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ABSTRACT 

 

WASTE NATURAL GAS-BASED ATMOSPHERIC WATER 

HARVESTING 

 

Enakshi Devinka Wikramanayake, M.S.E 

The University of Texas at Austin, 2017 

 

Supervisor:  Vaibhav Bahadur (VB) 

 

Excess natural gas produced in oilfields and emitted from landfills is predominantly 

flared or vented. These practices are responsible for large scale energy waste, greenhouse 

gas emissions and a host of other environmental issues such as light, noise and smoke 

pollution. Globally, 4% of gas production at oilfields is flared; locally the percentages can 

be significantly higher. Methane equivalent to 14% of US residential natural gas 

consumption is emitted from US landfills.  

This dissertation analyzes a new technology, wherein excess gas powers a 

refrigeration cycle to condense atmospheric moisture from air. Waste gas-based 

atmospheric water harvesting (AWH) from oilfields and landfills can enable new options 

to monetize waste gas, and also address water issues associated with oilfield operations. 

In-depth modeling is conducted to estimate the water harvest, which depends on the 

volume of waste gas, ambient weather, and the refrigeration system utilized.  
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The benefits of oilfield gas-based AWH are quantified for the Eagle Ford (Texas) 

and Bakken (North Dakota) Shales, the two largest flaring hotspots in the US. Overall, 

oilfield gas-based AWH can meet 36% and over 100% of annual water requirements of the 

Eagle Ford and Bakken Shales, respectively. The benefits of landfill gas(LFG)-based  

AWH are quantified for the Barnett Shale (Texas) and Kern County (California), which 

can be served by 30 landfills each. The water harvested from LFG-based AWH can meet 

34% and 12-26% of water requirements in the Barnett Shale and Kern County oilfields, 

respectively. A techno-economic analysis is also carried out to quantify the economic 

feasibility of large scale LFG-based AWH projects. Overall, waste natural gas-based AWH 

can offer significant economic benefits while addressing key environmental issues.  

This dissertation also briefly discusses two alternative uses of landfill gas. These 

are the use of LFG for ammonia production (which is the starting point for fertilizers), and 

the use of LFG for electricity generation (by routing LFG to nearby power plants). Analysis 

of LFG emissions in Texas indicates that LFG can be used to produce 3,200 tons of 

ammonia daily, for agricultural use. In Texas, routing the LFG to nearby gas-fired power 

plants will increase statewide installed capacity by 3%. In particular, five power plants in 

Texas can increase their capacity by more than 10%.  

Overall, this dissertation outlines many novel waste-to-value conversion 

technologies which address energy waste and environmental issues, while benefiting the 

water, food and electricity sectors. The technologies discussed in this dissertation have 

global applicability, which should be explored in follow up studies. 
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CHAPTER 1: INTRODUCTION 

1.1 Flaring Excess Natural Gas in Oilfields 

While hydraulic fracturing and the associated surge in Shale oil production have 

been global game changers in the energy landscape, there are significant negative 

consequences of hydraulic fracturing. While issues such as the risk of earthquakes and 

groundwater contamination are well known, flaring of excess natural gas at oilfields does 

not get a lot of attention. Flaring of associated natural gas (gas co-produced with oil) is 

common in many regions worldwide that lack adequate gas gathering and transportation 

infrastructure. Flaring is practiced when the economic rate of return on investments to 

collect and utilize this gas is economically unfavorable. Investing in gas collection and 

handling infrastructure (pipelines, compressors, processing facilities) is not justified in 

many oil-gas producing regions. Importantly, many Shale fields like the Bakken in North 

Dakota, and the Eagle Ford in Texas are predominantly oil plays, where gas has a lower 

economic value. Furthermore, gas production from hydraulically fractured oil wells 

declines rapidly (few weeks to months), which rules out the possibility of setting up long-

term infrastructure. All these factors result in unfavorable economics for utilization of 

excess natural gas, leaving flaring as the only option, when allowed. 

Estimates by the EIA [1] and the World Bank [2] show that 140 billion cubic meters 

of natural gas, which is 4% of total production, was flared worldwide in 2015. This works 

out to natural gas worth 55 billion USD being flared worldwide and gas worth 2.3 billion 

USD being flared in the US. These estimates are based on US residential gas prices [3]. 

The use of wellhead prices reduces the value of the gas flared worldwide to 20 billion USD. 
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Historically, regions [2], [4] with significant flaring have been Russia, Middle East, West 

Africa and North Africa. The US has recently become the 4th largest flaring country due to 

the spike in flaring from hydraulically fractured oil wells. The volume of gas flared in the 

US went up by 60% between 2009 and 2013[1]. Locally, the flaring percentages can be 

significantly higher. The two states primarily responsible for the surge in US flaring are 

Texas and North Dakota, which account [5] for 30% and 40% of US flaring, respectively.  

Flaring in Texas increased by 117% in just two years from 2011 to 2013 [1]. The 

main contributor to increased flaring is the Eagle Ford Shale, located south of San Antonio 

in Texas. Eagle Ford accounts for 54% [6] of Texas flaring despite having only 3% of the 

state’s wells. Recent development has resulted in a 400% increase [7] in flaring from 2009 

to 2012. This is also evident from the fact that more than 3,000 flaring permits [6] were 

issued in 2013, as compared to 107 permits in 2008. Oil wells account for 87% of total 

flaring within the Eagle Ford [6]. Importantly, flaring values are often underreported since 

Texas has reporting exemptions [6], [8] for gas which cannot be easily measured after a 

well is completed. Oil producers are happy to take advantage of these exemptions; besides, 

other regulations related to flaring are poorly enforced. Recent estimates [9] show that 340 

MCFD (MCFD: thousand cubic feet per day) of gas is flared per well from newly 

completed wells (on average) in Texas.  

Up to 30% [6] of the gas produced in the Bakken Shale in North Dakota is flared. 

Certain producers in the Bakken flare up to 90% of the gas produced [6], [10]. Oil wells 

account for an overwhelming majority (99%) of flaring [6]. Fifty sites [11] in North Dakota 

flare more than 1,200 MCFD and more than 275 sites flare more than 300 MCFD. It is 

noted that flaring is highest after a well is completed, and declines rapidly [12] within a 
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few months. The average flaring rate [6] per new well in the first 90 days of production in 

the Bakken is 195 MCFD.  

Significant flaring occurs [1] in other US regions including New Mexico, 

Wyoming, Gulf of Mexico, Alaska and Montana. Unfavorable economics and inadequate 

regulations have hindered efforts to reduce or minimize flaring. To illustrate this, oil 

producers in Texas do not pay any royalties or taxes on flared gas [6]. There are no flaring 

restrictions in North Dakota in the first year, when most of the flaring [13] happens.  Recent 

regulations [13] do require producers to have gas capture plans for new fields. However, it 

is unclear if such regulations will reduce flaring, since 54% of flaring in North Dakota [14] 

is from wells already connected to gas gathering infrastructure. In the absence of 

alternatives or regulations, flaring will continue to be the preferred option for thousands of 

wells that have been identified for possible drilling in the future. Additionally, there are 

72,000 unconventional production wells [15] in the US, which could be flared when they 

are re-fractured. Flaring volumes are much higher outside the US [2], but obtaining 

accurate data is often challenging. Overall, flaring is a significant waste of global resources 

and contributes to environmental issues like air, thermal and light pollution. This practice 

also contributes to climate change since all the gases involved in this operation are 

greenhouse gases (GHGs).  

 

1.2 Flaring/Venting of Landfill Gas  

Landfills account for 15% of global anthropogenic methane emissions, and 18% of 

greenhouse gas emissions from the US [16]. More than half of the 260 million tons of 
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municipal solid waste (MSW) generated annually in the US is landfilled [17]. In developed 

nations, as recycling increases landfill emissions show a declining trend [18]. However, it 

is likely that landfilling will increase globally, driven by population and consumption 

increases in developing nations. Importantly, landfill emissions continue steadily for many 

decades [16] even after a landfill is closed (after reaching capacity). 

Landfill gas (LFG), produced by anaerobic decomposition of MSW contains [19] 

methane (50-55%), carbon dioxide (45-50%) and trace amounts of other gases [20]. Along 

with adverse environmental impacts, LFG emissions also constitute a large scale energy 

waste. Methane emissions from US landfills equal 14% of US residential natural gas 

consumption [3], [16], and can be valued at 7.5 billion USD. Emphasis on LFG utilization 

has led to 650 operational LFG projects in US landfills [16]. A majority of these projects 

involve electricity generation [17], [19] via gas turbines and engines [21], [22], without 

extensive treatment to remove non-methane components of LFG. However, electricity 

generation projects are not viable everywhere due to inadequate demand and/or access to 

the grid. 

Other LFG-to-energy projects have also been implemented to a limited extent. 25% 

of LFG projects use LFG for direct heating in boilers, space heating and greenhouses [19].  

Less than 5% of projects [23] involve LFG conversion to high Btu natural gas [24] and 

subsequent injection in gas pipelines. Some LFG-to-energy projects use LFG as the 

feedstock to produce synthetic fuels like methanol [23]. Other concepts [16] include LFG 

use for hydroponics, aquaculture and blacksmithing. 
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1.3 Challenges Associated with Sourcing Water for the Oil-gas 

Industry 

The water requirements of the oil-gas industry have increased substantially [25] 

with the use of hydraulic fracturing. Hydraulic fracturing of horizontal wells requires 6-7 

times more water than that used in conventional vertical wells [25]. On average, a hydraulic 

fracturing operation requires 2.5 million gallons water [26]–[28]; this is enough to fill four 

Olympic sized swimming pools. Drilling is less water intensive with 250,000 gallons 

required per well [27]. Sourcing water is challenging since many shale plays are located in 

acute water stress regions. Fifty percent of US shale wells are in extreme stress regions 

[26], where freshwater procurement and transportation costs can reach $5/barrel [5]. 

Additionally, many oil producing states expect added stress on limited water supplies from 

future population increases [29]. While the overall water consumption for oil-gas 

production is a small fraction [26] of the water requirements for agriculture, power 

generation and municipal consumption, water sourcing is still very challenging. Fresh 

water can be a critical bottleneck for Shale oil production in many regions.  

The Eagle Ford Shale in Texas is ground zero for water issues, as it is located in a 

very dry part of Texas. A hydraulic fracturing operation consumes 4.5 million gallons/well 

[26], which is much higher than the national average. 98% of Eagle Ford wells are in either 

medium or extreme water stress areas. 28% of these wells lie in extreme water stress areas 

[26]. Groundwater reserves from the Carrizo-Wilcox aquifer are being rapidly depleted 

[26].  

Drilling and hydraulic fracturing of up to 40,000 new wells [26] has been planned 

in the Bakken Shale in North Dakota. Despite a Bakken well needing a moderate 2.2 
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million gallons [26] of water (for hydraulic fracturing), there are significant local 

challenges to water procurement. Limited freshwater depots translate to long trucking 

distances and worst case transportation costs approach $5/barrel of water [14]. Lack of 

access points for surface water extraction, seasonal flow variations of surface water, and 

permitting delays for groundwater are other barriers to water procurement [30].  

The Barnett Shale located next to the Dallas-Fort Worth area in Texas, has about 

15,000 producing wells [31] with a typical well needing 250,000 and 2.8 million gallons 

water for drilling [27] and hydraulic fracturing [26], respectively. Again, sourcing and 

transporting water can be very challenging in this area. 

California is the fourth largest oil producing region in the US [32], [33] after Texas, 

Gulf of Mexico and North Dakota. More than 70% of the state’s production [33] occurs in 

Kern County (around Bakersfield) via conventional enhanced oil recovery techniques. The 

top five oilfields in California are located in western Kern County [34], [35]. This region 

also overlaps with the vast Monterey Shale, which has been explored recently via hydraulic 

fracturing [26]. All this oil production in south and central California demands large 

volumes of water, which is a scarce commodity in often drought-hit California. 

There are significant water concerns in other major US Shale plays, such as in 

Texas (Permian Basin), Pennsylvania (Marcellus), Colorado (Denver-Julesberg basin) and 

California (Monterey). Freshwater procurement costs in these areas ranges from 0.25-1 

$/barrel [36] and transportation costs can be as high as $5/barrel [36]. An alternate way to 

quantify water costs is to relate them to the quantity of crude produced. Using this 

approach, the costs [37] of sourcing and transporting freshwater range from 50 cents to 

several dollars per barrel of produced crude. Overall, there is unanimous agreement within 
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the oil-gas industry that water will become a bottleneck for sustained development of Shale 

resources in the future. 

 

1.4 Waste Natural Gas-based Atmospheric Water Harvesting 

The technology studied in this dissertation uses waste natural gas-powered refrigeration 

cycles for atmospheric water harvesting (AWH). Atmospheric moisture is a large untapped 

freshwater resource. 1/3rd of a square mile of land holds between 2.6-8 million gallons of 

moisture above it (excluding moisture in clouds) [38]. However, the energy intensive 

process of condensation (2260 kJ/kg) has held back industrial scale AWH. Past AWH 

efforts [39] focused on fog harvesting, which works under very limited conditions and 

requires large collection areas. Existing electricity-powered AWH systems can produce 

hundreds of gallons of water daily [40], but with high costs exceeding 20 cents/gallon. 

Excess natural gas that is either being flared or vented in oil fields or in landfills can be 

used to power AWH systems, providing water onsite or in close proximity to oil and gas 

operators.  

‘Free’ excess natural gas in the form of oilfield gas or landfill gas, is an attractive 

energy source to realize large scale AWH. Incidentally, areas with high flaring coincide 

with water stressed areas, making this concept particularly attractive. The present work 

indicates that AWH can supply significant quantities of freshwater for oilfield operations 

where large scale flaring takes place, such as the Eagle Ford and the Bakken Shales. 

Similarly, landfills can serve as local water sources for producers, who often have to rely 

on faraway freshwater depots or surface water access points. This concept is analyzed for 
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US oil fields and is especially attractive for the Barnett Shale in Texas and Kern County in 

California. Waste natural gas-based AWH can relieve the pressure on existing water 

reserves and possibly reduce the cost of oil production. Other benefits include less trucking 

traffic, reduced environmental impact, and elimination of the negative press accompanying 

flaring. The water condensed from the atmosphere meets the standards for human 

consumption [41], which obviously implies its suitability for oilfield operations. 

The rest of this dissertation describes various aspects of waste gas-based AWH. 

Chapter 2 details the AWH system and describes a model to predict the water harvest rates. 

Chapters 3 and 4 analyze waste gas-based AWH in oilfields and landfills, respectively. 

Chapter 5 analyzes alternate possible uses of LFG in the electricity and food sectors. 
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CHAPTER 2: MODELING WASTE NATURAL GAS-BASED ATMOSPHERIC 

WATER HARVESTING 

2.1 Description of the Atmospheric Water Harvesting System 

Various pathways can provide the cooling capacity for atmospheric water 

condensation using waste gas. These are briefly described in Table 1. Gas powered 

refrigeration cycles can condense atmospheric moisture, wherein the latent heat released 

evaporates a refrigerant. Vapor compression refrigeration systems are driven by a 

compressor, which generates the pressure difference to drive the cycle. Such compressors 

can be powered by a gas engine (option 1), gas fired steam turbine (option 2) or gas turbine 

(option 3).  

Alternatively, vapor absorption [42] refrigeration systems (option 4) can be used, 

which directly utilize gas-based heating to run the refrigeration cycle. The vapor absorption 

cycle does not require a mechanical compressor, but relies on thermal energy (heat) to 

create the pressure difference to drive the cycle. Steam generated in a natural gas fired 

boiler can power the absorption refrigeration cycle. Cooling capacity is generated in the 

evaporator of the cycle via evaporation of a refrigerant, which is absorbed by a secondary 

liquid in the absorber. The refrigerant saturated solution is then heated in the vapor 

generator (using natural gas combustion) to release the refrigerant as high pressure vapor. 

This vapor condenses in the air cooled condenser, where the heat of condensation is 

rejected to ambient air. Natural gas-based heating can also be used to run desiccant 

dehumidification cycles [43] (option 5); however this system is less developed than other 

systems, and is not analyzed here.  
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Table 1. Various pathways to use waste natural gas for atmospheric water 

harvesting [5]  

Technology Description of AWH pathway 
Efficiency/COP of individual 

components 

System COP 

(cooling 

capacity/ 

energy input) 

Gas engine-

based vapor 

compression 

gas  engine  compressor 

(vapor compression cycle)  

cooling  condensation 

Gas engine efficiency [44]: 38% 

1.44 
Vapor compression cycle COP 

[45]: 3.8 

Steam 

turbine-

based vapor 

compression 

gas  boiler   steam  

turbine  compressor (vapor 

compression cycle)  cooling 

 condensation 

Steam turbine efficiency [46]: 30% 

1.14 
Vapor compression cycle COP 

[45]: 3.8 

Gas turbine-

based vapor 

compression 

gas  combustion chamber  

generator  compressor (vapor 

compression cycle)  cooling 

 condensation 

Gas turbine efficiency [47]: 35% 

1.33 
Vapor compression cycle COP 

[45]: 3.8 

Gas-fired 

vapor 

absorption 

gas  boiler  steam  

absorption cycle  cooling  

condensation 

Vapor absorption cycle COP [42]: 

1 
1 

 

Figure 1 shows an AWH system based on a gas engine-powered vapor compression 

refrigeration cycle. Waste natural gas is fed to a gas engine after cleanup in a gas 

conditioning module, which can include knockout drums and scrubbers. The gas engine 

powers the compressor of the refrigeration cycle. The cooling capacity generated by 

refrigerant (R134a) evaporation in the evaporator produces chilled water, which is used to 

condense moisture from ambient air in the water condenser (a plate and tube heat 
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exchanger). The refrigerant vapor leaving the evaporator is compressed and then liquefied 

in the air cooled condenser (ACC). The dehumidified and cold air exiting the water 

condenser is routed to the ACC, to provide enhanced cooling. It is again noted that other 

refrigeration cycles like vapor absorption and desiccant dehumidification can also be used. 

The vapor compression cycle provides higher water yields, because of higher cooling 

capacity generated per unit of LFG. It is noted that high capacity refrigeration systems 

(1000 tons) for large scale AWH are commercially available [42]. 

 

 
Figure 1. A natural gas-fired engine drives the compressor of the vapor compression 

cycle. Atmospheric moisture condenses on the water condenser (evaporator of the 

refrigeration cycle). The latent heat of condensation is rejected to the atmosphere by 

the air cooled condenser [5]. 

A gas engine-based vapor compression cycle was selected for further assessment of 

AWH systems. The efficiency of the gas engine considered in this work is 38% [44]. The 

coefficient of performance (COP) of the vapor compression cycle is selected as 3.8, and is 

typical of large scale vapor compression systems [45]. The COP (ratio of the cooling 

capacity to compressor work) increases at lower temperatures, and will be higher than 3.8 

in winter. Also, routing the cold–dehumidified air from the humid air condenser to the 
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ACC will ensure that the temperature of air entering the ACC is less than 20°C in the 

summer months; this prevents the COP from reducing in the summer [48].  

This dissertation details two approaches/models to estimate the water harvest, based on 

the system used, amount of gas available and the prevailing weather conditions.. The first 

model uses a first-order thermodynamics-based approach to predict the water harvest [5]. 

A more detailed heat and mass transfer-based model [48] is also developed for more 

accurate predictions. It is stressed that both these models are purely analytical in nature and 

do not involve any numerical simulations.  

2.2 Thermodynamics-based Model of AWH 

A first-order model [5] can be used to estimate the water harvest, which depends 

on the gas flow rate, ambient weather (temperature, humidity), and the refrigeration system 

used. The water harvest essentially depends on the cooling capacity generated in the 

evaporator, which absorbs the heat released during condensation. This cooling capacity 

𝑞𝑐𝑜𝑜𝑙𝑖𝑛𝑔 can be estimated as [5]: 

𝑞𝑐𝑜𝑜𝑙𝑖𝑛𝑔 = 𝑥𝑓(𝐻𝑉)𝜂𝑒𝑛𝑔𝑖𝑛𝑒(𝐶𝑂𝑃)𝑟𝑒𝑓    (1) 

where 𝑥 is the methane content (necessary for LFG analysis), 𝑓is the gas flow rate, 𝐻𝑉 is 

the heating value of methane (55.5 MJ/kg), 𝜂𝑒𝑛𝑔𝑖𝑛𝑒 is the efficiency of the gas engine and 

𝐶𝑂𝑃𝑟𝑒𝑓 is the coefficient of performance (COP) of the refrigeration cycle. The COP is the 

ratio of the cooling capacity to the heat input. The water harvest rate �̇� can then be 

estimated from the cooling capacity and environmental conditions as [5]: 

 

�̇� =
𝑞𝑐𝑜𝑜𝑙𝑖𝑛𝑔

ℎ𝑓𝑔+(𝑇𝐷𝐵𝑇−𝑇𝐷𝑃𝑇)(𝐶𝑝,𝑤𝑎𝑡𝑒𝑟+
𝐶𝑝,𝑎𝑖𝑟

𝜔
)
    (2) 
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where ℎ𝑓𝑔 is the latent heat of condensation, 𝑇𝐷𝐵𝑇 is the dry bulb temperature (DBT), 𝑇𝐷𝑃𝑇 

is the dew point temperature, 𝐶𝑝is  the specific heat capacity, and 𝜔 is the humidity ratio 

(mass of water vapor per unit mass of dry air). Equation 2 shows that part of the cooling 

capacity is used for sensible cooling to 𝑇𝐷𝐵𝑇, while the rest is used to absorb the heat 

released during condensation. 

 

2.3 Heat and Mass Transfer-based Model of AWH 

The model detailed in this section was developed in collaboration with Onur Ozkan, a 

PhD student in Prof. Bahadur’s group. This model estimates the water harvest for a vapor 

compression refrigeration system operating at its most efficient set point all year round. 

This implies a constant heat transfer rate in the evaporator, which can be achieved by 

dynamically varying the inlet air speed in the water condenser. The air speed will need to 

be increase when the dry bulb temperature decreases, to maintain a constant heat transfer 

rate. At very low temperatures, the air speed requirements become unrealistic. Therefore, 

the air speed in the condenser was limited to 10 m/s in further analysis. 

The analytical model [48], briefly described ahead, can be used to estimate the water 

harvest, and to estimate the sensitivity of the harvest to various system and environmental 

parameters. The use of this model for waste natural gas-powered water harvesting is briefly 

summarized below; details are available in Ozkan, et al.[48].  

To start with, the water harvest depends on the cooling capacity generated in the 

evaporator (𝑞𝑐𝑜𝑜𝑙𝑖𝑛𝑔), which is estimated in Equation 1: Humid air flows over a tube bundle 
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with chilled water flowing in the tubes. A fraction of the moisture in air is condensed, and 

the water harvest (�̇�ℎ𝑎𝑟𝑣𝑒𝑠𝑡) can then be quantified as [48]: 

�̇�ℎ𝑎𝑟𝑣𝑒𝑠𝑡 = �̇�𝑎𝑖𝑟(𝜔𝑖𝑛 − 𝜔𝑜𝑢𝑡)   (3) 

where �̇�𝑎𝑖𝑟 is the mass flow rate of dry air, ωin and ωout are humidity ratios of the 

air entering and exiting the heat exchanger, respectively. The humidity ratio at the entrance 

is estimated from the thermodynamic state of air entering the system. The humidity ratio 

of the air leaving the heat exchanger can be estimated by analyzing heat and mass transfer 

as detailed in [48]. Firstly, the enthalpy of the air leaving the heat exchanger is calculated 

as [48]:  

 ℎ𝑎𝑖𝑟,𝑜𝑢𝑡 =
ℎ𝐶,𝑖𝑛(1−𝑒

−(1−𝑐1)𝑐2)+ℎ𝑎𝑖𝑟,𝑖𝑛(1−𝑐1)𝑒
−(1−𝑐1)𝑐2

1−𝑐1𝑒
−(1−𝑐1)𝑐2

   (4) 

where 

 𝑐1 =
𝑚𝑎𝑖𝑟𝑏𝐶

�̇�𝐶𝑐𝑝,𝐶
      (5) 

 𝑐2 =
𝑈𝑜,𝑤𝐴𝑜

�̇�𝑎
      (6) 

where �̇�𝐶 and 𝑐𝑝,𝐶 are the mass flow rate and specific heat of the chilled water, 

respectively. ℎC,in is the enthalpy of chilled water at its inlet temperature, and ℎair,in and 

ℎair,out are enthalpies of humid air at its inlet and exit conditions, respectively. 𝐴𝑜 is the 

overall heat transfer area and 𝑈𝑜,𝑤 is the overall heat transfer coefficient based on enthalpy 

difference. 𝑏𝐶 is the slope of the enthalpy curve of humid air at the mean chilled water 

temperature [48]. The overall heat transfer coefficient based on enthalpy difference is 

calculated as [48]: 

 
1

𝑈𝑜,𝑤
=

𝑏𝐶𝐴𝑜

ℎ𝑖𝐴𝑇,𝑖
+

𝑏𝑚,𝐹(1−𝜂𝑤)

ℎ𝑜,𝑤(
𝐴𝑇,𝑜
𝐴𝐹

+𝜂𝑤)
+

𝑏𝑚,𝐹

ℎ𝑜,𝑤
    (7) 

where hi and ho,w are the heat transfer coefficients of the chilled water and the effective 

heat transfer coefficient of humid air for wet surface condition, respectively. AT,o and At,i 
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are outer and inner total heat transfer areas, respectively, and AF is the total fin area. bm,f is 

the slope of the enthalpy curve of humid air at the mean fin temperature. 𝜂𝑤 is the wet fin 

efficiency, estimated as [48]: 

 

 𝜂𝑤 =
𝑡𝑎𝑛ℎ(𝑀𝑟𝜑)

𝑀𝑟𝜑
     (8) 

where M is modified for wet surface conditions and 𝑟𝜑 represents the fin length.  

After calculating the exit enthalpy of air using Equation 4, the process line for 

cooling and dehumidifying can be approximated as [48]: 

 

 
∆ℎ

∆𝑤
≈

𝑑ℎ

𝑑𝑤
= 𝐿𝑒

ℎ−ℎ𝑚,𝐹

𝜔−𝜔𝑚,𝐹
+ (ℎ𝑣,𝑎 − 2501𝐿𝑒)   (9) 

where hm,F and ωm,F are the saturated air enthalpy and humidity ratio at the wall 

temperature, respectively. hv,a is the specific enthalpy of saturated water vapor at the dry 

bulb temperature, and Le is the Lewis number.  

 

 
Figure 2. Process line associated with dehumidification [48] 
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The use of a dehumidification process line (shown in Figure 2) is a significant 

aspect of this modeling approach. The slope of the process line is first estimated at the inlet 

air conditions. The humidity ratio is then decreased by 0.1 gwater/kgair and the enthalpy is 

decreased by 0.1 times the slope of the process curve. The slope of the process line is 

recalculated at each step until the enthalpy equals the exit enthalpy calculated by Equation 

4.  

The above equations were solved to estimate the water harvest for specified values 

of the gas flow rate, and ambient conditions (dry bulb temperature and relative humidity). 

The operating conditions of the selected refrigeration system [45] were a COP of 3.8, 

chilled water temperature of 1°C, chilled water flow rate of 20 liter/s, and a 338kW 

compressor. Key details of the modeled fin and tube heat exchanger (water condenser) 

utilized for this study are summarized in Table 2.  
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Table 2. Key dimensions of the fin and tube heat exchanger used for condensing 

moisture [48]. 

Outer diameter of tube 10.2 mm 

Fin pitch 315 fins/m 

Fin thickness 0.33 mm 

Flow passage hydraulic 

diameter 
3.6 mm 

Heat transfer area/total 

volume 
587 m2/m3 

Fin area/total area 0.91 - 

Vertical pitch 25.4 mm 

Horizontal pitch 22 mm 

Number of tube columns 6  

Number of tube rows 10  
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CHAPTER 3:  NATURAL GAS-BASED ATMOSPHERIC WATER 

HARVESTING AT OILFIELDS 

3.1 Estimates of water harvest using the gas that is currently 

flared 

1This chapter primarily analyzes flared natural gas-based AWH in the Eagle Ford 

Shale in Texas and the Bakken Shale in North Dakota. On average, 340 MCFD and 195 

MCFD of natural gas/well is flared in the Eagle Ford and Bakken, respectively. Table 1 

(Chapter 2) shows that the gas engine-based vapor compression system has the highest 

yield of all the AWH systems. The thermodynamics-based model described in Chapter 2 

is used to estimate the quantity of water harvested using a gas engine-powered vapor 

compression cycle. The efficiency of the gas engine is 38% [44] and the COP of the vapor 

compression cycle is 3.8 [45].   

With the above parameters, the model predicts that a maximum of 43,000 

gallons/day/well can be harvested in the Eagle Ford Shale. The corresponding number for 

the Bakken is 26,500 gallons/day/well. These harvests are significant in view of the high 

costs of freshwater. Most production sites have multiple wells that are flared, which will 

increase the total water output. As an illustration, there are 50 locations [11] in the Bakken 

with flare rates exceeding 1200 MCFD, which can yield more than 162,500 gallons/day. 

                                                 
Chapter 3 is based on a previously published article by the author. The author conducted all the modeling 

and analysis. E. D. Wikramanayake and V. Bahadur, “Flared natural gas-based onsite atmospheric water 

harvesting (AWH) for oilfield operations,” Environ. Res. Lett., vol. 11, no. 3, p. 34024, 2016. 
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More granular details on flaring rates within the Eagle Ford and the Bakken are not publicly 

available.  

Figure 3 shows monthly variations in the daily water production rate per well in the 

Eagle Ford and the Bakken. Significant quantities of water can be harvested all year round 

in Texas, with the harvest peaking in summer when other water sources decline. It is noted 

that there is no water harvest during the winter months in North Dakota when the ambient 

temperature is below freezing. However, the yields in summer indicate that AWH can be 

attractive not only for hot, humid regions, but in colder northern latitudes as well. 

 

 
Figure 3. Annual variation of daily water harvest using the gas currently flared per 

well in the Eagle Ford and Bakken Shales. These estimates are based on the use of 

gas engine-based vapor compression cycle for AWH, and depend on gas production 

rates and ambient weather.  
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Figure 4 shows the average daily dry bulb temperature and relative humidity for 

each month in the Eagle Ford and Bakken Shales. These are the key parameters which 

determine the water harvest. Eagle Ford sees ideal conditions for AWH during the summer 

months (high temperature and humidity). Although the humidity remains high in the 

winter, the lower temperatures drastically reduce the amount of moisture in air. The Bakken 

Shale, which is located near the Canadian border, sees hot and humid conditions in the 

summer, resulting in respectable water harvests. However, in the winter months, the below 

freezing temperatures make AWH unrealistic. 
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(a) 

 
(b) 

Figure 4. Monthly variation of average daily temperature and relative humidity in 

a) Eagle Ford Shale (Texas) and b) Bakken Shale [50]. 
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Figure 5 quantifies the annual AWH yields in seven US states, based on the gas 

production [1], [6] and local weather. It is seen that water harvest can be substantial in 

many states with Shale resources. As an illustration, 100% of oil wells in the Denver-

Julesberg basin in Weld County, Colorado are located in an extreme water stress region 

[26]. Based on the estimated annual water harvest, the gas flared from Weld County alone 

can condense enough water to hydraulically fracture over 750 wells. Similar benefits exist 

in other states such as Wyoming and New Mexico. It is noted that this technology has very 

low benefits for Alaska, since the low temperatures preclude high AWH rates. It is 

important to note that the flaring quantities in Texas, Louisiana and Alaska are from Shale 

production only and do not include gas flaring from offshore operations. 

 

 

Figure 5. Total annual flaring and water harvest estimates in seven US states with 

significant flaring. These estimates are based on the use of vapor compression-based 

AWH and depend on the gas volume and ambient weather. 
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Table 3 highlights the global potential of flared gas-based AWH by quantifying the 

annual water production in select countries with large volumes of flared gas [2], [4]. Water 

harvest rates are estimated using the quantity of flared gas and 12 hour day and night-

averaged weather conditions, using the methodology described in Section 2.2. It is seen 

that atmospheric water production can contribute significantly towards meeting domestic 

water consumption requirements. It is noted that this analysis does not consider the 

challenges associated with collecting and transporting water over huge distances. However 

it does highlight the global benefits of this concept. 

Table 3. Flared gas volume and the estimated water harvest in select countries with 

high flaring activity. The significance of the quantity of water harvested is 

quantified by comparing it with domestic water consumption in leading cities [5]. 

Country 

Gas flared 

in 2011 [2] 

(billion m3) 

Annual AWH 

harvest 

(billion 

gallons) 

Significance of quantity of AWH water 

Russia 37.4 111.2 
Domestic consumption [51] of Moscow for 4 

months 

Nigeria 14.6 84.1 Domestic consumption [52] of Lagos for 4 years 

Iran 11.4 30.6 
Domestic consumption of Tehran [53] for 1.5 

months 

USA 7.1 29.2 
Domestic consumption of Houston [54] for 1.5 

week 

Angola 4.1 23.5 
Domestic consumption of Luanda [52] for almost 3 

years 

Saudi 

Arabia 
3.7 9.4 

Domestic consumption of Riyadh [55] for over 3 

weeks 

Mexico 2.1 12.0 
Domestic consumption of Mexico City[52] for 1.5 

week 
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3.2 Benefits of Flared Gas-based Atmospheric Water Harvesting 

An overview of the benefits of flared gas-based AWH for the Eagle Ford and 

Bakken Shales is provided in Table 3. Overall, 2.9 and 5.6 billion gallons of water can be 

harvested annually in the Eagle Ford and the Bakken Shales, respectively, based on the 

total volume of gas flared. This will meet 36% and over 100% of the annual water 

consumption in the Eagle Ford [26] and Bakken [26], respectively. This water can be 

utilized to hydraulically fracture or drill new wells. The gas currently flared per well on its 

own can harvest enough water to fracture a new well in 4 months in the Bakken. For the 

50 sites in the Bakken [11] with much higher flaring rates (exceeding 1200 MCFD), the 

gas flared per site can harvest enough water to fracture a new well in only three weeks. 

This timeframe is consistent with the fact [9] that newly completed wells have very high 

flaring rates in the first few weeks and months. With proper planning, AWH can meet a 

large percentage of the water requirements for hydraulic fracturing of a significant number 

of wells planned for the future, as detailed in Table 4.  

The benefits of flared gas-based AWH are amplified if the water is used for drilling 

operations. Drilling is less water intensive than hydraulic fracturing, with a drilling 

operation requiring an average of 250,000 gallons/well [27]. Table 4 shows that the gas 

flared per well can harvest enough water to drill a new well in only 6 and 11 days in the 

Eagle Ford and the Bakken, respectively. Additional benefits of AWH to the local 

communities include reduced truck traffic, accidents, and elimination of light and 

environmental pollution. Overall, flared-gas-based AWH in the Eagle Ford and Bakken 

can eliminate 520,000 and 1 million trucking roundtrips annually, respectively. 
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The data in Table 4 can be used to quantify the cost savings potential of onsite 

AWH. In the Eagle Ford and the Bakken, the cost of procuring and transporting freshwater 

can reach $ 1/barrel and $ 5/barrel [36], respectively. The cost savings based on the data 

from Table 4 warrant industry interest, noting that water-related costs [37] account for 5-

10% of a wells total cost. Eventual deployment of an AWH system at a particular site is 

contingent on a favorable cost-benefit analysis. Detailed analyses are beyond the scope of 

the present work since the inputs required for a techno-economic assessment are very 

location specific and not publicly available. 
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Table 4. Benefits of flared gas-based onsite AWH for the Eagle Ford and Bakken 

Shales (all figures are annual). These values are based on AWH yields and water 

requirements for hydraulic fracturing and drilling [5]. 

Parameter 
Eagle Ford 

Shale 

Bakken 

Shale 

Annual flaring in billion standard cubic feet [26] 34 96 

Annual AWH production (billion gallons) 2.9 5.5 

Percentage of water requirement that can be met via flared 

gas-based AWH 
36% 200% 

Number of wells that can be hydraulically fractured with 

AWH water 
680 2530 

Number of existing wells (oil and gas) 4,310 2,830 

Number of days to harvest enough water to fracture a new 

well using the gas flared per well 
100 85 

Number of wells that can be drilled with AWH water 11,500 20,250 

Number of days to harvest enough water to drill a new well 

using the gas flared per well 
6 11 

Number of trucking roundtrips saved/well 765 400 

 

It is noted that high utilization rates of flared gas hinges on the availability of 

sufficient capacity of the gas conditioning system and the refrigeration system. It should 

also be noted that gas production is highly variable. The use of mobile modular AWH units 

which can be daisy-chained, and the availability of onsite spare capacity are potential 
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solutions to ensure high utilization rates. This is an advantage compared to existing 

desalination technologies which cannot be mobilized or serve the localized needs for fresh 

water. Capacity planning and equipment sizing are important considerations that determine 

the capacity factor, which is a measure of the fraction of gas that is used for AWH. 

Certain technical challenges need to be overcome to improve the value proposition 

of AWH systems. The capital expenditures for AWH systems can be reduced by making 

the water condenser more compact.  Heat and mass transfer analyses [56] of moisture 

condensation indicate that the harvest rate in the Eagle Ford can approach ~ 100 

gallons/day/square meter under the most favorable weather conditions in July. Such 

analyses provide an indication of the size of AWH systems required. Low condensation 

heat transfer coefficients necessitate large condenser areas, which drives up equipment size 

and cost. In existing condensers, water condenses as a film [57] which acts as a thermal 

barrier and significantly decreases heat transfer. Heat transfer can be enhanced by 

exploiting drop-wise [57] condensation, wherein water drops condense and roll off, thereby 

exposing the surface to fresh air. Superhydrophobic [57] coatings facilitate drop-wise 

condensation and can enable an order of magnitude enhancement in heat transfer [57], 

which will reduce the water condenser size. Another challenge with compact water 

condensers is the requirement to drain large quantities of condensed water to prevent 

performance degradation. Additionally, it is important to minimize the size and weight of 

the air cooled condenser which eventually rejects the heat from condensation. 
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CHAPTER 4: LANDFILL GAS-BASED ATMOSPHERIC WATER 

HARVESTING 

2Similar to the gas flared at oilfields, landfill gas can also be used for atmospheric 

water harvesting. The harvested water can be used for operations in oil fields located close 

to these landfills. Two considerations significantly enhance the viability of LFG-powered 

AWH for oilfield operations. Firstly, it is desirable that multiple high capacity landfills 

exist close to oil fields. This will increase the water harvest, and reduce the cost of 

transportation. Landfills are concentrated around population centres, which implies that oil 

fields near big metropolitan areas should benefit. Secondly, AWH works best in hot-humid 

regions, which ensures high water harvests. The sensitivity of the water harvest to ambient 

temperature and humidity is discussed in Section 4.5.  

An Environmental Protection Agency (EPA) database [58] of more than 2,400 US 

landfills provides details such as location coordinates, landfill capacity, current status (open 

or closed) and LFG management. Overlaying this information with oilfields reveal that the 

Barnett Shale (Texas) and Kern Country (California) are attractive locations for LFG-

powered AWH. These oilfields lie next to the metropolitan areas of Dallas-Fort Worth 

(Barnett), and Los Angeles & Bakersfield (Kern County). Figures 6a and 6b show all 

                                                 
Chapter 4 is based on a previously published article by the author. The modeling and analysis was conducted 

by the author in collaboration with Onur Ozkan. E. D. Wikramanayake, O. Ozkan, and V. Bahadur, “Landfill 

gas-powered atmospheric water harvesting (AWH) for oilfield operations in the United States,” Energy, vol. 

138, pp. 647–658, 2017. 
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landfills in Texas and California, respectively, along with conventional oil fields and Shale 

plays.  

Landfills in Texas are concentrated around Houston, Dallas-Fort Worth, Austin, and 

San Antonio. Figure 6a shows that there are only 3 and 6 landfills within the Eagle Ford 

Shale and the Permian Basin, respectively, as these oilfields are in sparsely populated areas. 

On the other hand, there are 30 landfills in the eastern parts of the Barnett Shale, located 

inside the Shale play or within 25 miles of it. These landfills cater to the Dallas-Fort Worth 

area.  

Kern County (Figure 6b) is the largest oil producing county in California [33]. A 

majority of production is via the use of conventional enhanced oil recovery techniques. 

Limited hydraulic fracturing takes place in Shale formations [59]. Furthermore, the 

Monterey Shale in this region holds very large oil reserves; however, hydraulic fracturing 

in the Monterey is challenging for geology-related reasons [34]. Nevertheless, the water 

footprint of oil production is significant and water challenges are compounded by 

competing demands from agriculture [34]. LFG-based AWH from landfills within 50 miles 

of oilfield clusters in western Kern County can provide meaningful quantities of water for 

oil production. Analysis (Figure 6b) shows that there are 30 landfills in an area, which is 

the intersection of a 50 miles radius circle (centered at Kern River oilfield), and an ellipsoid 

of radius 50 miles around the cluster of four other oilfields (Midway-Sunset, Belridge 

South, Cymric and Elk Hills). It is noted that these are the top five oilfields in California.  
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(a) 

 
(b) 

Figure 6. Map showing landfills and major oilfields in (a) Texas, and (b) southern 

California [60]. 
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Other shale fields can also benefit from LFG-powered AWH, but to a lesser extent. 

The Marcellus Shale in Pennsylvania (50+ landfills), Fayetteville Shale (10+ landfills) in 

Arkansas, Woodford Shale (10+ landfills) in Oklahoma, and the Haynesville Shale (10+ 

landfills) in Louisiana, all have access to 10+ landfills. However, landfills near these 

oilfields are sparsely distributed, due to the lack of major population centers. Furthermore, 

the cold climate in in northeast US will lower the quantity of water harvest in many regions. 

This work therefore focusses on an analysis of LFG-powered AWH in the Barnett Shale 

and Kern County. 

4.1 Modeling Landfill Gas Generation for use in AWH 

A simple model is first developed to map the current state of LFG management and 

quantify the LFG available for AWH. The EPA database [58] provides details of 125 

landfills in Texas and 314 landfills in California, including the amount of LFG generated, 

captured and flared. The following relation was used to estimate LFG generation for 

landfills which did not report them [19]: 

 

𝑄𝑔𝑒𝑛 = 𝑊 ×
432,000

106
     (10) 

 

where 𝑊 is the quantity (tons) of waste in the landfill, and 𝑄𝑔𝑒𝑛 is the generation rate 

(standard cubic feet/day).  

The generated LFG can be vented (𝑄𝑣𝑒𝑛𝑡) or collected (𝑄𝑐𝑜𝑙). The collected LFG 

can be partly or completely flared (𝑄𝑓𝑙𝑎𝑟𝑒𝑑) or used (𝑄𝑢𝑠𝑒𝑑) in an LFG-to-energy project. 

The EPA database shows that only 13% and 16% of landfills in Texas and California, 
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respectively, have ongoing LFG projects. The database has details on flaring rates and LFG 

usage for many landfills. For landfills which did not report collection or flaring options, it 

was assumed that the generated LFG is being vented. These relations are captured as: 

𝑄𝑔𝑒𝑛 = 𝑄𝑐𝑜𝑙 + 𝑄𝑣𝑒𝑛𝑡     (11) 

𝑄𝑐𝑜𝑙 = 𝑄𝑢𝑠𝑒𝑑 + 𝑄𝑓𝑙𝑎𝑟𝑒𝑑      (12) 

Equations 10-12 predict the maximum LFG available for AWH. This analysis does 

not exclude the LFG currently being utilized, since the objective is to analyze an alternative 

technology. The heat and mass transfer-based atmospheric water harvesting model [48] 

from Section 2.3 was used to estimate the water harvest. Typical meteorological year 

(TMY) data [61] for Dallas-Fort Worth (TX) and Bakersfield (CA) was used for the 

temperature and humidity estimates in the Barnett Shale and Kern County, respectively. 

The water harvest was estimated at 1 hour intervals for an entire year. 

4.2 Landfill Gas-based AWH for Oilfields 

LFG generation in Texas landfills ranges from 0.08-30.8 MMSCFD (million 

standard cubic feet per day), with an average of 3.12 MMSCFD. Cumulative LFG 

generation from all landfills in Texas is 360 MMSCFD, which translates to 180 MMSCFD 

of methane emissions (assuming a 50% volume fraction of methane). This volume is 

comparable to methane currently flared from Shale oil wells in Texas, which is 220 

MMSCFD [62]. In California, daily LFG generation ranges from 0.01-45.5 MMSCFD, 

with an average of 1.8 MMSCFD. Overall, California generates 530 MMSCFD of LFG, 

with 265 MMSCFD being methane. 
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Figure 7 shows the current state of LFG management in Texas and California, as 

estimated from Equations 10-12. Overall, 66%, 22% and 12% of the generated LFG is 

vented, flared or used in Texas, respectively. 40%, 44% and 16% of the LFG generated in 

California is vented, flared or used, respectively. Noted that all landfills practice a 

combination of venting, flaring and utilization. This analysis shows that a majority of gas 

(>85%) is currently wasted, which suggests the need for new utilization technologies, like 

the one in this work. 

 
Figure 7. Histogram showing the extent of venting, flaring and utilization from all 

landfills in Texas and California [60]. 

Table 5 summarizes the benefits of using the LFG generated for water harvesting in 

Texas and California. In Texas, LFG from all landfills can harvest up to 12 million gallons 

of water per day (annual average), using the vapor compression-powered AWH system 

described in a Section 2.3 [48]. In California, 9.8 million gallons can be harvested daily 

from all the landfills (annual average).  
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Table 5. Summary of benefits of LFG-powered AWH for Texas and California [60]. 

 

Maximum estimated daily water harvest  

(thousand gallons) 

Texas California 

All landfills 22,500 19,000 

From one landfill (average) 180 60 

4.2.1 LFG-POWERED AWH FOR THE BARNETT SHALE 

The Barnett Shale has 15,000 producing wells [27] with a typical well needing 250,000 

and 2.8 million gallons of water for drilling [26] and hydraulic fracturing [27], respectively. 

Table 6 shows details of the 30 landfills, which lie within the Barnett Shale or within a 25 

mile distance from its border. The total daily LFG generation from these landfills is 108 

MMSCFD, with LFG being utilized only in 5 landfills. The last column of Table 6 shows 

the daily water harvest rate per landfill (annual average). This varies from 26-2,704 

thousand gallons/day with an average of 340 thousand gallons/day. 
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Table 6. List of 30 landfills in the Barnett Shale area.  The extent of venting, flaring, 

and utilization of the generated LFG, and the potential daily water harvest (annual 

average) is detailed [60].  

Landfill 

ID 

LFG 

generated 

(MMSCFD) 

LFG 

vented (%) 

LFG 

flared 

(%) 

LFG used 

(%) 

Water harvest 

(1000 

gallons/day) 

1456 6.18 16 29 55 543 

1457 1.57 100 0 0 138 

1459 30.80 92 0 8 2704 

1461 18.60 61 39 0 1633 

1462 1.46 14 86 0 128 

1463 2.57 65 35 0 226 

1467 5.53 48 0 52 486 

1470 1.95 34 66 0 171 

1473 2.08 28 0 72 183 

1475 1.21 18 82 0 106 

1478 1.85 100 0 0 162 

1480 5.61 65 35 0 493 

1481 0.00 - - - - 

1485 4.76 60 1 39 418 

1504 0.39 100 0 0 34 

1510 0.30 100 0 0 26 

1519 3.91 49 51 0 343 

1778 1.71 49 51 0 150 

1801 2.07 33 67 0 182 

1805 1.14 32 68 0 100 

1821 1.60 100 0 0 140 

1828 1.17 100 0 0 103 

1914 0.56 100 0 0 49 

2044 0.79 15 85 0 69 

2049 1.00 41 59 0 88 
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Continuation of Table 6 

Landfill 

ID 

LFG 

generated 

(MMSCFD) 

LFG 

vented (%) 

LFG 

flared 

(%) 

LFG used 

(%) 

Water harvest 

(1000 

gallons/day) 

2415 1.33 36 9 54 117 

2436 0.00 - - - - 

2437 2.35 87 13 0 206 

2438 4.01 94 6 0 352 

11761 1.85 30 70 0 162 

 

Figure 8 shows the monthly variation in annual weather in the Barnett Shale. The month 

averaged temperature and humidity in the Barnett Shale varies from 7°C-30°C and 56%-

72%, respectively. The Barnett has relatively steady humidity throughout the year. Such 

humid conditions are conducive for high AWH rates, especially during summer. 

 

 
Figure 8. Annual variation of dry bulb temperature and relative humidity in the 

Barnett Shale [60], [61] 
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Figure 9a shows the variation in the daily water harvest (monthly average) from 30 

landfills. Significant water can be harvested all year round, with the highest harvests 

between May to September. The peak harvest is 6.7 million gallons/day in August, which 

can be attributed to higher humidity and temperature relative to other times of the year. 

Harvests are lower in winter because of lower temperature and moisture content; the 

minimum harvest is 250,000 gallons/day. Overall, the average LFG generation from these 

30 landfills is 3.6 MMSCFD, which can harvest 45 million gallons of water annually.  
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(a) 

 

(b) 

Figure 9. a) Variation in daily water harvest using the LFG generated by 30 landfills 

in the Barnett Shale area. b) Gas utilization fraction (GUF) and moisture 

condensation fraction (MCF) associated with LFG-powered AWH in the Barnett 

Shale [60]. 
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The gas utilization fraction (GUF) [48] is the fraction of the available gas that is utilized 

to harvest water. GUF will be lower in winter, since lower ambient temperatures result in 

reduced heat transfer, and therefore lower power and gas requirements. In this work, the 

water condenser was sized to ensure 100% gas utilization in summer. Figure 9b shows that 

the GUF is close to 1 during May to September, but decreases in winter months. The GUF 

is zero whenever the dry bulb temperature is lower than the chilled water temperature. The 

annual-averaged GUF for these landfills is 65%. Another parameter of interest is the 

moisture condensation fraction (MCF), which is the percentage of moisture in the incoming 

airstream that is condensed. The MCF represents the efficiency of harvesting. Figure 9b 

shows that up to 50% of the incoming moisture in air can be condensed in the summer 

months; the condensation fraction decreases at lower temperatures.  

Overall, 1.3 billion gallons of water can be harvested annually from 30 landfills, which 

represents 34% of the annual consumption of the Barnett Shale [26]. This water is sufficient 

to hydraulically fracture 480 wells or drill 4,495 new wells, and can eliminate 243,000 

trucking roundtrips (for a truck capacity [5] of 5,550 gallons). Other benefits to 

communities include reduced road damage, accidents and noise pollution. The present 

analysis can be extended to identify specific regions within the Barnett Shale where LFG-

powered AWH will be attractive. It is noted that AWH water could still need to be trucked 

in, but this will be relatively short distance trucking, due to the proximity of the selected 

landfills to oilfields.  
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4.2.2 LFG-POWERED AWH IN KERN COUNTY, CA 

Annual freshwater use for conventional oil production in California was 3.7 billion 

gallons [34]. It is noted that brackish water and recycled produced water are also used [24]; 

however, the present analysis estimates the contributions of AWH in meeting freshwater 

requirements only. Most of the production in California occurs via the use of water-

intensive tertiary oil recovery techniques [63]. Furthermore, if the Monterey Shale is 

developed in the future, the water requirements will be substantial, owing to the large 

number of potential wells that could be drilled [64].  

The 30 landfills which can potentially serve the top five oilfields in California 

cumulatively generate 16.8 MMSCFD of LFG. Table 7 shows details of these landfills, 

which are smaller than the ones in Texas, resulting in lower generation rates. Currently, 

only two of these landfills utilize the generated LFG. Table 7 shows that the daily water 

harvest per landfill varies from 71-37,711 gallons/day with an average of 9,865 

gallons/day. 
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Table 7. List of 30 landfills in Kern County, CA. The extent of venting, flaring, and 

utilization of the generated LFG, and the potential daily water harvest (annual 

average) is detailed [60]. 

Landfill 

ID 

LFG 

generated 

(MMSCFD) 

LFG 

vented (%) 

LFG 

flared 

(%) 

LFG used 

(%) 
Water harvest 

(gallons/day) 

50 0.93 57 43 0 16300 

52 1.20 100 0 0 21146 

58 2.14 46 54 0 37711 

59 0.00 100 0 0 71 

103 0.19 100 0 0 3380 

104 0.77 36 64 0 13569 

110 0.38 100 0 0 6623 

113 1.10 30 31 39 19384 

121 0.25 100 0 0 4418 

122 1.62 27 73 0 28547 

141 0.34 100 0 0 5956 

149 0.22 100 0 0 3806 

161 0.02 100 0 0 381 

165 0.72 100 0 0 12698 

187 0.12 100 0 0 2105 

197 0.25 100 0 0 4449 

202 0.07 100 0 0 1269 

209 0.48 82 18 0 8503 

215 0.07 100 0 0 1269 

222 0.02 100 0 0 381 

228 0.02 100 0 0 303 

275 0.90 56 44 0 15860 

288 0.07 100 0 0 1269 

290 0.73 63 37 0 12811 

292 0.17 53 47 0 2996 
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Continuation of Table 7 

Landfill 

ID 

LFG 

generated 

(MMSCFD) 

LFG 

vented (%) 

LFG 

flared 

(%) 

LFG used 

(%) 
Water harvest 

(gallons/day) 

294 1.63 32 68 0 28724 

307 0.06 100 0 0 990 

324 0.85 29 23 47 14908 

11260 0.58 66 34 0 10273 

12146 0.90 27 73 0 15842 

 

Figure 10 shows the monthly variation of weather conditions in Bakersfield. Although 

the temperature is high in the summer, reaching 30°C, the relative humidity falls below 

50%, thereby limiting the water harvest. Humidity is higher in the winter months in this 

region, however the lower temperatures preclude significant water harvest.  

 

 
Figure 10. Annual variation of dry bulb temperature and relative humidity in 

Bakersfield, CA. [60], [61] 
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Figure 11a shows the variation in the daily water harvest (monthly average) from these 

30 landfills. A maximum of 600 thousand gallons/day can be condensed in the high 

temperature and humidity conditions of July. The minimum water harvest of about 150 

thousand gallons/day occurs in November. Overall, these 30 landfills can harvest 112 

million gallons of water annually. 
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(a) 

 
(b) 

Figure 11. a) Variation in daily water harvest from the LFG generated by 30 

landfills in Kern County, CA. b) Gas utilization fraction (GUF) and moisture 

condensation fraction (MCF) associated with LFG-powered AWH [60]. 
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The GUF is high in summer (July to September) and decreases at other times of the 

year as seen in Figure 11b. Notably, the GUF values in winter are higher (more than 0.2) 

than corresponding values for the Barnett Shale, suggesting that gas can be used more 

effectively in winter in the Kern County area. The annual averaged GUF for these landfills 

is 65%. The MCF remains below 0.3 throughout the year, unlike the Barnett which had a 

peak MCF of 0.5. This is explained by the lower humidity levels in Kern County as 

compared to the Barnett Shale. The month averaged temperature and humidity in 

Bakersfield (Kern County) varies from 9°C-28°C and 35%-80%, respectively. Despite the 

Barnett and Bakersfield having similar temperatures, the lower humidity in California 

(especially during summer) reduces the MCF. This analysis clearly highlights that AWH 

will be more effective in hot-humid regions (Barnett Shale) instead of hot-dry regions 

(Kern County). 

Table 8 illustrates the impact of LFG-based AWH from these 30 landfills on the top 

five oilfields in California (all in Kern County). All these oilfields utilize tertiary oil 

recovery techniques. Freshwater requirements can be estimated with a knowledge of the 

production output [35] and the fresh water use intensity (FWUI) [34]. The FWUI is the 

ratio of the volume of freshwater used to the volume of oil produced. For the five fields in 

Kern County, the FWUI is 0.8 [34]. Table 8 shows that LFG-based AWH from the 30 

landfills can meet 12-26 % of the freshwater requirements of these oilfields. The data in 

Table 8 is based on assuming that the water from all 30 landfills is directed towards one of 

the five oilfields only. The maximum distance between a landfill and any of these oilfields 

is less than 75 miles; the analysis in Section 4.3 shows that the economic feasibility of such 

projects is not strongly sensitive to the landfill-oilfield distance.  
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Table 8. Percentage of water requirement in top five oilfields in Kern County that 

can be met by LFG-based AWH from 30 nearby landfills [60]. 

Oilfields 

Annual fresh water 

requirement 

(million gallons) 

% of freshwater requirements that 

can be met by LFG-based AWH 

Midway-Sunset 951 12 

Kern River 857 13 

Belridge South 796 14 

Cymric 481 23 

Elk Hills 434 26 

 

LFG-based AWH can also be a source of water for any future hydraulic fracturing 

operations in the Monterey Shale. The latest available estimate on water use for hydraulic 

fracturing in the Monterey was 45 million gallons per year. LFG-based AWH from the 30 

landfills exceeds this value. It is important to note that water will be an important 

consideration in any potential development of the Monterey Shale, since Kern County falls 

in extreme water stress region[26], with 87% of existing water being reserved for 

agriculture [34].  

 

4.3 Techno-economic Analysis of LFG-powered AWH 

The economic viability of any LFG utilization project is contingent on a favorable 

techno-economic analysis. This section details a techno-economic assessment of LFG-

powered AWH for the Barnett Shale and Kern County. Similar studies [65], [66] have been 

conducted on alternative technologies that use LFG. While there are several ways of 
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evaluating the economics of a project, this work evaluates the Pay Back Period (PBP) and 

Net Present Value (NPV) of an LFG-powered AWH project. The PBP is an estimate of the 

time required to recover the investment, while the NPV quantifies the time-adjusted returns 

from the project. Both these parameters are widely used in the decision making stage of 

the project. In this work, the analysis was carried out in the context of a landfill installing 

the water harvesting infrastructure, and supplying water to nearby oilfields. Calculations 

were done for a landfill in Texas and California each, with the landfill capacity being the 

average of the landfills in Tables 6 and 7.  

The capital expenditure for such a project includes the gas engine, vapor 

compression system, water condenser and a water storage system. These costs are 

estimated from previous studies and are detailed in Table 9. Annual maintenance costs are 

included and a 5% depreciation of capital equipment is factored in. The cost of transporting 

water to oilfields is borne by the landfill operator and is included. It is assumed that the 

generated water will be stored in tanks [67]. The storage capacity estimated in this work is 

thirty times the maximum daily water harvest. It is very reasonable to assume that water 

generated will be utilized within a month in water scarce places like Texas and California. 

It is assumed that water is trucked to oilfields. Pipelines will not be feasible, owing to the 

short term nature of Shale production. However, the trucking distances will be less than 

present-day values, owing to the proximity of landfills to oilfield sites. In this analysis, the 

trucking distance is considered as a variable parameter; results show that the value 

proposition of this technology does not significantly depend on trucking distance.  

Table 9 details the costs associated with transporting water, which includes the 

truck leasing costs, fuel costs and labor expenses. The revenue for the landfill operator is 
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from the water, and will depend on the price of harvested freshwater. Since prices fluctuate, 

this analysis estimates the benefits assuming various price levels of water. The annual 

water harvest was estimated using the model described in Section 4.2. Table 8 lists the key 

parameters and cost inputs for this techno-economic analysis. A discount rate of 10% was 

used in this analysis; this is consistent with established practices on valuations of energy 

and water-related projects [68]. The numbers in Table 9 suggest that this technology is 

CAPEX-intensive, with water trucking costs being much lower than equipment costs. 
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Table 9. Key parameters and cost inputs in the techno-economic assessment of LFG-

powered AWH projects in Barnett Shale and Kern County. These numbers 

correspond to one landfill (average of all landfills in that region) [60]. 

 Barnett (TX) Monterey (CA) Units 

LFG flowrate 3.61 0.56 MMSCFD 

Water harvest (annual 

average) 
44.9 3.7 Million gallons/year 

   

Discount rate (𝑟) [68] 10 % 

 

Costs associated with gas engine operation 

CAPEX [46] 550 $/kW 

Maintenance  10 % of CAPEX 

Depreciation 5 % of CAPEX 

 

Costs associated with vapor compression refrigeration system 

CAPEX [69] 483 $/kW 

Maintenance [70] 4 % of CAPEX 

Depreciation 5 % of CAPEX 

 

Costs associated with water condenser (fin and tube heat exchanger) 

CAPEX [71] 20 $/ft2 

Total surface area 27,375 6,112 ft2 

 

Cost of water storage 

CAPEX [67] 0.5 $/gallon 

Total storage capacity 6,720 602 Thousand gallons 
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Continuation of Table 9 

Break up of CAPEX requirements 

Gas engine 19 20 % 

Refrigeration system  65 68 % 

Water condenser 2 4 % 

Water storage  14 8 % 

 

Cost of transporting water by trucking 

Truck lease [72] 0.21 $/mile 

Truck maintenance 

[72] 
0.16 $/mile 

Gasoline price [73] 2.3 3.1 $/gallon 

Truck driver wages 

[74] 
19.8 21.1 $/hour 

Truck capacity [9] 5,550 gallons 

Trucking distance [75] 50 miles 

Mileage [76] 6.4 miles/gallon 

Average truck speed 50 miles/hour 

 

The time horizon for this analysis was 30 years. This is consistent with the lifetime of 

all the infrastructure components and also consistent with the 3+ decades of steady 

emissions from landfills [19]. The NPV of such an LFG-powered AWH project can be 

estimated as: 

𝑁𝑃𝑉 =∑
𝐼𝑡=𝑗

(1+𝑟)𝑗
𝑛
𝑗=0 − [𝐶0 + ∑

𝑀𝑡=𝑗+𝐷𝑡=𝑗+𝑇𝑡=𝑗

(1+𝑟)𝑗
𝑛
𝑗=1 ]   (13) 

where 𝐼 is income (from water), 𝐶0 is capital expenditure, 𝑀 is the maintenance cost, 𝐷 is 

depreciation, 𝑇 is the cost of trucking water, and 𝑛 is the number of years. The PBP is 
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obtained from equation 13 for the time when 𝑁𝑃𝑉 = 0. A larger NPV indicates a more 

valuable long-term investment and a shorter PBP indicates a faster return on investment 

and reduced risk. Typical payback periods for LFG based-electricity generation projects 

range from 3-6 years [21]. 

Figure 12 shows the NPV and PBP for LFG-powered AWH in the Barnett Shale and 

Kern County as a function of the price of water. The 30 year NPV is positive for water 

prices in excess of 11 cents/gallon and 20 cents/gallon in the Barnett and Kern County, 

respectively. These prices correspond to the higher ends of the price range that oil 

producers currently pay. The PBP for these projects is price dependent, with a 6 year PBP 

requiring prices of 23 cents/gallon and 32 cents/gallon in the Barnett and Kern County, 

respectively. Overall, these results indicate that the economic viability of LFG-based AWH 

is higher in the Barnett than in Kern County. The Barnett has larger landfills and higher 

water harvests per unit of gas (due to more favorable weather conditions) when compared 

to Kern County. All these factors lead to better economic benefits for the Barnett. However, 

southern California has very challenging water issues, with a majority of water already 

allocated for agriculture. LFG-based AWH projects could turn out to be feasible, based on 

future demand and supply economics. It was also seen that the NPV and PBP values were 

not very sensitive to the trucking distance. As an illustration, doubling the trucking distance 

(from landfill-oilfield) will increase the PBP for the Barnett from 72 months to 77 months 

(at a cost of 19 cents/gallon). 
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a) 

 

b) 

Figure 12. Net present value at 30 years and payback period for LFG-powered 

AWH projects for providing water to oilfields in the a) Barnett, and b) Monterey 

Shales [60].  
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This analysis does not consider extraneous factors which could increase the value 

proposition of this technology. Currently, landfills do not pay any carbon tax, and there are 

no financial repercussions on flaring and venting gas. Any regulatory push towards taxing 

emissions would enhance the economic viability of this technology. Similarly, there are 

several intangible benefits of this technology including reduced pressure on surface and 

groundwater resources, reductions in air, light and noise pollution (from flares) and 

reduced truck traffic towards oilfields. Such benefits cannot be easily monetized, 

nevertheless they do contribute towards decision making.  

4.4 Environmental Benefits of LFG-powered AWH 

Table 10 details the carbon footprint associated with various options for handling LFG 

from the 30 landfills in the Barnett Shale and Kern County each. The emission analysis 

considers a scenario in which the water generated via AWH replaces the water currently 

trucked in, and does not supply additional water. Annual CH4, CO2 and CO2e (Carbon 

dioxide equivalent) emissions are estimated from reported LFG emissions, and the 

estimated trucking trips. The cases analyzed in Table 10 include complete venting of LFG, 

complete flaring of LFG, the present state of LFG management, and complete utilization 

of LFG for AWH. The first three cases assume that water for Barnett Shale and Kern 

County oilfields is trucked in, with an average trip being 50 miles [75].  

Emissions are estimated using EPA provided guidelines [77]. It is noted that LFG-

powered AWH will lead to CO2 emissions (from methane combustion); this is accounted 

for in the present analysis. Equation 14 estimates the CO2e emissions resulting from the 

venting of LFG. This accounts for the fact that CH4 has a 25 times higher global warming 
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potential than CO2 [78]. LFG flowrate is converted to a mass flowrate (metric tons) to find 

the quantity of CO2e generated annually from venting as:   

 

𝐶𝑂2𝑒 = [𝐶𝑂2 × (
1𝐶𝑂2𝑒

1𝐶𝑂2
)] + [𝐶𝐻4 × (

25𝐶𝑂2𝑒

1𝐶𝑂2
)]   (14) 

Equation 15 estimates the CO2e emissions associated with flaring, power generation 

and AWH [79], since all these processes involve the same chemical conversion of 

combustion of CH4 to produce CO2.   

 

𝐶𝑂2𝑒 (
𝑚𝑒𝑡𝑟𝑖𝑐𝑡𝑜𝑛

𝑑𝑎𝑦
) = 

[𝐶𝑂2 
𝑠𝑐𝑓

𝑑𝑎𝑦
×

1𝑚𝑒𝑡𝑟𝑖𝑐𝑡𝑜𝑛𝐶𝑂2𝑒

19,300𝑠𝑐𝑓
] + [𝐶𝐻4

𝑠𝑐𝑓

𝑑𝑎𝑦
× 1,000

𝐵𝑡𝑢

𝑠𝑐𝑓
× (117 × 106)

𝑙𝑏𝐶𝑂2

𝐵𝑡𝑢
× (4.5 × 10−4)

𝑚𝑒𝑡𝑟𝑖𝑐𝑡𝑜𝑛𝐶𝑂2𝑒

𝑙𝑏𝐶𝑂2
]   (15) 

 

 An average truck transports 5,550 gallons of water [5], [9] and travels 50 miles 

[75]. This information can be used to estimate the total annual vehicle miles traveled 

(VMT). Equation 16 estimates the CO2e emissions, based on the VMT miles as [75]: 

 

𝐶𝑂2𝑒 (
𝑚𝑒𝑡𝑟𝑖𝑐𝑡𝑜𝑛

𝑦𝑒𝑎𝑟
) = 𝑉𝑀𝑇

𝑚𝑖𝑙𝑒𝑠

𝑦𝑒𝑎𝑟
÷ 6.3

𝑚𝑖𝑙𝑒𝑠

𝑔𝑎𝑙𝑙𝑜𝑛
× 22.4

𝑙𝑏𝐶𝑂2

𝑔𝑎𝑙𝑙𝑜𝑛𝑜𝑓𝑑𝑖𝑒𝑠𝑒𝑙
× (4.5 × 10−4)

𝑚𝑒𝑡𝑟𝑖𝑐𝑡𝑜𝑛𝐶𝑂2𝑒

𝑙𝑏𝐶𝑂2
    (16) 

 

Table 10 shows that LFG-powered AWH can reduce CO2e emissions by 72% and 69% 

in the Barnett Shale and Kern County, respectively, when compared to the present state of 

LFG management (venting, flaring and partial utilization). These benefits are primarily due 

to elimination of methane venting (and replacement with CO2 which is a less potent 

greenhouse gas). The emissions from trucking are insignificant when compared to other 
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activities. However, any reduction in trucking is beneficial from a traffic, logistics and 

noise pollution standpoint.  

Table 10. Annual carbon emissions from various LFG management techniques in 

the Barnett Shale (TX) and Kern County (CA) (quantities in million metric tonnes) 

[60]. 

 
CH4 released 

(MM 

tonnes/year) 

CO2 released 

(MM 

tonnes/year) 

Trucking 

emissions (CO2) 

(MM 

tonnes/year) 

CO2e released 

(MM 

tonnes/year) 

 TX CA TX CA TX CA TX CA 

Complete venting of 

LFG 
0.38 0.06 1.03 0.16 0.14 0.001 10.64 1.64 

Complete flaring of 

LFG 
0.00 0.00 2.08 0.32 0.14 0.001 2.21 0.33 

Present state of LFG 

management (venting, 

flaring & electricity) 

0.25 0.03 1.38 0.23 0.14 0.001 7.80 1.06 

LFG-powered AWH 0.00 0.00 2.08 0.23 0.12 0.008 2.20 0.33 

 

4.5 Sensitivity of the Water Harvest to various Parameters 

To evaluate the feasibility of applying this technology in other locations, a sensitivity 

analysis is conducted to quantify the dependence of the water harvest on environmental 

parameters and system parameters. The effectiveness of the water harvest is quantified by 

a dimensionless figure of merit which is the volume of water harvested per unit volume of 

LFG utilized. Figure 13 shows the sensitivity of the water harvest to environmental 

conditions (dry bulb temperature and relative humidity). These simulations [48] were 

conducted for LFG with an energy content of 1 MJ, with a refrigeration cycle COP of 3.8, 
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for a heat exchanger with a frontal area of 92.5 ft2 and a depth of 0.5 ft. Figure 13 clearly 

shows that the water harvest is very sensitive to the temperature and humidity. It also shows 

the minimum temperature below which AWH will not work (due to insufficient heat 

transfer, resulting from low dry bulb temperature or relative humidity). This minimum 

temperature depends on the humidity level and will decrease with increasing relative 

humidity. For example, AWH will not work below 20°C if the relative humidity is only 

40%. However, AWH can work at temperatures approaching 10°C if the relative humidity 

is 85%.   

 

 
Figure 13. Sensitivity of the volume of water harvested to environmental conditions 

(temperature, humidity) [60]. 

Figure 14a shows the sensitivity of the water harvest to system design parameters, 

namely COP, heat exchanger area, heat transfer coefficient and maximum air speed. The 

baseline for Figure 14a is the annual water harvest in the Barnett Shale. It is clearly seen 

that the harvest is not very sensitive to variations in the heat exchanger area, heat transfer 
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coefficient and maximum air speed, unless the deviations are more than 25% from the 

baseline values used in this study. However, the water harvest rate is a strong function of 

the refrigeration cycle COP. To further elaborate, Figure 14b shows effect of doubling and 

halving the baseline COP on water harvests throughout the year. An increase in the COP 

proportionally increases the water harvest in the summer months. However, in the winter, 

the effect of an increase change in the COP is limited, since the low heat transfer cannot 

be improved by increasing the air speed beyond the maximum limit. 

 

(a) 

 

(b) 

Figure 14. a) Sensitivity of the water harvest to key parameters of the AWH system. 

b) Influence of the COP on water harvest across an entire year [60]. 
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Overall, this exercise indicates that the water harvest strongly depends on the ambient 

weather and the COP or cooling capacity of the vapor compression system. The benefits 

of this technology will be maximized for regions near the equator due to the convergence 

of multiple factors which strengthen the value proposition of LFG-powered AWH. These 

include extensive landfilling activity (due to large populations), high all year around 

humidity levels, and strong freshwater demand. Specific regions include southern US, 

North Africa, Middle East, Central America, and South East Asia. 
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CHAPTER 5: LANDFILL GAS USE FOR AMMONIA PRODUCTION AND 

ELECTRICITY GENERATION IN TEXAS  

This chapter analyzes alternate uses of landfill gas for ammonia production and 

electricity generation. Methane in LFG can be used as feedstock to produce anhydrous 

ammonia [80], which is the starting point for fertilizers like ammonium nitrate and urea. It 

is important to note that this concept is distinct from the use of biomass from landfills as 

fertilizer [81]. Instead, it uses LFG to produce nitrogenous fertilizers, which have 

contributed to a surge in food production to ensure the food security of nations like China 

and India. It is noted that 3% of the total US natural gas production is currently used to 

produce ammonia [82]. LFG utilization can provide alternate, local sources of methane for 

ammonia plants. It is noted that the steady LFG generation rates over many decades 

enhance the long term viability of such capital intensive projects. 

Landfill gas can also be used for electricity generation to supplement existing 

natural gas power plants. A majority [83] of existing LFG-to-energy projects involve 

electricity production, which is either used onsite or sold to the grid. The economic viability 

of such projects is contingent upon adequate and consistent demand for onsite power, or 

access to the electricity grid. In this work, we evaluate the potential of routing LFG to 

nearby natural gas-fired power plants in Texas, instead of onsite combustion or transport 

to the end use facility [84]. This approach is attractive since both landfills and power plants 

are concentrated around population centers. While the practice of converting LFG to high 

Btu gas, and injecting it in pipelines is not novel, this study analyzes LFG-based electricity 

production from the perspective of a power plant operator. Accordingly, landfills around a 

power plant are analyzed to identify landfills that would enable the maximum increase in 
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power plant capacity. Importantly, 23% power plants in the US are natural gas-fired [83], 

which makes it reasonable to assume that most landfills will be located near a suitable 

power plant. This model of routing LFG to power plants has the advantage of enabling 

greater LFG utilization, since the local demand for electricity generated at a landfill can 

fluctuate. LFG can supplement the fuel for such plants after it is upgraded to pipeline 

quality gas for injection into existing pipelines. Alternatively, LFG can be directly used 

[21] as fuel in gas turbines and internal combustion engines, without the need for extensive 

treatment to remove non methane components. It is therefore possible to route LFG 

(without upgrading it) to a power plant via new LFG pipelines.  

In this work, the benefits of this approach are quantified by analyzing the 

distribution of power plants and landfills in Texas. The increase in the generation capacity 

of power plants by supplementing existing fuel sources with LFG is quantified. The 

electricity generation from LFG combustion [84] can be estimated as:  

𝐼 = 𝑓(𝐻𝑉)𝜂𝑡     (17) 

where 𝐼 is electricity generation, 𝑓 is the gas flowrate, 𝐻𝑉 is the heating value of methane 

and 𝜂𝑡 is the efficiency of the gas turbine-generator combination. Equation 17 predicts that 

1000 scf (standard cubic foot) of LFG will produce 2.45 MW, for a gas turbine-generator 

efficiency [21] of 32%. 

5.1 Landfill Gas-based Ammonia Production  

The Haber-Bosch [80] process converts methane and nitrogen to ammonia. 

Hydrogen, produced via steam reforming of methane, combines with nitrogen (from air) 

under high pressure (30 MPa), high temperature (250ºC-400ºC) conditions to form 
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ammonia [80]. Many steps are taken to purify hydrogen before it can be combined with 

nitrogen to produce ammonia [85]. Figure 15 is depicts the steps involved in ammonia 

production, by using LFG in existing plants. Methane is the feedstock, but is also used to 

meet the power requirements of the process.  

LFG, after cleanup is divided into two streams for the feedstock and for power 

generation, respectively. The feedstock stream undergoes desulphurization followed by 

two stage steam reforming to convert methane to hydrogen and water. In this study, 

ammonia production was calculated using the stoichiometry of the chemical reaction and 

a correction factor of 0.5. The steam reforming of methane [86] and the synthesis of 

ammonia [80] in the Haber-Bosch process can be captured as: 

2224 42 COHOHCH      (18)  

322 23 NHHN       (19)  

The flowstream at the reformer exit includes H2, H2O, N2, CO and CO2 (including 

the CO2 from LFG). Subsequently, CO is oxidized to CO2 in the shift conversion section, 

and the CO2 is then removed. Finally, N2 and H2 undergo the Haber-Bosch reaction to form 

ammonia, which is condensed for storage. 

The fraction of LFG used for power generation is further split into two streams. The 

first stream is combusted to provide the heat and energy for steam reforming. The second 

stream drives a boiler to generate steam and the power to drive compressors and other 

equipment. It is noted that the flowstream at the reformer exit is at very high temperatures; 

this waste heat is used to supplement steam generation from the boiler. Many steps generate 

waste heat that can also be used for steam/power/heat. Steam is additionally generated 

using a LFG-powered auxiliary boiler. As an illustration, hot flue gas from step 2 and waste 
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heat generated from step 3 contribute to the steam or heat that is fed into step 5. Steam is 

also used in a steam turbine to drive compressors and pumps to produce electricity to run 

steps 3, 5, 7 and 8. Overall, the LFG-based ammonia production system is self-sufficient 

and does not require other external power. The ammonia production process via steam 

reforming is depicted in Figure 15 and involves many steps to purify hydrogen before it 

can be combined with nitrogen to produce ammonia. 

 

 

Figure 15. A block diagram of a LFG-based ammonia plant, wherein the methane in 

LFG is converted to ammonia. LFG is used as feedstock and as fuel to power the 

plant.  



63 

 

The relative methane consumption of the two pathways decides the fraction of LFG 

which is used as feedstock. These calculations are described below based on best in class 

ammonia plants [87]: 

14.5 GJ/tonneNH3
 Energy

 

20.5 GJ/tonneNH3  FeedStock
 

Based on the above numbers, 59% of LFG is used as feedstock and 41% is used as fuel 

[84]. 

Texas has two ammonia production plants (Table 11); three new plants will be setup 

in the next few years [88]. Figure 16 shows the location of these five plants. It is seen that 

two plants (near Houston) are located in close proximity to multiple landfills and can 

benefit from LFG-based methane as the feedstock and energy source. 

 

Figure 16. Map showing locations of landfills, major Shale plays, and ammonia 

plants in Texas. 

NH3 
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Table 11 details the capacity enhancement possible by routing LFG from the nearest 

five landfills to existing and upcoming ammonia production plants in Texas. This estimate 

is based on the use of methane as the feedstock, as well as the energy source to drive the 

chemical conversion. It is seen that capacity enhancements of 10% or more are possible 

for four of the five plants in Texas. The fifth plant (operated by Pallas Nitrogen) can 

enhance its capacity by more than 25%. It should be noted that all these plants are served 

by distinct landfills. Table 10 also shows the average plant-landfill distance, which ranges 

from 10 to 64 miles. These distances indicate the pipeline lengths needed, if there are no 

existing pipelines in the plant-landfill path. 

Table 11. Benefits of routing LFG to ammonia plants [88] in Texas [84]. 

Location and 

operator 
Start date 

Annual 

capacity 

(tons) 

Capacity 

increase by 

routing LFG 

Average 

distance of 

nearest five 

landfills 

(miles) 

Beaumont-Orascom Current 366,000 10% 12 

Borger-Agrium Current 578,600 3% 64 

Freeport-Yara/ BASF 2017 885,700 14% 29 

Gulf Coast-

Agrifos/Borealis 
2019 880,000 20% 10 

Pasadena-Pallas 

Nitrogen 
2017 236,750 31% 22 
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 5.2 Landfill Gas Utilization for Electricity Generation 

Figure 17 shows the power plants which can be served by LFG. Texas has 41 

natural gas-fired power plants, which are clustered around population centers. To quantify 

the impact of LFG on these plants and to identify the top candidates for LFG routing, two 

metrics were utilized. The first metric was the average distance of the nearest landfills 

(within an average radius of 30 miles) for every power plant; this was estimated from 

geographical coordinates. The second metric was the total methane (in the LFG) quantity 

in these respective groups of landfills. The first metric is a measure of the capital costs 

incurred to build the pipeline network to route LFG to the power plants. The second metric 

is a measure of the benefits incurred in terms of fuel supply and increase in power 

generating capacity. It should be noted that this analysis does not allow a landfill to be 

counted for more than one power plant. In other words, the power plants that benefit most 

by routing LFG are supplied by distinct landfills. This procedure was employed to identify 

power plants that can increase their capacity by more than 10% by utilizing LFG from 

nearby landfills. It is noted that other optimization techniques can be employed to link 

landfills to power plants to maximize economic feasibility of such projects.  
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Figure 17. Map of Texas showing current landfills and gas-fired power plants 

Table 12 captures the benefits of routing LFG to natural gas-fired power plants. It 

is seen that the capacity of 5 plants (out of 41) can be increased by 10% or more by routing 

LFG from the nearest landfills to the plant. Another 3 plants can increase capacity by 5-

10% by utilizing LFG from their nearest landfills. The realization of these benefits are 

contingent upon building a pipeline network to transport LFG. Pipeline projects involve 

high capital investment and a detailed economic analyses is beyond the scope of the present 

work. However, these costs scale directly to the pipeline length. Details of the mean 

distance of the selected nearest landfills for these 5 plants is tabulated in Table 12. These 

power plants will need to build pipelines 30 miles long on average, connecting to the 

respective landfills. The upper and lower ranges of the mean distances for these power 

plants are 70 and 7 miles respectively. 
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Table 12. Natural gas-fired plants with potential for greater than 10% increase in 

capacity by routing LFG from nearby landfills. The table also lists the number of 

landfills supplying the plant and the plant-landfill distances [84]. 

Name of 

Power Plant 

Power 

Plant 

Capacity 

(MW) 

Percentage 

Increase 

(%) 

Number 

of 

Landfills 

being 

used 

Average 

Distance 

between 

Power Plant 

and Landfill 

(miles) 

Maximum 

Distance 

between 

Power Plant 

and Landfill 

(miles) 

Minimum 

Distance 

between 

Power Plant 

and Landfill 

(miles) 

Ennis 343 12 3 7.06 11.98 4.55 

Sand Hill 

Energy 

Center 

570 12 2 8.56 9.41 5.22 

Lewis Creek 542 11 5 28.37 41.43 9.50 

Lost Pines 1 511 10 8 54.70 80.57 24.80 

Winchester 

Power Park 
176 10 2 69.80 64.25 75.35 

 

As stated earlier, these analyses allows a particular landfill to be counted for only 

one power plant. Detailed landfill-to-power plants allocation strategies can be arrived at 

via optimization algorithms that maximize the return on capital investment. Table 12 also 

has details on the power plant, projected capacity increase and the average distance of the 

respective landfills feeding the power plant. These power plants represent the best 

candidates for detailed feasibility analyses of the proposed LFG-based electricity 

generation concept. 
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CHAPTER 6: CONCLUSIONS 

6.1 Challenges and Limitations of Waste Natural Gas-bases AWH 

From a technology standpoint, waste gas-based AWH is at a favorable stage of 

maturity, and can be deployed using existing technology. Electricity-powered AWH 

harvesters are commercially available and can be scaled up and upgraded to use oilfield 

gas or LFG. The steady and long term nature of LFG generation (compared to associated 

gas generation from oil wells) enhances the attractiveness of LFG-based projects. From an 

engineering perspective, LFG-powered AWH is more viable than utilizing the natural gas 

currently flared from oil wells [5], since gas production lasts only for a few weeks and 

involves high volume transients.  

While waste gas-based AWH has enormous global potential, it is important to keep 

in mind the challenges that could prevent the deployment of AWH systems. These 

challenges include the presence of competing technologies and technical challenges. 

Alternatives to AWH include the practice of recycling and reuse of flowback and produced 

water. Flowback water utilization [89] is becoming increasingly common at production 

sites. However it is currently not widely utilized in the Eagle Ford [27] and the Bakken 

[26] due to high water treatment costs in those fields. Flowback rates can range from 20-

40% of the pumped water, so large quantities of freshwater will still be required. With this 

in mind, flared gas-based AWH can be viewed as another tool in the basket of water 

solutions. This technology also offers an alternative to desalination in regions which 

significant waste gas volumes, but which lack brackish water sources. 
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Mobile AWH units are critical to technology adoption since most flaring occurs 

only in the first few months of a well’s life. This short time span would eliminate the 

economic incentives to setup permanent AWH infrastructure.   

Ultimately, the deployment of AWH systems will be contingent on favorable 

techno-economic analysis, which involves details of capital expenditures, equipment 

depreciation rates, labor costs, compliance and permitting costs, and projections of 

revenue. Unlike the case of LFG-based AWH (where equipment can be permanently 

installed), mobile water harvesters currently do not exist, which makes any techno-

economic analysis very challenging. It is also noted that gas flaring also serves a safety 

purpose and AWH systems will need to be assessed from that angle.  

This technology can also be coupled to flue gas-based water harvesting systems 

[90]. Such systems would extract water from the combustion stream (primarily water vapor 

and carbon dioxide) of AWH systems, with additional energy input.  

A common challenge to the use of LFG for ammonia and electricity production has 

to do with pipeline infrastructure. Increasing the capacity of natural gas-fired power plants 

and ammonia plants involves piping the LFG from the landfills. Pipelines are usually 

associated with high costs and significant regulatory issues. It is also important to note that 

LFG could need to be cleaned up, and the methane separated out before being used for 

energy generation and ammonia production.  

6.2 Major Findings and Future Work 

Overall, this work presents multiple novel solutions to a global environmental and 

energy waste problem. It is seen that oilfield gas-based AWH can meet 36% and over 100% 
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of the annual water requirements of the Eagle Ford and Bakken Shales, respectively. This 

water is sufficient to drill 31,750 wells, or fracture 3,200 wells in these two states. Flared-

gas-based AWH has promising potential in other high humidity, high flaring regions like 

the Middle East, Africa and Central America (Mexico, Venezuela). Beyond water 

production, this technology enables a new market for natural gas at a time when the demand 

for gas is low. The worldwide abundance of associated natural gas highlights the potential 

global benefits of natural gas-based AWH. Key challenges to further development of this 

technology include the need for mobile systems, capacity planning and logistical 

challenges, and other competing technologies. 

While the presence of LFG-to-energy projects is encouraging, only 14% and 64% of 

the LFG is currently being used in Texas and California, respectively. This suggests the 

need to develop new technologies to incentivize LFG utilization and reduce flaring and 

venting. The technology proposed in this work impacts the water, food and power sectors, 

benefits the environment and fulfils a critical need of the oil-gas industry. LFG-powered 

AWH can meet 34% of water requirements (hydraulic fracturing) in the Barnett Shale and 

12-26% of water requirements (enhanced oil recovery) in Kern County oilfields, while 

reducing emissions by more than 70% and eliminating over 250,000 trucking roundtrips 

annually. Depending on the price of freshwater, LFG- powered AWH projects can be 

implemented in both regions with payback periods of about five years. While this work 

focused on identifying oilfields which can be catered by 25+ landfills, there are other US 

oilfields that can benefit even with a sparser distribution of landfills. 

The use of landfill gas for ammonia production and electricity generation also has 

significant potential. Landfills exist everywhere on the planet and generated LFG is usually 
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vented or flared. The waste-to-value conversion technologies introduced in this work can 

be deployed globally to address critical issues related to the environment, energy, water 

and food.  
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