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Abstract 

Water shortages have motivated growing interest in desalinating brackish groundwater to meet fresh 
water requirements. Since the 1960s, only one national assessment of groundwater resource distribution 
and availability has been conducted in the United States, and no national assessment has been conducted 
on the energy costs required to make brackish groundwater potable. Yet, various organizations have 
collected more hydrological and chemical data from the increasing number of wells. Groundwater’s far 
more complex and diverse chemical composition, compared to that of seawater, makes a large-scale 
analysis of the resource especially valuable. This paper uses chemical and physical data from 
groundwater samples, compiled by U.S. Geological Survey in August 2016 from 17 sources for over 
100,000 groundwater wells across the United States, to conduct a national assessment on groundwater 
composition and desalination energy costs. First, the paper investigates the geographic distribution of 
groundwater composition and reveals that composition varies largely throughout the U.S. Then, a 
thermodynamic analysis of the least work of separation is developed. This analysis is used to evaluate 
the site-specific least work of separation required for desalination, which serves as a baseline for 
groundwater desalination energy costs in the U.S. As with composition, least work of separation varies 
considerably across the nation. Lastly, areas with both low least work of separation and high water stress 
are determined in order to highlight regions that hold potential for desalination to reduce the gap 
between high water demand and low water supply.  

Y.D. Ahdab, G.P. Thiel, and J.H. Lienhard V, “Energy Requirements for Desalinating Brackish 
Groundwater in the United States,” IDA World Congress on Desalination and Water Reuse, São Paulo, 
Brazil, 15–20 Oct. 2017. IDA Ref. No. IDA17WC-57918-Ahdab.
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I. INTRODUCTION 
 
The continual growth of the world’s population has increased the global water demand, stressing the 
fixed fresh water supply. According to the United Nations, a minimum of 1.8 billion people do not have 
access to water that is of good enough quality for safe consumption, and water deficits are expected to 
worsen with time [2]. Consequently, methods to improve the quality and supply of water have become 
more critical for both developed and developing nations. Desalination technologies, which currently 
supply over 83 million m!/day, are one such technique [3].  
 
Inland water shortages around the globe have resulted in the rising dependence on groundwater, in 
addition to seawater, as a feed water type for desalination technologies. Figure 1(b) shows that the 
global installed capacity in 2015 of brackish water desalination was 22% of all desalination capacity, 
compared to seawater’s 59% [3]. In the United States specifically, high to extreme risks in sustaining the 
necessary water supply will occur across large parts of the U.S. by 2050. These high-risk areas primarily 
fall in the High Plains and southwestern states and in portions of Florida and the Mississippi Valley [1]. 
Many of these drier regions are landlocked, emphasizing the potential for groundwater to play an 
important role in addressing national water supply needs.  

  
Figure 1. Total installed worldwide desalination capacity by feed water type in (a) 2009 and (b) 2015. 
The size of the pie charts corresponds to the increase in total installed desalination capacity from (a) 
57.17 million m!/day to (b) 86.55 million m!/day. The red slice shows the growth in brackish water 
relative to total desalination capacity from 2009 to 2015 [3].  
 
Since the majority of the world’s groundwater is brackish (0.5 ≤ ! ≤ 10!g/kg) [4], the resource requires 
desalination before use. Although extensive research has been conducted on seawater as a resource for 
desalination, less research has been performed on groundwater, with its far more complex and diverse 
composition. Groundwater composition’s variability makes a large-scale analysis of the resource 
particularly useful. Comprehensive assessments of brackish groundwater resources and energy costs 
associated with groundwater desalination in the U.S. are absent in the literature [1]. 
 
This paper addresses these gaps in the literature by illustrating the geographic distribution of major  
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ions across the U.S. and calculating the site-specific least work of separation for groundwater samples 
with a total dissolved solids greater than or equal to 500 mg/kg. Least work of separation for a 
desalination system is used as a first-order approximation of desalination energy costs. It is the 
minimum amount of work required to separate a saline stream into freshwater and brine streams. A 
collaborative effort with U.S. Geological Survey was established to acquire access to their groundwater 
dataset, which draws from 17 sources for over 100,000 wells across the country. Of the 150,000 
samples, 46,000 samples are brackish. 11,000 of the brackish samples have complete ion composition 
data and do not diverge from electroneutrality by more than 5%. All analyses in this paper are of 
groundwater samples included in this dataset.  
 
 
II. METHODOLOGY 
 
The USGS data was combined with the mixed electrolyte Pitzer-Kim model [5,6] to compute the 
chemical potential [7] of the supplied water and the resulting pure and brine streams leaving the 
desalination process. The difference in chemical potential of these streams determines the least work of 
separation for each groundwater sample [8]. In this paper, calculations are given for a pure product 
stream. 
 
2.1 Least work of separation 
 
To determine the least work of separation, we model 
the desalination system as a black box separator with 
an inlet stream, the feed (f), and two outlet streams 
having different salinities S, the brine (b) and the 
product (p), as shown in Figure 2. A control volume 
is chosen far enough away from the separator such 
that all streams are at ambient pressure and 
temperature, !!. The heat entering the system is !, 
and !!"# is the work done on the system, the work of 
separation.        
  
 
Combining the 1st and 2nd Laws of Thermodynamics on this control volume:  
 
                                                          !!"# = !! + !! − !! + !!!!"#                      (1)                                                          

                                      
where !! is the flow rate of Gibbs free energy of stream j and !!"# is the total entropy generated by the 
separation process. The least work of separation represents the minimum amount of work required for 
separation, which occurs when the entropy generation is zero, i.e., for reversible operation [5]: 
 
              !!"#$% = !!!! +!!!! −!!!!                                         (2) 
 
where !! is the specific Gibbs free energy per kilogram of solution and !! is the mass flow rate of 
stream j. The recovery ratio is defined as the ratio of the mass flow rate of product and feed streams: 

 

Figure 2. A control volume of a desalination 
system for deriving least work of separation. 
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                       ! = !!
!!

                   (3) 

 
This paper calculates least work of separation for recoveries ranging from 0% to 90%. From 
conservation of mass for the mixture and salts, the least work of separation can be written in terms of 
recovery ratio:  
 
                                                            !!"#$%

!!
= (!! − !!)− !

! (!! − !!)            (4) 

 
It is a function of ambient temperature and pressure, recovery ratio, and feed and product salinities.  
 
2.2 Evaluation of activity coefficients  
 
The Gibbs Free Energy of a mixture is written as: 
 
      ! = ! !!!!!                (5) 
 
where !! is the number of moles and !! is the chemical potential of species j. Chemical potential is:  
 
                                                                     !! = !!° + !"ln!!             (6) 
 
where !!! is the chemical potential in the standard state, R is the universal gas constant, T is the 
temperature and !! is the activity of species j. The solute activity using the molal scale is defined as:  
 
                                                                       !!,! = !!!,!!!              (7) 
 
where !!,! is the mean molal activity coefficient and !! is the molality of ion species j. Least work of 
separation can then be written on a molar basis in terms of solute and solvent activity coefficients: 
 
                                     !!"#$%

!!!"
= !ln !!!",!!!!",!

+ !!,!! !!!"ln
!!,!
!!,!
! – !! !ln !!!",!!!!",!

+ !!,!! !!!"ln
!!,!
!!,!
! !! ! !!!!!!!!!(8)!

 
where M is the molar mass and subscript s represents a salt. The activities are evaluated using the mixed 
electrolyte Pitzer model. The Pitzer ion interaction model for a single electrolyte with cation C and 
anion A originates from the osmotic virial expansion from McMillan-Mayer theory: 
 

                                        ln!!,!" = !!!! !! +! !!!!!
! !!"! +!! ! !!!!

!
!

! !!"!               (9)  
 

                                        ! − 1 = !!!! !! +! !!!!!
! !!"! +!! ! !!!!

!
!

! !!"!                                       (10)  
 
where !!,!" is the activity coefficient of a salt, ! is the molal osmotic coefficient of a salt, ! are 
stoichiometric coefficients, ! is the valence of cation or anion respectively, ! is salt molality and !, !!" 
and !!" are functions of tabulated data available in the literature and molal ionic strength.  
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The activity of water for a single-salt solution is a function of the molal osmotic coefficient:   
 
                                                                   ln!!!" = −!"!!!"!                                                         (11) 
 
For mixed electrolyte solutions, there are additional terms, which consider binary and ternary interaction 
between all possible salt pairs in the solution, that must be added to the Pitzer ion interaction model for a 
single electrolyte in order to evaluate activity coefficients [5,7]. The full expressions can be found 
widely in the open literature. 
 
 
III. RESULTS 
 
3.1 Geographic Distribution of Major Ions 
 
The maps in Figure 3 illustrate how groundwater chemical composition varies notably with location. 
Each color on a map correlates to a range of percentages, where percentage, !"#, is defined as the ratio 
of the number of moles of an ion, !!, to the total number of moles in a mixture, !!"!#$:  
 
                                                                        !"# = !!

!!"!#$
∗ 100!                      (12) 

 
In the 11,000 samples with complete composition data, the major cation is sodium, while the major 
anions are chloride, sulfate and bicarbonate. White areas indicate that there is inadequate groundwater 
data in these areas; these gaps may result from well selection biases, since some regions have far more 
drilled wells than others. Areas with larger concentrations of chloride and sodium are located in parts of 
California, Texas, Louisiana, North Carolina, West Virginia and the Dakotas. Areas with larger sulfate 
concentrations are located in parts of California, Florida, Colorado, Kansas, Iowa and the Dakotas, while 
bicarbonate concentration is high in almost all areas for which data is available.  
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Figure 3. (a) sodium, (b) chloride, (c) bicarbonate and (d) sulfate molar concentrations as a percentage 
of total molar concentration are mapped for 11,000 samples with complete composition data. Each dot 
represents a groundwater sample, and each color correlates to a specific percentage range. Percentage is 
defined in Eqt. (12).  White areas indicate a lack of ion composition data.!
Of the four major ions, bicarbonate constitutes the largest percentage on average of total molar 
concentration per sample, followed by sulfate, as can be seen in Figure 4. 
!
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Figure 4. Statistical analyses of (a) sodium, (b) chloride, (c) sulfate and (d) bicarbonate molar 
concentrations as a percentage of total molar concentration in a mixture. Percentage is defined in Eqt. 
(12).  
 
3.2 Least Work of Separation and Desalination Potential 
 
Least work of separation represents a baseline of energy costs required for desalination, independent of 
technology used. Since least work is a function of chemical composition, it varies largely with location, 
like major ions. Figure 5(a) illustrates the geographic distribution of the minimum least work of 
separation (evaluated at 0% recovery) across the United States for samples with total dissolved solids 
greater than or equal to 500 mg/kg, which is the maximum TDS recommended by the Environmental 
Protection Agency for drinking water [9]. Figure 5(b) includes areas of low least work of separation and 
high water stress [10]. Water stress is defined as the ratio of total withdrawals to total renewable supply 
in a given area. High water stress indicates that more water users are competing for a limited water 
supply. Consequently, Figure 5(b) highlights regions with high desalination potential, due to lower 
desalination energy requirements and the need to increase the inadequate water supply in a given area.  

 

 
 

 
 
 

Figure 5. The least work of separation is evaluated for 11,000 brackish samples with complete ion 
composition data and mapped in (a). Samples with low least work of separation that are in high water 
stress areas are mapped in (b). White areas in (a) indicate a lack of composition data.  
 
 
IV. CONCLUSIONS 
 
This paper analyzed 11,000 brackish groundwater samples from a USGS dataset that gathered 
information from numerous sources across the United States. The ions that had the highest molar 
concentration relative to total molar concentration were sodium, chloride, bicarbonate and sulfate, with 
the latter two being dominant. The distribution of these ions was mapped in order to demonstrate how 
groundwater composition varies with location. Least work of separation for these samples was evaluated  
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and mapped. This parameter also varies across the United States. Areas with both high water stress and 
low least work of separation were determined to highlight regions that hold potential for desalination to 
play an important role in sustaining or improving the water supply.  
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