stage are based on Table 3.4 data. 
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3.5.1 Upstream stage 

Figure 3.4 shows the distribution of the probability percentiles results from Monte Carlo 

simulations for the water demand coefficients during the upstream stage. The considered average 

values for conventional gas (0.357 L/m3), for CBM (0.361 L/m3), and for shale gas (0.888 L/m3) 

have probability percentiles of 72%, 73%, and 58%, respectively.  The low probability for shale 

gas due to the wide variability in the gathered data and that the technology is still under 

development. The taken average values in the base case for conventional gas and CBM during the 

upstream stage are more certain and the range between minimum and maximum is narrower than 

the shale gas case. 

 

 

Figure 3.4: Distribution of water demand coefficients for natural gas upstream stage 
The most likely value and the accompanied probability is shown in graph for each gas source 
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3.5.2 Power generation stage 

Distributions of water consumption coefficients during the power generation stage are shown in 

Figure 3.5 for pathways involving dry cooling, Figure 3.6 for pathways through NGCC, 

cogeneration, and single cycle and Figure 3.7 for steam cycle technology pathways. The lowest 

probability for the most likely value (0.09 L/kWh) is 9% for the consumption coefficient of single 

cycle. This most likely value has been taken closer to the minimum value (0.00 L/kWh) compared 

to the maximum (1.06 L/kWh) which is derived from Meldrum et al. [19] and led to this low 

probability. The most likely water consumption coefficient of cogeneration with once-through 

cooling (0.19 L/kWh) has been calculated from the gathered data and resulted in the highest 

probability percentile of 83%.  

 

 
 
Figure 3.5: Distribution of water consumption coefficients for pathways through dry cooling 
during the power generation stage from natural gas 

The most likely value and the accompanied probability is shown in graph for each pathway 
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Figure 3.6: Distribution of water consumption coefficients for pathways through NGCC, 
cogeneration, and single cycle during the power generation stage from natural gas 

 The most likely value and the accompanied probability is shown in graph for each pathway 
 

 

 
Figure 3.7: Distribution of water consumption coefficients for pathways through steam cycle 
during the power generation stage from natural gas 

The most likely value and the accompanied probability is shown in graph for each pathway 
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Table 3.6 shows the distribution of water withdrawals coefficients during the power generation 

stage at probability 10%, 90%, and the probability percentile of the most likely value (average) 

taken in the base case. The lowest probability 27% is obtained for the steam cycle with cooling 

tower. Water withdrawals coefficient for the single cycle has a probability of 28% and its 

probability is affected as in the consumption coefficient by the very high maximum value (1.34 

L/kWh). The base case water withdrawals coefficient for cogeneration with dry cooling has the 

highest certainty with probability 75%.  

 

Table 3.6: Distribution of water withdrawals coefficients during the power generation stage 
from natural gas 
 
Pathway Water 

withdrawals 
coefficient 
(L/kWh) at 
probability 
10% 

Water 
withdrawals 
coefficient 
(L/kWh) at 
probability 
90% 

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

Single cycle 0.23 0.98 28 
Steam cycle with once-through cooling  81.44 186.10 53 
Steam cycle with cooling tower 2.49 4.55 27 
Steam cycle with cooling pond 1.68 3.16 41 
Steam cycle with dry cooling 0.13 0.43 53 
NGCC with once-through cooling  28.02 61.20 42 
NGCC with cooling tower 0.70 1.28 46 
NGCC with cooling pond 1.04 1.13 53 
NGCC with dry cooling 0.04 0.12 67 
Cogeneration with once-through cooling  10.10 21.81 42 
Cogeneration with cooling tower 0.49 0.69 46 
Cogeneration with cooling pond 0.61 0.65 50 
Cogeneration with dry cooling 0.02 0.07 75 
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3.6 Conclusions 

The conversion efficiency of a gas-fired power plant has a significant effect on water demand. The 

conversion efficiency affects both upstream gas extraction and power generation. The higher water 

demand from specific types of gas sources can be compensated for with efficient power generation 

technology. The cooling system used is also essential in determining the level of water required. 

Dry cooling could improve water demand performance, though there are uncertainties related to 

economic feasibility and overall conversion efficiency. Water demand is higher during power 

generation from natural gas than during the fuel extraction stage. Water withdrawals coefficients 

during power generation for gas-fired power plants using once-through cooling systems are higher 

than for plants using other cooling systems. With once-through cooling systems, a smaller 

percentage of withdrawn water is consumed. The water consumption coefficient for the complete 

life cycle of gas-fired power generation pathways ranged between 0.07 to 2.57 L/kWh, the 

corresponding water withdrawals ranged between 0.10 to 3.13 L/kWh for closed loop cooling 

systems, and 14.66 to 138.54 L/kWh for once-through cooling systems. 
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Chapter 4 

Development of Water Demand Coefficients for Power Generation 

from Non-conventional Energy Technologies3 

4.1 Introduction 
 
Natural resource use needs to be balanced with electricity demand in such a way that an acceptable 

level of sustainability is maintained. Most of the focus to this point has been on the mitigation of 

greenhouse gas (GHG) emissions, and water use in electricity production has received little 

attention. As part of maintaining a sustainable balance, the quantity and quality of water, a precious 

natural resource, have to be managed. Renewable energy technologies are proposed as a critical 

aspect of the water, energy, and food nexus [1]. There is evidence around the world showing how 

water availability has played a key role in decisions related to power generation. For example, 

following the 2006 - 2007 drought in the U.S. and in France in 2003, some coal and nuclear power 

plants were shut down or are now operating at reduced capacity [2]. The contribution to electricity 

generation from renewable energy is expected to increase in the U.S. from 13% of the total energy 

in 2013 to 18% by 2040 [3]. 

 
Electricity generation consumes considerable amounts of water during the generation of power 

during cooling, steam cycle, make-up, cleaning, and fuel life cycle activities. In 2005, 

thermoelectric power plants withdrew 41% of the total fresh water required in the U.S. with a 

consumption rate of 3%, and the water use for some renewable energy sources may exceed that of 

conventional technologies [4]. Thermoelectric power plants in Canada, including nuclear, 

                                                 
3Complete paper was submitted to Energy Conversion and Management Journal as Ali B, Kumar A. Development of 
water demand coefficients for power generation from renewable energy technologies. (submitted, in-review). 
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withdrew about 27.8 million m3 of water in 2005, or 66% of the total water withdrawals, and in the 

same year hydroelectric power used more than 100 times that amount [5]. Renewable energy has 

been proposed as a clean, alternative solution to conventional resources from a GHG mitigation 

point of view [6-9].  

 

The use of water for renewable energy has been studied earlier [10-15]. Most of these studies were 

conducted with a focus on the power generation stage and not on life cycle water consumption. 

Moreover, most of these studies do not assess the effects of conversion efficiencies on water 

demand coefficients. Water demand coefficients include the water consumption coefficient and the 

water withdrawals coefficient for each pathway. Water consumption is the amount of water 

consumed by the unit operations of the process and not returned back to the source, while water 

withdrawals include water returned to the source apart from consumption [16, 17]. Since renewable 

technologies are still at various stages of development and demonstration, there needs to be a life 

cycle approach to understand the full impacts of the technologies. In addition, there is good 

potential for conversion efficiency improvement in the power generation technologies, and the 

potential can be better understood by assessing their impacts. There is little research that 

comparatively assesses life cycle water consumption coefficients for different non-conventional 

energy pathways. Tan and Zhi [18] highlighted the lack of studies on the water-energy nexus for 

solar, wind, and geothermal technologies and recommended future research be conducted in this 

field. This chapter is an effort to fill that gap. 

 

The main objectives of this chapter are to: 

• Develop water demand coefficients for non-conventional energy technologies over the full 

life cycle. 
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• Comparatively, assess the upstream and power generation stages of the water demand 

coefficients for various non-conventional energy technologies. 

• Comparatively, assess the water demand of sixty different pathways in the conversion of 

non-conventional energy to power; and 

• Assess the impact of conversion efficiency on water use for non-conventional energy 

pathways through a comprehensive uncertainty analysis. 

 

4.2 Scope and system boundary 

Pathways were structured specific to non-conventional energy sources (see Figure 4.1) to include 

renewable and nuclear energy pathways. The main unit operations considered for water demand 

coefficients during the entire life cycle are fuel extraction (if any), conversion technology for power 

generation, and the cooling system (if any; shown by the dotted line in Figure 4.1). For the base 

case, the specific conversion efficiency of power plants was assumed and impacts of variations 

were studied later in the sensitivity analysis. This base case conversion efficiency was taken as the 

most likely value in a model executed through Monte Carlo simulations [19-22]. The most likely 

value is bound by minimum and maximum efficiencies to study the uncertainty of the assumed 

values [16].  

Two sets of water demand coefficients were developed and further harmonized at certain 

conversion efficiencies. The first set of developed coefficients covers the full life cycle of the 

pathway and the second set is limited to unit operations for power generation. The conversion 

efficiency was varied in the sensitivity analysis to study the effect of power plant performance on 

the water demand coefficient levels. 
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The water consumption coefficient (WCUP) and the water withdrawals coefficient (WWUP) in the 

upstream stage included irrigation water and are correlated to the conversion efficiency (η) through 

the factors of merit M1 and M2, respectively, as follows (as conducted in chapter two [17]):  

WCUP = M1 * (1/ η)                                                                                                       (4.1) 

WWUP = M2 * (1/ η)                                                                                                        (4.2) 

Factors of merit are constant coefficients in L/kWh assigned to differentiate between the water 

demand coefficients of pathways from the same set. The lower the factor of merit, the better the 

performance of a pathway with respect to the water demand coefficient.  

There are two types of correlations between water demand coefficients and conversion efficiencies 

(η) identified in this chapter for the power generation stage. The first type includes all non-

conventional energy technologies that use a steam cycle to generate electricity (thermoelectric). 

These technologies cover all biomass, nuclear, solar-thermal, and geothermal pathways and are 

governed by the factors of merit M3 for the water consumption coefficient (WCC) and M4 for the 

water withdrawals coefficient (WWC) (based on chapter two [17]), as follows:    

WCC = M3 *((1/ η) - 1)                                                                                                        (4.3) 

WWC = M4 *((1/ η) - 1)                                                                                                         (4.4) 

The second set of factors of merit, M5 and M6, is assigned to the rest of the technologies (wind, 

hydroelectricity, and solar-photovoltaic) to correlate the conversion efficiency (η) to the water 

consumption coefficient (WCC) and water withdrawals coefficient (WWC), respectively, as 

follows: 

WCC = M5 *(1/η)                                                                                                                      (4.5) 

WWC = M6*(1/η)                                                                                                                      (4.6)
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Figure 4.1: Non-conventional energy pathways 
----Dashed lines show pathways with cooling systems
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4.3 Pathways Selection  

Six types of power generation from non-conventional energy sources were selected: biomass, 

hydroelectricity, wind, solar, geothermal, and nuclear. Biomass and nuclear are the principle non-

conventional sources considered in this study. Cooling systems (once-through, cooling tower, 

cooling pond, and dry cooling) were considered for the biomass, solar-thermal, nuclear, and 

geothermal power generation pathways [23, 24]. Hybrid cooling was considered for the solar-

thermal pathways (power tower and parabolic trough) as well as the geothermal energy-based 

pathways using binary technology [11].  

 

4.3.1 Biomass pathways 

Biomass pathways were subdivided by fuel into direct or bio-oil combustion of one of four 

feedstocks (switchgrass, corn stover, wheat straw, and wood chips) [12, 25]. Direct combustion 

burns biomass feedstock in a boiler to produce steam, and power is generated in a Rankine cycle. 

The power generation unit operations in this case are similar to those for coal-fired power 

generation. In the other combustion method, bio-oil is produced through pyrolysis and combusted 

as fuel to generate power. The agricultural stage for the both considered biomass technologies 

(direct combustion and bio-oil combustion) and the conversion stage for bio-oil pathways were 

added to the upstream unit operations.   Further details can be found in earlier studies [12, 25].  

Other pathways of biomass-based power generation such as gasification [26] and co-firing [27] are 

not considered in this chapter due to the limited availability of data related to the water demand 

footprint for these pathways. 
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4.3.2 Nuclear pathways 

Nuclear energy is one of the most cost-effective energy sources [28]. Nuclear fuel pathways 

consider fuel enrichment by diffusion or centrifugally [6, 11]. Most nuclear power plants use 

uranium U-235 after enriching from the 0.7% content in the natural raw uranium (the remaining 

99.3% is U-238) up to the range 3%-5%. Raw uranium is ground into powder and converted to 

uranium hexafluoride (UF6) gas. U-238 is heavier than U-235, which helps in the enrichment 

process. In gaseous diffusion enrichment, UF6 is passed through a vessel wall with holes. U-235 

passes through the holes faster than U-238 due to the difference in weight. The gas collected 

through the low-pressure passage is enriched U-235. The centrifugal process is through cylinders 

rotating at a high speed to create centrifugal force. This force moves the U-238 towards the wall of 

the cylinder and the U-235 is collected in the centre of the cylinder. Laser enrichment is a 

technology used to enrich uranium but is not available commercially [29, 30]. The upstream stage 

of nuclear power generation includes extraction, grinding, conversion to UF6, enrichment, and plant 

construction. The power generation stage includes cooling systems, steam make-up, fuel disposal, 

and power plant construction and decommissioning.    

  

4.3.3 Solar pathways 

Solar energy power generation technologies include solar-thermal and photovoltaic. Solar-thermal 

technologies include power tower, parabolic trough, Fresnel lens, and dish systems [31, 32]. 

Photovoltaic systems can be made by thin film or crystalline silicon (C-Si) and the modes of 

operation are flat paneled or concentrated photovoltaic (PV).  

The solar-thermal technology generates power through concentrating sun rays to heat a medium 

fluid that rotates a turbine and a generator. The shape of solar collectors varies depending on the 

technology. The power tower has heliostats to reflect the incoming sun rays into a tower carrying 
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the central receiver. The concentrated sun rays heat the fluid in the central receiver and the kinetic 

energy of this fluid is converted to mechanical and electric energy through the turbine and the 

generator. Parabolic trough technology focuses the sun’s rays on a linear receiver (pipe) to heat the 

fluid and generate power. In Fresnel lens technology, curved mirrors reflect the sun’s rays onto a 

linear receiver to generate power. A parabolic dish concentrates the sun’s rays on a focal point (a 

receiver and a Sterling engine) to generate power [33, 34].  

 

A thin film photovoltaic module has two semiconductors, cadmium telluride (CDTe or CuInSe2) 

and cadmium sulfide (CDS), which make up a p-n junction. CDTe and CDS are deposited in thin 

layers onto a transparent glass panel. After the p-n junctions have been connected in a series, 

another glass panel is added to the top to cover and protect the module [35]. A crystalline silicon 

(C-Si) module is manufactured by purifying silica sand into metallurgical grade silicon (MG-

silicon) and then to electronic silicon (EG-silicon). The silicon is melted and cast in molds into 

polycrystalline blocks to produce multi-silicon wafers. The Czochralski process is used to produce 

mono-silicon wafers. Photovoltaic cells are produced after the silicon ingots have been cut into 

columns according to the size of the required wafer. Etching, doping, screen printing, coating, and 

testing are the main steps involved in finalizing the product. The cells are connected by string and 

silver points on the top and bottom and covered on both sides by ethyl-vinyl acetate layers. 

Transparent glass is added to the top and Tedlar film on the bottom as protective covers. Under 

heating and high-pressure conditions, a sandwich panel is produced after the edges have been 

finished and the connections insulated. An aluminium frame is added to support the manufactured 

photovoltaic panel. Laminated panels do not need this frame [36].  
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The operation of solar-thermal technologies needs water for cooling, and the water demand for 

materials extraction, manufacturing, and construction of the systems is included in the upstream 

stage.  

Photovoltaic power generation requires minimal water during operation, for panel washing, and no 

cooling system is needed. 

  

4.3.4 Wind and hydroelectricity pathways 

Wind is created by the difference in ambient temperature initiated from the sun’s heat. Wind 

turbines are mounted on a tower to convert the kinetic energy of wind into mechanical and then 

electric energy through a generator [37]. The main components of a wind plant are the tower, the 

turbine, and the generator. A wind energy plant can be as small as a few kilowatts to over 10 MW, 

depending on the application, and a farm could be designed with several units to increase power 

capacity from a location [38]. Wind energy is one of the fastest-growing power generation 

technologies around the world [38, 39]. Power generation operations from wind energy do not 

require cooling systems, and minimal water is required (for cleaning the turbines and for 

construction during the upstream stage). 

 

Hydroelectricity originates from moving water, which converts kinetic energy to mechanical 

energy through a turbine and then to electric energy through a generator. Some hydropower plants 

are located in the running stream of water (run-of-river), and for high power production scales, 

dams are constructed to increase the height (head) of the falling water. Reservoirs are constructed 

with dams to store water for other uses and to help control the amount of running water through 

the penstock to the turbine [40]. In 2008 more than 16% of the total power generated in the world 

was from hydroelectricity [41]. Hydroelectricity operations consume significant amounts of water 
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through evaporation from the reservoir. Water demand during the upstream stage is for hydropower 

plant construction. 

 

4.3.5 Geothermal pathways 

Geothermal pathways include binary, flash, and enhanced geothermal system (EGS) technologies. 

The binary technology operates at a low temperature (85°C - 175°C) and uses geothermal liquid to 

heat through the exchanger an intermediate working fluid (such as isobutene) at a boiling point that 

is lower still. The kinetic energy of the heated working fluid is converted to mechanical energy to 

rotate the turbine, which is coupled to the electric generator, for power generation [42, 43]. 

Geothermal flash is the most common geothermal power generation technology; in this system, a 

mixture of water and steam produced from the reservoir is flashed in a separate tank at low pressure. 

The steam is separated and used to generate electricity; the water not flashed is returned to the 

geothermal reservoir through an injection well [42-45]. In EGS technology, water as a working 

fluid is circulated in a closed loop through the injection well to rocks and pumped out through a 

production well. Circulated water is heated to the steam phase to run the turbine and generate power 

[46]. The cooling system is the most critical unit operation determining the level of water demand 

during the power generation stage of geothermal pathways. 

  

4.4 Input data and assumptions 

We developed water demand coefficients for the various unit operations and integrated them to 

estimate the overall life cycle water footprint. The estimates were further harmonized at the most 

likely conversion efficiencies assumed in the base case. Table 4.1 shows the most likely, minimum, 

and maximum efficiencies considered in this chapter.  
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Coefficients for the power generation stage from biomass pathways were derived from chapter two 

[17]. The complete life cycle water demand coefficients for agricultural biomass feedstocks 

(switchgrass, corn stover, and wheat straw) were estimated after taking into account fuel production 

stage data taken from an earlier study [12]. Forest biomass-based power was estimated based on 

Canadian pine tree characteristics [47-49].  Table 4.2 shows the input data used to develop water 

demand coefficients for biomass pathways. Input data for nuclear pathways are shown in Table 

4.3; solar-thermal and geothermal pathways are shown in Table 4.4; and Table 4.5 gives input data 

for photovoltaic, wind, and hydroelectricity pathways.  
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Table 4.1: Assumed conversion efficiencies of non-conventional energy technologies 
 

Items Minimum 
conversion 
efficiency 
(ηmin) 

Most likely 
conversion 
efficiency 
(ηml) 

Maximum 
conversion 
efficiency 
(ηmax) 

Source 

Biomass power plant  20% 33% 40% 

According to the DOE, small capacity plants have low 
efficiency (20%) and with new techniques would reach over 
40% [50]. ηml is assumed based on a study by Singh et al. 
[12]. Direct combustion and bio-oil pathways were assumed 
to have the same range of conversion efficiency. 

Nuclear power plant  30% 33% 36% 

Based on the comprehensive review conducted by Warner 
and Heath [51] for nuclear power plants, which showed that 
boiler water reactors have lower efficiency than pressurized 
water reactors. ηml is assumed as the average value.  

Solar-thermal power 
tower 7% 20% 25% ηmin is based on historical data [52], ηml on the review by 

Meldrum et al. [11], and ηmax on the expected improvement 
of the technology after 2025 [32]. Solar-thermal 

parabolic trough 10% 15% 25% 

Solar-thermal 
Fresnel lens 10% 11% 25% Based on under- construction plants and expected 

technology improvement after 2025 [32]. Solar-thermal 
concentrating dish 15% 22% 25% 

Solar photovoltaic 
system 4% 13% 22% ηmin and ηmax are taken from a study assessing sustainability 

indicators [53], and the average value is considered for ηml. Wind power plant 24% 39% 54% 

Hydroelectricity 
power plant 82% 90% 98% 

ηml is considered according to [53, 54] and ηmin, ηmax were 
respectively assumed -8% and +8% compared to ηml. ηmax is 
extended from 95% [55] to 98% to accommodate for the 
expected technology improvement [41]. 
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Items Minimum 
conversion 
efficiency 
(ηmin) 

Most likely 
conversion 
efficiency 
(ηml) 

Maximum 
conversion 
efficiency 
(ηmax) 

Source 

Geothermal with 
binary technology 1% 8% 16.3% 

ηmin is the actual efficiency of the Chena Hot Springs power 
plant with an average operation temperature 73°C [56]. ηml 
is based on a power plant with an operating temperature of 
180°C [57]. ηmax is based on the upper-end efficiency of a 
Miravalles Unit 5 power plant in Costa Rica [58]. 

Geothermal with 
flash technology 5% 11% 20% 

ηmin and ηmax are based on the correlations developed by 
Moon and Zarrouk [56] and ηml on a power plant operating 
at 180 °C [57]. 

Geothermal with 
EGS technology 7% 9% 12% ηml is based on the average from global efficiency ranges of 

7.4%-10.4% and ηmax derived from ten case studies [59]. 
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Table 4.2: Input data for water demand coefficients of biomass pathways 
 

Pathway 

Upstream 
stage 

(L/kWh) 
 

Power generation stage (L/kWh)e 

Once- through 
cooling Cooling tower Cooling pond Dry cooling 

WCUP/ 
WWUP a  WCC  WWC  WCC  WWC  WCC  WWC  WCC  WWC  

Wood chips- Direct combustion 622.45b 

1.36 127.34 2.20 2.53 2.13 2.55 0.22 0.25 

Wood chips- Bio-oil 1161.81c 

Corn stover- Direct combustion 259.38d 

Corn stover- Bio-oil 326.59d 

Wheat straw- Direct combustion 318.30d 

Wheat straw- Bio-oil 465.80d 

Switchgrass-Direct combustion 672.13d 

Switchgrass-Bio-oil 823.67d 
a WCUP and WWUp are assumed equal and no water returned to the same source where it was taken. 
b Estimated water footprint for Canadian pine = 1.141 m3 of water per kg of wood [47, 48] with 20 MJ/kg HHV for wood [49], and conversion efficiency (ηml) 33%. 
c Estimated water footprint for Canadian pine = 1.141 m3 of water per kg of wood [47, 48] with 17.9 MJ/kg HHV for bio-oil; the yield is 0.599 kg of bio-oil per kg   
of dry wood [49] and conversion efficiency (ηml) of 33%. 
d Based on water consumption coefficients developed in Singh et al. [12].  
 e Subcritical water demand coefficients developed earlier (at a conversion efficiency of 35%) [17] were used to estimate these coefficients through Equation 4.3.  
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Table 4.3: Input data for water demand coefficients of nuclear pathwaysa 
 

Pathway 

Upstream 
stage 
(L/kWh) 
 

Power generation stage (L/kWh) 

Once- through 
cooling Cooling tower Cooling pond Dry cooling 

WCUP/ 
WWUP WCC  WWC  WCC  WWC  WCC  WWC  WCC  WWC  

Nuclear- 
Centrifugal 
enrichment  

0.21 

1.52 178.03 2.73 4.17 2.31 4.17 0.27 0.42 
Nuclear- 
Diffusion 
enrichment 

0.33/0.53 

a Coefficients were based on the median values of statistics revision from the literature [11] and assumed at the same 
conversion efficiency (ηml) of 33%.  
 
 
Table 4.4: Input data for water demand coefficients of solar-thermal and geothermal 
pathways a 
 

Pathway 

Upstream 
stage 
(L/kWh) 
 

Power generation stage (L/kWh) 

Cooling tower Hybrid cooling Dry cooling 

WCUP/ 
WWUP  WCC  WWC  WCC  WWC  WCC  WWC  

Solar thermal- Power tower  0.61 3.07 3.07 0.64 0.64 0.10 0.10 
Solar thermal- Parabolic 
trough 

0.61 3.37 3.64 1.29 1.29 0.30 0.30 

Solar thermal- Fresnel 0.61 3.79b 3.79b - - 0.38c 0.38c 

Solar thermal- 
Concentrating dish 

0.61 0.02d 

Geothermal-Binary 0.01 - - 1.74 1.74 1.10 1.10 
Geothermal-Flash 0.01 0.06 b 0.06 b - - - - 
Geothermal-EGS 0.01 - - - - 1.93 1.93 

a Coefficients were based on the median values of statistics revision from the literature [11] and assumed at the same 
conversion efficiency ηml detailed in Table 4.1. 
b Assumed with a cooling tower of equal consumption and withdrawals coefficients [60]. 
c Estimated with the assumption of 10% from the associated cooling tower coefficients. 
d No cooling system is needed and coefficients were assumed for other water uses such as washing. 
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Table 4.5: Input data for water demand coefficients of photovoltaic, wind, and 
hydroelectricity pathways a 
 

Pathway Upstream stage 
(L/kWh) 

Power generation stage (L/kWh) 

Flat panel Concentrated PV 

 

WCUP WWUP WCC WWC WCC WWC 

Crystalline silicone 0.31 0.36 
0.02 0.02 0.11 0.11 Thin film 0.02 0.07 

 WCUP WWUP WCC WWC 

Wind 0.0004 0.098 0.0049 0.0057 
Hydroelectricity b 0.00 0.00 68.18 68.18 

a Coefficients were based on the median values of statistics revision from the literature [11] and assumed at the same 
conversion efficiency ηml detailed in Table 4.1. 
b Water demand coefficients were developed considering the national average rate of evaporation from reservoirs in 
the U.S [61]. Upstream water demand coefficients were not considered. 

 
 
4.5 Results and discussion 

Table 4.6 shows the developed generic water demand coefficients for 60 different non-

conventional energy pathways based on the most likely conversion efficiencies (see Table 4.1) and 

after combining the input data from Tables 4.2 through 4.5. Based on the complete life cycle of 

non-conventional energy pathways, biomass-based power generation has the most negative impact 

on water demand. This is because the complete life cycle includes the high water requirement in 

the agriculture stage. Power generation from the combustion of bio-oil produced from wood chip 

feedstock has the highest water demand coefficients; power generation from wind energy has the 

lowest.  

 

When we consider power generation alone, the hydroelectricity pathway has the highest water 

consumption coefficient due to the large amount of water that evaporates in the reservoir. Due to 
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the nature of once-through cooling systems, the associated water withdrawals are generally large, 

and nuclear-based power generation with this cooling system technology has the highest water 

withdrawal coefficient. Despite the lower conversion efficiency of nuclear power plants, the steam 

cycle has a major part in this high water withdrawal coefficient. The cooling system also affects 

the water demand for power generation. In terms of the complete life cycle, the water consumption 

coefficient for nuclear energy through diffusion enrichment using a cooling tower (3.06 L/kWh) 

can be improved by 14% (2.64 L/kWh) if the cooling system is replaced by a cooling pond and can 

be improved further by 30% (1.84 L/kWh) if the pond is replaced by once-through cooling and by 

33% (to 0.6 L/kWh) through dry cooling. This low coefficient (0.6 L/kWh) achieved through dry 

cooling is very close to the corresponding water consumption coefficient of a concentrating dish 

(0.63 L/kWh). The proper choice of a cooling system in this example during power generation 

compensates for the water consumption during the fuel cycle. 
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Table 4.6: Base case water demand coefficients for power generation from non-conventional energy pathways 
 

NO. Pathway 

Complete life cycle Power generation only 
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1 Biomass-Wood chips-Direct combustion-Once-through cooling 623.81 749.79 1.36 127.34 
2 Biomass-Wood chips-Direct combustion-Cooling tower 624.65 624.98 2.20 2.53 
3 Biomass-Wood chips-Direct combustion-Cooling pond 624.58 625.00 2.13 2.55 
4 Biomass-Wood chips-Direct combustion-Dry cooling 622.67 622.70 0.22 0.25 
5 Biomass-Wood chips-Bio-oil-Once-through cooling 1163.17 1289.15 1.36 127.34 
6 Biomass-Wood chips-Bio-oil-Cooling tower 1164.01 1164.34 2.20 2.53 
7 Biomass-Wood chips-Bio-oil-Cooling pond 1163.94 1164.36 2.13 2.55 
8 Biomass-Wood chips-Bio-oil-Dry cooling 1162.03 1162.06 0.22 0.25 
9 Biomass-Corn stover-Direct combustion-Once-through cooling 260.74 386.72 1.36 127.34 
10 Biomass-Corn stover-Direct combustion-Cooling tower 261.58 261.91 2.20 2.53 
11 Biomass-Corn stover-Direct combustion-Cooling pond 261.51 261.93 2.13 2.55 
12 Biomass-Corn stover-Direct combustion-Dry cooling 259.60 259.63 0.22 0.25 
13 Biomass-Corn stover-Bio-oil-Once-through cooling 327.92 453.90 1.36 127.34 
14 Biomass-Corn stover-Bio-oil-Cooling tower 328.76 329.09 2.20 2.53 
15 Biomass-Corn stover-Bio-oil-Cooling pond 328.69 329.11 2.13 2.55 
16 Biomass-Corn stover-Bio-oil-Dry cooling 326.78 326.81 0.22 0.25 
17 Biomass-Wheat straw-Direct combustion-Once-through cooling 319.66 445.64 1.36 127.34 
18 Biomass-Wheat straw-Direct combustion-Cooling tower 320.50 320.83 2.20 2.53 
19 Biomass-Wheat straw-Direct combustion-Cooling pond 320.43 320.85 2.13 2.55 
20 Biomass-Wheat straw-Direct combustion-Dry cooling 318.52 318.55 0.22 0.25 
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NO. Pathway 

Complete life cycle Power generation only 
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21 Biomass-Wheat straw-Bio-oil-Once-through cooling 467.16 593.14 1.36 127.34 
22 Biomass-Wheat straw-Bio-oil-Cooling tower 468.00 468.33 2.20 2.53 
23 Biomass-Wheat straw-Bio-oil-Cooling pond 467.93 468.35 2.13 2.55 
24 Biomass-Wheat straw-Bio-oil-Dry cooling 466.02 466.05 0.22 0.25 
25 Biomass-Switchgrass-Direct combustion-Once-through cooling 673.49 799.47 1.36 127.34 
26 Biomass-Switchgrass-Direct combustion-Cooling tower 674.33 674.66 2.20 2.53 
27 Biomass-Switchgrass-Direct combustion-Cooling pond 674.26 674.68 2.13 2.55 
28 Biomass-Switchgrass-Direct combustion-Dry cooling 672.35 672.38 0.22 0.25 
29 Biomass-Switchgrass-Bio-oil-Once-through cooling 825.03 951.01 1.36 127.34 
30 Biomass-Switchgrass-Bio-oil-Cooling tower 825.87 826.20 2.20 2.53 
31 Biomass-Switchgrass-Bio-oil-Cooling pond 825.80 826.22 2.13 2.55 
32 Biomass-Switchgrass-Bio-oil-Dry cooling 823.89 823.92 0.22 0.25 
33 Nuclear-Centrifugal enrichment-Once-through cooling 1.73 178.24 1.52 178.03 
34 Nuclear-Centrifugal enrichment-Cooling tower 2.94 4.38 2.73 4.17 
35 Nuclear-Centrifugal enrichment-Cooling pond 2.52 4.38 2.31 4.17 
36 Nuclear-Centrifugal enrichment-Dry cooling 0.48 0.63 0.27 0.42 
37 Nuclear-Diffusion enrichment-Once-through cooling 1.84 178.56 1.52 178.03 
38 Nuclear-Diffusion enrichment-Cooling tower 3.06 4.70 2.73 4.17 
39 Nuclear-Diffusion enrichment-Cooling pond 2.64 4.70 2.31 4.17 
40 Nuclear-Diffusion enrichment-Dry cooling 0.60 0.95 0.27 0.42 
41 Solar thermal-Power tower-Cooling tower 3.67 3.67 3.07 3.07 
42 Solar thermal-Power tower-Hybrid cooling 1.25 1.25 0.64 0.64 
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NO. Pathway 

Complete life cycle Power generation only 
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43 Solar thermal-Power tower-Dry cooling 0.70 0.70 0.10 0.10 
44 Solar thermal-Parabolic trough-Cooling tower 3.98 3.98 3.37 3.37 
45 Solar thermal-Parabolic trough-Hybrid cooling 1.89 1.89 1.29 1.29 
46 Solar thermal-Parabolic trough-Dry cooling 0.90 0.90 0.30 0.30 
47 Solar thermal-Fresnel-Cooling tower 4.39 4.39 3.79 3.79 
48 Solar thermal-Fresnel-Dry cooling 0.98 0.98 0.38 0.38 
49 Solar thermal-Concentrating dish 0.63 0.63 0.02 0.02 
50 Solar-Photovoltaic-Crystalline Silicon (C-Si)-Flat paneled 0.33 0.38 0.02 0.02 
51 Solar-Photovoltaic-Crystalline Silicon (C-Si)-Concentrated PV 0.42 0.47 0.11 0.11 
52 Solar-Photovoltaic-Thin film-Flat paneled 0.05 0.09 0.02 0.02 
53 Solar-Photovoltaic-Thin film-Concentrated PV 0.14 0.18 0.11 0.11 
54 Wind 0.005 0.104 0.005 0.006 
55 Hydroelectricity 68.182 68.182 68.182 68.182 
56 Geothermal-Binary-Hybrid cooling 1.75 1.75 1.74 1.74 
57 Geothermal-Binary-Dry cooling 1.11 1.11 1.10 1.10 
58 Geothermal-Flash-Cooling tower 0.06 0.07 0.06 0.06 
59 Geothermal-Flash-Dry cooling 0.05 0.08 0.04 0.07 
60 Geothermal-Enhanced geothermal system (EGS)-Binary-Dry cooling 1.94 1.94 1.93 1.93 
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4.6 Sensitivity analysis 

The assumed conversion efficiencies detailed in Table 4.1 were used as inputs to ModelRisk [19] 

to study the impact of uncertainty in power plant performance on the water demand coefficients 

through Monte Carlo simulations. Figure 4.2 shows the probability percentile of each conversion 

efficiency considered for the base case compared to the maximum and minimum values.  

  
 

 
 
Figure 4.2: Probability percentiles of the most likely conversion efficiencies of non-

conventional energy technologies 

 
 
Performance profiles are developed theoretically through equations to correlate conversion 

efficiency to water demand coefficients [17, 62].  The effect is studied separately for the two 
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stages of primary fuel extraction or construction (upstream stage) and for the power generation 

stage. 

  

4.6.1 Upstream stage 

The distribution of WCUPs at probabilities of 10% and 90% is shown in Table 4.7 for pathways 

with different M1 and M2 values. The corresponding distribution of pathways with the same M1 

and M2 values is shown in Table 4.8. When a pathway has the same M1 and M2 value, this 

indicates that the WWUP is the same as the WCUP, and no water is returned to the source. Wind 

energy takes the lead here, followed by geothermal, solar, and nuclear. Water demand coefficients 

for wind energy are always less than 0.15 L/kWh under all probability percentiles as shown from 

the output of the Monte Carlo simulation in Table 4.7. Water demand coefficients during the 

upstream stage are lower for these technologies due to the fact that either no fuel is required or very 

low water is needed, as in the case of nuclear power, and only materials and construction consume 

water. 

 

The WWUPs for biomass upstream pathways are all assumed to be equal to the corresponding 

WCUPs (M1=M2). The intensive water used in the production stage of the biomass feedstock gives 

them the highest WCUPs of all the non-conventinal energy pathways.  
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Table 4.7: WCUP and WWUP distributions for the upstream stage of non-conventional energy pathways with different values 
for M1 and M2 
 

Pathway 

Values  (L/kWh) at 

probability 10%c 

Values (L/kWh) at 

probability 90%c 

Factor of merit 

(L/kWh)  

WCUP WWUP WCUP WWUP M1a M2b 

Nuclear-Diffusion enrichment 0.35 0.56 0.31 0.50 0.11 0.175 
Solar-Photovoltaic-C-Si 0.0032 0.58 0.0072 0.26 0.04 0.047 
Solar-Photovoltaic-Thin film 0.037 0.11 0.016 0.049 0.003 0.009 

Wind 0.00005 0.1251 0.00003 0.0812 0.00001 0.038 
a Calculated using Equation 4.1, the conversion efficiencies (ηml) from Table 4.1, and the corresponding WCUPs from input tables (Tables 4.2 to 4.5). 
b Calculated using Equation 4.2, the conversion efficiencies (ηml) from Table 4.1, and the corresponding WWUPs from input tables (Tables 4.2 to 4.5). 
c M1 and M2 were used with Equations 4.1 and 4.2, respectively, to calculate the WCUP and the WWUP using a Monte Carlo probability triangular distribution 
of conversion efficiency. 
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Table 4.8: WCUP and WWUP distributions for the upstream stage of non-conventional 
energy pathways with the same M1 and M2 
 

Pathway 

WCUP/WWUP 

(L/kWh) at 

probability 

10% b 

WCUP/WWUP 

(L/kWh) at 

probability 

90% b 

Factor of 

merit M1 = 

M2a 

(L/kWh)  

Nuclear-Centrifugal enrichment 0.22 0.20 0.07 
Solar thermal-Power tower 1.02 0.55 0.12 
Solar thermal-Parabolic trough 0.71 0.43 0.09 

Solar thermal-Fresnel 0.78 0.56 0.07 
Solar thermal-Concentrating dish 0.76 0.57 0.13 

Geothermal-Binary 0.02 0.006 0.0008 
Geothermal-Flash 0.01 0.007 0.0011 

Geothermal-EGS 0.01 0.008 0.0009 
Wood chips-Direct combustion 818.36 566.49 205.41 
Wood chips-Bio-oil 1527.45 1057.36 383.40 

Corn stover-Direct combustion 341.06 236.07 85.60 
Corn stover-Bio-oil 429.38 297.23 107.77 

Wheat straw-Direct combustion 418.49 289.69 105.04 
Wheat straw-Bio-oil 612.41 423.92 153.71 

Switchgrass-Direct combustion 883.68 611.70 221.80 
Switchgrass-Bio-oil 1082.91 749.62 271.81 

a Calculated using Equation 4.1, the conversion efficiencies (ηml) from Table 4.1, and the corresponding WCUPs from 
input tables (Tables 4.2 to 4.5). 
b M1 was used with Equation 4.1 to calculate the WCUP/WWUP using a Monte Carlo probability triangular 
distribution of conversion efficiency. 
 
 
4.6.2 Power generation stage 

Table 4.9 shows the water demand coefficients for the power generation stage at probability 

percentiles of 10% and 90%, besides the factors of merit. Of all the non-conventional energy 

technologies, wind energy still has the lowest water demand coefficients during power generation. 

Nuclear energy with a once-through cooling system has the highest impact on water withdrawals 
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during the power generation stage (165.30 and 192.10 L/kWh at 10% and 90% probabilities, 

respectively). Biomass pathways outperform in water demand coefficients during the power 

generation stage compared to nuclear energy pathways.  

 

Factors of merit are constants relating water demand coefficients to the conversion efficiency of 

the power plants (see equations 4.1- 4.6). These constant factors are useful comparison tools for 

pathways following the same track. For example, the biomass power generation stage with a 

cooling tower has an M3 of 1.08 L/kWh while the same pathway based on nuclear energy has an 

M3 of 1.34 L/kWh, which indicates that at the same conversion efficiency, this biomass pathway 

always performs better than the corresponding nuclear pathway.      
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Table 4.9: WCUP and WWUP distributions for the power generation stage of non-conventional energy pathways 
 

Pathway 

WCC 
(L/kWh) at 
probability 
10%e 

WCC 
(L/kWh) at 
probability 
90%e 

WWC 
(L/kWh) at 
probability 
10%f 

WWC 
(L/kWh) at 
probability 
90%f 

Factor of merit (L/kWh) 
M3a M4b M5c M6d 

Biomass-Once through cooling 1.99 1.17 187.16 110.25 0.67 62.72 - - 
Biomass-Cooling tower 3.23 1.90 3.71 2.19 1.08 1.24 - - 
Biomass-Cooling pond 3.13 1.85 3.74 2.21 1.05 1.25 - - 
Biomass-Dry cooling 0.32 0.19 0.37 0.22 0.11 0.12 - - 
Nuclear-Once through cooling 1.63 1.41 192.10 165.30 0.75 87.69 - - 
Nuclear-Cooling tower 2.94 2.53 4.50 3.87 1.34 2.05 - - 
Nuclear-Cooling pond 2.49 2.15 4.50 3.87 1.14 2.05 - - 
Nuclear-Dry cooling 0.29 0.25 0.45 0.39 0.13 0.21 - - 
Geothermal-Flash-Dry cooling 0.06 0.03 0.10 0.04 0.005 0.008 - - 
Solar thermal-Power tower-
Cooling tower 5.71 2.72 5.71 2.72 0.77 0.77 - - 

Solar thermal-Power tower-
Hybrid cooling 1.20 0.57 1.20 0.57 0.16 0.16 - - 

Solar thermal-Power tower-Dry 
cooling 0.18 0.09 0.18 0.09 0.02 0.02 - - 

Solar thermal-Parabolic trough-
Cooling tower 4.07 2.22 4.07 2.22 0.59 0.59 - - 

Solar thermal-Parabolic trough-
Hybrid cooling 1.56 0.85 1.56 0.85 0.23 0.23 - - 

Solar thermal-Parabolic trough-
Dry cooling 0.36 0.19 0.36 0.19 0.05 0.05 - - 

Solar thermal-Fresnel-Cooling 
tower 5.00 3.47 5.00 3.47 0.47 0.47 - - 

Solar thermal-Fresnel-Dry 
cooling 0.50 0.35 0.50 0.35 0.05 0.05 - - 
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Pathway 

WCC 
(L/kWh) at 
probability 
10%e 

WCC 
(L/kWh) at 
probability 
90%e 

WWC 
(L/kWh) at 
probability 
10%f 

WWC 
(L/kWh) at 
probability 
90%f 

Factor of merit (L/kWh) 
M3a M4b M5c M6d 

Geothermal-Binary-Hybrid 
cooling 3.40 1.04 3.40 1.04 0.15 0.15 - - 

Geothermal-Binary-Dry cooling 2.14 0.65 2.14 0.65 0.10 0.10 - - 
Geothermal-Flash-Cooling tower 0.08 0.04 0.08 0.04 0.007 0.007 - - 
Geothermal-EGS-Binary-Dry 
cooling 2.20 1.58 2.20 1.58 0.19 0.19 - - 

Solar thermal-Concentrating dish 0.02 0.018 0.02 0.018 - - 0.004 0.004 
Solar-Photovoltaic-Flat paneled 0.04 0.02 0.04 0.02 - - 0.003 0.003 
Solar-Photovoltaic-Concentrated 
PV 0.18 0.08 0.18 0.08 - - 0.015 0.015 

Wind 0.006 0.004 0.007 0.005 - - 0.002 0.002 
Hydroelectricity 71.70 65.00 71.70 65.00 - - 61.36 61.36 

a Calculated using Equation 4.3, the conversion efficiencies (ηml) from Table 4.1, and the corresponding WCCs from the input tables (Tables 4.2 to 4.5). 
b Calculated using Equation 4.4, the conversion efficiencies (ηml) from Table 4.1, and the corresponding WCCs from the input tables (Tables 4.2 to 4.5). 
c Calculated using Equation 4.5, the conversion efficiencies (ηml) from Table 4.1, and the corresponding WCCs from the input tables (Tables 4.2 to 4.5). 
d Calculated using Equation 4.6, the conversion efficiencies (ηml) from Table 4.1, and the corresponding WCCs from the input tables (Tables 4.2 to 4.5). 
e M3 and M5 were used with Equations 4.3 and 4.5, respectively, to calculate the WCCs using a Monte Carlo probability triangular distribution of conversion 
efficiency. 
f M4 and M6 were used with Equations 4.4 and 4.6, respectively, to calculate the WCCs using a Monte Carlo probability triangular distribution of conversion 
efficiency. 
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4.7 Conclusions 

Sixty pathways of power generation from non-conventional energy were developed along with water 

demand coefficients for each pathway to cover water consumption and water withdrawals coefficients at 

the base case conversion efficiency. The effects of conversion efficiency variation on the water demand 

coefficients were studied through a comprehensive uncertainty analysis. Wind energy has the most 

positive impact on water demand and can alleviate the intensive water required to generate power. The 

highest water withdrawals coefficient during the power generation stage is from nuclear energy with a 

once-through cooling system and is 165.30 at a probability of 90% and 192.10 L/kWh at a probability of 

10%. Direct combustion of corn stover has the lowest water demand coefficient (about 260 L/kWh for 

consumption and 260 – 387 L/kWh for withdrawals) among all the biomass pathways. The water required 

to irrigate crops grown for biomass negatively affects the water demand for biomass technology 

pathways. Considering the complete life cycle, dry cooling during power generation that can effectively 

compensate for the intensive water use during the fuel cycle. The lower conversion efficiencies of nuclear 

energy and solar-thermal pathways compared to other thermoelectric technologies negatively impacts 

the water demand coefficients. Improving conversion efficiency is one of the essential factors to consider 

when studying the level of water demand for a certain technology. The mostly likely conversion 

efficiencies selected for the base case in this study had the probability range of 33% - 72% based on the 

maximum and minimum ranges. Studies of water demand for power generation technologies have to be 

integrated with other environmental, economic, and social aspects in order to make decisions for 

sustainable development. 
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Chapter 5 

Development of Water Demand Footprints for Oil Sands in Alberta4 

 

5.1 Introduction 

The demand around the world for petroleum oil as a transportation fuel is increasing. In 2014 total 

demand was 14.7 million m3/d (92.43 million bbl/d), in 2015 it was 14.8 million m3/d (93.34 million 

bbl/d), and it is expected to reach 15.7 million m3/d (99.05 million bbl/d) by 2020 [1]. The extra-heavy 

oil produced in Venezuela as upgraded synthetic crude oil (SCO) [2] and the oil sands produced in 

Canada as crude bitumen produce the majority of the world’s heavy oil with total reserves of about 3000 

billion bbl and a production rate of 0.35 million m3/d (2.2 million bbl/d) in 2008 [3,4]. The province of 

Alberta in Canada is a hub of crude bitumen and in 2009 produced 0.24 million m3/d (1.5 million bbl/d) 

with 55% from surface mining and 45% through in situ operations; production is expected to jump more 

than 2.6-fold to reach 0.64 million m3/d (4 million bbl/d) by 2024 [5].   

 

The unit operations of oil sands including extraction, upgrading, and refining results in greenhouse gas 

(GHG) emissions, which are associated with global warming. The production of transportation fuels from 

the oil sands consume water and affect the quality of water, land, and air through GHG emissions [3, 6]. 

Recycling, using more saline water, and developing new technologies that use less water are some of the 

proposals to alleviate fresh water use in the oil sands industry [7]. Quantitative environmental impacts 

of the oil sands have been assessed through indicators that reflect the natural resources used and GHG 

                                                 
4 Complete paper was submitted to Energy Journal as Ali B, Kumar A. Development of life cycle water footprints for oil 
sands-based transportation fuel production. (submitted, in-review). 
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emissions per barrel of bitumen produced, but such assessments are few [8] and would be useful for a 

comparative assessment of sustainability after being combined with the complete life cycle of 

transportation fuels produced in the oil sands.  

 

In order for oil sands energy producers to identify which unit operations are the most inefficient in water 

demand and to improve the associated technology, a sustainability indicator of fresh water used per barrel 

of oil produced should be considered. In 2005, the amount of fresh water used for injection and thermal 

activities in the petroleum sector in Alberta, Canada, was estimated 33.9 million m3, of which 21 million 

m3 was from non-saline surface sources and 12.9 million m3 from non-saline groundwater [9]. Although 

the total amount of water withdrawals for Alberta’s petroleum sector is not higher in its absolute amount 

compared to other sectors, most of the amount withdrawn is consumed and not returned back to the 

source. Moreover, most of the water demand in Alberta’s oil sands is from a single river basin due to the 

location of the activities. Water use in Alberta’s petroleum sector during 2005 accounted for 8% of the 

total water allocations in the province, and of this 8%, 92% of the water withdrawn was used and about 

65% drawn from the Athabasca River Basin for oil sands mining [9]. Figure 5.1 shows the geographical 

locations of oil sands production and river basins in Alberta.  
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Figure 5.1: Locations of oil sands production and river basins in Alberta 
 
 
There are a few qualitative analyses of water use in oil sands unit operations [10,11]. Most are focused 

on bitumen recovery technologies, and the associated impact on quantitative water use to cover a 

complete life cycle is not considered [12-16]. Most of the published studies on water projections do not 

consider different pathways of oil sands activities that would take into account the unit operations [9, 

17,18].  

Peace River 
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Oil sands can be recovered in different ways, and the impact on water use is accordingly different, which 

necessitates structuring production cycles into pathways. The recovery methods of the in situ pathways 

(steam assisted gravity drainage [SAGD], cyclic steam stimulation [CSS], and primary/EOR extraction) 

are incorrectly assumed in earlier studies to have the same water consumption coefficient [8]. There is a 

lack of quantitative studies of water demand through a life cycle analysis that includes detailed oil sands 

fuel production pathways. This chapter is aimed at addressing this gap.   

 

The key objectives of this chapter are to: 

• Develop life cycle water demand coefficients of oil sands-based transportation fuel production 

pathways. 

• Assess the impacts of new technologies on water demand over the complete life cycle of oil sands 

production activities. 

• Assess the impact of the water used for refining unit operations on the water demand over the 

complete life cycle. 

• Estimate the uncertainty in the life cycle water footprint for the production of transportation fuels 

from the oil sands. 

 

 
5.2 Scope and system boundary 

Water demand in this chapter refers to water consumption and water withdrawals through pre-determined 

oil sands transportation fuel production pathways. Water consumption is defined as the portion of water 

withdrawn that could be lost by evaporation or transpiration or consumed by a product or human and not 

returned to the source [19-21]. Water withdrawals are the diverted water, including consumed and 

returned amounts and can be groundwater or surface water. Only fresh water is considered in this study 
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and is defined as water with total dissolved solids of less than 4000 milligrams per litre (mg/L) [22]. The 

system boundaries taken for the transportation fuel life cycle are extraction, upgrading, and refining 

processes. Water demand coefficients were developed as unit volume of water (bblW) per unit volume of 

bitumen (bblB) during the extraction stage, per unit volume of upgraded bitumen (bblU) during the 

upgrading stage, and per unit volume of refined oil (bblR) during the refining stage.  For the complete 

life cycle, the water demand coefficients include all the unit operations involved from the unit volume of 

water per unit volume of refined oil (bblW/bblBUR).  Figure 5.2 shows the system boundary considered in 

this study. The concept of presenting water demand coefficients in the form of minimum, maximum, and 

average or median values is well established in the literature on the water-energy nexus as it relates to 

power generation [19, 20, 23-27]. Ali and Kumar [20] conducted a study on the development of water 

demand coefficients for gas-fired power generation pathways based on this methodology of taking the 

minimum, maximum, and average values for a sensitivity analysis through Monte Carlo simulations. 

Other literature studies [19, 23-26] present ranges of water demand coefficients without conducting 

uncertainty analyses of the average or median values with respect to the associated minimum and 

maximum values. Ou et al. [27] used Monte Carlo simulations for uncertainty analyses of water demand 

coefficients for power generation technologies based on their own judgement and the minimum, 

maximum, and median factors developed by Meldrum et al. [26]. Most likely (Mol), minimum (Min), 

and maximum (Max) water demand coefficients for oil sands pathways were developed in the current 

chapter and sensitivity analyses were conducted through Monte Carlo simulations [28-31] to study the 

uncertainty of the most likely coefficients taken in the analysis. 

 

5.2.1 Pathways selection 

Pathways were structured according to the unit operations and to match the oil sands production profile 

in Canada as shown in Figure 5.2. Extraction in the oil sands is done through surface mining and in situ 



131 
 

recovery. In situ operations are further divided into three recovery methods: steam-assisted gravity 

drainage (SAGD), cyclic steam stimulation (CSS), and primary/EOR [32]. Bitumen, a thick, viscous 

liquid, is produced through both surface and in situ processing. 

 

Synthetic crude oil (SCO) is produced by upgrading bitumen. Upgraders in Alberta currently receive all 

the bitumen produced by surface mining and some from in situ operations. In the future, a portion of 

bitumen extracted through surface mining is expected to be removed from Alberta as non-upgraded [5]. 

SCO is consumed as diesel and plant fuel, supplied to refineries where it is converted to refined petroleum 

products (RPPs), or exported. Non-upgraded bitumen produced mainly from in situ operations is either 

supplied as feedstock to upgraders, removed from Alberta unprocessed, or used as feedstock in refineries 

[5, 33-36].  

 

Water demand coefficients were developed based on data and the literature on oil sands extraction, 

bitumen upgrading, and refining. 
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Figure 5.2: System boundary of unit operations and production pathways of Alberta oil 
sands 

 

5.2.2 Oil sands extraction 

Water use for oil sands surface mining extraction is more intensive than all in situ operations [37]. 

Based on the water demand coefficients derived from the literature [38-40] in order to extract one 

barrel of bitumen, it is fair to say that surface mining requires on average more than two times the 

amount of water required for in situ operations [41]. Pembina Institute [8] estimated the average 

water use intensity by in situ operations at 1.1 bblW/bblB compared to 2.1 bblW/bblB for the surface 

mining. The mined components of the oil sands are shovelled, crushed, mixed with warm water to 

form a slurry, and transported by hydro-transport pipeline [42]. Concerns are raised about 

 

Non-
upgraded 
bitumen 

Removals from 
Alberta 

 
Oil sands 

 

Upgrader 

 

SCO used in 
Alberta 

 
Refinery 

In-situ            

Surface mining  

SAGD  

CSS  

Primary  

Bitumen  

Bitumen  

Bitumen  

SCO 

Bitumen  

Bitumen  

SCO 

SCO  



133 
 

environmental impacts, especially water shortage and stress on the Athabasca River Basin from oil 

sands mining operations. New technologies with higher water recycle rates and non-aqueous 

extractions are examples of efforts to address the intensive use of water in oil sands mining [12].  

 

In situ operations are methods for oil sands extraction by drilling on site. Though the different unit 

operations for in situ have lower water demand coefficients than does surface mining, Alberta’s 

considerably greater in situ recovery oil production [5, 33-36] requires significant amounts of 

water. The steam used in SAGD and CSS reduces the viscosity of bitumen, allowing it to be 

pumped out. The demand for fresh water is reduced drastically due to the greater use of recycled 

and saline water [6, 43]. The water consumption coefficient for transportation fuel based on oil 

sands is dynamic and has improved over time. In 1994, Gleick wrote that 3.6-9.24 bblW/bblU of 

water is consumed for tar sands activities in Athabasca, Alberta, which is very high compared to 

current water consumption coefficients [44]. Foster Creek, Alberta, is one of the largest SAGD 

projects and one of its main objectives is to improve the water demand coefficient [45].  

 

The main difference between CSS and SAGD is that for CSS, one well is used for both steam 

injection and oil production, while two separate wells are used for SAGD [32]. Generally, bitumen 

production from in situ operations is driven by high reserves and slowed by the intensive energy 

required and higher cost compared to surface mining [43]. 

 

The primary technology for oil sands in situ extraction is carried out at the first stage of production 

and makes use natural pressure at the reservoir through the available water or gas. Secondary and 

tertiary or enhanced oil recovery (EOR) are the next steps of recovery after primary technology 
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becomes infeasible. Alberta Energy [32] considered primary/EOR as one pathway for oil sands 

extraction, and sometimes EOR is used at the start of production without primary or secondary 

technologies. EOR is also one of the important unit operations for conventional crude oil extraction 

[32, 46-49]. 

 

5.2.3 Oil sands upgrading 

Oil sands upgrading refers to the processing of bitumen to produce SCO, which can be used as 

feedstock in refineries, in Alberta plants as fuel, or exported [50-52]. Upgrading is done through 

different conversion processes such as thermal (coking), catalytic, distillation, and hydro-treating 

[51, 52]. The water demand for upgrading depends mainly on the method, and generally, the unit 

operations with the most intensive water consumption are cooling tower use, gasification, hydrogen 

production, and coking [50]. In past, there have been efforts to reduce the amount of fresh water 

taken from the North Saskatchewan River by using treated water for the cooling towers [40]. 

 

The advantages of using SCO as feedstock in Alberta’s refineries are its low sulphur content and 

the small amounts of heavy oil produced, and the main disadvantages are the low quality of 

distillates and the huge amount of aromatics that need to be recovered [5]. In this chapter, water 

demand for upgrading is estimated separately from extraction and refining because these processes 

can be carried out in different geographical locations. For example, Shell Company uses water 

from Muskeg River for surface mining operations and upgrading the product in Scotford upgrader 

uses water from North Saskatchewan River Basin [40]. 
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5.2.4 Oil sands refining 

An oil refinery is a facility that converts crude oil or SCO to gasoline or other consumable products 

such as diesel, jet fuel, asphalt, heating fuel, heavy fuel oil, butane, and propane [53]. Water is used 

intensively in oil refining processes. It is used in the refinery to desalt crude oil, generate steam, 

heat fluids, and produce hydrogen, and is also used in cooling systems [49]. The cooling tower in 

a refinery may use 50% of the total water required [37]. The amount of water demand in a refinery 

depends mainly on how much water is treated and recycled. The comprehensive research focussed 

on managing water through recycling and treatment is underway to help alleviate the intensive use 

of fresh water in the refineries [55-58]. The integration of oil sands upgrading with refining and 

petrochemical industries in Alberta has been recommended in order to minimize the significant 

environmental impacts on water, land, and air of establishing separate individual plants [50].     

    

5.3 Input data and assumptions 

Based on earlier estimates [9], the water consumption coefficient in this chapter is assumed to be 

92% of the water withdrawals coefficient, except for the water demand coefficients data derived 

from the earlier studies that consider the two coefficients separately [50, 54]. Input data for water 

demand coefficients as shown in Table 5.1 were developed based on different studies, and the 

values in barrel of water per barrel of bitumen for the extraction stage (bblW/bblB), barrel of water 

per barrel of upgraded oil sands (bblW /bblU), and barrel of water per barrel of refined oil sands 

(bblW/bblR) are used in the analysis of the results. 
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Table 5.1: Ranges for water demand coefficients of oil sands 
  

Unit operation 
Water consumption Water withdrawals 

Comments/Sources 
Min Mol Max Min Mol Max 

Surface 
mining of the 
oil sands 
(bblW/bblB) 

1.88 2.41 3.12 2.04 2.62 3.39 

Min. for consumption and withdrawals are based on 
average fresh water coefficient reported by Shell 
Canada in Alberta and covering the period 2008 to 
2012 with a range of 1.2-2.4 bblW/bblB [40]. Max. for 
consumption and withdrawals are based on average 
of water withdrawals coefficient in Alberta for the 
period 2008 to 2012 with a range of 2.8-4.4 
bblW/bblB [59]. Mol. for consumption and 
withdrawals are based on the average from literature 
[8, 37- 41, 59, 60]. 

In situ SAGD 
for the oil 
sands 
(bblW/bblB) 

0.14 0.30 0.39 0.15 0.33 0.42 

Min. for consumption and withdrawals are based on 
average fresh water use coefficient reported by 
Cenovus Energy in Alberta covering the period 2009 
to 2012 with a range of 0.11-0.16 bblW/bblB. 
According to CAPP, the 2012 coefficient is 58% 
lower than the other reported average coefficients for 
in situ operations in Alberta [61]. Max. for 
consumption and withdrawals are based on typical 
net water use with a range of 0.09-1.02 bblW/bblB 
published in Table 1 by Donahue [41] for Alberta. 
Mol. for consumption and withdrawals are based on 
the average from literature [37, 38, 41, 61]. 

In situ-CSS 
for the oil 
sands 
(bblW/bblB) 

0.32 0.68 1.20 0.35 0.74 1.30 

Min. coefficients are according to Imperial Oil 
Company for operations in Cold Lake, Alberta [18]. 
Max. ranges are derived from Wu et al. [37]. Mol. for 
consumption and withdrawals are based on the 
average from literature [18,37,41]. 
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Unit operation 
Water consumption Water withdrawals 

Comments/Sources 
Min Mol Max Min Mol Max 

In situ-
Primary/EOR 
for the oil 
sands 
(bblW/bblB) 

0.42 0.60 0.92 0.46 0.65 1.00 

Min. coefficients are based on the total fresh water 
used in Alberta in 2009 [62] divided by the 
corresponding total conventional crude oil produced 
in the same year [5, 33-36]. Max. ranges are assumed 
the same as water coefficients for conventional oil 
[49]. Mol. for consumption and withdrawals are 
based on the average from literature [5, 33-36, 59, 
62, 63].  

Oil sands 
upgrading 
(bblW/bblU) 

0.45 0.67 1.00 0.49 0.79 1.09 

Min. coefficients are based on average taken from a 
range published by Donahue [41] indicating that the 
upgrading of bitumen requires about 0.4-0.5 barrel of 
fresh water per barrel of SCO produced. Max. are 
derived from [37] and Mol. coefficients are based on 
the average from literature [37, 40, 41, 50]. 

Oil refining 
(bblW/bblR) 0.40 1.11 1.85 0.98 1.75 3.70 

Min. for consumption is derived from a paper 
published by the Canadian Fuels Association [54] 
that describes historical water use in seventeen 
Canadian refineries and found that the average water 
consumption is 400 m3 of water per 1000 m3 of crude 
oil processed. Min. for withdrawals is based on the 
average water consumption index (WCI) for 
Petrobras refineries in Brazil in 2011 [55]. Max. 
consumption coefficient is based on the estimate by 
[57] that the average total is 65 to 90 gallons of water 
per one barrel of crude oil. Max. withdrawals 
coefficient is based on the water intake stated by 
[54]. Mol. coefficients are based on the average from 
literature [37,54- 57, 64].  

 



138 
 

5.4 Results and discussion 

Figure 5.3 and 5.4 show the water demand coefficients for the complete life cycle of oil sands 

pathways including extraction, upgrading, and refining unit operations based on the most likely 

values considered in this chapter. Comparative in situ operations in the oil sands has lower water 

demand coefficients than surface mining. In situ recovery has lower water demand coefficients due 

to the efficient use of steam and high recycling rates, while surface mining uses hot water for 

bitumen extraction. Water consumed during the extraction unit operation of surface mining 

includes amounts discharged to the tailing ponds and not recycled or evaporated, and all the 

amounts not returned back to the source from where it was withdrawn. The lowest water demand 

coefficients (2.08 bblW/bblBUR and 2.87 bblW/bblBUR for consumption and withdrawals, 

respectively) result when oil sands are extracted through SAGD, upgraded, and refined. The highest 

water demand coefficients (4.19 bblW/bblBUR
 and 5.16 bblW/bblBUR for consumption and 

withdrawals, respectively) are found in the surface mining, upgrading, and refining pathway. 

Upgrading has a lower effect than refining on the water demand coefficient. The developed water 

demand coefficients for the complete life cycle indicate that each barrel of refined oil extracted 

through SAGD would save 2.11 barrels of water consumption compared to surface mining 

recovery. Based on the complete life cycle of SAGD, in situ primary/EOR, and CSS pathways 

would consume more 0.30 barrel and 0.38 barrel of water for each barrel of refined oil, respectively.  

Water demand coefficients obtained for the complete life cycle eases a comparative assessment 

between pathways, but to estimate the total amounts of water consumed or withdrawn, the 

coefficients should be disaggregated. Disaggregating water coefficients assists in evaluating water 

resources based on geographical zones, type of resource, or water quality. For example, an upgrader 

and a refinery processing the same bitumen could be located in different zones and divert water 
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from different river basins or use surface water and groundwater, respectively. Disaggregated water 

demand coefficients are studied in the next section (in a sensitivity analysis), and an uncertainty 

analysis of the developed coefficients follows.   

  

 

Figure 5.3: Water consumption coefficients for the complete life cycle of Alberta oil sands  

 

 

Figure 5.4: Water withdrawals coefficients for the complete life cycle of Alberta oil sands  
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5.5 Sensitivity analysis 

The maximum and minimum water demand coefficients detailed in Table 5.1 were used in a Monte 

Carlo simulation with the consideration of the averages of what are most likely to happen. Triangle 

distribution is used through ModelRisk software [28] to give the distribution of probability 

percentiles for the most likely value compared to the minimum and maximum bounds of water 

demand coefficients. 

 Table 5.2 shows the distribution of water consumption and water withdrawals coefficients for the 

main oil sands unit operations at probability percentages of 10% and 90%.  All the most likely 

values taken for the unit operations of water consumption coefficients have a probability higher 

than 36%. The lowest probability obtained for in situ primary/EOR for the oil sands is 36% due to 

the high deviation of the consumption coefficient (0.92 bblW/bblB) derived earlier [49] from the 

other gathered data. The average water demand coefficients for in situ SAGD unit operations taken 

in the analysis are the most certain values compared to other unit operations and have the highest 

probability percentages of 64% for a consumption coefficient and 67% for a withdrawals 

coefficient. The average water withdrawals coefficient for refining unit operations taken in the 

analysis is the least certain value among the unit operations and has the lowest probability 

percentage of 28%. This low percentage is due to the significant deviation of the higher 

withdrawals coefficient 3.7 bblW/bblR based on Canadian Fuels Association [54]. 

Figure 5.5 shows the distribution of water consumption coefficients of the generic unrefined 

pathways. This group of pathways is mostly affected by the upgrading unit operation, which has a 

most likely value with a 40% probability (see Table 5.2). Figure 5.6 shows the distribution of the 

water consumption coefficients involved in the refining unit operation. The water consumption 
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coefficients for the complete life cycle of this group would be affected by the most likely value of 

the refining unit operation, which has a probability of 49%.   

 

Table 5.3 shows the distribution of water withdrawals for the complete life cycle of oil sands 

pathways at probability percentages of 10% and 90%. Pathways involving the refining unit 

operation are affected negatively by the low probability of the most likely value. 
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Table 5.2: Distribution of water demand coefficients for the main oil sands unit operations 
 

Pathway 
Consumption coefficient Withdrawals coefficient Probability percentile of the 

most likely value 
Probability 

10% 
Probability 

90% 
Probability 

10% 
Probability 

90% 
Consumption 

coefficient 

Withdrawals 
coefficient 

Surface mining of the oil sands a 2.13 2.8 2.32 3.05 44% 44% 

In-situ-SAGD for the oil sands a 0.20 0.34 0.22 0.37 64% 67% 

In-situ-CSS for the oil sands a 0.50 0.98 0.54 1.07 41% 41% 

In-situ-Primary for the oil sands a 0.51 0.79 0.56 0.86 36% 35% 
Oil sands upgrading b 0.56 0.87 0.62 0.96 40% 50% 
Oil refining c 0.72 1.52 1.44 2.97 49% 28% 

a Coefficients are in bblW/bblB  
b Coefficients are in bblW/bblU  
c Coefficients are in bblW/bblR 
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Figure 5.5: Distribution of water consumption coefficients for unrefined oil sands pathways 
    The most likely value and the accompanied probability is shown in graph for each pathway 
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Figure 5.6: Distribution of water consumption coefficients for refined oil sands pathways 
    The most likely value and the accompanied probability is shown in graph for each pathway 
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Table 5.3: Distribution of water withdrawals coefficients for oil sands 
 

Pathway 

Withdrawals coefficient  

Probability 
10% 

Probability 
90% 

Probability 
percentile of 

the most 
likely water 
withdrawals 
coefficient 

In-situ-SAGD-Non-upgraded a 0.22 0.37 67% 
In-situ-Primary-Non-upgraded a 0.56 0.86 35% 
In-situ-CSS-Non-upgraded a 0.54 1.07 41% 
In-situ-SAGD-Upgraded b 0.84 1.33 55% 
In-situ-Primary-Upgraded b 1.19 1.82 43% 
In-situ-CSS-Upgraded b 1.17 2.03 45% 
In-situ-SAGD-Non-upgraded-
Feedstock to refinery c 1.66 3.34 32% 

In-situ-Primary-Non-upgraded-
Feedstock to refinery c 2.00 3.83 29% 

In-situ-CSS-Non-upgraded-Feedstock 
to refinery c 1.98 4.04 32% 

In-situ-SAGD-Upgraded-Refined d 2.28 4.30 35% 
In-situ-Primary--Upgraded-Refined d 2.62 4.79 33% 
Surface mining-Non-upgraded a 2.32 3.05 44% 
In-situ-CSS-Upgraded-Refined d 2.60 5.00 34% 
Surface mining-Upgraded b 2.94 4.00 46% 
Surface mining-Non-upgraded-
Feedstock to refinery c 3.75 6.02 33% 

Surface mining-Upgraded-Refined d 4.38 6.98 35% 
a Coefficients are in bblW/bblB  
b Coefficients are in bblW/bblBU  
c Coefficients are in bblW/bblBR 
d Coefficients are in bblW/bblBUR 
 
 
5.6 Conclusions 

Water demand coefficients for the complete life cycle of transportation fuels based on oil sands 

pathways were developed in this chapter. Refined oil upgraded through in situ recovery pathways 

outperformed refined oil through surface mining recovery due to the difference in water use during 

extraction. Water withdrawals coefficients for the complete life cycle of refined oil from the oil 
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sands is in the range of 2.87- 5.16 bblW/bblBUR with the lower coefficient for a pathway through in 

situ SAGD and the higher coefficient for surface mining. Extraction stage unit operations are the 

most sensitive factors for complete life cycle water demand coefficients of the produced fuel. The 

shifting of oil sands operations from surface mining to in situ would significantly improve the total 

water demand for transportation fuels produced from oil sands. Water demand coefficients for oil 

production are dynamic and new recovery technologies can significantly reduce the water required. 

The results of this chapter could be used in making decisions and formulating policies related to 

different liquid fuel production pathways from the oil sands. Surface mining has negative impacts 

on water, but for a comprehensive sustainability evaluation of this pathway, it is recommended that 

other environmental and economic impacts such as GHG emissions and production be integrated 

with this study. It is also recommended that more detailed data be reported by the oil sands 

operators including data on water demand, oil production, and technology used for each unit 

operation. These detailed data would be useful for life cycle assessments and help obtain more 

accurate results.   
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Chapter 6 

Development of Water Demand Footprints for Crude Oil Production 

in North America5 

6.1 Introduction 

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

on air, water, and land [1]. One of the key environmental indicators is the life cycle water footprint, 

which can be used to measure the impacts of petroleum oil on water resources [2,3]. The demand 

for fuels extracted from petroleum oil is highest in the transportation sector, and there is no 

expectation that this situation will change in near future.  

 

The U.S., Canada, and Mexico are key players in the crude oil production in North America [4-6]. 

The U.S. is the largest consumer of oil products in the world and in 2012 consumed 18.6 million 

bbl/d. That country produced 60% of this consumption and imported 40% of it. The largest oil 

supplier to the U.S. in 2015 is Canada (40% of the total imports) and Mexico is the fourth largest 

(8%) after Venezuela (9%) [7]. Canada’s total crude oil production in 2015 was 3.85 million bbl/d 

and is projected to reach 4.93 million bbl/d by 2030, with more than half coming from Alberta’s 

oil sands [8]. Mexico is among the top ten oil producers in the world and the third largest North 

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

decline since 2005 [9].  

 

                                                 
5 Complete paper was submitted to Water Research Journal as Ali B, Kumar A. Life cycle water demand coefficients 
for crude oil production from five North American locations. (submitted, in-review). 
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The concern about the use of water for energy is high all over the world [10-13], and the great 

challenge in the production of primary fuels is not only the absolute amount of water required for 

extraction but also the geographical location of the resources, should these be in an area with 

limited water. The geographical location of oil resources cannot be controlled by humans, unlike 

electricity generation or oil refining, for which water availability is a consideration at the plant 

design phase. The other challenge with petroleum production is that most of the water withdrawn 

is consumed and either not returned to the source or a lower quality water is returned. For example, 

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

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

diverted for oil sands extraction from a single river basin, the Athabasca, which flows close to oil 

resources. Most (88%) of the total water allocated for petroleum sector in Athabasca River Basin 

is surface water [14]. In Alberta, electricity generation plants, refineries, and proposed oil sands 

upgraders could be located so that they are distributed near different river basins where water use 

is not a large concern [15-18]. 

 

Most of the earlier studies conducted on energy sector water demand either focused on a single 

geographical region [19-21], recognized water consumption but not water withdrawals [19-24], or 

covered specific unit operations and not over the complete life cycle [25,26].  In addition, none of 

these studies provide a comparative assessment of life cycle water footprints of North American 

crude oils. In other words, there are few studies on the life cycle water footprint assessment of 

crude oils and none studies on a comparative life cycle assessment of crude oils’ water footprint. 

There have been studies conducted on complete life cycle assessments of water footprints for coal 

and natural gas-based power generation [27, 28]; and regression models were developed to 
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determine significant factors affecting water use of thermoelectric power plants in the United States 

[29], but none have been conducted for crude oils. This is a significant gap in the literature, and 

this chapter is aimed at addressing this gap. 

The key objectives of this chapter are to: 

• Develop life cycle water demand coefficients for crude oil produced at five different 

locations in North America. 

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

• Assess the impacts of the re-injection of produced water on water demand over the complete 

life cycle. 

• Assess the impact of the water used for refining unit operations on the water demand over 

the complete life cycle. 

• Estimate the uncertainty in the life cycle water footprint for crude oil production at various 

North American locations. 

 
6.2 Scope and system boundary 

The life cycle methodology used in this chapter covers the unit operations involved in crude oil 

production. Unit operations have been defined for exploration, drilling, extraction, and refining. 

Water demand coefficients for crude oil are represented in this chapter by water consumption 

coefficients and water withdrawals coefficients. The water withdrawal (WW) is the total water 

diverted from a source and includes water consumption (WC) and water returned (WR) to the 

source. Further details on the life cycle water footprint assessment methodology of energy 

conversion processes are given in earlier publications [27, 28]. Five crude oil production regions 

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

heavy oil, and Mars), one in Mexico (Maya), and one in Alberta, Canada (Bow River heavy oil) 
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[30]. Figure 6.1 shows the selected oil production fields on the map of North America. Water 

demand data for these regions were estimated, and coefficients for a unit volume of water per unit 

volume of oil produced (bbl/bbl) were developed in order to conduct a comparative assessment. 

The uncertainty in the input parameters was assessed in an extensive sensitivity analysis. The 

sensitivity analysis was conducted through Monte Carlo simulations [31– 34] to evaluate the 

impact of technology variations on the water demand coefficients for the complete life cycle of 

crude oil production.  

 

6.2.1 Water quality 

Water quality and source for the selected five regions may differ, but the developed water demand 

coefficients in this chapter are meant to represent a benchmark for the similar crude oil production 

technologies. Only fresh water is considered in this chapter and it is defined based on information 

from government agencies such as Alberta Environment [35, 36] that specify water with total 

dissolved solids (TDS) less than 4000 milligrams per litre (mg/L) is considered fresh water. Beyond 

this level of water salinity, a diversion license from the Government of Alberta is not required [36]. 

The raw water could be diverted from sea with a lower quality than river or groundwater, but when 

injected for crude oil recovery, sea or produced water has to be treated to a higher quality level 

considered within the assumed zone of fresh water (less than 4000 mg/L) in this chapter. The 

consumption coefficient of fresh water during extraction unit operations was calculated as follows:    

FW = TWT- PRE*TWP                                                                                                           (6.1) 

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

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

water (in bbl/bbl).  
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Figure 6.1: Location of the selected oil production fields in North America 

 

6.3 Selected oil fields 

6.3.1 Alaska North Slope 

Alaska North Slope (ANS) is one of the largest oil producers in the U.S., although production 

dropped by an average of 3%/year over the thirty-five years preceding 2015 and was 465 thousand 

bbl/d that year [37].  Prudhoe Bay is the largest oil field in the Alaska North Slope, the largest in 

the North America, and the twentieth largest in the world; it had a production rate of 271 thousand 
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bbl/d in 2012 [38]. The medium crude oil produced from Alaska North Slope is sent to refineries 

through the Trans-Alaska Pipeline System (TAPS) [39]. The resulting ANS crude is usually loaded 

into vessels at the Alaska Marine Terminal and sold to customers on the U.S. West Coast [40]. The 

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

injection (WAG) [38, 41]. WAG technology has been used extensively in recent years to increase 

oil productivity [42-44]. In Alaska North Slope, a miscible injectant is created by mixing 

compressed produced gas and natural gas liquid (NGL), and the water requirement is met with 

produced and treated seawater [45]. Figure 6.2 shows the unit operations considered for crude oil 

production from the Alaska North Slope oil field. 

 

 

Figure 6.2: System boundary and unit operations for the Alaska North slope oil field 
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6.3.2 California’s Kern County heavy oil 

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

545 thousand bbl/d following a decline since 1986 by an average of 2.4%/year [46]. The largest 

field in California producing heavy oil (13° API) is Midway-Sunset. In 2012 Midway-Sunset 

produced 15% of the state’s total [47]. Steam flood (thermal enhanced oil recovery) recovery 

technology is used to melt the heavy oil and increase its pressure, allowing it to be pumped out as 

a mixture of oil and water [48-50]. The heavy oil produced in California is heated or blended with 

lighter crude oil to ease pipeline transportation to Los Angeles or the Bay area refineries in the U.S. 

[39]. Figure 6.3 shows the unit operations considered for crude oil production from California’s 

Kern County oil field. 

 

 

Figure 6.3: System boundary and unit operations for California’s Kern County oil field 
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 6.3.3 Mars 

Mars is one of the biggest oil fields in the Gulf of Mexico. It is located about 208 kilometers 

southeast of New Orleans, U.S., and produces 21 thousand bbl/d on average [51]. Mars blend is a 

sour medium grade crude oil with an API gravity of 31° [52]. Mars crude oil is transported by 

pipeline to the Louisiana Offshore Oil Port (LOOP) to supply the refining demand [51]. Water 

flood is the recovery technology used in the Mars oil field and sea water is used for injection [53]. 

Figure 6.4 shows the unit operations considered for crude oil production from the Mars oil field. 

 

 
 
Figure 6.4: System boundary and unit operations for Mars oil field 
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6.3.4 Maya 

Maya is a sour heavy grade oil extracted from the offshore oil fields Ku Maloob Zaap and Cantarell 

in Mexico [54-56]. When established thirty years ago, Cantarell, located 100 kilometers from the 

Yucatan Peninsula in the Gulf of Mexico, was the largest offshore oil field in the world [57]. Oil 

production from Cantarell has seen a drastic decline from 2.1 million bbl/d in 2004 to 1.46 million 

bbl/d (70%) in 2008 [58] and finally 440 thousand bbl/d (21%) in 2013 [9]. To increase production, 

nitrogen injection technology was introduced [9, 57, 59]. Due to the lack of suitable refineries, 

most of Mexico’s heavy oil is exported as crude [54]. The crude oil extracted in the Bay of 

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

Bocas, some of the oil is exported and some is transported by pipeline to meet internal demand 

[57]. Figure 6.5 shows the unit operations considered for crude oil production from Maya oil field. 

 

 

Figure 6.5: System boundary and unit operations for Maya oil field 
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 6.3.5 Bow River heavy oil 

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

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

the crude bitumen (oil sands) and 22% from conventional crude oil. That same year, 153 thousand 

bbl/d of conventional heavy oil were produced in Alberta; heavy oil was 26% of the province’s 

conventional crude oil and 6% of its total oil production [60]. In 2011, Alberta exported 60% of its 

crude to the U.S., 22% remained in the province, 16% went to other Canadian provinces, and 2% 

went offshore [61]. Bow River conventional heavy crude oil has an API gravity of 23°-24°, is sour 

with 2.75% sulphur content, and is collected from the producer facilities through a network of 

pipelines in southern Alberta [62]. Of Alberta’s total initial established heavy crude oil reserves of 

2.6 billion bbl, 75% would be recovered by the primary method, 24% by water flood, and 1% by 

polymer and alkali surfactant polymer (ASP) flooding [60]. Figure 6.6 shows the unit operations 

considered for conventional heavy crude oil production from Bow River oil field. 

 

 
Figure 6.6: System boundary and unit operations for Bow River oil field  
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6.4 Input data and assumptions 

Water demand coefficients for exploration were adapted from Gleick [22] and combined with the 

drilling coefficients. Goodwin et al. [63] found that the average water consumption for drilling a 

vertical oil well is 77,000 gallons (1,833 bbl), and that figure is used in this chapter along with the 

total productivity of one well from each oil field [30] to estimate the coefficient in bbl of water per 

bbl of oil. Coefficients for the total water injected (TWT) and the percentage of produced water re-

injected (PRE) to cover all the extraction unit operations were derived from an earlier study [23]. 

The coefficients for the total water injected (TWT) were based on the type of recovery technology 

and the percentages of re-injected water (PRE) accordingly. These were based on information from 

the Petroleum Administration for Defense District (PADD). The percentage of produced water re-

injected in the Maya region is assumed to be the same as in Mars (PRE=52%) [23]. The percentage 

of produced water re-injected into the Bow River oil field in Canada, however, comes from the 

fresh water consumption coefficient (FW=0.6 bbl/bbl) average obtained from the literature 

[5,60,64-66] and has been adjusted for this chapter. The coefficient for the total water injected has 

two parts, one for fresh water and another for produced water. The total amount of water produced 

(TWP) with the crude oil [30] is used along with the associated percentage (PRE) to estimate the 

re-injected portion. This is further subtracted from the total coefficient required by the recovery 

technology to obtain the fresh water coefficient (equation 6.1). Figure 6.7 shows the flow of the 

input data, and more details for drilling and extraction are shown in Table 6.1.  
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Figure 6.7: Input data water demand flow for exploration, drilling, and extraction of crude 
oil 
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Table 6.1: Input data for drilling and crude oil extraction 
 

Oil field 
Productivity 
(million 
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 1.96 1,833 8.7 3 76 
California’s Kern 

County heavy oil  0.13 1,833 5.4 5.17 76 

Mars 0.53 1,833 8.6 5.5 52 
Maya  46.80 1,833 8.7 3 52 
Bow River heavy oil  0.32 1,833 8.6 14.9 53.7 

a Lifetime productivity from Rahman et al. [30]. 
b Assumed with an average of water consumption for drilling oil well from Goodwin et al. [63]. 
c Based on the type of the recovery technology [23]. 
d Based on the parameter water-to-oil used for energy calculations [30]. 
e Based on the information provided by the PADD [23]. 
 
6.5 Results and discussion 
 
Figure 6.8 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 fresh 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.  

 

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). 
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Adding water quality and availability factors to this quantitative comparative assessment would 

give different impacts on water. For example, the fresh water consumption coefficient for Bow 

River heavy oil is lower in magnitude than the corresponding coefficient for Alaska North Slope, 

but the quality of water used for Bow River heavy oil is higher because it is diverted from a river 

with a limited availability compared to the treated seawater used for Alaska North Slope.   

 

For the complete life cycle, water withdrawals range from 2.41-9.51 bbl/bbl (see Table 6.2), and 

based on all studied oil fields, 81% of these figures are consumed and not returned to the source. 

Based on the complete life cycle, water withdrawals coefficients are higher than water consumption 

coefficients due to the difference during extraction and refining unit operations while they were 

assumed equal during exploration and drilling unit operations.     

 

 
 
Figure 6.8: Water consumption coefficients for the life cycle of crude oil 
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Table 6.2: 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 
ANS 0.0013 6.98 1.75 8.73 
Maya  0.0004 7.76 1.75 9.51 

 

6.6 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 all oil fields studied here.  

 

The extraction unit operation is the most sensitive to water demand (as shown in Table 6.2), 

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 6.3. Minimum PRE is assumed 

to be at no water produced re-injected (0%) and the maximum is assumed at full satisfaction of 

technology from produced water (100%). 
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Table 6.3: 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 - Max. 

 Min. - Mos likely - 
Max.  Min. - Most likely 

- 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 6.9 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 as shown in Figure 6.9).  

 

Figure 6.10 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 change 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 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 
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bbl/bbl and at 90% probability, the range is 2.13 – 8.66 bbl/bbl. Figure 6.11 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 bbl/bbl. 
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Figure 6.9: Distribution of complete life cycle water consumptions at a constant refining coefficient 

The most likely value and the accompanied probability are shown in graph for each oil field 
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Figure 6.10: Distribution of complete life cycle water consumptions at a variable refining coefficient 

The most likely value and the accompanied probability is shown in graph for each oil field 
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Figure 6.11: Distribution of water withdrawals coefficients for crude oil
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6.7 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 

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 
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and drilling require the least fresh water, less than 0.015 barrel of water per barrel of oil produced. 

Water quality and availability are recommended to be integrated with this study to give broader 

prospective of comparative assessment.  
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Chapter 7 

Conclusions and Recommendations for Future Research 

7.1 Conclusions 

Life cycle water demand footprints were developed in this study for power generation, oil sands, 

and crude oil in five North American locations. The developed water footprints included water 

consumption and water withdrawals coefficients based on the complete life cycle for each pathway. 

Power generation pathways studied are fossil-fuel based (36 pathways for coal and 26 pathways 

for gas) and non-conventional energy technologies (60 pathways). Uncertainty analysis was 

conducted through Monte Carlo simulations to study the impact of different operation conditions 

on the developed water demand coefficients. 

 

Figure 7.1 shows the ranges of water demand coefficients developed in this study for power 

generation pathways. 
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Figure 7.1: Ranges of water demand coefficients for power generation pathways 
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Water demand during the fuel life cycle is significant and should be taken into account when 

estimating the water required for the complete life cycle of coal-based power plants. Improving the 

performance of coal-based power plants through new technologies, such as ultra-supercritical and 

integrated gasification combined cycle (IGCC), would reduce water consumption during both 

power generation and the fuel life cycle due to the reduction in fuel used to generate the same 

amount of energy. 

 

Power generation pathways involving new technologies of IGCC or ultra-supercritical technology 

with coal transportation by conventional means and using dry cooling systems have the lowest 

complete life cycle water-demand coefficients of about 1 L/kWh. Consumption coefficients over 

the life cycle of ultra-supercritical or IGCC power plants are 0.12 L/kWh higher when conventional 

transportation of coal is replaced by coal-log pipeline. If coal is transported in the slurry through a 

pipeline, the consumption coefficient of a subcritical power plant increases by 0.52 L/kWh. 

Generally, unconventional transportation of coal increases water demand and the impact on total 

water use depends mainly on the conversion efficiency of the power generation.  

 

The conversion efficiency of a gas-fired power plant has a significant effect on water demand. The 

conversion efficiency affects both upstream gas extraction and power generation. The higher water 

demand from specific types of gas sources can be compensated with efficient power generation 

technology. The cooling system used is also essential in determining the level of water required. 

Dry cooling could improve water demand performance, though there are uncertainties related to 

economic feasibility and overall conversion efficiency. Water demand is higher during power 

generation from natural gas than during the fuel extraction stage. Water withdrawals coefficients 

during power generation for gas-fired power plants using once-through cooling systems are higher 
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than for plants using other cooling systems. With once-through cooling systems, a smaller 

percentage of withdrawn water is consumed. The water consumption coefficient based on the 

complete life cycle for gas-fired power generation are 0.07 – 2.57 L/kWh, with the lowest 

coefficient for conventional gas or coal bed methane (CBM) through cogeneration technology and 

dry cooling and the highest coefficient for shale gas use through steam cycle technology and 

cooling tower systems. 

 

Wind energy has the most positive impact on water demand and can be used to alleviate the high 

water requirement for power generation. Direct combustion of corn stover to generate electricity 

has the lowest water demand coefficient among the biomass technologies. The water required to 

irrigate crops grown for biomass negatively affects the water demand for these pathways. The 

lower conversion efficiency of nuclear energy and solar thermal pathways compared to other 

thermoelectric technologies negatively impacts the water demand coefficients. Some renewable 

power generation technologies can be more flexible in improving conversion efficiency. Improving 

conversion efficiency is one of the essential factors to consider when studying water demand for a 

certain technology. 

 
Water demand coefficients for the complete life cycle of transportation fuel extracted from oil 

sands indicated that in-situ recovery outperforms in the water use compared to the surface mining. 

Water consumption coefficients for transportation fuel based on oil sands are in the range 2.08- 

4.19 barrel of water per barrel of refined oil (bbl/bbl) and 2.87 – 5.16 bbl/bbl for water withdrawals 

coefficients with the lower bound through SAGD and upper bound through surface mining 

recovery. Water demand coefficients for transportation fuel production are dynamic and the new 

oil sands recovery technologies can play a major role in water conservation.  
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The range of water demand based on the complete life cycle of transportation fuel extracted from 

oil sands (2.08- 4.19 bbl/bbl for consumption and 2.87 – 5.16 bbl/bbl for withdrawals) is found to 

be in the entire range of crude oil-based fuel from the selected oil fields in North America (1.71- 

8.25 bbl/bbl for consumption and 2.41 – 9.51 bbl/bbl for withdrawals).  Water demand for the 

complete life cycle of transportation fuel from three studied oil fields Mars, Alaska North Slope, 

and Maya exceeded the corresponding water demand for oil sands-based fuel. Technology 

improvement in two areas to increase the percentage of produced water re-injected and to reduce 

water use in refining unit operations are the essential factors in water conservation for 

transportation fuel production.  Even when the maximum amount of produced water is used for 

extraction, water is still 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. Figure 7.2 shows the ranges of water demand coefficients 

developed in this study for oil sands and crude oil with variable coefficients of refining unit 

operation. 
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Figure 7.2: Ranges of water demand coefficients for oil sands and crude oil with variable refining coefficients 
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7.2 Recommendations for future research 

7.2.1 Development of forecasting models 

The water consumption and water withdrawals coefficients developed in this study are 

recommended for forecasting the corresponding water amounts required for each pathway. The 

forecasting is to cover the complete life cycle stages of primary fuel and power generation unit 

operations. The projections of primary fuel produced or power generated from specific pathways 

have to be combined with the associated water coefficient to obtain the required amount of water 

over a specified time horizon and for a specific jurisdiction or river basin. The variation of water 

demand coefficients due to the advanced technologies or performance improvement over the 

specified time horizon should be taken into account for more accurate forecasting.    

 

A model to forecast water demand in different sectors has already been developed by the 

Stockholm Environment Institute (SEI) through the Water Evaluation and Planning (WEAP) [1] 

software. One of the limitations of WEAP is that it lacks built-in water demand coefficients. The 

developed water demand coefficients from this study could be a significant contribution in the field 

of water forecasting for the energy sector if integrated with WEAP capabilities. 

 

Unit operations may use water from different geographical zones or with different qualities and to 

differentiate between these in the forecasting model, pathways have to be structured accordingly. 

For example, differentiation may be required between surface water and groundwater or between 

saline and fresh water. Models should also consider geographical zones through water basins or 

based on specific jurisdiction. 
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7.2.2 Cost of conserved water for power generation 

The cost of conserved water (CCW) can be introduced to integrate economic indicator and water 

demand indicators for power generation developed in in this study. An Economic indicator is 

represented by the levelized cost of electricity (LCOE) for each pathway. The LCOE is directly 

proportional to the ratio between the costs (capital and operating costs after both brought to the 

present value) and the amount of the power generated over the complete lifetime of the power plant 

[2 - 4]. The CCW in $ per m3 of water saved is a concept has been used by the DOE/NETL [5] to 

compare dry cooling and wet recirculating cooling systems and was also applied by Ku and Shapiro 

[6] to compare alternate power generation technologies and a baseline pulverized coal power plant 

using a cooling tower 

A similar concept of the CCW has been used by researchers for GHG emissions assessment through 

the calculation of the abatement cost [7 - 9]. 

7.2.3 Optimization of power generation pathways 

It is recommended that the water demand coefficients developed in this study be integrated with 

other factors to select optimal power generation pathways in a certain jurisdiction. The optimization 

is done by integrating the impacts on water, air, land, and the cost of production. The integration 

of the some of these factors is introduced by International Atomic Energy Agency (IAEA) and 

covers climate, land, energy, and water strategies (CLEWS). The CLEWS approach is based on 

the concept that these factors cannot be dealt independently and cannot be met sustainably without 

trade-offs [10]. In order to obtain the optimal sustainable pathway, the solution should consider 

environmental, social, and economic views. Water is essential in these three areas [11]. Since the 

social view cannot easily be quantified, only environmental and economic factors are covered in 

this recommended study. The World Summit, held in 2005, specified the three main components 
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of sustainable development to include economic and social development, besides the mitigation of 

environmental impacts. The outcome of the summit considered protecting and managing natural 

resources as one of the main objectives and a major requirement for sustainable development [12]. 

 

Some earlier studies assessed the sustainability of power generation [13 - 16]. Evans et al. [13] 

selected a range of sustainability indicators to assess renewable energy technologies. The indicators 

used were the price of generated electricity, full life cycle greenhouse gas (GHG) emissions, 

availability of renewable sources, energy conversion efficiency, land requirement, water 

consumption, and social impacts. Onat and Bayar [14] analyzed the sustainability of electrical 

energy production through assigning indicators for unit energy cost, CO2 emissions, availability, 

efficiency, fresh water consumption, land use, and social influences. The indicators are summed 

up and electricity generation technologies are ranked accordingly. Ribeiro et al. [15] used logic 

models to assess the electricity generation in Portugal. The logic models are developed with the 

aid of literature reviews and interviews with experts. The limitations of ranking and logic models 

are that the results could be subjective and would not show how much electricity has to be generated 

from each pathway within the optimum boundary. Abdullah et al. [16] optimized electricity 

generation from renewable energy by minimizing cost and GHG emissions. This study followed a 

multi-objective optimization technique for sustainability and included the uncertainty in 

availability of renewable energy.  

 

Some other earlier studies were conducted to develop energy optimization models using linear 

programming, set cost related matters as the objective function, and have resources as constraints 

[13, 14]. The same concept could be adopted here in this recommended study by setting the cost 

of power generation the objective function to be minimized. The constraints of the linear 
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programming model to be represented by the available natural resources (water and land), 

electricity demand, and total GHG emissions (air).  

 

Special programs such as LINDO, LINGO, and LP solver in the field of operations research are 

available to give solutions to such linear programming models [17]. 

 

The output from this recommended model would determine how much power to generate from 

each pathway and the intervals for the introduced coefficients and constraints at the optimal region. 

These intervals can be used to conduct a sensitivity analysis to study the effect of changing the 

most likely uncertain factors. The model can be set as system dynamics and cover a certain period 

of time determined by the user in a certain geographical zone.  
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