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ABSTRACT 
 

The coal-based power generation industry will likely face restrictions for water use 
because of the limited availability of water resources and the increasing demand for water 
in the domestic, agricultural, and industrial sectors. Utilization of non-traditional sources 
of water represents an innovative solution to supplement/replace freshwater needs of the 
coal-based power plants.  

This report summarizes the results from Phase I of a project co-supported by the 
Department of Energy (DOE) (cooperative agreement DE-NT0005343, from 10/1/08 
through 4/30/12). The main goal of the project was to characterize and evaluate the 
potential feasibility of reusing three types of non-traditional water sources in the Illinois 
Basin for cooling or process water for existing and future (up to 2030) coal-based power 
plants. The produced water sources included those from: (1) CO2 enhanced oil recovery 
(CO2-EOR) operations; (2) coal-bed methane (CBM) recovery; and (3) active and 
abandoned underground coal mines.  

The results suggest that sufficient amounts of produced water are potentially available to 
provide water demand of more than ten 200 MW coal-fired power plants for decades. 
Total dissolved solids (TDS) and other water quality parameters of produced water 
samples vary in a wide range from freshwater to high-salinity water, depending on the 
geological characteristics of the sampling locations. However, the overall quality of 
produced water from CBM and coal mines is much better than their oilfield counterparts. 

The potential amount of produced water can be utilized for power plants if water can be 
treated and transported in a cost effective manner. Produced water treatment, 
transportation, and a cost/benefit analysis will be performed in Phase II of this project. 
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EXECUTIVE SUMMARY 
 

This project was Phase I of a project co-supported by the Department of Energy (DOE) 
(cooperative agreement DE-NT0005343, from 10/1/08 through 4/30/12). The goal of 
Phase I study was to characterize and evaluate the potential feasibility of reusing three 
types of non-traditional water sources in the Illinois Basin for cooling or process water 
for existing and future (up to 2030) coal-based power plants. The water sources evaluated 
were: (1) produced water from CO2 enhanced oil recovery (CO2-EOR) operations; (2) 
coal-bed methane (CBM) recovery; and (3) active and abandoned underground coal 
mines.  
 
The overall conclusion of this study is that the recoverable volume of non-traditional 
sources of water in Illinois Basin could potentially supply water demand of more than ten 
200 MW coal-fired power plants for decades. However, because the quality of produced 
water varies drastically from one source to another, different levels of treatment are 
required to provide water with acceptable quality for use in power plants.  Specific 
activities and results of Phase I study are summarized below.  

 

Geographic distributions including identification and mapping of potential produced 
water sources in the Illinois Basin were studied using published literature, ISGS and 
USGS databases, and EIA/DOE information.  

Geographic distribution and quantity of produced water from CO2-EOR, coal mines, and 
CBM 

 
There are more than 1000 oil fields in the Illinois Basin that are potentially available for 
CO2-EOR application. The potential amount of produced water from each oilfield 
depends on different factors including geological characterizations of the oilfields and 
specifications of the EOR technology. Original Oil In Place (OOIP) of the Illinois Basin 
is estimated as 14.1 billion barrels and approximately 10% of this amount can be 
potentially recoverable by CO2-EOR. Available produced water was calculated by 
estimating the maximum volume of CO2 that may displace water during oil production.  
After primary and secondary oil recovery, approximately 40% of OOIP is removed, and 
water from the producing formation fills regions previously occupied by oil.  During 
CO2-EOR, an additional ~10% of OOIP is recovered, and the entire region once occupied 
by oil is filled with CO2.  The estimate of water produced during CO2-EOR is the total 
volume of oil removed from the reservoir. Based on these assumptions a potential amount 
of 4.1 billion barrels of water from the twenty largest oilfields in Illinois Basin can be 
produced. The flow rates of water potentially available for industrial use for the fast and 
slow case scenarios are approximately 27 and 4 million gallons per day, respectively. The 
fast and slow case scenarios assume that potential volume of oilfield water (replaced with 
CO2) be produced during a time period of 17 and 129 years, respectively. For the fast and 
slow cases, sufficient water is available to run eight and one 200 MW power plants, 
respectively (assuming a water consumption rate of 0.7 gallons per kWh electricity 
generated).   
 
Because current active/developing Illinois Basin CBM projects are at early stages of 
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production, predicting future produced water flow rates accurately is difficult. In the 
absence of reliable and conclusive water-to-gas data for the Illinois Basin, all other major 
CBM activities in the U.S. were used to estimate an average water-to-gas ratio. Five coal 
basins (Black Warrior, Powder River, Raton, San Juan, and Uinta) that have more than 
9500 CBM wells were considered and an average water/gas ratio of 1.02 bbl/mscf was 
calculated.  Considering the estimated potential amount of 16.4 tscf of CBM production 
in the Illinois Basin, and an assumed average water-to-gas ratio of 1 bbl/mscf, the 
potential volume of produced water was estimated as 16.4 billion barrels or 689 billion 
gallons. If this water is available over a lifetime of fifty years, and if it can be treated to 
an acceptable quality at a cost-effective manner, the potential amount of available 
produced water is about 13.8 billion gallons per year or ~ 38 million gallons per day. This 
volume of water is sufficient to run eleven 200-MW coal-fired power plants for fifty 
years, or it can be a supplemental source of water to provide 10% water demand of one 
hundred and ten 200-MW power plants for fifty years (assuming a water consumption 
rate of 0.7 gallons per kWh electricity generated). 
 
Historic coal mining data in the Illinois Basin was surveyed to estimate the void volume 
created by underground mining and identify geographic distribution and quantities of 
void volume in different counties of the Illinois Basin. A total volume of 5.3 billion cubic 
yards void space in 60 counties is estimated. Mines along or close to the Cottage Grove 
Fault system and Rend Lake in Southern Illinois are noted for having water. These mines 
are located in Franklin, Saline, Williamson, Jefferson, Gallatin, Jackson, and Hamilton 
counties and rank 1, 3, 6, 18, 22, 30, and 41, respectively, in coal mine void volume. The 
total void volume in these counties is ~1.6 billion cubic yards or ~314 billion gallons. It 
is highly possible that a considerable fraction of this void volume is filled with water.  
Further study is needed to estimate water flux into these voids. 
 

Accomplished tasks for this subtask include: (1) compilation of the available produced 
water quality data from literature; (2) collection of current produced water quality data 
from oil, CBM, and coal mining companies; and (3) sampling and characterization of 
produced water from different locations. 

Produced water quality  

 
Available produced water quality data from literature and reports by oil, CBM, and coal 
mining companies was compiled. The USGS and ISGS databases/reports provided water 
quality data from the selected twenty largest potential CO2-EOR oil fields in the Illinois 
Basin. The total dissolved solids (TDS) values of produced water from oil fields ranged 
from 6,000 to 210,000 ppm with an average value of 110,000 ± 34,000 ppm. A large 
fraction of the TDS is sodium and chloride ions.  Most of the produced water samples 
with lower TDS concentrations were collected from Pennsylvanian formations that are 
shallow compared to other formations.  
 
Water samples were collected from active oil fields, coal mines, and CBM projects in the 
Illinois Basin.  The sampled oil fields are among the largest fields and spread throughout 
the Basin.  The sampled coal mines are the only mines in the Illinois Basin with 
significant water production. Water collection procedures followed the guidelines 
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established by the USGS water sampling field manual. 
 
Produced water samples were analyzed for pH, conductivity, turbidity, TDS, total 
suspended solids (TSS), alkalinity, total petroleum hydrocarbons (TPH), selected ion 
concentrations, and dissolved organic carbon (DOC) concentrations.  A summary of 
water quality results is shown in Table ES-1. The pH values of samples varied between 
6.4 and 8.8. Generally, the pH values of water samples from the coal mines and CBM 
fields were above 7 and those of the oil fields were below 7. The turbidity of samples 
taken from oilfields and coal mines varied from 0.56 to 446 NTU. The conductivity of 
samples varied three orders of magnitude, between 0.74 and 160 mS/cm.  The 
conductivity of samples from the oil fields was higher than those from the coal mines and 
CBM fields. The alkalinity of samples ranged between 90 and 1,469 ppm. Generally, the 
water from CBM fields and an oil field had relatively high alkalinities. The concentration 
of alkalinity represents the ability of water to resist changes in pH caused by the addition 
or generation of acids during water treatment process. The concentration of alkalinity 
also has implications on corrosion control of the treatment system. TSS and TDS of 
samples ranged between 0.8 and 2,644 ppm; and 500 and 127,000 ppm, respectively. In 
most cases, the highest observed TDS values belonged to water samples from oilfields. A 
strong correlation between TDS and conductivity was observed.   
 
The potential amount of produced water can be utilized for power plants if water can be 
treated and transported in a cost effective manner. Produced water treatment, 
transportation, and a cost/benefit analysis will be performed in Phase II of this project. 

Table ES-1. Properties of produced water samples. 

 

pH Turbidity  
(NTU) 

Conductivity 
(mS/cm) 

Alkalinity  
(mg/L as CaCO3) Source Site 

Unfiltered Filtered 

 

Unfiltered Filtered 

 

Filtered 

 

Unfiltered 

TSS 
(mg/L) 

TDS 
(g/L) 

1 7.0 7.9 420 0.21  32  1148 101.0 19.0 
2 7.2 7.2 96 0.94  24  595 135.7 22.0 Main Consolidated Oil Field 
3 7.4 7.6 

 

97 0.61  33  1109 74.3 20.8 
1 7.4 7.3 33 0.10  120  285 8.5 101.7 
2 6.7 6.9 13 0.18  140  163 103.7 102.7 Louden Oil Field 
3 6.9 7.1 

 

49 0.42  100  238 47.5 90.6 
1 6.7 6.8 36 0.06  160  90 8.0 126.9 

Dale Oil Field 
2 7.1 7.1 

 
74 0.16  89  178 75.1 78.2 

Sugar Creek Oil Field 1 6.4 6.5  168 0.22  39  776 16.5 25.3 

1 7.9 7.9 11 0.04  31  260 5.4 18.0 Galatia Coal Mine 
2 7.5 7.4 

 
24 0.28  14  144 36.4 10.5 

Millenium Coal Mine 1 7.6 7.6  274 0.16  26  482 2644.0 16.0 
Pattiki Coal Mine 1 7.5 7.6  91 0.90  34  296 113.0 20.4 

1 8.1 8.1 0.56 0.53  0.74  353 0.8 0.5 
2 7.8 7.9 375 0.13  3.10  295 359.7 2.9 Royal Falcon Coal Mine 
3 7.9 7.9 

 

12.1 0.02  2.10  152 20.2 1.6 

ACT CBM 1 7.5 7.7  5.98 0.16  34  636 57.0 25.1 
1 7.2 7.4 446 0.79  45  672 151.5 27.7 
2 7.8 7.8 156 1.38  42  627 40.7 31.3 Pioneer CBM 
3 7.9 7.7 

 

106 0.03  55  555 45.5 33.1 
1 8.8 8.8 1.96 0.49  2.40  1469 1.4 2.0 
2 8.7 8.7 7.41 0.12  1.95  902 1.0 1.3 Pulse Energy CBM 
3 8.5 8.5 

 

0.91 0.04  2.00  1052 10.0 1.3 
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OBJECTIVES 
 

This project is Phase I of an ongoing project co-supported by Department of Energy 
(DOE) (cooperative agreement DE-NT0005343, from 10/1/08 through 4/30/12). The 
main goal of this project was to evaluate the feasibility of reusing three types of non-
traditional water sources for cooling or process water for existing and future (up to 2030) 
coal-based power plants in the Illinois Basin. The sources are: (1) produced water from 
CO2 enhanced oil recovery (CO2-EOR) operations; (2) coal-bed methane (CBM) 
recovery; and (3) active and abandoned underground coal mines. Specific objectives of 
this project (Phase I) are related to the produced water characterization and include 
assessment of produced water quantity, quality, and geographic distribution in the Illinois 
Basin. 
 

INTRODUCTION AND BACKGROUND 
 

The U.S. electric power demand is predicted to increase 20% by 2035 [1]. About 68% of 
the total electric power in the U.S. is generated from fossil fuels (about 46% from coal, 
21% from natural gas, and 1% from petroleum), releasing ~7 million tons of CO2 per day. 
Thermoelectric power generation accounts for about 40% of the total freshwater 
withdrawals (346 billion gallons per day (BGD)) and about 3% of the total water 
consumption (100 BGD) in the U.S. [1-3].  
 
A significant amount of water is required to operate a thermoelectric power plant. In 
Illinois, about 82% of the estimated 14 BGD of fresh water withdrawals in 2000 were 
used in the thermoelectric power sector, which is more than twice the average percentage 
of the U.S. value. Freshwater consumption in thermoelectric industry in Illinois is 
estimated as approximately one-third of the state’s total 1 BGD freshwater consumption 
[2,3].  
 
A recent DOE/National Energy Technology Laboratory (NETL) scenario study, related 
to freshwater demand of the thermoelectric generation sector, predicts that by 2030, water 
consumption increases by 30-50%, and water withdrawal changes within a range of -20% 
to 7% [4]. CO2 capture from power plants increases plants’ water consumption by 40 to 
120%, depending on the energy source and carbon capture technologies [4]. According to 
the same study, by 2030, for a region that includes Illinois, water consumption increases 
by 55 to 160% and water withdrawal changes by -16% to 14%. 
 
Thermoelectric power generating systems, including fossil-based and nuclear plants, use 
steam cycles for electric power generation. Water is used in wet cooling systems to 
condense steam. There are two main wet cooling systems: open-loop and closed-loop. 
About 31% of current U.S. electricity generation capacity is from thermoelectric plants 
that use the open-loop cooling system [5].  
 
An open-loop, or once-through system, withdraws water from a source (e.g., a river or 
lake) and returns the heated water to the source. Average estimated amounts of water 
withdrawal and consumption to generate 1 kWh electricity in an open-loop system is ~38 
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and ~0.1 gallons, respectively. In comparison, the corresponding values in a closed-loop 
(circulating) system are about 1.2 and 1.1 gal/kWh [6]. Another DOE publication reports 
that total water consumption in different coal-based power plants (equipped with closed-
loop cooling systems) varies from 0.714 gal/kWh in PC boilers to 0.433-0.510 gal/kWh 
in Integrated Gasification Combined Cycle (IGCC) processes [7]. In coal-based power 
plants, 74 to 78% of the total water consumed is converted to water vapor and lost either 
in a cooling tower or with flue gas.  
 
Population growth will increase both direct and indirect water demand. Increased 
freshwater demand has resulted in over-pumping from available water resources. In some 
regions of the U.S., the groundwater levels have been dropped 300-900 feet over the last 
50 years. The groundwater elevation in some areas near Chicago drops as much as 17 feet 
per year [8]. Considering the limited availability of water resources and the increasing 
demand for water in the domestic, agricultural, and industrial sectors, it is likely that the 
coal-based power generation industry will face restrictions for water use. Non-traditional 
sources of water including produced water from CBM recovery, oil recovery, and coal 
mines are potential sources to supplement/replace freshwater needs of the power 
generation plants. 
 
Argonne National Laboratory (ANL) and West Virginia University recently evaluated the 
feasibility of using coal mine water for cooling operations of power plants in the 
Appalachian Basin [9, 10]. The combined water storage volume of these mines could be 
up to 250 billion gallons [10]. ANL research suggests that mine pool water can be a 
potential source of industrial cooling water if some technical, policy, and regulatory 
issues are resolved.  Two other studies investigated the use of mine pool water for power 
plant cooling.  West Virginia University and the University of Pittsburgh/Carnegie 
Mellon studied locations of pools and distances to power plants in the Appalachian Basin.  
Additionally, they investigated treatment requirements of the water and regulations for its 
use at power plants.  Large mine pools have been considered as heat sinks for power 
plants [11]. Researchers at Sandia National Laboratory are studying the use of water from 
saline aquifers used as sequestration sites for carbon dioxide disposal.  The sequestration 
potential of various aquifers is examined, and the water treatment methods allowing 
water usage at power plants are determined.  They are considering using waste heat from 
power plants to reduce the energy needed to remove dissolved solids from the water [11]. 
Details of current or previous research for utilization of non-traditional sources of water 
for power plants can be found elsewhere [11]. 
 
In a majority of oil and gas reservoirs, only 20-40% of the total amount of OOIP can be 
recovered by standard petroleum extraction methods [12]. Several different enhanced (or 
tertiary) oil recovery technologies including CO2 flooding EOR are available to recover 
the residual oil. Generally, about 10% of OOIP can be recovered through a CO2-EOR 
technology [13]. It is estimated that 1.4 billion barrels of crude oil can be recovered in 
Illinois by CO2-EOR [13-14]. CO2-EOR technology requires about 0.5 metric tons of 
CO2 for each barrel of oil recovered.  
 
The prices of crude oil, CO2, and produced water management are major economic 
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factors in the EOR industry. It is estimated that an EOR project can break even at a CO2 
price of $20/metric ton and an oil price of $25/barrel [15-17]. At the current crude oil 
price of ~$80/barrel, EOR should be profitable if the produced water by-product can be 
properly managed. The cost associated with the treatment and the disposal of produced 
water can partially justify the economic feasibility of oil extraction from mature oil 
reservoirs. An innovative and integrated water-energy solution could use CO2 produced 
from coal-based power plants for EOR operation and recycle the produced water from 
EOR, after treatment, if any, as process/cooling water for power plants (Figure 1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1. A sustainable solution for the Enhanced Oil Recovery (EOR). 
 

 
EXPERIMENTAL PROCEDURES 

 
Task 1. Produced water characterization 
 
Subtask 1.1 Geographic distribution  
Produced water from oil fields and CO2-EOR  
Geographic distribution of potential produced water sources from future CO2-EOR 
operations in the Illinois Basin was studied. Potential sources of produced water from 
future CO2-EOR operations were identified and mapped. Details of the methodology for 
produced water data collection, analysis, and estimation are described below. 
 
The first objective was to collect available geographic distribution data and quantity of 
produced water from oil recovery. There is a limited amount of published data (and this 
data is based on estimates) on the quantities of produced water from oil recovery 
operations in the Illinois Basin.  
 
Oil producing companies in Illinois are required to annually report oil and produced 
water data from their water flooding EOR operations to the Illinois Department of 
Natural Resources (IDNR) by submitting Form OG-17. They also are required to report 

CO2

Produced Water
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their brine disposal volume through Class II wells by submitting Form OG-18 to IDNR. 
It should be noted that a significant portion of produced water from oil recovery might 
not be used for water flooding but injected through brine disposal wells. However, data is 
needed to confirm this and to quantify volumes of disposed produced water. ISGS 
receives and compiles data from OG-17 Form and makes the information partially 
available to the public through its interactive mapping system. However, brine disposal 
data (from Form OG-18) was not previously available.  
 
More than 4000 OG-18 forms were obtained from IDNR. Data from these forms was 
compiled into a database about produced water injection into Class II injection wells in 
Illinois. This database includes each well’s name, location, permit number, operator, 
water injection formation and depth, average monthly water injection rate, and total 
yearly water injection volume. According to the IDNR these forms cover approximately 
90% of all produced water injection operations in Illinois, predominantly from oil 
recovery operations. Therefore, the total reported produced water values for each county 
is divided by 0.9 to take into account the remaining 10% of unreported data and estimate 
the total current production of produced water in Illinois.  
 
Based on communications with the Kentucky and Indiana Geological Surveys, no 
produced water data from oil recovery operations in these states is available. Therefore, 
for those counties of the Illinois Basin located in Kentucky and Indiana, the produced 
water production from oil recovery was estimated from the available oil production data, 
using estimated oil-to-water ratio from Illinois data. 
 
A large volume of EOR water flooding data from ISGS databases for 2001-2006 was 
analyzed to estimate the average ratio of produced water-to-oil. The average water-to-oil 
ratio is used in estimations of the produced water quantity from future CO2-EOR 
operations. 
 
Produced water from CBM  
The information presented in this report is obtained from a literature survey, previous 
ISGS/MGSC CBM research [18], and extensive communications with CBM companies 
in the Illinois Basin. The Illinois Basin has abundant coal resources which contain a 
substantial amount of methane. Major coal seams, deeper than 300 feet, which have a 
considerable amount of entrapped methane, are considered in this work. These coal 
seams include: Danville, Hymera/Jamestown/Paradise, Colchester, Springfield, 
Seelyville/Davis/Dekoven, Survant, and Herrin. 
 
Produced water from coal mines 
Coal mining activities in the Illinois Basin have been reported since the early years of the 
19th century. Databases, maps, and various publications of Illinois, Indiana and Kentucky 
geological surveys as well as EIA/DOE information were thoroughly searched to obtain 
the active and historic coal mining information in the Illinois Basin. Coal mine void 
volumes were calculated based on the historic coal production in Illinois, southwestern 
Indiana and western Kentucky and assuming a coal density of 1.32 g/cm3 (1.11 ton/yd3).  
Subtask 1.2 Produced water quantity 
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Produced water from oil fields and CO2-EOR  
The second objective of this task was to predict the potential amount of produced water 
from future CO2-EOR operations. This estimate is based on the OOIP of the Illinois 
Basin, assuming that approximately 10% of OOIP can be recovered by CO2-EOR. OOIP 
is used to estimate the potential amount of produced water from oilfields in the Illinois 
Basin.  
 
OOIP of Illinois Basin was previously estimated by the MGSC group using volumetric 
parameters via the following equation [18]: 
 
         OOIP (bbl) = 7758 * A * h * p * (1-Sw) / Bo,  
 
where A is reservoir area in acres, h is reservoir thickness in feet, p is reservoir porosity, 
Sw is water saturation, and Bo is formation water factor.  
 
The twenty largest oilfields in the Illinois Basin containing 8.2 billion barrels (or ~58%) 
of the total 14.1 billion barrels of OOIP were selected for this study. Detailed information 
about the twenty largest oilfields is provided in the Results and Discussion section. 
 
Produced water was estimated by estimating the maximum volume of CO2 that may 
displace water during oil production.  After primary and secondary oil recovery, 
approximately 40% of OOIP is removed, and water from the producing formation fills 
regions previously occupied by oil.  During CO2-EOR, an additional ~10% of OOIP is 
recovered, and the entire region once occupied by oil is filled with CO2.  The estimate of 
water produced during CO2-EOR is the total volume of oil removed from the reservoir.  
The OOIP of an oilfield (or formation) is multiplied by 0.5 to determine the produced 
water volume. 
 
Produced water from CBM  
Based on the previous ISGS/MGSC studies [18], the potential amount of entrapped 
methane in coal seams or Original Gas In Place (OGIP) is estimated. Active/developing 
CBM projects in the Illinois Basin are identified and produced water data (i.e., 
geographic distribution and quantity) are summarized in this report. 
 
The potential amount of produced water from future CBM operations in the Illinois Basin 
is predicted based on the OGIP values and an average water-to-gas ratio that was 
estimated from USGS data [19]. 
 
Produced water from coal mines 
A total of 1615 abandoned and inactive underground mines were surveyed to determine 
historic production quantities in Illinois. Coal Mine Quadrangle Maps and Directories 
from ISGS website were used. The 7.5 minute quadrangle maps show active and 
abandoned mines. A coal directory gives a brief history of mining on each quadrangle 
and lists the following for each mine: name, thickness, and depth of coal seams, 
production history, geologic problems reported, company names, mine names, type of 
mine, years operated, coal seam mined, and mine location. Production from some mines 
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was not reported, and some mines are not mapped. Maps do not include production for 
currently active mines.  
 
Indiana Geological Survey provided a database from their coal mine information system 
with production data sheets for mines located in the 13 Indiana counties located within 
the Illinois Basin.  Data included mine name, type of mine, county located, and 
production each year in operation.  A total of 851 mines are represented in the Indiana 
mine void data.  Kentucky data was obtained using the Kentucky Geological Survey Coal 
Production Search website.  Approximately 1000 underground mines are represented in 
the Kentucky mine void data. Data provided included total production for each county in 
the western Kentucky region that is in the Illinois Basin. 
 
Active coal mines in the Illinois Basin were contacted to obtain information about mining 
activities and produced water status and quantities. Coal mining databases of Illinois, 
Indiana, and Kentucky Geological Surveys were also searched to find produced water 
information. However, except a few notes regarding the existence of water in some 
mines, no information about the quantity of produced water was found in the literature.  
 
Subtask 1.3 Produced water quality  
Research activities for produced water quality assessment included: (1) compilation of 
the available produced water quality data from literature; (2) collection of current 
produced water quality data from oil, CBM, and coal mining companies; and (3) 
sampling and characterization of produced water from different locations.  
 
A comprehensive search for oilfield produced water quality data in the Illinois Basin was 
undertaken.  The USGS website provides the largest database of produced water quality 
for all oil producing states [20].  The USGS database provides the locations of the 
samples including the names of oil fields, in some cases, and pH values and 
concentrations of total dissolved solids (TDS), Na, Ca, Mg, Si, Al, Fe, Mn, Cl, and SO4.  
The database contains sample data from the following formations: Aux Vases, Benoist, 
Bethel, Bridgeport Sandstone, Buchanan, Cypress, Devonian, Fort Payne, Hardinsburg, 
Harrodsburg, Lime Devonian, McClosky, O’Hara, Osage, Paint Creek, Palestine, 
Pennsylvanian, Rosiclare, Salem, Silurian, St. Peter, St. Genevieve, Stein, Tar Springs, 
Trenton, Waltersburg, and Weiler. The Illinois data is from a 1952 ISGS study [21]. 
Additional data for the Aux Vases and Cypress formations is available from a 1995 ISGS 
study [22].    
 
The USGS and ISGS databases/reports and other published literature were searched to 
obtain water quality data for the selected twenty largest potential CO2-EOR oil fields in 
the Illinois Basin.  Literature data about produced water from underground coal mines in 
the Illinois Basin was also summarized and discussed. BPI Energy, a major CBM 
company in the Illinois Basin and one of the industrial collaborators of this project, and 
Pioneer Oil provided some CBM produced water quality data of different fields. 
Available water quality data of oil fields, coal mines, and CBM projects are summarized 
and compared with our measured water quality data in this report. 
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Produced water sampling  
Water samples were collected from several oil fields, coal mines, and CBM projects 
throughout the Illinois Basin (Figure 2). The sampled oil fields are among the largest 
fields and are spread throughout the Basin. The sampled coal mines are the only mines in 
the Illinois Basin with significant water production.  Currently, a limited number of CBM 
projects are in operation, therefore samples were taken from three active CBM projects. 
 
Water from the sampling sites was collected primarily from composite sources rather 
than from individual wells.  For coal mines, water was collected from settling ponds or 
discharge pipes; and for oil fields and CBM projects, water was collected from storage 
tanks for multiple producing wells.  At the Pioneer CBM project, water was collected 
from individual wells because they are not connected. Water collection procedures 
followed the guidelines established by the USGS water sampling field manual [23].  For 
water collected from tanks, the tank’s drainage valve was opened and two to six gallons 
of water were drained before sample collection.  Depending on the valve configuration, 
water was poured directly into the bottles or transferred to the bottles by a Nalgene 
bucket.  At two coal mines, water was collected from settling ponds.  Water bottles were 
submerged 6 inches below the surface at an arm’s reach from the shore.  The volumes of 
collected water samples from the primary and secondary sources were 12 and 1 L, 
respectively. Water was collected in pre-washed, amber glass bottles, filled to the top 
with no headspace, and sealed with a Teflon lid.  Primary samples were placed in 4-L 
bottles, and secondary samples were placed in 1-L bottles.  Bottles were then placed in a 
cooler with bags of ice.  Upon returning to the laboratory, bottles were transferred to a 
refrigerator at 4°C.   
 
Produced water sample preparation and analysis 
Produced water sample preparation and analysis procedures are schematically shown in 
Figure 3. Preliminary experiments indicate that sand/grit in our samples retained by 100 
µm filter are negligible, so total petroleum hydrocarbon (TPH) analysis for the filtered 
residuals through 100 µm filter is unnecessary. The difference of TPH in the unfiltered 
water and the water filtered with 0.7 µm filter indicates that TPH is associated with 
suspended particles and colloids. Conductivity was measured for the filtered water 
samples only because conductivity represents the soluble ions in aqueous solutions. 
Alkalinity is a measure of the capacity of water to neutralize acids and has important 
implications for water treatment. It is influenced by solid particles in water, so alkalinity 
was measured for unfiltered water samples. Total organic carbon (TOC) was measured 
for filtered water, so it represents dissolved organic carbon (DOC). Total inorganic 
carbon (TIC) was not measured because alkalinity can be used to determine 
concentrations of carbonates and bicarbonates. Nitrate and ammonia were measured 
instead of the total nitrogen (TN). Cations and/or elements including Na, Ca, Mg, Sr, and 
Si in unfiltered water were also measured to characterize those cations or elements 
associated with suspended particles and colloids. Primary samples with volumes greater 
than 4L were subjected to the analysis presented in Figure 3.  Secondary samples with 
volume of 1L were subjected to all of the analysis in Figure 3 except TPH.  
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Produced Water Source County, state # of samples Produced Water Source County, state # of samples 
1. Main Consolidated oil field Crawford, IL 3 7. Pattiki coal mine White, IL 1 
2. Union Bowman oil field Gibson, IN 2 8. Royal Falcon coal mine Franklin, IL 3 
3. Louden oil field Fayette, IL 3 9. ACT CBM project Posey, IN 1 
4. Dale oil field  Hamilton, IL 2 10. Pioneer CBM project Crawford, IL 3 

5. Sugar Creek oil field Hopkins, KY 1 11. Pulse Energy CBM 
project Sullivan, IN 3 

6. Galatia and Millenium coal mines Saline, IL 3    

Figure 2. Water sampling locations of oil fields, coal mines, and CBM projects in the Illinois Basin. 
 

Measurements of pH, conductivity/IS, and ammonia concentration for water samples 
were obtained by a pH/mV/ion/conductivity meter with the corresponding probes 
(Denver Instrument, Denver, CO) following the Standard Methods (SM) (SM 4500 for 
pH and ammonia and SM 2510 for conductivity). The pH/mV/ion/conductivity meter was 
calibrated with corresponding standard solutions before measurement. Turbidity of the 
unfiltered samples and the water samples filtered with 0.7 µm glass microfiber filters 
were determined with an HF Scientific Micro 100 Laboratory Turbidimeter (HF 
scientific,inc., Fort Myers, FL) following SM 2130B or EPA method 180.1. The 
turbidimeter was calibrated with standard turbidity suspensions provided by the 
manufacturer. Alkalinity of the unfiltered water samples was measured with a Mettler 
Toledo autotitrator (Mettler-Toledo Inc., Columbus, OH) following SM 2320 or EPA 
method 310.1. TDS of unfiltered samples was measured following SM 2540C. Total 
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Suspended Solids (TSS) of unfiltered samples was measured following SM 2540D. TPH 
of unfiltered samples and samples filtered with 0.7 µm glass microfiber filters is 
measured following the modified EPA Method 1664, Revision A.  
 
DOC/TOC of filtered samples was measured at the Illinois Sustainable Technology 
Center (ISTC) laboratory with a TOC analyzer following SM 5310. Concentrations of 
thirty cations and/or elements in the unfiltered samples and the filtered samples were 
measured with inductively coupled plasma mass spectroscopy (ICP-MS) at the Illinois 
State Water Survey (ISWS) using standard methods. Selected anions (e.g.; NO3, Cl, SO4

, 

and F) in filtered samples were analyzed with ion chromatography (IC) at ISTC 
laboratory using standard methods. Quality assurance for analysis is provided by 
analyzing selected duplicate samples, blank samples, and spiked samples. 
 
 
 
 

 
 
 
 
 
 

Figure 3. A schematic diagram of produced water sample preparation and analysis. 
 
 

RESULTS AND DISCUSSION 
 

Subtask 1.1 Geographic distributions  
Produced water from oil fields and CO2-EOR  
Produced water production from EOR water flooding projects in different Illinois 
counties was extracted from ISGS databases. Several maps were prepared to show 
geographic distribution and quantity of OOIP and CO2-EOR (also sources of produced 
water from CO2-EOR) in the Illinois Basin. The twenty largest oilfields are identified on 
these maps. Geographic distributions of the selected oilfields and estimated amounts of 
CO2-EOR of oilfields are shown in Figure 4. OOIP and field miscibility classification for 
CO2-EOR, are shown in Figures A1-A2 (in Appendix A), respectively. 
 

 

 
Produced Water 

0.7 µm 
Filter 

 

pH, Turbidity, Selected 
elements and ions, TSS, 
TDS, NH3, Alkalinity, TPH 

Solution 

pH, Conductivity, Turbidity, 
Selected elements and ions, 
DOC, TPH 
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Figure 4. Geographic distribution and estimated amount of CO2-EOR from oilfields in the Illinois Basin 
(twenty largest oilfields are ranked and shown). 
 
 
Produced water from CBM  
Based on the previous ISGS/MGSC studies, a map of OGIP is generated (Figure 5). 
Active/developing CBM projects in the Illinois Basin are shown in Figure 5 and available 
details of these projects are presented in Table 1.  
 
Produced water from coal mines 
Illinois Basin has abundant coal resources that can last for centuries at current production 
rates. DOE/EIA data indicate that the Illinois Basin’s coal reserve is approximately 132 
billion short tons, of which 51 billion tons is estimated to be recoverable. Coal mining 
activities in the Illinois Basin have been reported since early years of the 19th century. 
Coal mining throughout the Illinois Basin involves both underground and surface mines. 
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A map of active and abandoned (or inactive) coal mines in the Illinois Basin is shown in 
Figure 6. Latest DOE/EIA data indicated that a total of 31 active underground mines and 
40 surface mines produced a total of 95,659 thousand short tons of coal in the Illinois 
Basin in year 2007 (Table A1).  
 
 

 

 
Figure 5. Estimated coal bed methane original gas in place for major coal seams in the Illinois Basin 
(ISGS/MGSC, 2005). Current active/developing CBM projects are shown on the map. 
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Table 1. Current active/developing CBM projects in the IL Basin (see Fig. 5 for locations of Projects 1-9). 

 Project  State County Name of Company # of 
Wells 

Water 
Production 
(bbl/day) 

Gas 
Production 

(1000 
scf/day) 

Year Drilled 

1 Delta IL Saline BPI Energy 122 3400 800 2004-2008 
2 Shelby IL Shelby BPI Energy 10 capped capped 2004-2005 
3 Macoupin IL Macoupin BPI Energy 10 capped capped 2004-2005 

4 Pioneer IL Crawford Pioneer Oil Comp. 12 293 Not 
Available 2008 

5 
CO2 
Sequestration 
(ECBM) 

IL Wabash ISGS  3 

Only 
Sampling 
(No 
Production) 

Only 
Sampling 
(No 
Production)  

2008 

6 Sullivan Co. 
Projects IN Sullivan Various 

companies 59 Not 
Available 

Not 
Available 

Not 
Determinable 

7 ACT IN Posey ACT 5 100 0 2007 

8 Princeton 
North Consol IN Gibson Hydrocarbon 

Investments 3 Not 
Available 

Not 
Available  2005 

9 Maysville IN Daviess Horizontal 
Systems Inc 1 Not 

Available 
Not 
Available 2004 

  
  
1 

Data sources   
BPI website - communications with the BPI staff  

2 BPI website - communications with the BPI staff  
3 BPI website - communications with the BPI staff  
4 Communications with the Pioneer Oil staff 
5 ISGS/MGSC 

6,7,8 

7 

http://igs.indiana.edu/geology/coalOilGas/CBM/index.cfm 
http://igs.indiana.edu/pdms/Query/Search/MainQuery.cfm 
Communications with the ACT staff 

 
 
 
 
  
 

http://igs.indiana.edu/geology/coalOilGas/CBM/index.cfm�
http://igs.indiana.edu/pdms/Query/Search/MainQuery.cfm�
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Figure 6. Areas of active and historical coal mining in the Illinois Basin. 

 
Subtask 1.2 Produced water quantity 
Produced water from oil fields and CO2-EOR  
As a representative example, produced water quantities of different Illinois counties in 
year 2005 are tabulated in Table A2 (in Appendix A). Oil and produced water data from 
water flooding EOR projects in Illinois during years 2001 to 2006 were analyzed (Table 
2). The average oil production from water flooding EOR is ~ 3.3 million barrels per year, 
which is ~30% of the total Illinois oil production. The total average yearly production of 
produced water from EOR water flooding activities is about 138 million barrels. Almost 
all of the produced water (>99%) from water flooding projects is re-injected into oilfields 
for further oil production. The average water-to-oil ratio for all EOR water flooding 
activities for the six studied years was about 41.2.  
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Table 2. Oil and water production from EOR water flooding projects in Illinois. 

Year
Produced Water, 

bbls
Injected Water, 

bbls
Produced Oil, 

bbls Water:Oil Ratio
2001 119,889,840 119,275,591 3,562,633 33.7
2002 172,161,034 168,518,968 4,075,405 42.2
2003 158,847,814 151,815,401 3,950,238 40.2
2004 152,657,496 154,184,593 3,475,996 43.9
2005 156,694,313 156,037,618 3,118,536 50.2
2006 66,477,070 71,631,708 1,811,062 36.7
Average 137,787,928 136,910,647 3,332,312 41.2  

 
A produced water database is developed by compiling data from more than 4000 OG-18 
forms. Based on this database, the total yearly produced water production from all oil and 
gas recovery operations in 75 counties in Illinois is estimated as ~ 394 million barrels 
(Table 3). Based on the Illinois 2007 county oil production data, only 43 counties 
produced oil. These counties produced an estimated volume of 346 million barrels of 
water in 2008 (Table 3). However, the average yearly water production of EOR projects 
in Illinois is 138 million barrels, indicating that 40% of total water production from oil 
recovery operations is injected for EOR operations and the remaining 256 million barrels 
is injection into different formations for disposal. Disposed water may be available for 
beneficial use after treatment.  
 
Considering the total 2008 Illinois oil production of 9.4 million barrels, and assuming 
that water production from gas recovery operations in oil producing counties is 
negligible, the average oil-to-water production ratio in Illinois can be estimated as 37. By 
using this estimated water-to-oil ratio and the latest available county oil production data, 
yearly produced water production from oil recovery operations in Indiana and Kentucky 
counties of the Illinois Basin can be estimated as 60.3 and 44.5 million barrels, 
respectively (Table 4). 
 
There are more than 1000 oil fields that are potentially available for CO2-EOR 
application. The potential amount of produced water from each oilfield depends on 
different factors including geological characterization of the oilfields and specifications 
of the EOR technology. Total OOIP of the Illinois Basin is estimated as 14.1 billion 
barrels and approximately 10% of this amount can be potentially recoverable by CO2-
EOR.  
 
The twenty largest oilfields that contain 8.2 billion barrels (or ~58%) of total 14.1 billion 
barrels were selected for this study. Detailed information about twenty largest oilfields is 
provided in Table 5. This includes reservoir ranking, location, area of coverage, number 
of formations, estimated OOIP, estimated CO2-EOR, estimated OOIP from the most 
important formations, depth of the formations, and estimated produced water from each 
oilfield and its most important formations.  
 
Produced water was estimated by estimating the maximum volume of CO2 that may 
displace water during oil production.  After primary and secondary oil recovery, 
approximately 40% of OOIP is removed, and water from the producing formation fills 



 19 

regions previously occupied by oil.  During CO2-EOR, an additional ~10% of OOIP is 
recovered, and the entire region once occupied by oil is filled with CO2.  The estimate of 
water produced during CO2-EOR is the total volume of oil removed from the reservoir.  
The OOIP of an oilfield (or formation) is multiplied by 0.5 to determine the volume of 
produced water. Based on these results a potential amount of 4.1 billion barrels of water 
from the twenty largest oilfields in Illinois Basin may be produced (Table 5).  
 
Two different water production rates from CO2-EOR are considered: a fast case and slow 
case.  For the slow case, CO2 enhanced oil production is assumed to continue at the same 
rate until 10% of OOIP is obtained.  The flow rate of water is estimated by dividing the 
total volume available from above by the duration of oil production.  Assuming that oil 
production is constant at the 2008 production rate, the oil production time from CO2-EOR 
is (751 million bbls oil / 5.8 million bbls per year) 129 years. Total CO2-EOR potential 
(751 million bbls) is obtained from Table 5. 2008 oil production from 20 largest oilfields 
in the Illinois Basin is estimated by multiplying Illinois Basin 2008 oil production (~10 
million bbls) times 0.58 (fraction of OOIP in the 20 largest oilfields). The annual water 
production is (4.1 billion bbls water / 129 years) 32 million barrels per year. 
 
For the fast case, the same oil production rate is assumed, but the current water-to-oil 
ratio is assumed constant during CO2-EOR.  Oil production is assumed to continue until 
all available water is extracted.  The produced water flow rate is the oil flow rate times 
the water to oil ratio (5.8 million bbls per year * 41) 238 million barrels of water / year.  
The duration of oil production is (4.1 billion bbls water / 238 million bbls per year) 17 
years.  In this case, the total oil produced is 1.2% of OOIP, rather than 10% of OOIP. 
 
The flow rates of water potentially available for industrial use for the fast and slow cases 
are approximately 27 and 4 million gallons per day, respectively.  For the fast and slow 
cases, sufficient water is available to run eight and one 200 MW power plants, 
respectively (assuming a water consumption rate of 0.7 gallons per kWh electricity 
generated).   
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Table 3. Produced water production from oil and gas recovery operations in Illinois. 

County

Reported 
Water 

Injection, 
Mbbl/yr

Estimated 
Total Water

Injection, 
Mbbl/yr

Oil 
Producing County

Reported 
Water 

Injection, 
Mbbl/yr

Estimated 
Total Water

Injection, 
Mbbl/yr

Oil 
Producing County

Reported 
Water 

Injection, 
Mbbl/yr

Estimated 
Total Water

Injection, 
Mbbl/yr

Oil 
Producing

Adams 2.162 2.402 Yes Fulton 0.148 0.165 No Mclean 3.021 3.357 No
Alexander 0.071 0.079 No Gallatin 1.758 1.954 Yes Monroe 0.729 0.810 Yes
Bond 5.026 5.585 Yes Grundy 0.055 0.061 No Montgomery 0.036 0.040 Yes
Brown 2.003 2.226 Yes Hamilton 4.529 5.032 Yes Morgan 0.202 0.224 No
Carroll 0.088 0.098 No Hancock 0.345 0.383 No Moultrie 0.015 0.016 Yes
Cass 0.007 0.008 No Henderson 0.154 0.171 No Perry 0.194 0.216 Yes
Champaign 3.596 3.995 No Jackson 0.043 0.048 No Randolph 0.061 0.067 Yes
Christian 9.008 10.009 Yes Jasper 3.235 3.594 Yes Richland 11.509 12.788 Yes
Clark 13.471 14.967 Yes Jefferson 6.095 6.773 Yes Saline 0.741 0.823 Yes
Clay 19.712 21.903 Yes Jo Daviess 0.333 0.370 No Sangamon 1.008 1.120 Yes
Clinton 3.570 3.966 Yes Kane 0.586 0.651 No Schuyler 0.061 0.067 Yes
Cloes 0.686 0.762 Yes Kankakee 30.551 33.946 No Shelby 0.444 0.493 Yes
Cook 0.383 0.425 No Knox 0.076 0.084 No St.Clair 0.151 0.168 Yes
Crawford 52.400 58.223 Yes Lake 0.291 0.324 No Stephenson 0.161 0.179 No
Cumberland 0.211 0.234 Yes Lasalle 0.033 0.037 No Tazewell 0.038 0.042 No
Dekalb 0.128 0.143 No Lawrence 31.466 34.962 Yes Vermilion 0.087 0.097 No
Dewitt 0.830 0.922 Yes Livingston 1.544 1.715 No Wabash 4.322 4.803 Yes
Douglas 0.757 0.841 Yes Logan 0.067 0.075 No Warren 0.012 0.013 No
Dupage 0.015 0.016 No Macon 0.212 0.235 Yes Washington 2.583 2.870 Yes
Edgar 1.482 1.647 Yes Macoupin 0.359 0.398 Yes Wayne 5.199 5.777 Yes
Edwards 1.705 1.895 Yes Madison 10.394 11.549 Yes White 13.010 14.456 Yes
Effingham 2.113 2.348 Yes Marion 45.597 50.663 Yes Williamson 0.401 0.445 Yes
Fayette 49.089 54.544 Yes Marshall 0.057 0.063 No Winnebago 0.015 0.017 No
Ford 0.010 0.012 No Mason 0.092 0.102 No Woodford 0.068 0.076 No
Franklin 3.293 3.659 Yes McDonough 0.118 0.131 Yes Unknown 0.511 0.567

Illinois 2008 Reported Produced Water Production = 354.532 million barrels
Illinois 2008 Estimated Total Produced Water Production = 393.924 million barrels
Illinois 2008 Estimated Total Produced Water Production from Oil Producing Counties = 346.382 million barrels  

 
 

Table 4. Estimated produced water production from oil recovery operations in IN and  
KY counties in the IL Basin.  

County
2006 Oil 

Production, bbl
Estimated Produced 
Water, 1000 bbl County

2006 Oil 
Production, bbl

Estimated Produced 
Water, 1000 bbl

Allen       5,222 193 Clay 14,659 541
Barren      10,477 387 Daviess 63,790 2,354
Breckinridge 823 30 Dubois 2,336 86
Butler      5,414 200 Gibson 197,376 7,283
Caldwell    186 7 Greene 101,641 3,751
Christian   17,545 647 Knox 40,989 1,512
Daviess     64,967 2,397 Pike 131,642 4,858
Edmonson    14,578 538 Posey 808,447 29,832
Green       4,920 182 Spencer 74,489 2,749
Hancock     5,719 211 Sullivan 41,206 1,521
Hart        12,582 464 Vanderburgh 63,653 2,349
Henderson   316,298 11,671 Vigo 58,665 2,165
Hopkins     92,634 3,418 Warrick 34,620 1,277
Logan       604 22
Mclean      55,147 2,035
Muhlenberg  108,672 4,010 bbl Oil 1000 bbl Water
Ohio        51,767 1,910 Indiana 1,633,513 60,277
Simpson     860 32 Kentucky 1,205,621 44,487
Todd        2,157 80
Union       283,368 10,456
Warren      50,336 1,857
Webster     101,346 3,740

Kentucky (IL Basin) Indiana (IL Basin)
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Table 5. Estimated oil and produced water potential of twenty largest oilfields in Illinois Basin. 

Rank Oil Field State Acres # of Formations
Cumulative Production 
(1998), bbls OOIP, bbls

CO2 EOR 
Potential, bbls

Oilfield Estimated Produced 
Water Potential [OOIP * 0.5], bbls Formation

Formation 
Top Depth, ft Formation OOIP, bbls

Formation Estimated Produced 
Water Potential [OOIP * 0.5], bbls

1 Main Consol. IL 81,390 15 264,301,200 1,403,036,544 98,215,563 701,518,272 Robinson 950 1,212,968,404 606,484,202
Paint Creek 1,280 85,987,316 42,993,658
Aux Vases 1,430 31,946,094 15,973,047

2 Clay City Consol. IL 164,359 14 374,548,256 1,249,116,058 188,101,964 624,558,029 Aux Vases 2,940 376,134,659 188,067,330
Ohara 3,020 357,707,208 178,853,604
Cypress 2,635 187,108,394 93,554,197

3 Lawrence IL 44,211 25 427,862,592 1,046,043,854 66,065,370 523,021,927 Cypress 1,400 489,528,469 244,764,234
Buchanan 1,250 199,640,834 99,820,417
Bridgeport 800 106,069,946 53,034,973

4 Louden IL 29,783 11 399,088,928 784,900,365 46,839,645 392,450,182 Cypress 1,500 471,036,094 235,518,047
Bethel 1,540 164,561,353 82,280,676
Benoist 1,550 103,652,281 51,826,140

5 New Harmony Consol. IL 38,157 22 161,517,280 643,358,898 59,438,017 321,679,449 Sample 2,660 160,019,891 80,009,945
Cypress 2,570 159,604,324 79,802,162
Aux Vases 2,800 95,004,943 47,502,472

6 Salem Consol. IL 16,681 11 397,881,344 512,239,343 52,236,779 256,119,672 Benoist 1,780 202,699,263 101,349,632
McClosky 2,050 108,336,227 54,168,114
Devonian 3,440 71,060,582 35,530,291

7 Griffin Consol. IN 10,372 71 84,162,272 340,066,073 33,015,994 170,033,037 Aux Vases 2,788 108,776,541 54,388,271
Cypress 2,499 56,124,775 28,062,388
Waltersburg 2,433 42,484,883 21,242,441

8 Dale Consol. IL 32,619 12 105,909,056 328,846,650 48,576,269 164,423,325 Aux Vases 3,150 243,777,275 121,888,638
Bethel 2,975 29,052,025 14,526,013
Ohara 3,110 21,401,287 10,700,643

9 Union-bowman Consol. IN 30,534 158 29,901,836 325,006,485 20,841,719 162,503,243 Pennsylvanian 1,089 38,508,010 19,254,005
Jackson 1,242 28,218,053 14,109,026
St Louis 2,077 20,373,329 10,186,664

10 Sailor Springs Consol. IL 38,358 13 70,815,312 273,733,893 25,840,343 136,866,947 Cypress 2,550 149,334,088 74,667,044
Aux Vases 2,825 39,764,542 19,882,271
Ohara 2,900 25,592,495 12,796,248

11 Roland Consol. IL 20,843 19 64,718,392 202,222,865 19,916,958 101,111,433 Aux Vases 2,880 60,790,339 30,395,169
Cypress 2,700 34,439,450 17,219,725
Ohara 3,020 24,096,484 12,048,242

12 Westfield IL 8,191 9 40,389,149 179,571,933 12,747,212 89,785,967 Westfield 335 109,863,399 54,931,700
Trenton 2,300 29,831,198 14,915,599
Pennsylvanian 280 29,385,957 14,692,978

13 Allendale IL 13,401 18 28,229,000 160,921,503 10,669,130 80,460,752 Biehl 1,450 88,879,161 44,439,581
Cypress 1,920 26,744,188 13,372,094
Bethel 2,010 16,177,117 8,088,559

14 Albion Consol. IL 13,998 19 36,148,288 144,045,761 14,744,588 72,022,880 Aux Vases 3,045 36,291,654 18,145,827
Biehl 2,000 28,040,731 14,020,366
Bethel 2,960 17,017,882 8,508,941

15 Poole Consol KY 9,848 7 8,399,268 124,654,416 8,792,524 62,327,208 Chester 2,030 86,227,187 43,113,594
Aux Vases 1,775 24,635,388 12,317,694
St Genevieve 2,560 8,978,856 4,489,428

16 Phillipstown Consol. IL 15,107 22 41,105,916 117,974,150 11,718,952 58,987,075 Tar Springs 2,295 20,436,597 10,218,299
Aux Vases 2,880 19,902,306 9,951,153
Cypress 2,720 13,884,864 6,942,432

17 Apex Cons / Hardeson Cons KY 3,662 5 5,116,863 116,436,435 8,168,393 58,218,217 Chester 715 99,977,008 49,988,504
St Genevieve 934 16,312,039 8,156,020
Vienna 875 70,510 35,255

18 Greensburg Consol KY 22,740 2 2,386 94,919,223 6,739,265 47,459,612 Laurel Dol 442 94,904,490 47,452,245
Fort Payne 324 14,733 7,367

19 Centralia IL 4,176 5 59,045,076 92,081,931 9,286,769 46,040,965 Devonian 2,870 39,317,073 19,658,536
 Benoist 1,355 31,664,110 15,832,055

Cypress 1,200 11,921,347 5,960,674
20 Herald Consol. IL 15,383 19 22,293,352 91,512,614 9,201,977 45,756,307 Aux Vases 2,920 40,419,046 20,209,523

TOTAL 2,621,435,766 8,230,688,994 751,157,432 4,115,344,497 6,396,696,702 3,198,348,351  
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Produced water from CBM  
Major coal seams, deeper than 300 feet, which are considered for OGIP estimation, are 
Danville, Hymera/Jamestown/Paradise, Herrin, Springfield, Survant, 
Seelyville/Davis/Dekoven, and Colchester. The estimated amount of OGIP varies from 
250,000 scf/acre to more than 2,000,000 scf/acre, and the total amount of OGIP of the 
Illinois Basin is estimated as 22.1 trillion scf (tscf). ISGS/MGSC study indicated that 
approximately 70-78% of the OGIP can be recovered and approximately 41% of the total 
OGIP can be considered for Enhanced (e.g., CO2-enhaned) Coal Bed Methane (ECBM) 
recovery. CBM in shallow (i.e., <500 ft) and deep (i.e., >500 ft) coal seams can be 
recovered by conventional and enhanced (ECBM) technologies, respectively. Assuming 
an average recovery factor of 74%, an estimated amount of 16.4 tscf of CBM can be 
potentially recovered by both conventional and enhanced methods.  
 
The amount of CBM produced water varies from basin-to-basin and mine-to-mine. 
Produced water production is at the highest level at the early (de-watering) stages of 
operation with little or no gas production and decreases with time. The USGS has 
reported CBM produced water volumes ranging from 0.03 (San Juan, NM) to 2.75 
(Powder River, MT) bbl per thousand cubic feet of recovered methane. Few CBM 
explorations have occurred in the Illinois Basin, limiting our ability to predict produced 
water production over a long period of time. Current active/developing Illinois Basin 
CBM projects are at early stages of gas production and de-watering. The major CBM 
project (Delta project, Table 1) has ~122 active wells with approximate daily production 
of 3400 bbl water and 800 mscf (mscf is 1000 scf) gas. The current water-to-gas ratio of 
4.25 bbl/mscf (BPI Energy data, Table 1) cannot be used to accurately predict the 
potential amount of produced water from CBM over a long period of time in the Illinois 
Basin, because it only shows the water-to-gas ratio of CBM production at the early stages 
of production in a specific field. In the absence of reliable and conclusive water-to-gas 
data for the Illinois Basin, we performed an analysis of all other major CBM activities in 
the U.S. to estimate an average water-to-gas ratio. Five Coal Basins (Black Warrior, 
Powder River, Raton, San Juan and Uinta) that have more than 9500 CBM wells are 
considered (Table 6). These five basins have an average water/gas ratio of 1.02 bbl/mscf.  
 
By multiplying the assumed water/gas ratio (i.e., 1.02 bbl/mscf) by the OGIP values, 
geographic distribution of the potential amount of produced water from future CBM 
operations can be roughly estimated. A map of CBM produced water is identical to that 
of the map shown in Figure 5 with potential produced water densities ranging from less 
than 255 bbl/acre to greater than 2,040 bbl/acre. This indicates that the majority of CBM 
resources can potentially generate more than 1000 bbl/acre produced water over the life 
time of the CBM recovery. 
 
Considering the estimated potential amount of 16.4 tscf of CBM production in the Illinois 
Basin, and an assumed average water-to-gas ratio of 1 bbl/mscf, the potential volume of 
produced water can be estimated as 16.4 billion barrels or 689 billion gallons. If this 
water is available over a lifetime of fifty years, the potential amount of available 
produced water per year is 13.8 billion gallons, or ~38 million gallons per day. This 
volume of water is sufficient to run eleven 200 MW coal fired power plants or it can be a 
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supplemental source of water to provide 10% water demand of one hundred and ten 200 
MW power plants for fifty years (assuming a water consumption rate of 0.7 gallons per 
kWh electricity generated). 
 

Table 6. Produced water summary of CBM recovery in the U.S. (USGS FS-156-00). 

Basin State 
No of 
wells 

Avg. Water Production 
(Bbl/day/well) 

Water/gas ratio 
(bbl/Mscf) 

Black Warrior Alabama 2917 58 0.55 

Powder River 
Wyoming, 
Montana 2737 400 2.75 

Raton Colorado 459 266 1.34 
San Juan New Mexico 3089 25 0.03 
Uinta Utah 393 215 0.42 
       1.018 (Average) 

 
 
Produced water from coal mines 
Most mines in the Illinois Basin are considered “dry” compared to Appalachian coal 
mines.  Western Kentucky mines in the Springfield seam are particularly noted for being 
free of water except where mine shafts penetrated sandstone formations with 
groundwater. Water comes from three sources in association with coal mines: (1) coal 
seam water, similar to water found with CBM; (2) groundwater in various geologic 
formations that migrate into coal mines; and (3) surface water in surface mines. 
Information obtained from coal mine geologic reports suggests that most of the water 
found in Illinois Basin mines is groundwater. The majority of mines report little if any 
water associated with the coal seam. Several mines reported using this water in the coal 
processing plants. Excess water is discharged to surface runoff. 
 
Active underground and surface mines throughout the Illinois Basin were contacted to 
obtain information about discharge of produced water. Surface mines reported having 
water only from surface runoff. Surface runoff from rain was accumulated in holding 
ponds and either used for coal processing or discharged to local water channels. While 
most underground mines reported no water, there were three mines located in southern 
Illinois along the Cottage Groove Fault System, which reported a significant amount of 
water discharge (Table 7).  
 
Three counties, all in Illinois, show water production from coal mines out of the twenty 
two counties in the Illinois Basin that have active coal mines.  Produced water resources 
from Galatia/Millenium Mines (Saline County in Illinois) and Pattiki Mine (White 
County in Illinois) are sufficient to potentially provide supplemental sources of water to 
two 200 MW power plants by supplying more than 10% of the plants’ water demand 
(assuming a water consumption rate of 0.7 gallons per kWh electricity generated). 
Produced water from Royal Falcon Mine (Jackson County, Illinois) can provide ~5% 
water demand of a 200 MW power plant.  
 
Depending on the geologic characteristics of abandoned coal mines, void volumes from 
underground coal mining can be potentially filled with water that can be used to 
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supplement the water demand of power plants. Void volumes can also be potentially used 
as geothermal cooling sinks for the power plants.  
 
Available historic coal mining data in the Illinois Basin was surveyed to estimate the void 
volume created by underground coal mining. Geographic distribution and quantities of 
void volume in different counties of the Illinois Basin are shown in Table 8. This 
indicates an estimated total volume of 5.3 billion cubic yards void space in 60 counties.  
 
Several mines along the Rend Lake Fault Line, which is part of the Cottage Grove Fault 
System, and mines under Rend Lake reported having water under the “Geologic 
Problems Reported” in the directory of coal mines in Illinois.  Mine operators contacted 
also noted from personal experience that these mines were the wettest in Illinois. These 
mines are located in Franklin, Saline, Williamson, Jefferson, Gallatin, Jackson, and 
Hamilton counties and rank 1, 3, 6, 18, 22, 30, and 41, respectively, in coal mine void for 
the Illinois Basin. The total void volume in these counties is ~1.6 billion cubic yards or 
~314 billion gallons. It is possible that a considerable fraction of this void is filled with 
water. Further study is needed to estimate flux of water into these voids. 
 
 

Table 7. Produced water production from active coal mines in the Illinois Basin. 
 
 
Owner / 

Operator Mine Name  Mine Type  County 
Produced Water, 

gal/day Comments 

American Coal 
Company 

Galatia and 
Millenium  Underground Saline, IL 500,000 

Producing 1.5 million gallons per day 
between Galatia and Millenium mines but 
using approximately 1 million gallons in 
coal processing.  Discharging approximately 
half million gallons per day to surface 
discharge.   

White County 
Coal, LLC 

Pattiki II 
Mine Underground White, IL 432,000 Water discharged to Wabash River. 

Knight Hawk 
Coal, LLC Royal Falcon Underground  Jackson, IL 168,000   
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Table 8. Estimated void volume of abandoned coal mines in different counties of the Illinois Basin. 
Counties are ranked based on their estimated void volume. 

 

 

Subtask 1.3 Produced water quality  
Produced water from oil fields and CO2-EOR  
The USGS and ISGS databases/reports were searched to obtain water quality data from 
the selected twenty largest potential CO2 EOR oil fields in the Illinois Basin.  Data from 
these fields was compiled, and the statistics are presented in Table 9.  Produced water 
from these oil fields tends to be highly saline.  The TDS values for produced water 
ranged from 6,000 to 210,000 mg/L, with a large fraction of the TDS comprised of 
sodium and chloride ions.  Most of the produced water samples with smaller TDS 
concentrations are collected from Pennsylvanian formations that are shallow compared to 
other formations.  The produced water from the Roland Consolidated oil field within the 
Waltersburg formation had one of the lowest TDS values.  The Sailor Springs field has 
TDS concentration in the range of 17,000 mg/L in the Tar Springs formation.  The Clay 

Illinois Basin Counties 
Estimated mine void of 
abandoned mines (yd3)   Illinois Basin Counties 

Estimated mine void of 
abandoned mines (yd3) 

IL - Franklin 648,846,221  IN – Vermillion 30,688,241 
IL - Christian  453,673,965  IL – Peoria 21,737,866 
IL - Saline 406,297,472  IN – Pike 17,918,101 
KY - Hopkins 391,326,263  IN – Parke 11,374,619 
IL - Macoupin 359,084,947  IL – Marshall 10,809,680 
IL - Williamson 339,522,380  IL – Macon 9,467,056 
KY - Union 270,180,764  IL – Tazewell 9,197,949 
KY - Muhlenburg 253,380,242  IL – Menard 8,720,336 
KY - Webster 252,348,484  KY – Daviess 6,172,789 
IL - St. Clair 212,736,197  IL – Livingston 6,024,257 
IL - Sangamon 203,288,072  IL – Hamilton 5,535,747 
IN - Vigo 158,437,166  IL – Will 5,396,782 
IN - Sullivan 141,260,071  IL – McLean 4,850,504 
IL - Vermillion 127,641,786  KY – Mclean 4,634,126 
IL - Madison 118,436,387  IL – Woodford 3,716,406 
IN - Daviess 103,683,187  KY – Butler 3,238,446 
IN - Knox 102,953,961  KY – Christian 2,691,619 
IL - Jefferson 73,130,592  IL – Moultrie 1,829,012 
KY - Ohio 56,938,171  IL – Kankakee 1,729,607 
IL - La Salle 56,145,553  IL – Henry 1,590,788 
IL - Clinton 53,750,519  IL – White 1,509,067 
IL - Gallatin 51,149,455  IL – Montgomery 1,163,045 
IL - Logan 47,684,288  KY – Hancock 599,104 
KY - Henderson 42,800,461  IL – McDonough 561,262 
IN - Gibson 38,020,442  IN – Dubois 252,456 
IN - Warrick 37,908,137  KY – Edmonson 154,883 
IN - Greene 37,795,307  KY – Crittenden 126,691 
IL - Grundy 34,699,248  IL - Rock Island 26,123 
IN - Clay 34,113,322  IN – Perry 8,943 
IL - Jackson 31,811,979  KY – Grayson 4,500 

Illinois Basin total estimated mine void = 5,310,775,037 cubic yards 
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City Consolidated oil field has some of the highest (>150,000 mg/L) observed 
concentrations of TDS, in samples collected from the Ohara and McClosky formations. 
 
 
Table 9.  Compiled data from USGS and ISGS (1995) reports for the fields of interest in the Illinois Basin.  
Concentrations are in mg/L.  Magnesium concentrations are reported as zero in the USGS report for oil 
fields in Illinois, so they are not included in tabulated results. 

 pH TDS Na Ca Mg HCO3 Cl SO4 

Mean 6.6 110,000 37,000 4,300 1,300 220 68,000 810 

Min 5.2 6,000 0 5 380 0 2,800 0 

Max 8.0 210,000 73,000 26,000 2,300 1,800 13,0000 4,900 

Std dev 0.6 34,000 11,000 2,600 490 230 21,000 890 

 
 
Statistical data for the concentrations of additional species measured in the 1995 ISGS 
report [22] are shown in Table 10.  Water quality data is averaged over the fields that are 
among the selected 20 fields in the Illinois Basin for two oil-producing formations (Aux 
Vases and Cypress).  Concentrations of TDS and various ions are similar to values 
reported in the USGS database.  Valuable metals such as Li have generally small 
concentrations (less than 10 mg/L), but may still be of economic interest.  Silicon 
concentration in most cases is less than 10 mg/L, but it may cause membrane fouling 
problem during treatment.  
 
Produced water quality from oil fields in the Illinois Basin reveals significant variability.  
Figure 7 shows the cumulative distribution of histograms of TDS and Cl- concentrations 
for produced water from the top 20 oil fields, using data from the USGS database and the 
1995 ISGS publication.  The cumulative distribution is calculated by dividing the number 
of samples with concentrations less than a given value by the total number of samples.  
Cumulative distributions are calculated separately for the ISGS data (29 samples) and the 
USGS data (279 samples).  Most produced waters samples have TDS concentrations in 
the range of 100,000 to 150,000 mg/L, but a few samples (4%) have concentrations less 
than 30,000 mg/L.  The chloride concentration distribution shown in Figure 7b and high 
chloride and sodium concentrations listed in Tables 9 and 10 show that most of the TDS 
is composed of sodium chloride.   
 
Produced water from CBM  
Table 11 shows water quality data for four CBM projects in the Illinois Basin. Data is 
obtained from BPI Energy (one of the industrial collaborators of this project) and Pioneer 
Oil, and is either averaged over several wells from a producing region or represents water 
sampled from a tank that collects water from multiple wells. 
 
The overall quality of the produced water from CBM projects is better than that from oil 
fields.  There is a wide range of quality; the smallest TDS value is just over 2,500 mg/L, 
and the largest value is about 84,000 mg/L.  Sodium and chloride are the dominant ions 
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present in all waters.  No data is available for dissolved organic compounds in the water. 
 
 
Table 10.  1995 ISGS data from produced water sampled from Clay City Consol., Lawrence, New 
Harmony, Dale, Sailor Springs, Roland oil fields within Illinois. Additional measurements were taken of 
Pb, V, Cu, Zn, Zr, Cd, Be, Cr, As, Se, Mo, and Sb, but concentrations of these species were below 
detection limits for nearly all of the samples from the fields of interest. All units, except pH, are in mg/l. 
 

Aux Vases Formation 

 pH TDS Cl Br I SO4 NO3 CO3 HCO3 Na Ca Mg K 

mean 6.7 125,634 73,996 154 8.6 612 0.4 0.17 122 44,193 4721 1,488 222 

min 5.3 43,325 25,000 65 3.2 1 0.0 0.00 30 16,290 1140 452 79 

max 8.0 146,456 85,000 220 15.0 1,800 1.3 1.00 190 53,780 6,350 2,190 356 

SD 0.6 24,472 14,608 43 3.1 572 0.3 0.26 53 8,554 1,348 438 66 
              

 Sr NH4 Ba Li Fe Mn B Si Al Ti Co Ni  

mean 265 30 3.3 7.6 7.6 0.86 4.19 4.53 0.0 0.0 - -  

min 117 6 0.1 2.2 0.0 0.33 3.00 0.60 - 0.0 - -  

max 958 46 16.3 15.0 52.3 2.25 9.21 7.40 0.3 0.2 0.0 0.4  

SD 206 8 4.5 3.0 14.4 0.62 1.42 1.58 0.3 0.1 0.0 0.1  
              

Cypress Formation 

 pH TDS Cl Br I SO4 NO3 CO3 HCO3 Na Ca Mg K 

mean 6.4 106,041 62,333 127 4.4 551 0.9 0.21 202 38,347 3,079 1,075 128 

min 5.7 48,460 28,000 60 2.4 1 0.3 - 20 18,400 633 378 70 

max 7.7 140,537 83,000 190 8.2 1,100 4.7 0.81 690 50,700 5,150 1,400 213 

SD 0.6 25,218 14,822 35 1.6 471 1.3 0.23 170 8,943 1,427 296 42 
              

 Sr NH4 Ba Li Fe Mn B Si Al Ti Co Ni  

mean 132 22 18.3 5.3 6.6 1.90 2.68 5.50 0.1 0.0 - -  

min 32 10 0.1 1.7 0.1 0.43 2.20 - - 0.0 - -  

max 315 41 183.0 15.6 18.7 4.84 3.46 15.40 0.3 0.0 0.1 0.2  

SD 94 9 52.2 3.6 6.0 1.52 0.37 3.78 0.2 0.0 0.1 0.1  



 28 

 
Figure 7.  Concentration distributions for TDS (a) and Cl (b) for the USGS and 1995 ISGS data sets.  There 

are 279 and 29 data points for USGS and ISGS (1995) reports, respectively. 
 
 

Table 11.  Water quality parameters from existing CBM projects in the Illinois Basin. Description of 
different projects are provided in the second progress report.  Concentrations are in mg/L. 

Project pH TDS Na Ca Mg Fe K Ba Sr Mn Cl HCO3 SO4 
Delta 8.10 2,532 552 9.07 3.79 1.66 2.0 0.5 0.32 0.03 500 1,464 1 
Shelby 7.00 83,920 27,911 2,271 970 3.27 62.0 37.0 182.6 0.58 52,300 244 1 
Macoupin 7.69 12,611 4,304 241 194 2  3   7,300 561 6 
Pioneer 7.3 32,291 10,105 1,307 646   35   19,506 705  

 
 
Produced water from coal mines 
A literature search provided limited water quality data for Illinois coal mines. Gluskoter 
(1965) reported water quality data of 21 water samples obtained from underground mines 
(associated with Herrin Coal) in Christian, Douglas, Franklin, Jefferson, Montgomery, 
Randolph, and Williamson Counties in Illinois. Statistics of this data is presented in 
Table 12.  It is notable that although all water samples were obtained from the Herrin 
coal seam, TDS and other water quality parameters varied in a wide range from 
freshwater to high-salinity water.  
 
 

Table 12. Statistics of 21 groundwater samples associated with Herrin coal in Illinois. 

 Depth (ft) pH TDS Cl SO4 Na and K Fe Mn Ca Mg SiO2 Alkalinity* Hardness*
Min 120.0 7.0 994.0 150.0 0.0 406.0 0.0 0.0 2.0 1.0 6.8 160.0 8.0
Max 795.0 8.6 48,306.0 29,250.0 622.0 17,059.0 9.6 1.0 1,008.0 452.0 22.1 1,004.0 4,380.0
Mean 390.6 7.8 18,313.0 10,443.1 39.0 6,592.2 1.8 0.4 293.1 145.5 9.4 456.4 1,331.1
St Dev 225.5 0.4 16,970.8 10,662.0 133.9 6,023.8 2.7 0.3 328.0 152.1 3.5 254.3 1,441.0

* As CaCO3

Concentration in water samples from different undergound mines(ppm)
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Produced water sampling and characterization 
Results from produced water quality analysis are presented in this section. Water quality 
of our analyzed samples is compared to literature and operator data.  
 
Water quality parameters including pH, turbidity, conductivity, TDS, TSS, alkalinity, 
ammonia, and TOC are presented in Table 13.  The average values of these parameters 
for different types of produced water are compared with the data from literature or 
company data in Table 14.  
 
The pH values of all samples are between 6.4 and 8.8, and are consistent before and after 
glass fiber filtration (Table 13). The average of pH values for each type of produced 
water are not significantly different from those reported in literature for the similar 
sampling fields (Table 14).  The pH values of samples from the coal mines (7.7±0.2) and 
CBM fields (8.1±0.6) are higher than those from the oil fields (7.0±0.3), also consistent 
with the literature. 
 
The turbidity of unfiltered samples varies over three orders of magnitude, from 0.56 to 
446 NTU (Table 13). The water from the Pioneer CBM has the highest turbidity (446 
NTU). The water samples from the Royal Falcon coal mine site 1 and Pulse Energy CBM 
site 3 are relatively clear with turbidity of less than 1 NTU. After filtration, all samples 
have the turbidity of less than 1 NTU except that from Pioneer CMB site 2. The turbidity 
of some filtered samples even is lower than the drinking water treatment standard (< 0.3 
NTU) for conventional and direct filtration combined filter effluent [24]. The average 
turbidity of sampled three types of produced water is comparable before filtration (Table 
14).  After filtration, the average turbidity of samples from the oil field (9±27 NTU) is 
higher than those from coal mines (0.3±0.3) and CBM project (0.4±0.5) probably due to 
the small oil droplets (Table 14). 
 
The conductivity of all samples varies over two orders of magnitude, from 0.74 to 160 
mS/cm (Table 13). The water sample from Dale oil field (Site 1) has the highest 
conductivity (160 mS/cm). The water from Royal Falcon coal mine has the lowest 
conductivity of 0.74 mS/cm. In general, the conductivity of water samples from oil fields 
is higher than those from coal mines and CBM sites due to higher salinity of oilfield 
produced water.  
 
TDS varies from 0.5 to 127 g/L for all measured samples (Table 13). As suggested by the 
conductivity, TDS is higher in water samples from oil fields (average of 68±54 g/L) than 
those from coal mines (9.9±9.2 g/L) and CBM sites (11±14 g/L) (Table 13).  The average 
values of TDS for measured samples are not significantly different from those reported in 
literature or by companies for similar sampling fields. 
 
 A significant correlation between TDS and conductivity was observed in all samples:  
TDS (g/L) = Conductivity (mS/cm) × 0.79 (Figure 8a). And the coefficient of 0.79 is 
within the reported range of 0.55 – 0.9 (Standard Method 2510) [25]. Significant 
correlations were also observed in each type of produced water, and the coefficient is 
0.80 for samples from the oil fields (Figure 8b), 0.61 for samples from coal mines (Figure 
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8c), and 0.66 for samples from CBM sites (Figure 8d).  
 
The alkalinity of samples ranges from 90 to 1,469 mg/L (Table 13). The samples from 
CBM fields and Main Consolidated oil filed have relatively high alkalinity. There are no 
reported alkalinity values in literature for samples from similar oil fields and coal mines. 
The average of measured alkalinity in CBM site samples is not significantly different 
from that found from literature (Table 14). The concentration of alkalinity represents the 
ability of water to resist changes in pH caused by the addition or generation of acids 
during water treatment process. Low alkalinity water (< 80 mg/L) may have rapid 
fluctuation in pH when adding coagulants in water [26].  Although all our samples have 
alkalinity above this low limit, soda ash (Na2CO3) may be needed for some samples with 
relatively low alkalinity such as Dale oil field sample. The alkalinity determines the 
chemical dose for softening to remove the hardness-causing ions (Ca and Mg). The 
concentration of alkalinity also has implications on corrosion control of the treatment 
system. 
 
TOC ranges from 0.4 to 508 mg/L in all samples, with the greatest value in the sample 
from Main Consolidated oil field and the lowest values in samples from Pulse Energy 
CBM site 1 and Royal Falcon coal mine site 1 (Table 13). As expected, the TOC values 
are higher in samples from oil fields (average of 66 mg/L) and lower in samples from 
coal mines and CBM sites (average of 5.7 and 2.2 mg/L, respectively) (Table 14).  
 
The concentration of ammonia (in the form of NH4

+) ranges from 0.02 to 25 mg N/L, 
with higher values in samples from Louden and Dale oil fields and lower values in 
samples from Royal Falcon coal mine and Pulse Energy CBM site (Table 13). The 
average ammonia concentration in these three types of produced water follows the order 
of oil field > CBM site> coal mine (Table 14).  
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Table 13. Measured pH, turbidity, conductivity, TDS, TSS, alkalinity, TOC, and ammonia in produced water samples. 

 
 

Source Site 
pH Turbidity  

(NTU) 
Conductivity 

(mS/cm) TDS  
(g/L) 

TSS 
(mg/L) 

Alkalinity  
(mg/L as CaCO3) 

TOC 
(mg/L) 

Ammonia 
(mg N/L) 

Unfiltered Filtered Unfiltered Filtered Filtered Unfiltered Filtered Unfiltered 

Main Consolidated 
Oil Field 

1 7.0 7.9 420 0.21 32 19.0 101.0 1148 507.5 4.36 
2 7.2 7.2 96 0.94 24 22.0 135.7 595 14.4 0.30 
3 7.4 7.6 97 0.61 33 20.8 74.3 1109 11.0 0.18 

Louden  
Oil Field 

1 7.4 7.3 33 0.10 120 101.7 8.5 285 8.5 25.43 
2 6.7 6.9 13 0.18 140 102.7 103.7 163 5.8 24.57 
3 6.9 7.1 49 0.42 100 90.6 47.5 238 7.1 23.72 

Dale  
Oil Field 

1 6.7 6.8 36 0.06 160 126.9 8.0 90 20.2 31.77 
2 7.1 7.1 74 0.16 89 78.2 75.1 178 7.3 35.53 

Sugar Creek   
Oil Field 1 6.4 6.5 168 0.22 39 25.3 16.5 776 15.2 5.09 

Galatia  
Coal Mine 

1 7.9 7.9 11 0.04 31 18.0 5.4 260 8.0 6.268 
2 7.5 7.4 24 0.28 14 10.5 36.4 144 13.0 3.553 

Millenium  
Coal Mine 1 7.6 7.6 274 0.16 26 16.0 2644.0 482 14.5 8.355 

Pattiki  
Coal Mine 1 7.5 7.6 91 0.90 34 20.4 113.0 296 1.3 4.696 

Royal Falcon  
Coal Mine 

1 8.1 8.1 0.56 0.53 0.74 0.5 0.8 353 0.5 0.029 
2 7.8 7.9 375 0.13 3.10 2.9 359.7 295 1.7 0.019 
3 7.9 7.9 12.1 0.02 2.10 1.6 20.2 152 0.9 0.022 

ACT  
CBM 1 7.5 7.7 5.98 0.16 34 25.1 57.0 636 7.3 11.226 

Pioneer  
CBM 

1 7.2 7.4 446 0.79 45 27.7 151.5 672 2.2 8.824 
2 7.8 7.8 156 1.38 42 31.3 40.7 627 0.9 9.850 
3 7.9 7.7 106 0.03 55 33.1 45.5 555 0.8 11.792 

Pulse Energy CBM 
1 8.8 8.8 1.96 0.49 2.40 2.0 1.4 1469 0.4 0.501 
2 8.7 8.7 7.41 0.12 1.95 1.3 1.0 902 1.0 0.016 
3 8.5 8.5 0.91 0.04 2.00 1.3 10.0 1052 2.7 0.015 
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Table 14. Measured water quality parameters (pH, TDS, turbidity, TSS, TOC, alkalinity, and ammonia) and 
the reported values for similar sampling fields. 

 

Sample pH TDS 
(g/L) 

Turbidity (NTU) TSS 
(mg/L) 

TOC 
(mg/L) 

Alkalinity 
(mg/L as 
CaCO3) 

Ammonia 
(mg N/L) Unfiltered Filtered 

Oil 
Field 

Measured 7.0±0.3 68±54 110±125 9±27 33.5±45.2 66.3±165.5 509±415 16.8±14.1 

Reporteda 6.6±0.6 110±34 - - - - - - 

Coal 
Mine 

Measured 7.7±0.2 9.9±9.2 113±150 0.3±0.3 690±1300 5.7±6.1 283±117 3.3±3.4 

Reportedb 7.8±0.4 18±17 - - - - 456±254 - 

CBM 
Measured 8.1±0.6 11±14 103±163 0.4±0.5 70±76 2.2±2.4 845±327 6.0±5.6 

Reportedc 7.5±0.5 33±36 - - - - - - 
a. Compiled data from USGS and 1995 ISGS reports [21,22] for the oil fields of interest in the Illinois Basin. 
b. Statistic data of 21 samples from underground mines associated with Herrin coal in Illinois [27].  
c. Data from existing CBM projects in the Illinois Basin provided by BPI energy and Pioneer Oil. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 8. Correlation between TDS and conductivity for all samples (a), samples from oil fields (b), 
samples from coal mines (c), and samples from CBM sites (d). TSS varies from 8.0 to 136 mg/L in 
measured samples from the oil fields, 0.8 to 2,644 mg/L in measured samples from coal mines, and 1.0 to 
152 mg/L in measured sample from CBM sites. The highest TSS (2,644 mg/L) in Millenium coal mine 
sample is due to the large amount of suspended black coal particles. The lowest TSS (0.8 mg/L) was 
detected in the sample from Royal Falcon coal mine site 1 which also has the lowest turbidity.  
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The TPH content in selected samples before and after filtration are presented in Figure 9. 
For unfiltered samples, the average TPH in samples from oil fields (80 mg/L) is 40 times 
of that in Royal Falcon coal mine site 1 and 20 times of that in ACT CBM site. The TPH 
content in samples from oil fields was reduced by 71 to 95% after passing through the 0.7 
µm filter, which indicates the majority of TPH in water samples is associated with 
suspended particles and colloids that can be removed by coagulation/sedimentation 
and/or filtration. 
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Figure 9. TPH contents in selected samples before and after filtration (0.7 µm). 

 
 
Table 15 shows the measured average concentrations of major cations in three types of 
produced water and compares the measured values with the reported values in literature 
or by companies for similar sampling fields. Na is the most abundant cation in all three 
types of produced water, followed by Ca and Mg. The concentrations of K, Ba, and Sr are 
relatively low comparing with those of Na, Ca, and Mg. The concentrations of these six 
major cations in samples from oil fields are all higher than those from coal mines and 
CBM sites. No significant difference was observed between measured values and the 
reported values for similar sampling fields.  
 
The average concentrations of major anions measured in three types of produced water 
are reported in Table 16 with the reported values in literature for similar sampling fields. 
Samples were submitted for analysis of selected anions including fluoride, chloride, 
bromide, iodide, nitrate, phosphate, and sulfate, but only fluoride, chloride, bromide, and 
sulfate were measured. The concentrations of iodide, nitrate, and phosphate were not 
obtained because either their concentrations were below the detection limit of IC or their 
peaks were swamped out by the other ions, especially by chloride which is the most 
abundant anion in all types of samples. The average concentration of chloride in samples 
from oil fields is five times of that in samples from CBM sites and seven times of that in 
samples from coal mines. The concentrations of bromide and fluoride are also higher in 
samples from oil fields than those from coal mines and CBM sites. The average 
concentrations of chloride measured in three types of produced water are not significantly 
different from the reported concentrations in the corresponding types of sampling fields.  
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Our measurements indicate that the average concentration of sulfate is higher in samples 
from coal mines; however, the samples from some oil fields were reported to contain 
higher concentrations of sulfate. Concentrations of CO3 and HCO3

 are calculated from 
alkalinity and pH. Since the pH values of all samples are between 6.4 and 8.8, HCO3 is 
the dominant IC species.  
 
The analysis suggests that water quality varies widely even for the same type of produced 
water, and that the removal of Na and Cl is the major concern in treating produced water 
from oil fields, coal mines, and CBM projects for beneficial use. For produced water 
from oil fields, pretreatment to remove petroleum hydrocarbon and other organic 
compounds is crucial because it may affect the efficiency of subsequent treatment steps. 
 

Table 15. Concentrations of major cations in samples and the reported values for similar sampling fields. 
Sample Na 

(mg/L) 
K 

(mg/L) 
Ca 

(mg/L) 
Mg 

(mg/L) 
Ba 

(mg/L) 
Sr 

(mg/L) 

Oil 
Field 

Measured 23000±15000 98±88 2000±1700 740±560 180±220 170±120 

Reporteda 37000±11000 - 4300±2600 1300±490 - - 

Coal 
Mine 

Measured 3900±3400 21±15 190±60 97±46 0.6±0.3 4.9±3.7 

Reportedb 6600±6000d - 290±330 150±150 - - 

CBM 
Measured 6100±5300 21±18 91±86 75±76 17±20 8.5±9.4 

Reportedc 11000±12000 32±42 960±1000 450±440 19±20 91±129 
a. Compiled data from USGS and ISGS (1995) reports for the oil fields of interest in the Illinois Basin. 
b. Statistic data of 21 samples from underground mines associated with Herrin coal in Illinois [27].  
c. Data from existing CBM projects in the Illinois Basin provided by BPI energy and Pioneer Oil. 
d. Combined concentration of Na and K. 
 

 
Table 16. Concentrations of major anions in samples and the values reported in literature for similar 

sampling fields (Concentrations of CO3 and HCO3
 were calculated from alkalinity and pH). 

Sample Cl 
(mg/L) 

F 
(mg/L) 

Br 
(mg/L) 

SO4 
(mg/L) 

HCO3 
(mg/L) 

CO3 
(mg/L) 

Oil 
Field 

Measured 41000±28000 21.0 74±37 64±34 620±505 0.4±0.5 

Reporteda 68000±21000 - - 810±890 220±230 - 

Coal 
Mine 

Measured 5700±4900 1.8 18±15 132±68 343±142 1.1±0.7 

Reportedb 10000±11000 - - 39±134 - - 

CBM 
Measured 9000±8700 4.3±0.7 25±23 24±23 1000±361 15±19 

Reportedc 20000±23000 - - 3±3 744±517 - 

a. Compiled data from USGS and ISGS (1995) reports for the oil fields of interest in the Illinois Basin. 
b. Statistic data of 21 samples from underground mines associated with Herrin coal in Illinois [27].  
c. Data from existing CBM projects in the Illinois Basin provided by BPI energy and Pioneer Oil. 
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CONCLUSIONS AND RECOMMENDATIONS 
 
Conclusions: 

• The potential flow rates of produced water for CO2-EOR at oil fields are 
estimated as 27 and 4 million gallons per day for fast and slow case 
scenarios, respectively. The fast and slow case scenarios assume that 
potential volume of oilfield water (replaced with CO2) be produce during a 
time period of 129 and 17 years, respectively. Potential flow rates of 
produced water from coal mines and CBM are estimated as more than 1 
and 38 million gallons per day, respectively, assuming a lifetime of 50 
years for CBM recovery. Water sources are located throughout the 
southern half of the Illinois Basin.  

• Significant uncertainties make estimation of water availability difficult.  
Development of CO2-EOR and CBM projects depend on the cost and 
availability of CO2 and energy price (both oil and methane) and future 
regulations for brine disposal injection.  For CO2-EOR the fraction of 
produced water available for beneficial use is not precisely known. For 
CBM more data is needed to predict long term water-to-gas ratios and 
water quantities available in the Illinois Basin.  

• Water quality for each of the sources of produced water varies 
significantly.  TDS of water samples collected in this study, ranged 
between 500 and 127,000 mg/L.  The dominant components in all 
produced waters were sodium and chloride.  In order to beneficially use 
produced water, TDS must be reduced to approximately 1000 mg/L by 
either a water treatment process or blending with other water sources.   

 
Recommendations for future studies and projects: 

• Investigate the quantity of available produced water production from CO2-
EOR under different scenarios (e.g., injected CO2-to-water ratio). The 
costs of produced water injection and treatment for beneficial use should 
be compared.  

• Characterize additional produced water samples in the Illinois Basin using 
the methodology of this work.  Particularly, volumes and quality of water 
in mine pools and quantity of water flux into abandoned coal mines should 
be investigated. 

• Perform cost/benefit analysis for produced water transportation and 
treatment (this activity is planned during Phase II of this project). 
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DISCLAIMER STATEMENT 
 

This report was prepared by Seyed A. Dastgheib, Illinois State Geological Survey-
University of Illinois at Urbana-Champaign (ISGS-UIUC), with support, in part, by 
grants made possible by the Illinois Department of Commerce and Economic 
Opportunity through the Office of Coal Development and the Illinois Clean Coal 
Institute. Neither Seyed A. Dastgheib & ISGS-UIUC, nor any of its subcontractors, nor 
the Illinois Department of Commerce and Economic Opportunity, Office of Coal 
Development, the Illinois Clean Coal Institute, nor any person acting on behalf of either:  
 
(A)  Makes any warranty of representation, express or implied, with respect to the 

accuracy, completeness, or usefulness of the information contained in this report, 
or that the use of any information, apparatus, method, or process disclosed in this 
report may not infringe privately-owned rights; or  

 
(B)  Assumes any liabilities with respect to the use of, or for damages resulting from 

the use of, any information, apparatus, method or process disclosed in this report.  
 
Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its 
endorsement, recommendation, or favoring; nor do the views and opinions of authors 
expressed herein necessarily state or reflect those of the Illinois Department of 
Commerce and Economic Opportunity, Office of Coal Development, or the Illinois Clean 
Coal Institute.  
 
Notice to Journalists and Publishers: If you borrow information from any part of this 
report, you must include a statement about the state of Illinois' support of the project.  
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APPENDIX A 

 

Table A1. Current coal production and produced water production from coal mining in the Illinois Basin. Coal production data is obtained from 
DOE/EIA 0584 (2007) report. Coal mine water production is obtained through extensive communications with the coal mine operators. 
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Table A2. Produced water from EOR projects in different Illinois Counties in year 2005. 

County Water production*, bbls County Water production*, bbls
Bond 401,540 Lawrence 47,735,388
Christian 63,137 Macoupin 292,000
Clark 2,616,773 Madison 811,907
Clay 4,318,154 Marion 33,749,806
Clinton 290,861 Monroe 36,500
Coles 21,900 Montgomery 12,600
Crawford 1,988,307 Peoria 2,500
Edgar 978,620 Richland 1,793,525
Edwards 666,133 Saline 335,500
Fayette 47,014,582 Shelby 25,550
Franklin 166,851 Wabash 809,630
Gallatin 726,441 Washington 281,370
Hamilton 398,215 Wayne 5,265,466
Jasper 1,902,440 White 3,862,540
Jefferson 60,377 Williamson 65,700

Total 156,694,313

* Reported water production from EOR water flooding projects in Illinois in year 2005.  
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Figure A1. Original Oil In Place (OOIP) of oilfields in the Illinois Basin. Twenty largest oilfields are 
ranked and shown on this map. 
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Figure A2. Field miscibility classification of oilfields in the Illinois Basin for CO2-EOR. Twenty largest 
oilfields are ranked and shown on this map. 
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