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EVALUATION OF THE FREEZE-THAW/EVAPORATION PROCESS 
FOR THE TREATMENT OF OIL AND GAS PRODUCED WATEEZS 

ABSTRACT 

The use of freeze-crystallization is becoming increasingly 
acknowledged as a low-cost, energy-efficient method for purifying 
contaminated water. Freeze-crystallization has been shown to be 
effective in removing a wide variety of contaminants from water. Water 
purification by using natural conditions to promote freezing appears to 
be an extremely attractive process for the treatment of contaminated 
water in many areas where natural climatic conditions will seasonally 
promote freezing. The natural freezing process can be coupled with 
natural evaporative processes to treat oil and gas produced waters year 
round in regions where subfreezing temperatures seasonally occur. The 
climates typical of Colorado's San Juan Basin and eastern slope, as well 
as the oil and gas producing regions of Wyoming, are well suited for 
application of these processes in combination. 

Research sponsored by the United States (US) Department of Energy 
(DOE), Amoco Production Company, and Gas Research Institute (GRI) is 
being conducted by Resource Technology Corporation (RTC) and the 
University of North Dakota Energy and Ehvironmental Research Center 
(EERC) to evaluate the effectiveness of a combined natural freeze- 
thaw/evaporation (FTE) process as a water treatment technology. 
Specifically, the objectives of this research are related to the 
development of a commercially-economic FTE process for the treatment and 
purification of water produced in conjunction with oil and natural gas. 
The research required for development of this process consists of three 
tasks : 1) a literature survey and process modeling and economic analysis; 
2) laboratory-scale process evaluation; and 3) fielddemonstration of the 
process. 

Results of research conducted for the completion of these three 
tasks indicate that produced water treatment and disposal costs for 
commercial application of the process, would be in the range of $0.20 to 
$0.30/bbl in the Rocky Mountain region. FTE field demonstration results 
from northwestern New Mexico during the winter of 1995-96 indicate 
significant and simultaneous removal of salts, metals, and organics from 
produced water. Despite the unusually warm winter, process yields 
demonstrate disposal volume reductions on the order of 80% and confirm 
the potential for economical production of water suitable for various 
beneficial uses. The total dissolved solids concentrations of the FTE 
demonstration streams were 11,600 mg/L (feed), 56,900 mg/L (brine), and 
940 mg/L (ice melt). An additional benefit of the process is that the 
treated water produced during the winter months can be used for 
municipal, agricultural, and industrial development in arid regions. 

xvi i i 



Executive Sumnary 

Title Evaluation of the Freeze-Thaw/Evaporation (FTE) Process for 
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Objective The general research objective is to develop and demonstrate 
a cost-effective economically viable commercial technology 
utilizing the FTE process to treat oil and natural gas 
produced waters. 
develop process and economic models to determine the FTE 
process' commercial viability, economically significant 
parameters, and research issues (Task 11, 
conduct laboratory-scale process simulations to optimize the 
design of the FTE process (Task 21, and 
conduct an evaluation of an on-location treatment of produced 
waters that demonstrates the technical feasibility and 
economic viability of the FTE process (Task 3). 

Technical The use of freeze-crystallization processes for the 
Perspective treatment of water is a low cost and low energy consuming 

method for the purification of water containing a wide variety 
of constituents of highly variable concentrations. Water 
purification by using natural conditions to promote freezing 
is an attractive freeze-crystallization process for treatment 
of water in areas where climatic conditions will seasonally 
promote freezing. The natural processes of freezing and 
evaporation can be coupled to treat o i l  and gas produced 
waters year round in regions with seasonal subfreezing 
climatic conditions. 

The specific research objectives are to: 

Results All tasks of the research program have been completed. A 
literature survey, environmental regulatory assessment, survey 
of current disposal practices and economics, and numerical 

, process and economic modeling were completed in Task 1. 
Twenty one laboratory-scale process simulations were completed 
in Task 2 and the FTE process economics were re-evaluated 
using the numerical process and economic models developed in 
Task 1 and the results of the laboratory-scale process 
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simulations conducted in Subtask 2.1. An evaluation of a 
field demonstration of the FTE process was completed in Task 
3 in conjunction with a separate project entitled 
"Demonstration of the FTE Process in the San Juan Basin of New 
Mexico. 'I 

The following conclusions regarding the FTE process are drawn 
based upon the results of this research: 
This research and previous research confirms that freeze- 
crystallization is effective in removing a wide variety of 
contaminants and contaminant mixtures from water. This 
process is capable of simultaneously removing salts, organics, 
and heavy metals (including NORM) from produced waters. 
This research and previous research also confirms the FTE 
process is commercially feasible in the Rocky Mountain and 
Great Plains Regions for treating 500 bbl/day or more of 
produced water. For a 1,000 bbl/day produced water treatment 
facility operating in these regions, the cost for produced 
water treatment/disposal is approximately $0.25/bbl. 
The FTE process is capable of providing significant quantities 
of water of a quality suitable for various beneficial uses 
from oil and gas produced waters. Treated waters with TDS 
concentrations in the range of 200 to 1500 mg/l can be readily 
produced using the FTE process. Results of sample analyses 
indicate that organics and metals are also significantly 
reduced. 
Regulatory and permitting requirements and associated costs 
for an FTE facility are essentially the same as or slightly 
less than those of conventional treatment and disposal methods 
for oil and gas produced waters. Two benefits of the FTE 
process, that make it more environmentally acceptable are: 1) 
the treated water may be beneficially used and 2) the volume 
of brine disposal is small compared to disposal of the 
produced water by conventional methods. Regulatory 
constraints for an FTE process design and operation will 
require a permit for the construction and use of storage pits. 
A n  NPDES permit for the surface discharge or beneficial use of 
the treated water is required to discharge the treated water 
and acquisition of this permit may require limited monitoring, 
sampling, and analyses. 
The sensitivity of the base case water treatment cost to the 
changes in values of the economic parameters investigated also 
does not impact the commercial feasibility of the FTE process. 
The FTE process is applicable, in regions where subfreezing 
temperatures seasonally occur, to treat most waste waters 
contaminated with mixtures of salts, organics, and/or heavy 
metals in concentrations below eutectic compositions. 
Potential applications of the process are: oil and gas 
produced waters, drilling fluids, refinery and gas treatment 
plant waste waters, groundwater decontamination, groundwater 
desalinization, industrial waste waters, municipal waste 
waters, and contaminated waters associated with defense 
plants. 
A field demonstration of the FTE process was conducted during 
the winter of 1995-96 at an operating evaporative produced 
water disposal facility in the San Juan Basin of New Mexico. 



During the demonstration, in excess of 10,000 bbl of coal bed 
methane produced water was treated. The results of detailed 
analyses of the ice pile created indicated the ice melt would 
be suitable for various beneficial uses. The demonstration 
was adversely affected by previous contamination of the 
holding pond and an unusually warm winter. Despite these 
problems, the demonstration sponsors were encouraged enough to 
provide funding for continued operation of the demonstration 
plant through the next year. 

Technical Project research conducted in Task 1 began with a review 
Amroach of previous research related to water purification processes 

using both artificially induced and naturally occurring 
freezing for contaminant removal. The compositions of typical 
oil and gas produced waters suitable for treatment by the FTE 
process and the typical range of meteorologic conditions where 
the process is applicable for treating produced waters were 
then determined. Next, process and environmental regulatory 
constraints were evaluated and a preliminary process design 
was completed. Numerical process and economic models were 
developed for the evaluation and preliminary economic 
feasibility and sensitivity analyses based upon the water 
composition, meteorological conditions, and design were 
completed. The economic analyses were conducted to assess the 
commercial economic feasibility of the process and identify 
future research issues. 

The research completed during Task 2 addressed the research 
needs identified in Task 1. A laboratory-scale FTE process 
simulator was constructed. An initial series of nine process 
simulations to optimize the process design were completed. 
The impacts of produced water quality and climatic conditions 
were then investigatedby conducting nine simulations in which 
three produced waters of different quality were treated under 
three differing sets of atmospheric conditions. Finally, a 
duplicate simulation using each produced water was conducted 
and the experimental products of these simulations were each 
subjected to detailed organic, inorganic, and radionuclide 
analyses. The detailed analytical results were used to 
determine the effectiveness of the process in removing 
organic, metal, and salt constituents from mixtures. 

The FTE process economics were then re-evaluated based upon 
the results of twenty one laboratory-scale simulations of the 
process. The process and economic models developed in Task 1 
were used to complete this effort. A Task 1 and Task 2 Final 
Report was submitted to document the results of this project 
research. 

Project research completed during Task 3 was the evaluation of 
an on-site demonstration of the FTE process. The objectives 
of the evaluation (Task 3 )  of the demonstration project were: 
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to confirm the results of the laboratory-scale simulations 
using atmospheric conditions at a producing well location, 
to evaluate the effectiveness of the process and process 
design at a larger-scale to better understand the requirements 
for process scale-up, 
to evaluate the technical and economic viability of the 
process, and 
to obtain regulatory acceptance of this novel process. 

The objectives of the on-site process demonstration were: 
to confirm the technical feasibility and economy of a 
commercial-scale application of the FTE process, 
to demonstrate the effectiveness of the FTE process for 
treating produced water under naturally occurring climatic 
conditions, and 
to demonstrate that the FTE process can be operated at a 
commercial-scale in an environmentally acceptable fashion. 

Conduct of the field demonstration will reduce the amount of 
time required for commercial-scale application of the process. 
Demonstration of the technical and economic feasibility ofthe 
process was needed to obtain investment capital for 
commercialization and demonstration of the environmental 
acceptability of the process was needed to obtain the required 
permits for a commercial processing facility. 

Im~lications The research issues related to this project are identified by 
the results of the economic analyses. The results of the 
economic analyses strongly suggest the process has significant 
commercial economic potential. The results of economic 
analyses, based upon the laboratory-scale simulation and the 
demonstration results confirm the economic potential of the 
FTE process and also document that it is possible to remove 
significant amounts of organics and heavy metals using the FTE 
process. The expected end product of this research is the 
development and commercialization of a process that mitigates 
potential water quality issues related to oil and gas 
production from economically marginal formations, 
unconventional resources, and continued production from 
depleted reserves. Other potential impacts of this research 
are : 

Proiect 

Increased production from depleted and/or marginally economic 
oil and gas reserves. 
Reduced operating expenses for reserves that are currently 
economic. 
Development of new coal bed methane reserves. 
Reduced costs for groundwater cleanup by pump and treat. 
Reduced costs for treatment of industrial waste.waters. 
Increased municipal and agricultural development in the arid 
western US. 
Reduced costs for decommissioning defense plants and bases. 

US DOE Contracting Officer's Representative: 
David R. Alleman 

RETEC Project Manager: 
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1.0 Introduction 

The use of freeze-crystallization processes for the treatment of 
contaminated water is rapidly becoming acknowledged as a low cost and low 
energy consuming method for purifying water contaminated by a wide 
variety of contaminants of highly variable concentrations. 
purification using natural conditions to promote freezing appears to be 
an extremely attractive freeze-crystallization process for the treatment 
of contaminated water in many areas where natural climatic conditions 
will seasonally promote freezing. The natural freezing process can be 
coupled with natural evaporative processes to treat oil and gas produced 
waters year round in regions with favorable climatic conditions. The 
objectives of this research are related to development of a commercially- 
economic natural freeze-thaw/evaporation (FTE) process for the treatment 
and purification of water produced in conjunction with oil and natural 
gas. The research required for development of this process consists of 
three tasks: 1) a literature survey and preliminary economic analyses, 
2) laboratory-scale process evaluation, and 3 )  an evaluation of a field 
demonstration of the process. This report provides the results of 
research conducted for the completion of the three tasks: the literature 
survey and preliminary economic analysis, the laboratory-scale process 
evaluation, and the evaluation of the field demonstration of the FTE 
process. 

Water 

1.1 Objectives 
The general objective of the research is to develop and demonstrate 

a cost-effective, economically viable, commercial technology that 
utilizes the natural FTE processes to treat the waters produced from 
conventional and unconventional oil and natural gas resources. 

The specific objectives of the research are: 
1) to develop an economic model for determining the commercial 

viability, economically significant process parameters, and 
research issues of the FTE water treatment, 

2 )  to construct laboratory-scale process simulations for 
optimizing the design of the FTE process, and 

3) to conduct an evaluation of a commercial-scale field 
demonstration of the FTE process to demonstrate the technical 
and economic viability of the process. 



1.2 Project Description 

distinct tasks: 
As previously discussed, the project research consists of three 

1) Task 1: Literature Survey and Preliminary Economic Analysis 
2) Task 2: Laboratory-Scale Process Evaluation 
3 )  Task 3 :  Evaluation of the Field Demonstration of the FTE Process 

for the Treatment of Produced Waters in the San Juan 
Basin of New Mexico 

The process development began with a literature survey that 
incorporatedthe following objectives: 1) to acquire data related to the 
reduction of organics, heavy metals, and salts by freeze-purification 
processes; 2 )  to determine typical concentration ranges of organics, 
heavy metals, and salts in water produced in association with energy 
production from gas wells, oil and gas wells, and methane drainage from 
coal seams; 3 )  to determine an expected range of atmospheric conditions 
where the FTE process might be successfully implemented; and 4 )  to 
estimate process discharges, environmental regulatory requirements, and 
the cost associated with these items. 

When the literature survey was completed, sufficient data were 
acquired to construct a numerical process model and perform a preliminary 
economic feasibility study and several economic sensitivity analyses. 
The calculatedmodel results were usedto assess the commercial economic 
potential of the process and to define economically important parameters 
and research issues. 

Since economic modeling results confirmed that the FTE process has 
reasonable commercial-scale potential, laboratory-scale simulations of 
the process were conducted, using simulated atmospheric cycles in an 
existing 200-ft2 refrigeration cell. The objectives of these simulations 
were to optimize process equipment design and understand the impacts of 
produced water quality and atmospheric conditions on the process. 
Successful completion of these objectives provided improved data to 
better estimate the performance and economics of using the FTE process 
for water treatment at a variety of oil and gas production sites. 
Economic re-evaluation of the FTE process using the laboratory-scale 
simulation results strongly suggest the process has significant 
commercial-scale potential. Completion of Task 2 also provided data 
indicating the process is successful in simultaneously removing salts, 
organics, and metals from produced waters. 
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Since the re-evaluated economics continue to indicate significant 
commercial-scale potential of the process, a field demonstration of the 
commercial-scale FTEprocess for on-site treatment of producedwaters was 
recommended. Task 3 of this research was the evaluation of the field 
demonstration. The objectives of the demonstration were to show the 
environmental acceptability of the process to state and federal 
regulatory personnel and to demonstrate the commercial viability of the 
process so that it may be accepted as an economic method of produced 
water treatment and disposal. 

1.3 Background 
Water which is commonly produced along with oil and gas adds 

disposal costs to the cost of production. In many instances, the water 
disposal cost in economically marginal, low-productivity formations 
prevents wells from being completed or causes producing wells to be 
prematurely shut in. Future production of oil and gas is expected to 
increasingly dependupon production from economically marginal formations 
and from unconventional sources of oil and gas. One promising 
unconventional source of natural gas is methane production from coal 
seams. Like production from economically marginal resources, the 
production of methane from coal seams may rely in the future upon a cost- 
effective method for treatment or disposal of produced water. 

Produced waters have traditionally been disposed of by reinjection 
into an underground formation. However, obtaining a ‘permit for this 
process is becoming more difficult due to increasingly stringent 
environmental regblations. In addition, the cost of transporting the 
water to reinjection wells has also increased. The oil and natural gas 
industries can expect this situation to intensify and reinjection to 
become more difficult and costly. The development of cost-effective 
methods to treat and/or dispose of produced water has become a key 
concern for the future development of natural gas and oil from 
economically marginal and unconventional resources. Another factor 
relating to the need for a cost-effective produced water treatment 
process is that, in the arid portions of the western United States (US), 
clean water would be extremely beneficial for municipal, agricultural, 
and industrial uses. 

Oil and natural gas produced waters can contain organics, heavy 
metals, and salts. Cost-effective treatment of this water is difficult 



because each constituent presents a unique problem and the combination 
of constituents complicates the treatment. 

Volatile organics can be removed by air stripping, but current and 
anticipated regulation of atmospheric discharge will significantly 
increase the cost of this option. Most types of organics can be removed 
by using activated carbon. However, salts in produced waters 
dramatically increase the quantity of activated carbon required to 
eliminate the organics, thereby increasing spent activated carbon 
disposal requirements and processing costs. 

Heavy metals can be removed from water through precipitation and 
flocculation. However, precipitation processes require pH adjustments 
that increase the total dissolved solids (TDS) of the already saline 
water. 

The reduction of the TDS concentration in waters is typically an 
expensive process. Innovations in reverse osmosis (RO) technology have 
significantly decreased the cost, but it is still expensive when compared 
to traditional oil and gas produced water disposal methods such as 
reinjection or evaporation. Furthermore, the presence of organics in 
salty water can cause operational and maintenance problems in RO units. 

As previously mentioned, evaporation is a relatively low cost 
option for disposing of produced water. A weakness of evaporation 
methodology is that, for oil and gas production occurring in the northern 
US, evaporation is ineffective for as many as six months out of the year. 
These six months, when the effectiveness of evaporation is limited by 
atmospheric conditions, are the coldestmonths when the demand for energy 
is at its peak. 

This project investigates a more economical and effective process 
to treat waters associated with natural gas production by coupling 
natural freezing and thawing processes with evaporation or solar 
distillation. This concept utilizes water treatment by freeze-thaw 
cycling during the winter months, when the demand for energy is at its 
peak and evaporation is ineffective. The process also uses water 
disposal by evaporation during the summer months. Thus, the need for 
water disposal, or contaminatedwater-storage capacity, is eliminated for 
continued production during the winter when evaporation and solar 
distillation are not practical. 



The coupling of freezing with evaporation is easily performed and 
allows natural conditions to be used to purify or dispose of produced 
water on a continuous basis. The coupled process can be easily and 
automatically switched from evaporation to freezing, or vice versa, by 
monitoring the ambient temperature. Purified waters created from the 
melting ice can also be easily and automatically separated from waters 
with concentrated contaminant values that are created during freezing. 
This separation can be achieved by monitoring the conductivity of the 
water to estimate its TDS content. 

A block flow diagram of the coupled process is illustrated in 
Figure 1. Water produced from a well is placed in a lined holding pond. 
When the temperature drops below O°C, produced water is sprayed or 
dripped onto a freezing pad to create ice piles. Runoff from the 
freezing pad will be high in TDS and other contaminant concentrations 
when temperatures promote freezing. This water, which contains 
concentrated contaminant values, will be identified by conductivity and 
stored for disposal. When conditions promote melting of the ice, the 
runoff will be purified water which will be placed in an unlined holding 
pond and stored for later use. It may also be discharged directly to the 
surface drainage. The FTE facility operation in the summer will involve 
continuous use of evaporation. Operation in thewinter, spring, and fall 
will involve intermittent use of both evaporation and freezing with the 
cycling based upon ambient temperature conditions. 

1.4 Project Rationale 
The project research investigates the potential of using a natural 

FTE process for the treatment of waters associated with oil and natural 
gas production. The research focuses on the elimination of constituents 
such as salts, organics, and heavy metals that are characteristic of 
these waters. The research investigates using the natural FTE process 
to produce water of suitable quality for reuse. Also, evaporation is 
used to dispose of additional producedwater. This research concentrates 
on the following areas: 

review of previous, related research, 
preliminary economic analyses of the process, 
laboratory-scale studies to simulate the process, and 
evaluation of a commercial-scale field demonstration of the FTE 
process. 
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The literature review provided a comprehensive review of 
established FTE technologies. Necessary information on process 
parameters was obtained for incorporation into the economic feasibility 
study. An economic sensitivity analysis of the process was used to 
identify economically significant process parameters whose values must 
be better defined by experimental research. 

Preliminary economic analysis of a probable base-case process 
design was used to determine the potential economic viability of a FTE 
plant by incorporatingprojected regulatory costs and process performance 
data. The economic sensitivities of the process to parameters such as 
facility size and location, produced water quality ranges, process design 
configuration, and atmospheric conditions were determined by varying the 
value of these variables one at a time and comparing the result to the 
base case result. 

The laboratory simulation series was designed to experimentally 
determine the expected range of values for important process parameters 
so that process economics projections and commercial plant design 
criteria could be refined. A total of twenty-one laboratory simulations 
were conducted. Treated waters produced in the simulations were sampled 
and analyzed to determine the end-use potential. The brine produced was 
also sampled and analyzed to determine disposal requirements. 

Results from the initial nine simulations were used to identify the 
most effective and economic FTE process design. Data required to 
determine the optimum FTE process design was generated experimentally by 
simulating three different freezing process design options coupled with 
three different evaporation process design options. 

Nine additional process simulations were completed using the three 
different produced waters and three different sets of atmospheric 
conditions. In these simulations, the impacts of produced water quality 
and atmospheric conditions on the effectiveness of the process were 
evaluated. The final three laboratory simulations were duplicate 
simulations in which the experimental products were subjectedto detailed 
organic, inorganic, and radionuclide analyses. 

Once the laboratory-scale simulation series were completed, the 
experimental results were analyzed and used to refine the results of the 
previous economic analyses. These data were used to develop a basis for 
determining the optimum plant design and for addressing plant design 
requirements for different produced water quality and atmospheric 
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conditions. The water treatment costs for commercial processes operating 
similar to each simulation were calculated using the laboratory results. 
The economic re-evaluation resulted in significantly improved FTEprocess 
economic estimates. 

1.5 Benefits of the Research 
The long-term viability of the US oil and gas industry is expected 

to depend 'increasingly on the development of economically marginal 
formations and unconventional sources of oil and natural gas. It will 
also depend upon increased recovery efficiency from reserves currently 
being produced. The cost of producing oil and gas from most of these 
resources will strongly depend on the cost of treating or disposing of 
the water produced in conjunction with the oil and gas. The FTE process 
is designed to economically treat produced waters by utilizing the 
natural refrigeration capacity of climates with subfreezing winter 
temperatures. If a cost-effective produced water treatment process is 
demonstrated as a result of this research, then development of currently 
untapped resources will become economically feasible. These resources 
include economically marginal conventional and unconventional oil and gas 
resources and extended production from depleted reserves. 

The end product of the research was the development and 
demonstration of a process that mitigates potential water quality issues 
related to oil and gas production from resources that are economically 
marginal due to high water disposal costs. Also, natural FTE processes 
are expected to yield significant quantities of waters with a quality 
suitable for reuse by industry, agriculture, or municipalities. If 
successful, the potential end results of this project are increased oil 
and gas reserves and reduction of future energy production costs. 
Successful completion of the project tasks will provide oil and gas 
producers with a commercially viable and environmentally acceptable 
alternative for treating and disposing of produced waters. The process 
utilizes naturally occurring atmospheric conditions to generate usable 
water from what was previously a disposal problem. In addition, 
approximately ten to twenty percent of current oil and gas production in 
the US occurs in regions where this process is applicable, and most of 
the expected future natural gas supply of methane from coal seams is 
located in these regions. Energy production from these regions is 
significant to the current and long-term supply situation. The near- and 
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long-term results of this project are economically significant to the gas 
producers and consumers. 

In summary, successful development of the FTE process can 
potentially impact future energy reserves by extending production from 
depleted reserves. It may also assist in successful development of 
future oil and gas production from economically marginal resources 
because of lower water disposal costs associated with production from 
these formations. Another important aspect of this research is the 
applicability of the FTE process to water produced with methane from coal 
seams. Methane from coal seams is a significant potential source of gas 
in the US. An estimated 400 tcf of methane is retained in US coal basins 
and the treatment of water produced with methane from coal seams is a key 
economic concern related to the development of this resource (GRI ,  1989). 
Therefore, successful development of this treatment process could also 
greatly enhance the coal-bed methane development. The end result of 
successful development of the FTE process is decreased oil and gas 
production costs in the northern US which should result in an increase 
in economic energy reserves and a decreased energy cost to the consumer. 
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2.1 Work Plan 
A phased approach is being used for the evaluation of the natural 

FTE process for the treatment of oil and gas produced waters. Each 
successive task is dependent upon the successful completion of the 
previous task. The research necessary to develop the FTE process 
involves the successful completion of three Tasks: 

1) Task 1: Literature Survey and Preliminary Economic Analyses 
2 )  Task 2: Laboratory-Scale Process Evaluation 
3 )  Task 13: Evaluation of the Field Demonstration of the FTE 

Process for the Treatment of Produced Waters in the San Juan 
Basin of New Mexico 

The following are 
descriptions of the research effort and objectives of each subtask 
required for each task of the project. 

All tasks of the research have been completed. 

2.1.1 Task 1: Literature Survey and Preliminary Economic 

A literature survey and preliminary economic feasibility and 
sensitivity analyses were conducted to evaluate the technical feasibility 
and commercial viability of the FTE process. The general objective of 
this task was to develop an economic model for determining the commercial 
viability, economically significant process and economic parameters, and 
research issues related to the FTE process. Specific subtasks required 
for completion of Task 1 are described below: 

Analyses 

Subtask 1.1 - Literature Survey of FTE Research 
The research effort and objectives of the literature survey were to: 

1) identify economically important FTE process parameters, 2 )  summarize 
the response to the FTE process of organics, metals, and salts in 
contaminated waters, and 3 )  estimate potential interactions. between 
constituents that may impact the process. 

Subtask 1.2 - Characterization of Natural Gas Produced Waters and 
Conventional Treatment Costs 
The research effort and objectives of this subtask were to: 1) 

review the literature and databases to characterize typical waters that 
are generated in association with production fromnatural gas reservoirs, 
oil and gas reservoirs, and methane drainage from coal seams, 2)  survey 
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meteorological data to establish an expected range of atmospheric 
conditions at selected production sites where the FTE process is 
applicable, and 3 )  survey local producers to determine their current 
treatment/disposal methods, costs, and willingness to participate in a 
field demonstration of the process. 

Subtask 1.3 - Evaluation of Process and Environmental Constraints 
The research effort and objectives of this subtask were to: 1) 

estimate FTE discharges and evaluate regulatory requirements for owner 
operator and commercial type facilities, 2 )  assess process discharges, 
regulatory requirements, and costs of conventional methods of 
disposal/treatment of natural gas produced waters, and 3) compare the 
environmental acceptability, regulatory requirements, and costs of the 
FTE process to conventional methods. 

Subtask 1.4 - Conceptual Process Design 
The research effort and objective of this subtask was to design a 

preliminary FTE process based on the results of Subtasks 1.1 through 1.3 
to address environmental, regulatory, and process issues for various 
types of produced waters and assumed operating scenarios. 

Subtask 1.5 - Preliminary Economic Feasibility and Sensitivity 
Analyses 
The research effort and objectives of this task were to: 1) 

develop an economic model that delineates a numerical discounted cash 
flow/rate-of-return for the preliminary FTEprocess design resulting from 
Subtask 1.4; 2 )  evaluate the economics of a probable, base case 
operating scenario which assumes reasonable fixed values for: a) 
facility location and atmospheric conditions, b) facility size, c) 
concentration of salts, organics-, and heavy metals in the produced water, 
d) capital equipment costs, e) annual operating expenses, f) debt-to- 
equity ratio, g) bond interest, and h) return on investment after taxes; 
and 3 )  determine the economic sensitivity of the FTE process by 
evaluating the projected water treatment costs for a minimum of 33 
differing operating scenarios. 

Subtask 1.6 - Task 1 Topical Report 
The research effort and objectives of the topical report were to: 

1) provide a comprehensive analysis of the results of Tasks 1.1 through 
1.5 and 2) determine if the FTE process is technically feasible, 
economically viable, and economically stable. 
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2.1.2 Task 2: Laboratory-Scale Process Evaluation 
Laboratory-scale process simulations were conducted in Task 2 to 

determine the optimum evaporation and freezing process designs, to 
determine the impact of atmospheric conditions and produced water quality 
on the effectiveness of the FTE process, and to demonstrate the 
feasibility of the process at a laboratory-scale. Data generated as a 
result of Task 2 research were used to optimize the FTE process design, 
apply the process to a variety of geographical locations and produced 
waters, and to improve the accuracy of the economic evaluation of the 
process. Specific subtasks required for completion of Task 2 are 
described below: 

Subtask 2.1 - Laboratory-Scale Process Simulation 
The research effort and objectives for the laboratory-scale process 

simulation were to: 1) design and construct a laboratory-scale simulator 
to test the FTE process; 2) conduct an initial series of nine process 
simulations to optimize the FTE process design by evaluating the 
effectiveness of the three different freezing design options (wetted 
column freezing, conventional water sprays, and atomizing sprays) and 
three different evaporation design options (conventional evaporation 
ponds, solar evaporation ponds, and solar distillation ponds) ; 3 1 conduct 
an additional series of nine process simulations, using the optimum 
process design for treating three different produced waters under three 
differing sets of atmospheric conditions to determine the effectiveness 
of the FTE process in removing organic, metal, and salt constituents from 
produced waters with differing contaminant mixtures and differing local 
atmospheric conditions; and 4 )  conduct duplicate simulations for each of 
the produced waters tested to provide sufficient samples for detailed 
organic, inorganic, and radionuclide analyses. 

Subtask 2.2 - Re-evaluation of Process Economics Based Upon 
Laboratory-Scale Simulation Results 
The research effort and objective of this subtask was to re- 

evaluate FTE process economics using the numerical model developed in 
Subtask 1.5 based upon Subtask 2.1 simulations results. 

Subtask 2.3 - Final Technical Report of Task 1 and 2 Research 
A final technical report, "Evaluation of the Freeze- 

Thaw/Evaporation Process for the Treatment of Produced Waters, Task 1 and 
Task 2 Final Report" summarizing the results of all FTE process research 
and simulations was submitted to provide accurate commercial-scale . 

12 



process economic projections and the finalized technical and economic 
requirements of an FTE process demonstration plant for the treatment of 
oil and gas produced waters. 

2.1.3 Task 3: Evaluation of the Field Demonstration of the FTE 
Process for  the Treatment of Produced Waters in the S a n  

Juan Basin of New Mexico 
Task 3 of this research was the evaluation of a demonstration of 

the FTE process conducted at an operating produced water disposal 
facility in the San Juan Basin of New Mexico. Task 3 research was 
conducted in conjunction with a separate project entitled "Demonstration 
of the FTE Process in the San Juan Basin of New Mexico." The objectives 
of the field demonstration were: 1) to confirm the results of the 
laboratory-scale simulations using actual atmospheric conditions at the 
selected site, 2) to evaluate the effectiveness of the process at a 
larger scale to better understand the requirements for process scale-up, 
3) to evaluate the technical and economic viability of the commercial 
process, and 4 )  to obtain regulatory acceptance of this novel process. 
Demonstration of the technical and economic feasibility of the process 
is needed to obtain investment capital for commercialization of the 
process and demonstration of the environmental acceptability of the 
process is needed to obtain the required permits for a commercial 
processing facility. Specific subtasks required for completion of Task 
3 are described below: 

Subtask 3.1 - Sampling and Analyses of Field Demonstration Process 
Streams 
The research effort and objectives of this subtask were to: 1) 

collect samples and conduct detailed inorganic, organic, and radionuclide 
analyses of the produced water in the demonstration holding pond prior 
to initiation of subfreezing temperatures and 2) collect samples and 
conduct detailed inorganic, organic, and radionuclide analyses of the ice 
pile created, treated water produced, brine produced, and the 
demonstration holding pond during the freezing operation of the 
demonstration plant. 

Subtask 3.2 - Evaluation of Field Demonstration Operating Data 
The research effort and objective of this subtask were to evaluate 

the operation of the field demonstration based upon operating data 
collected and the results of sample analyses. 
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Subtask 3 . 3  - Preparation of the Final Report 
The research effort and objectives of this subtask were to present 

a concise summary of: 1) the results of the literature survey and the 
preliminary economic analysis, 2) the results of the laboratory-scale FTE 
process simulations, 3 )  the revised process economics derived from the 
laboratory-scale simulations, 4) the finalized technical and economic 
requirements of a FTE process demonstration plant for the treatment of 
natural gas production waters in the S a n  Juan Basin of New Mexico, 5) the 
results of the field demonstration process stream analyses, and 6) an 
evaluation of the demonstration based upon the operating data. 

2.2 Work Performed 
This document describes the project research conducted to complete 

Task 1 (Subtasks 1.1 - 1.61, Task 2 (Subtasks 2.1 - 2.3) ,  Task 3 
(Subtasks 3.1 - 3 . 3 )  of the project. The general research effort and 
objectives of the tasks and subtasks are described in Sections 2.1.1, 
2.1.2, and 2.1.3. During the time period of 8/6/92 through 6/28/96 
research efforts related to all three tasks were cowleted. Subtasks 
1.6, 2.3, and 3.3 are the preparation of reports and these subtasks are 
not discussed further. Foll.owing are detailed discussions of the work 
performed in each subtask required to complete Tasks 1 through 3 .  

2.2.1 Task 1: Literature Survey and Preliminary Economic 

A literature survey and preliminary economic feasibility and 
sensitivity analyses were conducted to evaluate the technical feasibility 
and commercial viability of the freeze-thaw/evaporation process. 
Specific tasks completed are described below. 

Analyses 

2.2.1.1 Subtask 1.1: Literature Survey of FTE Research 
In the literature survey, previous research related tothe expected 

concentration ranges of organics, heavy metals, and salts that are 
responsive to water treatment by freeze-crystallization processes was 
examined. Research related to the impact of potential interactions 
between these constituents on the effectiveness of freeze-crystallization 
water purification processes was also examined. Resources used for the 
literature survey were the University of Wyoming libraries and database 
services and Dr. Donald Stinson, a pioneer in the use of natural freezing 
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processes for water purification. In the literature survey, a total of 
148 different citations and patents related to the use of freezing as a 
means of water purification were found. A total of 64 of these 
references were obtained and reviewed. Twelve of the references dealt 
with artificial freezing as a method for water purification; the 
desalination of water by natural freezing was discussed in seven 
references; heavy metal or ‘organic contaminant removal from water was the 
subject of three references; and, removal of radionuclides from hazardous 
waste waters was addressed in two references. A total of 41 patents 
related to various processes and equipment for water purification by 
freezing was also reviewed. The majority of patents issued were related 
to artificial freezing processes; however, a Canadian patent, Methods of 
SeDaratins Water From Aqueous Solutions, was obtained. This patent, 
related to a method for the decontamination of water using natural 
freezing, was issued to Donald Stinson in 1963. 

As previously stated, natural freezing as a method of purifying 
water was the focus of only seven references. All of these references 
were limited to discussion of the desalination of waters. However, metal 
and organic removal was addressed in several of the references related 
to artificial freezing processes. Appendix A provides a listing of the 
references obtained and reviewed. Also, it should be noted that Dr. 
Donald Stinson was extremely helpful in assisting in the acquisition of 
many of the references, especially those from Canada and the former 
Soviet Union. His assistance is greatly appreciated. 

2.2.1.2 Subtask 1.2: Characterization of Natural Gas 

Produced Waters and Conventional Treatment Costs 

Produced water quality data were obtained from the Gas Research 
Institute natural gas produced water database currently in preparation, 
the Rocky Mountain Geological Society, the Wyoming Oil and Gas 
Commission, and the Wyoming Department of Environmental Quality 
databases. The data for produced water quality are generally limited to 
pH, TDS, and major cation and anion concentrations. A limited amount of 
data also was obtained depicting heavy metals concentrations in waters 
injected into Wyoming Class I disposal wells. In total, 1,680 individual 
sets of water quality data were obtained from the four databases. 
However, the data characterizing concentrations of organics, oil and 
grease, and heavy metals were very limited. The entire data set was 
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reduced by eliminating analyses with TDS concentrations above 75,000 ppm 
and below 5,000 ppm. The upper limit was considered to be 75,000 ppm TDS 
because waters with TDS concentrations greater than 75,000 ppm (7.5%) at 
freezing temperatures are probably near saturation and cannot be 
effectively treated by a freeze-purification process alone. The lower 
limit was considered to be 5,000 ppm TDS because many non-toxic oil and 
gas produced waters with TDS levels less than 5,000 ppm can currently be 
permitted for surface discharge without treatment. By imposing the TDS 
limits, the database was reduced to 946 water analyses. Of the 946 

remaining analyses, 2 1  had some type of data describing the 
concentrations of organics in the waters, and 51 had some type of data 
describing the concentrations of non-radioactive heavy metals. An 
additional 381 analyses depicting radium and uranium in injected waters 
were included in the Wyoming Department of Environmental Quality database 
which depicts the quality of waters injected into Wyoming Class I 
disposal wells. This database provides data regarding the quality of 
waters injected but does not identify the source of the waters. 
Inspection of the radium and uranium concentration data from this 
database tends to indicate that the analyses with radionuclide 
concentration data are probably representative of uranium mining and 
processing wastes. For this reason, these data were eliminated from 
further reduction. Median, maximum, minimum, and average values were 
determined for each analyte in the reduced data set to identify typical 
ranges of produced water quality that may be suitable for treatment using 
the FTE process. 

The literature survey (Subtask 1.1) provided information describing 
the geographical regions in the US where natural freeze-thaw water 
purification processes are applicable. This information provided a 
starting point for determining states that would significantly benefit 
from the application of the process, favorable locations for 
demonstration of the process, and ranges of average meteorological 
conditions in those states. Initially it was determined that the FTE 
process would not be applicable in Alaska. Most of the oil production 
in Alaska is from the North Slope where the temperatures are too extreme. 
Extreme temperatures cause freezing of the entire solution without thaw 
or melt cycles. A portion of, or all of, twenty-nine states are 
geographically located in areas where the climatic conditions appear 
compatible with application of the natural FTE process (Figure 2 ) .  
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The oil and gas production statistics of 1987 were used to rank the 
twenty-nine states by total annual energy production in the form of oil 
and gas (Table 1). While California ranked number one and Kansas ranked 
number three in oil and gas production among the selected states, oil and 
gas production from the regions of these states where the natural 
freezing process is applicable is less than half of the energy 
production. For this reason, these states were not considered to have 
great potential for application of the process. The states of Wyoming, 
Colorado, Michigan, and North Dakota are considered to have the greatest 
potential for development of the natural FTE process. Evaluation of 
expected climatic conditions and the environmental regulatory assessment 
concentrated on these states. 

Using the oil and gas production data for the geographical portion 
of the US where natural freeze-thaw water purification processes are 
applicable (Figure 21, three regions were selected to investigate the 
impact of atmospheric conditions on the process water treatment cost and 
efficiency. Northeastern Colorado was selectedto represent a relatively 
mild climate, the upper peninsula (UP) of Michigan was selected to 
represent a severe climate, and central Wyoming was selected as a medium 
climate where the FTE process is potentially applicable. Meteorological 
data for the cities of Denver, Co; Sault Ste. Marie, MI; and Casper, WY 

were selected to provide climatic data representative of these regions. 
A search of climatic data was conducted using the US Department of 

Agriculture National Oceanic Atmospheric Administration National Weather 
Service databases. These databases included the Climate Dial-Up Service 
and the First Order Meteorologic Station Data Files. The data acquired 
contained approximately 25 years of daily average data for the following 
climatic parameters: precipitation, PAN Evaporation, temperature, wind 
velocity, and solar radiation. The total number of data points averaged 
54,750 per site location. The data were compiled and sorted by location 
and month, thus the monthly averages for the nominal twenty five year 
period were calculated. These data were used in the evaluation of the 
conceptual process design (Subtask 1.4) and in the economic feasibility 
and sensitivity analyses (Subtask 1.5). These data were also used in the 
laboratory-scale evaluation of the process (Subtask 2.1) and as a basis 
for design of commercial processes at differing locations. The raw and 
reduced data are stored on disk in ASCII format. 
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Table 1. 1987 Oil and Gas Production for States where Natural 
Freezing Water Purification Processes are Applicable 

Oil Production NatFral Gas Production Total 
State 1,000 bbl l o 6  Btu 10 scf l o 6  Btu l o 6  Btu 

California 364 , 608 

Wyoming 115  , 267 

Kansas 59 , 884 
Colorado 2 8  , 802 
Michigan 25  , 972 
North Dakota 41,351 

Utah 35,788 
Ohio 12,153 

Pennsylvania 3,302 
West Virginia 2 , 835 

Montana 
Illinois 
Nebraska 
New York 
Indiana 
Nevada 
South Dakota 
Oregon 
Missouri 
Maryland 
Idaho 
Iowa 
Maine 
Massachusetts 
Minnesota 
New Hampshire 
Vermont 
Washington 
Wisconsin 

25 , 059 

23 , 980 

6 , 019 
710 

3,738 

3 , 112 

1 , 644 
0 

110 
0 

0 

0 
0 
0 

0 

0 
0 
0 

0 

1 , 7 0 1  , 479 , 693 

537 , 904 , 982 

279,454,674 
134 , 407 , 413 
121,200,935 
192,968,577 

167  , 008,281 
56,713,190 

15,409,113 

13,229,811 

116,940,329 

111,905,068 

28,088,265 
3,313,286 

17,443,751 

1 4  , 522 , 459 

7,671,890 

0 
513 ,'32 6 

0 

0 
0 

0 
0 

0 
0 
0 

0 

0 

424 , 6 2 1  

497 , 980 

457 , 050 
164 , 557 

146 , 996 
62 , 258 

87 , 158 
166  , 593 

163 , 318 

160 , 000 

46,456 

1 , 3 7 1  

1 ,261  
25 , 676 

2 1 7  

0 
3 , 4 3 1  
3 , 800 

4 
44 

0 
0 
0 

0 
0 

0 
0 
0 

0 

424 , 6 2 1  , 000 
497,980,000 

457,050,000 

164 , 557 , 000 
146,996,000 

62,258,000 

87,158,000 
166,593 , 000 

163 , 318 , 000 
160,000,000 

46,456,000 

1 ,371 , 000 
1 ,261 , 000 

25  , 676 , 000 

217 , 000 
0 

3,431,000 

3 , 800 , 000 

4,000 
44 , 000 

0 
0 
0 
0 

0 

0 
0 
0 

0 

2,126,100,693 

1,035,884,982 

73 6 , 504 , 674 
298,964,413 

268 , 196,935 

255 , 226 , 577 

254,166,281 
223 , 306,190 

178,727,113 
173 , 229 , 811  

163 , 396,329 

113,276,068 

29,349 , 265 

28,989,286 

1 7  , 660 , 7 5 1  
14,522,459 

11,102 , 890 

3,800,000 

517,326 
44 , 000 

0 

0 

0 
0 
0 

0 
0 
0 
0 
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A l s o ,  as a part of Subtask 1.2, contacts were made with six 
organizations actively involved in disposal of oil and gas produced 
waters in the selected locations. The contacts were made to identify 
interest in the project, locate potential sites for a field demonstration 
of the process, and to acquire data describing disposal requirements and 
costs. The organizations contacted were: two major oil and gas producing 
companies, two independent oil and gas producing companies, and two 
companies currently operating commercial facilities for the disposal of 
oil and gas produced waters. 

2.2.1.3 Subtask 1.3: Evaluation of Process and 
Environmental Constraints 

Based upon the results of Subtasks 1.1 and 1.2, facility 
locations in Wyoming, Colorado, and Michigan were considered. Contacts 
were made with personnel from the Wyoming Department of Environmental 
Quality (WDEQ), the Wyoming Oil and Gas Conservation Commission (WOGCC), 
the Colorado Water Quality Control Commission (CWQCC), the Colorado 
Department of Natural Resources Oil and Gas Conservation Commission 
(DNROGCC), the Michigan Department of Natural Resources (MDNFt), and the 
Michigan Geological Survey (MGS) regarding environmental regulatory 
jurisdiction and permitting requirements. For the states of Colorado and 
Wyoming, the permitting process is well understood because alternatives 
to produced water disposal by deep well injection have been sought and 
evaporation ponds currently exist for both owner operated and commercial 
facilities. In the state of Michigan, different climatic and geologic 
conditions have made water disposal by deep well injection the accepted 
option. The Michigan regulatory personnel contacted were uncertain of 
permitting requirements for this process and of the jurisdiction for the 
permitting process. Through contacts with regulatory personnel in 
Colorado and Wyoming, the environmental regulations and permitting 
requirements for design and operation of an FTE facility were determined 
for owner-operated and commercial facilities, flow charts delineatingthe 
steps required to permit the construction and operation of either type 
facility in Colorado and Wyoming were prepared, and the environmental 
acceptability of the FTE process, regulatory and permitting requirements 
for the design and operation of an FTE facility, and permitting and 
compliance costs for an FTE facility were compared to those of 

i conventional methods for the treatment of oil and gas produced waters. 
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2.2.1.4 Subtask 1.4: Conceptual Process Design 
Based upon the results of Subtasks 1.1 through 1.3, a numerical 

model to design an FTE facility was developed to determine equipment and 
operating requirements for an FTE facility under a variety of specified 
operating scenarios. The numerical model is written in Fortran for use 
on an IBM personal computer. Detailed flow charts describing the process 
model are provided in Appendix B. Following is a brief description of 
the model. 

The design of the FTE facility is illustrated in Figure 3. The 
basic units of the FTE process are: 1) a produced water holding pond, 
2) a transfer pump, 3 )  the freezing pad, 4 )  a conductivity meter 
operating two automatic valves to direct the run-off from the freezing 
pad, and 5) a brine storage tank. 

This facility is designed to operate as follows: Produced water 
is continuously fed to the holding pond. The transfer pump operates only 
when the ambient temperature probe indicates subfreezing temperatures 
exist. During pump operation, produced water is sprayed onto the 
freezing pad to create an ice pile. The electrical conductivity (Ec) 
(proportional to TDS content) of the run-off from the freezing pad is 
continuously monitored and, based upon conductivity, run-off is 
automatically diverted to either brine storage, discharge, or the 
produced water holding pond. 

The FTE facility is designed to prevent accidental discharge of 
water. The holding pond and freezing pad are vertically oriented to 
guarantee that run-off from the freezing pad flows into the produced 
water holding pond if line plugging or valve failures cause the freezing 
pad to overflow. Similarly, if any piping connected to the outlet of the 
transfer pump becomes plugged or ruptures, water will be contained within 
the lined areas of the holding pond and freezing pad. 

Equipment sizing and specifications for the FTE facility are 
dependent upon the atmospheric conditions of the location selected, the 
rate and quality of the produced water feed, the regulated quality of the 
treated water discharged, the quality of the concentrated run-off, and 
the specific designs of the holding pond and the freezing pad. Values 
for each of these process parameters must be specified and are required 
model inputs necessary to evaluate the design requirements of an FTE 
facility. Also, due to the absence of data in the literature reviewed 
that describes the behavior of contaminant constituents other than salts 
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in a natural freezing process, the model evaluation is based only upon 
the TDS concentrations in the various process streams. TDS is in effect, 
assumed to be the indicator of other contaminant species behavior. 
Experimental data from Subtask 2.1 confirms this assumption to be 
reasonable (Section 3.2.1). 

The location of the FTE facility is the first model input specified 
in the evaluation. With the location specified, the following 
atmospheric data are required for the evaluation: 1) the monthly average 
values for the high, low, and average temperature ('(21, 2) the daily 
precipitation (cm/day) , 3) PAN evaporation (cm/day), and 4) solar 
radiation to a black horizontal surface (langleys). Based upon results 
of Subtask 1.2, atmospheric data files for locations in eastern Colorado, 
central Wyoming, and Michigan's upper peninsula were incorporated into 
the original form of the model. The model can be easily expanded to 
include additional locations at a later date if the need arises. 
Atmospheric data files for locations in northwestern New Mexico and 
eastern North Dakota have already been added to the model as a result of 
research conducted in Task 2. 

Next, the produced water feed rate (bbl/day) and quality (ppm TDS) , 
the regulated quality of the water discharged (ppm TDS), the brine 
quality (ppm TDS) , and the type and design of the produced water holding 
pond are model inputs that must be specified. Three types of produced 
water holding pond designs are considered in the model: conventional 
evaporation, enhanced (solar) evaporation, and solar distillation. Pond 
design specification requires the following model input data: the 
maximum allowable water depth in the pond (ft), the slope of the pond 
sidewall (x:y)-, the vertical freeboara (ft), the linear feet of liner 
required to construct the anchor trench and berm, and the pond 
evaporation efficiency. In every case the ponds are assumed to be lined. 

First, the number of hours each month with subfreezing temperatures 
are calculated using the atmospheric data for the selected location. To 
estimate the hours of freezing conditions each month, the temperature 
cycle each day is assumed to be a sine function with the average value 
equal to the daily mean temperature, the amplitude equal to the 
difference between the daily average high and low temperatures, and the 
frequency equal to twenty-four hours. 

The FTE facility operation is assumed to be such that the produced 
water holding pond is essentially empty every spring when subfreezing 
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temperatures cease. The pond fills with produced water during warm 
months when the freezing pad is not operated. Thus, the pond water 
volume and level are maximum the day before subfreezing temperatures 
begin, and the required size of the holding pond is based upon the 
maximum volume of water. 

In the calculation to determine the required size of the holding 
pond, the volume of water in the holding pond is determined each day of 
the warm months by considering the rate and quality of produced water fed 
to the pond and the respective volumes of precipitation to and 
evaporation from the pond. It is necessary that the dimensions and size 
of the produced water holding pond be known to determine the amounts of 
water evaporated and precipitation introduced into the pond. The optimum 
produced water holding pond size is determined by assuming a specific 
pond base dimension, performing the day-by-day material balances for the 
pond operation during the warmmonths, and determining the maximum depth 
of water in the pond, the pond volume, and the amount of liner required 
for the assumed pond base. The assumed pond base dimension is then 
systematically varied and the calculations repeated until the optimum 
size of the holding pond is determined based upon the minimum liner 
required for the pond. Interestingly, if a maximum pond water depth of 
twenty feet is specified in the pond design basis, a clear optimum pond 
size results for 'feed rates less than 100 bbl/day. However, with feed 
rates in excess of 100 bbl/day, the optimum pond size corresponds to the 
pond size required with a twenty foot water depth. 

Next, the TDS concentration in the produced water holding pond is 
determined for each day of the warm months. The mass of TDS in the 
holding pond each day is determined by material balance assuming that the 
TDS concentrations of the water evaporated and precipitation introduced 
are negligible. Thus, the cumulative mass of TDS in the holding pond 
each day is equal to the cumulative mass of TDS in the produced water 
introduced since the filling of the holding pond began. On any given 
day, the concentration of TDS in the holding pond is then the cumulative 
mass of TDS in the pond divided by the volume of water in the pond. 

With the size, volume, and quality of water in the holding pond 
determined when subfreezing temperatures begin, the size of the transfer 
pump is calculated. 1) water 
is withdrawn from the holding pond only during times with subfreezing 
temperatures and 2 )  the pond is essentially empty when subfreezing 

The pump is sized based on two criteria: 
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temperatures cease. For the pump sizing, the daily holding pond water 
volume and quality are determined during times with subfreezing 
temperatures by considering the produced water feed rate and quality, 
rates of precipitation and evaporation, and the rate and quality of water 
pumped to the freezing pad. The pump sizing is another iterative 
calculation to determine the pump size resulting in an empty holding pond 
when subfreezing temperatures cease. In the pump sizing calculation, a 
pump size is assumed. Then, the volume and quality of water in the 
produced water holding pond are determined each day during the cold 
months. If the pond is not empty, when the warm months begin, then a 
larger pump size is assumed and the calculations are repeated. If the 
pond empties before the on-set of the warm months, then a smaller pump 
size is assumed and the calculations repeated. The required pump size 
results when the produced water holding pond empties on the last day of 
the cold months. When the pump size has been determined, the volume and 
quality of water in the produced water holding pond are known for each 
day of the year. 

The annual amounts of treated water and brine produced are 
determined next, based upon the annual amount and quality of water pumped 
to the freezing pad and the specified qualities of the treated water and 
brine. The annual amounts of treated water and brine flowing from the 
freezing pad are determined by a TDS balance. The amount of treated 
water produced is then used to determine the maximum size of the ice pile 
on the freezing pad. The ice pile on the freezing pad is assumed to be 
a maximum height of forty feet, with a circular base and near vertical 
sides. The base dimension of the ice pile is determined from the height 
of the ice pile, circular geometry, and the annual amount of treated 
water required. To determine the base dimension of the ice pile, the ice 
pile is assumed to have a specific gravity of 0.8 and a volume equal to 
80% of the volume of a cylinder of the same height and base. The 
calculated base dimension is constrained by requiring it be at least 
twice the height of the ice pile. 

The design and sizing of the freezing pad requires that a pad 
design basis (similar to that specified for the holding pond) be selected 
and that the base dimension of the ice pile be known. The following 
freezing pad design basis is used in all cases: a maximum depth of three 
feet, a sidewall slope of 3 to 1 (x:y) , a freeboard of one vertical foot, 
and six linear feet of liner are required for construction of the berm 
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and anchor trench. The freezing pad is assumed to be square with a base 
dimension equal to the base diameter of the ice pile. The number of 
sprays and pipe required for freezing pad operation are determined by 
assuming each spray covers a sixty foot radius and using the previously 
determined size of the transfer pump. 

Brine run-off from the freezing pad is stored in a standard 400 bbl 
tank. The brine is then collected, stored, and transported for disposal 
in the same fashion as produced water from the same location would be. 
All treated water is assumed to be surface discharged. Water recycled 
to the holding pond is re-pumped to the freezing pad during the times in 
the coldest months when excess transfer pump capacity is available. 

In summary, the numerical model for the design of an FTE facility 
provides the following informatipn for each assumed operating scenario: 

1) daily water volume and quality in the produced water holding 
pond, 

2) the water volume, dimensions, and liner required for the 
produced water holding pond, 

3 )  the required size of the transfer pump, 
4 )  the dimensions and liner required for the freezing pad, 
5) ,the maximum volume of ice on the freezing pad, and 
6) the annual volumes and quality of treated water and brine run- 

off from the freezing pad. 
Using the model, the impacts of the facility location and size, 

produced water, treated water, and brine TDS concentrations, and pond 
design specifications on the FTE design were evaluated by assuming a base 
case operation and then systematically changing the value of one 
parameter at a time. A total of twenty nine different operating 
scenarios for specifiedprocess parameters were evaluated. The resulting 
design data for each case was then used in the economic evaluation of the 
process (Subtask 1.5) to determine the impact of each parameter on the 
water treatment cost for the FTE process. 

2.2.1.5 Subtask 1.5: Preliminary Economic Feasibility 
and Sensitivity Analyses 

Based upon the results of Subtask 1.4, a numerical model to 
estimate the water treatment cost was developed for an FTE facility 
operating according to an assumed operating scenario. The model was used 
to evaluate the impact of assumptions made for process and economic 
parameters on the economic potential of the process. Parameters with 
uncertain values having significant impact on the process economics help 
identify research issues related to process development. The numerical 
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model was written in FORTRAN for use on an IBM personal computer. 
Detailed flow charts describing the economic model are provided in 
Appendix C. Following is a brief description of the model and its use. 

The following economic basis is assumed for the analysis of the 
base case FTE facility: load factor is 1.0, plant life is 20 years, 
equity required is SO%, bond interest is lo%, return on equity is 15%, 
state and federal combined corporate tax rate is 35%, depreciation is 
straight line over the plant life, annual maintenance costs, and property 
taxes and insurance are 4.0%, and 4.5% of installed capital costs 
respectively, and the salvage value, plant construction period, and 
working capital are assumed negligible. In the evaluation of the 
economic sensitivity of the process to economic parameters, various 
values for parameters in the basis were investigated to determine the 
significance of the above assumptions. 

Based upon the process design resulting from Subtask 1.4, the 
installed capital cost (CI) for the FTE facility is: 

CI = CIPWP + CIPUMP + CIFP + CIOTH + CISIT 
where : 

CI = total installed capital cost, $ 

( E m  1) 

CIPWP = installed cost of the produced water holding pond, $ 

CIOTH = installed cost of the pipe, valves, and meters 
required for the transfer, discharge, storage, 
and recycle streams, $ 

CISIT = installed cost of the site facilities (brine storage, 
electrical service, sheds, and winterization), $ 

The installed produced water holding pond cost (CIPWP) is 
determined using the installed liner in $/ft2 and excavation costs in 
$/cuyd excavated. Liner costs considered were based upon vendor 
quotation and excavation costs used were based upon corporate experience. 

The installed pump cost (CIPUMP) is estimated using a base flow 
capacity in g p m ,  horsepower, and price. Pump horsepower sizes for 
different cases are estimated by linear scaling. The transfer pump 
horsepower required is the ratio of the required pump capacity in gpm to 
the base flow capacity multiplied by the base horsepower. Pump costs are 
estimated by standard engineering scaling practices using a 0.61 scale 
factor (Peters and Timmerhaus 1968). The actual pump cost is the ratio 
of the required pump size to the base pump size raised to the 0.61 power 
multiplied by the base pump cost. The installed pump cost is determined 
by multiplying the pump cost by an installation factor of 2.1. 

CIPUMP = installed pump cost, $ 
CIFP = installed cost of the freezing pad, $ 
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The installed freezing pad cost (CIFP) is determined as the costs 
of the installed liner, pipe and sprinklers. The freezing pad design 
from Subtask 1.4 is such that the base of the pad is located near surface 
elevation so that if the pad overflows, water flows into the holding 
pond. Excavation required for the freezing pad is assumed to be 
conducted as part of the excavation required for the holding pond. .The 
liner required for the freezing pad is determined in Subtask 1.4 and the 
installed liner cost is the same as that used for the holding pond. Pipe 
costs are estimated using a base flow rate, diameter, and price from 
current catalogs. The pipe sizes for different cases are estimated by 
non-linear scaling. Installed pipe costs are determined by scaling the 
base price with the 0.61 scale-factor and multiplying by the 2.1 
installation factor. Sprinklers required are non-standard and the cost 
is estimated to be $45 per sprinkler, based upon previous experience. 

The installed costs of the pipe, valves, and meters required for 
the transfer, discharge, storage, and recycle streams (CIOTH) are 
determined from thf! results of Subtask 1.4. The installed pipe and 
control valve costs are again determined by non-linear scaling of base 
flow rates, diameters, and costs. The installed costs of these items are 
determined using the 0..61 scale-factor and the 2.1 installation factor. 
The cost of the conductivity controller, thermal switch for pump 
controls, and related electrical components are vendor quotations and the 
installed costs are determined using the 2.1 installation factor. These 
costs are fixed and do not change with differing operating scenarios. 

The installed cost of the site facilities (CISIT) includes the cost 
of brine storage, electrical service, sheds, and winterization. These 
factors are estimated from previous corporate experience and are also 
constant for each operating scenario. 

Next, annual operating expenses (AOE) for the facility are 
determined: 

AOE = 0 + V + P + S + M + D + I ( E m  2)  
where : 

AOE = total annual operating expenses, $ 
0 = annual operator salary including benefits 

V = annual cost of operator vehicle and fuel, $ 
P = annual cost of electric power, $ 
S = annual costs for sample analyses, $ 
M = annual cost of facility maintenance, $ 
D = annual cost for depreciation of capital,$ 
I = annual cost for property taxes and insurance, $ 

and overheads, $ 
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The annual operator salary including benefits and overheads (0) is 
the sum of the operator compensation, cost of fringe benefits, and 
general and administrative expenses. The cost is determined assuming the 
plant requires an operator one day per week only during the times with 
subfreezing temperatures. During the warm months, an operator is not 
required to observe the filling of the holding pond. The operator is a 
seasonal employee working eight hours each week of months with 
subfreezing temperatures. The operator's compensation is $8.00/hr, 
fringe benefits are 25% of operator compensation, and general and 
administrative expenses are 45% of operator compensation plus fringe 
benefits. The annual cost of the operator vehicle and fuel (V) assumes 
the operator provides his private vehicle and is compensated for vehicle 
use and fuel. The estimation assumes the operator travels 200 mi/week. 
The per diem for the use of the vehicle is $0.30/mi, and the compensation 
for fuel is determined assuming the vehicle fuel usage is 15 mi/gal and 
the fuel cost is $1.12/gal. The annual cost for electric power (PI 
assumes the freezing pump is in operation at maximum capacity during the 
hours with sub-zero temperatures. Electric power is assumed to cost 
$O.O55/kwhr. The annual cost for sample analyses (SI is estimated as 
$1500. The annual cost of facility maintenance (MI is specified in the 
economic basis to be 4% of installed capital costs (CI). Depreciation 
(D) is straight line over the plant life and, since the facility salvage 
value is assumed to be zero, annual depreciation is the installed capital 
costs (CI) divided by the plant life. The annual cost of property taxes. 
and insurance (I) is also specified in the economic basis to be 4.5% of 
installed capital costs (CI). 

The amount of debt and equity required to construct the facility 
is determined using the calculated installed capital cost and the amount 
of equity required as specified in the economic basis. The annual loan 
payment is determined from the amount of debt, the bond interest, and the 
plant life. In this analysis, the interest rate is assumed continuous 
and the bond life is assumed equal to the plant life. The required 
return to investors is determined using the mount of equity required, 
the return on equity specified in the economic basis, and the plant life 
using a discounted cash flow/rate-of-return calculation. The annual net 
profit is determined as the required return to investors minus the annual 
depreciation. The annual corporate income tax is determined as the 
annual net profit multiplied by the combined tax rate. The gross income 
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required is calculated as the sum of the required net profit, the annual 
loan payment, the annual operating .expenses, and the annual corporate 
income tax. The required treatment cost is calculated as the annual 
gross income divided by the annual barrels of treated water produced. 

In summary, the economic model for evaluation of an FTE facility 
provides the following information for each assumed operating scenario: 

itemized installed capital costs, 
itemized annual operating expenses, 
loan and equity requirements, 
annual loan payment and return to investors, 
annual net profit, corporate income tax, and gross income, and 
the water treatment cost in $/bbl of treated water produced. 

Using the model and the results of Subtask 1.4, the impacts of the 
facility location and size; produced water, treated water, and brine TDS 
concentrations; and pond design specifications on the FTE process, water 
treatment' costs were evaluated for each of the 29 operating scenarios 
evaluated in Subtask 1.4. In addition, the model was used to evaluate 
the impact of the following economic parameters: the estimated installed 
capital investment and annual operating expenses, equity required, bond 
interest, return on equity, state and federal combined corporate income 
tax rate, and the installed liner cost. A total of 40 cases .were 
evaluated to determine the significance of the economic parameters. The 
economic sensitivity of the FTE process to changes in the value of each 
selected process and economic parameters was evaluated by comparing each 
case's water treatment cost to the base case water treatment cost. 

2.2.2 Task 2: Laboratory-Scale Process Simulation 
Task 2 was the laboratory-scale evaluation of the FTE process for 

the treatment and/or disposal of oil and natural gas produced waters. 
Laboratory-scale process simulations were conducted in Subtask 2.1 to 
determine the optimum evaporation and freezing process designs, to 
determine the impact of atmospheric conditions andproducedwater quality 
on the effectiveness of the FTE process, and to demonstrate the 
feasibility of the process at a laboratory-scale. Data generated as a 
result of Subtask 2.1 research were used to optimize the FTE process 
design, apply the process t.o a variety of geographical locations and 
produced waters, and to improve the accuracy of the economic evaluation 
of the process. 
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2.2.2.1 Subtask 2.1: Laboratory-Scale FTE Process 
Evaluation 

The following is a summary of the research activities completed in 

2.2.2.1.1 Selection and Analyses of Produced Water Samples 
Samples of three produced waters were selected, acquired, and 

stored in a refrigerated environment. Produced water samples from a 
natural gas producing well in Weld County, CO; an oil and gas producing 
well near Brighton, CO; and a coal bed methane well in the San Juan Basin 
were obtained for use in the laboratory-scale FTE simulations. Bill Hall 
of Silverado Oil provided 55 gallons of sample from a natural gas 
producing well, Tom Shanor of Thorofare Resources provided 220 gallons 
of sample from an oil and gas producing well, and Buddy Shaw of Amoco 
Production Company provided 110 gallons of sample from a coal bed methane 
producing well. The produced water samples acquired for the laboratory 
simulations were initially subjected to a comprehensive suite of analyses 
to determine the concentrations of pertinent organic, inorganic, and 
radionuclide analytes that are of regulatory interest pertaining to use 
of waters from oil and gas production. This detailed suite of analyses 
is provided in Table 2. 

Subtask 2.1: 

2.2.2.1.2 Locations/Climates to be Simulated 
Based upon the results of Subtask 1.2 research, the climates of 

northeastern Colorado, central Wyoming, and the upper peninsula of 
Michigan were originally selected to represent mild, medium, and severe 
climates where the FTE process is applicable. However, in Subtask 1.3 
research, it was not possible to 'clearly delineate the permitting 
requirements and permitting jurisdiction for the FTE process when 
operating in the State of Michigan. Further, the results of Subtask 1.4 
research indicated that an evaporation pond operating in the summer 
months on the upper peninsula of Michigan would actually gain water 
because precipitation rates are greater than evaporation rates. While 
the severity of the winter months on the upper peninsula of Michigan 
indicate the FTE process could be economically operated there, it was 
concluded that a freeze-thaw process alone would be more effective. For 
these reasons, the climatic conditions for Michigan's upper peninsula 
were not used in the laboratory-scale FTE simulations. Instead, a 
northwestern New Mexico facility location was selected to represent a 
location with a mild climate where the FTE process may be applicable. 
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Table 2. Detailed Suite of Analyses for Simulation Samples 

EPA Analytical Method No. Parameter 

200.7 
350 - 2  
206.2 
200.7 
200.7 
200.7 
200.7 
325.3 
200.7 
200.7 
200.7 
335.3 
340 - 2  
376.1  
200.7 
239.2 
200.7 
200.7 
245.1  
200.7 
353.2 
353.2 
413.1 
420.2 
270.2 
272.1  
375.4 
160 .1  

200.7 
200.7 
150 .1  

a 
624 
62 5 

a 
310.1  
a 

a 

a 
a 

Aluminum (AI) 
Ammonia (NH3-N) 
Arsenic (As) 
Barium (Ba) 
Beryllium (Be) 
Boron (B) 
Cadmium (Cd) 
Chloride (C1) 
Chromium (Cr) 
Cobalt (Co 1 
Copper (CUI 
Cyanide (CN) 
Fluoride (F) 
Hydrogen Sulfide (H2S 1 
Iron (Fe) 
Lead (Pb) 
Lithium (Li) 
Manganese (Mn) 
Mercury (Hg) 
Nickel (Nil 
Nitrate (N03-N) 
Nitrite (N02-N) 
Oil and Grease 
Phenol 
Selenium (Se) 
Silver (Ag) 
Sulfate (SO, 1 
Total Dissolved Solids (TDS) 
Uranium (U) 
Vanadium (VI 
Zinc (Zn) 
PH 
Total Organic Carbon (TOC) 
Volatile Organic Analyses (VOA) 
Semivolatile Organic Analyses 
Sodium Absorption Ratio (SARI 
Residual Sodium Carbonate (RSC) 
Combined Total of Radium 226 and 
Radium 228 
Total Strontium 90 
Gross Alpha Particle Radioactivity 
(including radium 226, but 
excluding radon and uranium) 

a No EPA method applicable. 
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The reasons for selecting the northwestern New Mexico location 
were: the significant oil and natural gas production from the San Juan 
Basin, the large produced water disposal requirements of the basin, and 
conversations with personnel from a major oil and gas production company 
operating in the region. While the typical spring, summer, and fall 
climates in the region are favorable for evaporation, operation of the 
ponds during the winter months is ineffective due to freezing. The 
models developed were used to determine if an FTE facility operating in 
northwestern New Mexico could be profitable at a commercial-scale. The 
results of this investigation indicated that application of the FTE 
process in northwestern New Mexico would improve the already favorable 
economics of evaporative disposal typical of the area. 

The final selection of climates to be investigated in laboratory- 
scale simulations to determine the impact of facility location (climate) 
on the process efficiency and its economics was: northwestern New Mexico 
(mild), northeastern Colorado (medium), and central Wyoming (severe). 

2.2.2.1.3 FTE Process Simulator Desicm and Operation 
The laboratory-scale FTE process simulations were conducted in a 

10' x 20 '  x 10' refrigeration unit at Resource Technology Corporation's 
facility. A personal computer interfaced programmable temperature 
controller was used to regulate hourly temperature changes to cycle the 
temperature in the unit during the simulations. Sun lamps added to the 
refrigeration unit were activated for simulation of daylight hours. The 
refrigeration unit was also equipped with air fans for wind (Figure 4 ) .  

The equipment configuration for each FTE process simulator is 
illustrated in Figure 5. The construction was as follows: 

The required produced water holding and brine ponds of dimensions 
19.5" x 15" x 8" deep were fabricated from wood and high density 
polyethylene (HDPE) pond liners. Pans of dimensions 24"  x 18" x 
7" deep were used experimentally as the freezing pads. The pans 
were lined with synthetic (polyethylene (PE) 1 pond liner. One 
gallon plastic containers were used to collect the treated water 
generated. These ponds performed as required in the initial 
simulation series. However, when the ponds were cleaned after the 
initial simulation series, leak testing prior to the second 
simulation series revealed that twelve of the eighteen ponds had 
developed leaks during cleaning. Similarly, when the six remaining 
ponds were cleaned after the second simulation series, four of 
these ponds had developed leaks. It was then decided plastic pans, 
such as those used for the freezing pads, would be modified and 
used for the produced water holding and brine ponds. These pans 
were used in the remaining simulations. Appendix D provides 
details of the construction of the ponds and freezing pads used. 
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Figure 4. Refrigeration Unit Configuration for the Laboratory- 
Scale FTE Process Simulations. 
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Figure 5. Equipment Configuration for the Laboratory-Scale FTE 
Process Simulators. 
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PE tubing was used for process plumbing. 
pads was automatically diverted to either the trgaged wat r, 
container or brine pond. The solenoid valves were aax.iid%$a c 

Runoff from the freezing 

.. 
continuous on-line conductivity meter monitoring the TDS 
concentration of the runoff. 
Gear pumps were used to recirculate the produced water in the ponds 
and to supply water to the freezing pads. When the temperature in 
the simulator was below 0' C, produced water was pumped to the 
freezing pad. When the temperature was above 0' C, produced water 
was recirculated in the holding pond. The water recirculated 
through a pipe into the pond or through sprays in the pond, 
depending upon the holding pond design being tested. The automatic 
switching of flows from the pad to the holding pond was achieved 
using a thermostat in the unit to activate solenoid valves. 

After the initial simulation series, the laboratory simulation 
procedure was as follows: 

Samples of each produced water were collected for. compositing and 
each produced water pond was charged with a known mass of water. 
The pond levels and mass of produced water added were recorded. 
The temperature controller was programmed to simulate the 
atmospheric temperature cycles of the location selected. The 
simulations began with the first month of the year without freezing 
temperatures. Temperatures were adjusted hourly to simulate daily 
temperature cycles. The sun lamps and air flow system were timer 
activated to be on during daylight hours. 

The months in which freezing did not occur were simulated first and 
during those months the simulator operation was as follows: 

Once each day, the level in the produced water pond was measured. 
Then each fortyeeight hours, produced water was added to each pond. 
The amount added to the pond was sufficient to return the pond 
water level to its initial value, and samples of the water added 
were composited with the respective produced water sample. The 
time the pond was charged with water, the pond water level before 
and after filling, and the mass of water added were recorded. 

When simulation of the months in which freezing did occur were 
simulated, the simulator operation was as follows: 

Produced water was automatically pumped from the holding pond to 
the freezing pad when the ambient temperature in the simulator was 
low enough to promote freezing. When the temperature would not 
promote freezing, produced water was recirculated to the pond. 
Runoff from the freezing pad flowed to the clean water container 
if the TDS concentration was less than 2,000 ppm and to the brine 
pond if the TDS was greater than 2,000 ppm. If the TDS 
concentration of the brine was greater than 70,000 ppm, it was 
placed in the brine sample container. If the TDS concentration was 
less than 70,000 ppm, the brine was recycled to the holding pond. 
At the end of the simulations, all run-off with a TDS concentration 
greater than 2,000 ppm was placed in the brine sample container. 
Upon completion of the simulation, the produced water, treated 
water, and brine composite samples were submitted for analyses. 
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2.2.2.1.4 FTE Simulation Series 1 - Equipment Optimization 
The initial series of simulations consisted of nine laboratory-FTE 

process simulations to test different FTE process design options. The 
objective of this series was to determine the best freezing pad and 
produced water pond designs. 

wetted column freezing, 
conventional water spray freezing, and 
atomizing spray freezing. 

Three freezing pad designs were tested: 

The wetted column freezing design used a pipe located in the center of 
the ice pile to continuously wet the ice pile by trickling water down the 
sides of the pile. The conventional spray freezing design used a pipe 
located in the center of the ice pile with a coarse spray nozzle at the 
top. The coarse spray nozzle provided a heavy water spray into the air 
above the pile. The atomizing spray design used a pipe located in the 
center of the ice pile with an atomizing nozzle at the top. The spray 
nozzle provided a fine mist water spray into the air above the pile. 

Three different evaporation pond design options for the produced 
water holding pond were also tested in the initial series of simulations. 
These evaporation pond designs were: 

conventional evaporation pond, 
enhanced evaporation pond, and 
solar distillation ponds. 

The conventional evaporation pond design fed recycled pond water through 
a pipe. The conventional pond design was a deeper pond with steeply 
sloping pond sidewalls. The enhanced evaporation pond design fed 
recycled pond water to the pond using sprays. The enhanced evaporation 
pond design was a shallower pond with more gently sloping pond sidewalls 
than the conventional design. The enhanced evaporation pond also was 
equipped with air bubblers in the pond. The solar distillation pond 
design was similar to the enhanced pond design with two significant 
exceptions. The solar distillation ponds had a cover so that evaporated 
water would condense on the cover and the condensate could be collected. 
The solar pond also did not have air bubblers. 

In the initial simulation series, the three different freezing 
process design options and three different evaporation process design 
options were thoroughly tested by coupling each pad design with each pond 
design. Nine simulations resulted from the coupling. The data from 
these nine simulations were used to select the most efficient and 
economic pad and pond design combination for the FTE process. 
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Due to difficulties which occurred during the shakedown testing, 
it was decided that the experimental procedure for the initial series 
would differ from later simulation series. In this series, a freezing 
test was conducted first because it was the most difficult part of the 
simulations to run. By conducting the freezing portion of the series 
first, lost time would be minimized if the simulation had to be re- 
attempted due to operational problems. The temperature cycles during the 
freezing test were varied as needed to avoid operational difficulties and 
to promote ice formation so as to maximize the knowledge gained regarding 
the creation of and behavior of the ice pile. Upon completion of the 
freezing test an evaporation test was conducted. 

The produced water from the oil and gas well (designated "FTE A'')  

was used in all nine simulations. The decision to run the freezing 
portion of the simulation first proved insightful when the first 
simulation attempt was forced to abort due to freezing of the sprays 
which caused significant sample losses in most simulators. Additional 
insulation was added to the process plumbing and the series was re- 
attempted. The freezing portion of the second attempt was operated with 
varj.ing temperature cycles that provided a total of 168.5 hours in which 
the ambient temperature was below OOC. The second attempt of the 
freezing test was operated continuously for fourteen days. 

One produced water composite sample was collected during the 
freezing test of the initial series and nine treated water and nine brine 
samples were collected, one set from each simulator. These samples were 
subjected to limited chemical analyses (Table 3 ) .  Material and chemical 
species balances were determined for overall mass, TDS, TOC, and Boron 
for the freezing test in each of the nine simulations. 

Table 3. Limited Suite of Analyses for Simulation Samples 

EPA Analytical 
Method No. Parameter 

a 

160.1  
200.7 
150 .1  

Total Organic Carbon (TOC) 
Total Dissolved Solids (TDSI 
Boron (heavy metal indicator) 
PH 

a No EPA method applicable. 
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All nine simulators were then re-charged with produced water "FTE 
AIt prior to the initiation of the evaporation test of the initial series 
of simulations. During the evaporation test, atmospheric conditions 
simulated were similar to northeastern Colorado during the months with 
temperatures above OOC. The water level in the produced water pond for 
each simulation was measured daily and no additional produced water was 
added. The evaporation test was operated for thirteen days. However, 
during five of those days, the unit was inadvertently down due to a power 
failure which shut-off the temperature controller. 

Samples were not taken during the evaporation portion of the 
initial series of simulation. Overall mass balances were determined for 
the freezing test in each of the nine simulations. Performance of the 
evaporation pond design options were determined based upon the rates of 
evaporation achieved during the eight days of operation and the best 
design option was determined by qualitative comparison of the evaporation 
achieved among all of the simulator design combinations. 

2.2.2.1.5 FTE Simulation Series 2 - Northeast Colorado 

The second series of three laboratory simulations investigated the 
impact of produced water quality on the effectiveness of the FTE process 
when operating under climatic conditions similar to those of northeastern 
Colorado. Each of these three simulations used the optimum process 
design combination determined from the results of the initial series of 
simulations. The enhanced evaporation pond design and water column 
freezing pad design were used in these simulations. In the three 
simulations, one simulator was fed with the coal bed methane produced 
water (designation "FTE Cl'), one simulator was fed with the oil and gas 
produced water (designation "FTE A " ) ,  and the remaining simulator was fed 
with the natural gas produced water (designation "FTE B i t ) .  Daily 
temperature cycles simulating the monthly average cycles for northeastern 
Colorado were used in the series. The simulations began with temperature 
cycles similar to the month of April, which is the first month in 
northeastern Colorado with average temperatures consistently above OOC. 
A total of 103 hours with temperatures below O°C existed during 
Simulation Series 2. 

Four operational problems occurred during the simulation. The four 
problems encountered during this simulation series were all related to 
power failure induced temperature controller failures. Four such 

Climate 
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failures occurred during the simulation series. One of these failures 
resulted in the need to run the simulation series an additional twenty- 
four hours. This failure occurred during the scheduled on-set of 
freezing, and repeating the conditions for that day resulted in the 
duration of the simulation series being twenty-five days instead of the 
planned twenty-four. The other three failures had minor impact on the 
results of these simulations. 

The three produced water, three treated water, and three brine 
composite samples produced during Simulation Series 2 were subjected to 
limited chemical analyses (Table 3 ) .  Material and chemical species 
balances were determined for overall mass, TDS, TOC, and Boron in each 
of the three simulations. 

2.2.2.1.6 FTE Simulation Series 3 - Northwest New Mexico 
Climate 

The third series of three laboratory simulations investigated the 
impact of produced water quality on the effectiveness of the FTE process 
when operating under climatic conditions similar to those of northwestern 
New Mexico. These three simulations used similar design and produced 
waters as Simulation Series 2 ,  In this simulation series, the 
temperature cycles simulated conditions typical of northwestern New 
Mexico. The simulations began with the month of April which is the first 
month in northwestern New Mexico with average temperatures consistently 
above OOC. A total of 94 hours with temperature below O°C existed during 
Simulation Series 3 .  

Two operational problems were encountered during the simulations. 
The two problems encountered during the operation of this simulation 
series were: 1) a short power-outage-induced controller failure 
(approximately six hours in duration) occurred during the evening of 
second day simulating June’s conditions, and 2 )  microbiological activity 
became so great in the produced water ponds by the days simulating 
October conditions that the pond sprays in the simulator using the FTE 
B water (Simulation #3-3)  became pluggedwhich caused a large spill. The 
power outage had minor impact on results from the simulation series and 
no impact on the duration of the simulation series. The spill impacted 
both the results from Simulation #3-3 and the schedule of Simulation 
Series 3 .  To address as reasonably as possible the problems caused by 
the spill, the produced water holding pond for Simulator #3-3 was re- 
charged, and the size of the spill was estimated. Sprays in all three 
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simulators were then shut-off for the remainder of the October 
simulation. After completion of the October simulation, which was the 
completion of the evaporation phase, the simulator was shut-down for six 
days to clean and dry electrical equipment wetted from the spill. This 
spill added six additional days to the simulation series duration so that 
the total duration was thirty days instead of the planned twenty-four. 

The three produced water, three treated water, and three brine 
composite samples from Simulation Series 3 were subjected to limited 
chemical analyses (Table 3 ) .  Material and chemical species balances were 
determined for overall mass, TDS, TOC, and Boron for each simulation. 

2.2.2.1.7 FTE Simulation Series 4 - Central Wyoming 
Climate 

The fourth series of three laboratory simulations investigated the 
impact of produced water quality on the effectiveness of the FTE process 
when operating under climatic conditions similar to those of central 
Wyoming. These three simulations also used similar design and produced 
waters as Simulation Series 2 and 3 but with temperature cycles that 
simulated conditions typical of central Wyoming. The simulations began 
with the month of May, which is the first month in central Wyoming with 
average temperatures consistently above O°C. A total of 169 hours with 
temperature below O°C existed during Simulation Series 4 .  

One problem was encountered during the operation of this 
simulation. During the first day of simulating conditions for January, 
the evaporator fan failed in the refrigeration unit. This failure 
resulted in loss of refrigeration in the unit and the simulation was down 
ten days awaiting parts for repairs. Thirteen and one-half hours with 
freezing conditions were lost in the series, and the duration of the 
series was thirty-four days instead of the planned twenty four. 

The three produced water, three treated water, and three brine 
composite samples from Simulation Series 4 were subjected to limited 
chemical analyses (Table 3 ) .  Material and chemical species balances were 
determined for overall mass, TDS, TOC, and Boron for each simulation. 

2.2.2.1.8 FTE Simulation Series 5 - Central Wyominq 
Climate with Detailed Analyses of Samples 

The fifth series of laboratory simulations was to duplicate the 
operation and conditions of Simulation Series 4 using temperature cycles 
which simulated conditions typical of central Wyoming. A total of 182.5 
hours with temperature below O°C existed during Simulation Series 5 .  
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One power-outage-induced temperature controller failure was 
experienced during this series of simulations which required one 
additional day simulating December conditions. Thus, the duration of 
this simulation series was twenty-five days. 

The three produced water, three treated water, and three brine 
composite samples produced during Simulation Series 5 were subjected to 
detailed chemical analyses (Table 2 ) .  Material and chemical species 
balances were determined for overall mass, and every analyte specified 
in Table 2 that was present in sufficient quantity to allow balances to 
be determined. These balance were determined for each of simulations. 

2.2.2.2 Subtask 2.2: Reevaluation of Process Economics Based 

The process and economic models developed in Subtasks 1.4 and 1.5 
were used with the results of the laboratory-scale simulations to 
estimate the water treatment cost. The laboratory-scale simulation data 
generated was used to select values of the required model inputs. By 

assuming the field situation will behave similarly to the laboratory- 
scale simulations, and using the material and chemical species balances 
resulting from the evaluations of the laboratory-scale FTE process 
simulations, the following data are provided for input to the models: 

on Laboratory-Scale Process Simulation Results 

location/climate simulated, 
the quality of the produced water, treated water, and brine, and 
the evaporation pond efficiency. 
First, the results of the initial simulations conducted in Subtask 

2.1 were used with the process and economic models to select the best 
design for a commercial-scale FTE process. The design configuration 
selected and used in the final twelve laboratory-scale simulations was 
the process design configuration havingthe lowest water treatment cost. 

Next, the results of the remaining twelve laboratory-scale 
simulations were used with the process and economic models to determine 
the water treatment cost for those simulations. After completion of all 
the laboratory-scale simulations, the effect of the produced water 
contaminant concentration on the process was estimated by comparing 
results of each series of simulations using the three different waters. 
Then, the effect of atmospheric conditions on the process was estimated 
by comparing the results of the simulations using the same produced water 
and the three different sets of atmospheric conditions. The effects of 
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these variables were used in the economic model to further refine the 
estimated water treatment costs of the FTE process. A total of twenty- 
one process and economic simulations were completed using the models 
developed and the laboratory-scale simulation results. 

2.2.3 Task 3: Evaluation of the Field Demonstration of 
the FTE Process for the Treatment of Produced Waters 
in the S a n  Juan Basin of New Mexico 

Results of the laboratory simulations completed in Task 2 confirm 
that the FTE process is capable of providing significant quantities of 
water, suitable for beneficial use, from oil and gas produced waters. 
The TDS concentrations of the produced waters tested in the simulations 
ranged from 2640 to 10,900 mg/l. The treated waters generated in these 
simulations using the FTE process had TDS concentrations in the range of 
200 to 1500 mg/1 with, for the most part, similarly reduced 
concentrations of organics and metals. In addition, the economic 
analyses using the simulation results continue to indicate that the 
process has significant commercial economic potential. For these 
reasons, a field demonstration of the FTE process was conducted to 
confirm the results of the laboratory-scale simulations using atmospheric 
conditions at an operating field site. Successful demonstration of the 
FTE process will confirm: 1) the commercial-scale feasibility of the 
process, 2)  the environmental acceptability of the process in order to 
facilitate regulatory permitting, and 3 )  the economic viability of the 
process in order to obtain investment capital. 

The Task 3 research, "Evaluation of the FTE Process for the 
Treatment of Produced Waters in the San Juan Basin of New Mexico" was 
conducted in conjunction w2th a separate project entitled "Demonstration 
of the FTE Process in the San Juan Basin of New Mexico1'. In addition to 
the objectives listed above, the field demonstration was conducted to 
provide data to: 1) accurately design and project the economics of 
commercial-scale operation of the FTE process and 2)  facilitate 
applications of the process to a variety of locations and produced 
waters. The research conducted in Task 3 supported the demonstration 
project by evaluating the technical and economic operation of the FTE 
process. The effectiveness of the demonstration project was determined 
from operating data, the results of analyses of the process streams, and 
process economics projected using the model developed in Task 1. 
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2.2.3.1 FTE Demonstration Site, Produced Water, and 
Climate 

In order to conduct a field demonstration of the FTE process, an 
oil and/or gas production company that would support the project was 
identified. Requirements for the demonstration included the use of a 
operating evaporation facility, funding, and assistance permitting the 
demonstration project. Amoco Production Company's Cahn/Schneider 
evaporation facility was provided for the FTE process demonstration. 
This conventional evaporation facility is located 22 miles south of 
Durango, CO and 43 miles north of Farmington, NM. Amoco, the US DOE, and 
G R I  provided the funding for the FTE demonstration project and personnel 
from Amoco's San Juan Operations Center obtained approval from the New 
Mexico Oil Conservation Division (OCD) to conduct the demonstration 
project . 

Coal bed methane produced water, treated in the FTE demonstration,. 
was trucked to the facility from nearby Amoco wells. This water was from 
similar sources as the coal bed methane produced water tested in the FTE 
laboratory-scale simulations completed in Task 2 (Simulations 2-1, 3-1, 
4-1, and 5-11. Treated water TDS concentrations from these simulations 
ranged from 300 ppm to 1400 ppm, treated water yields ranged from 24% to 
39%, and evaporated water ranged from 41% to 54%, yielding a 
corresponding reduction in disposal volumes ranging from 78% to 87%. 

The climate at the Cahn/Schneider evaporation facility is similar 
to that simulated in laboratory Simulation Series 3 .  Simulation # 3.1 
tested coal bed methane produced water under climatic conditions 
simulating the northwestern New Mexico climate. In this simulation, 
treated water with a TDS of 1400 ppm was produced with a reduction in the 
required disposal volume of 78%.  Amoco's objective in the demonstration 
was to generate a water suitable for beneficial use in the area. Based 
upon the results of Simulation W 3-1, the FTE process appeared to be 
capable of economically achieving this objective. 

2.2.3.2 FTE Demonstration Plant Design and Operation 
Based upon discussions with Amoco Production Company and the New 

Mexico OCD, it was agreed that the FTE demonstration plant would attempt 
to treat 20,000 bbl of produced water during the winter of 1995-96 and 
that all products of the demonstration, including treated water 
generated, would be disposed of by conventional methods. 
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The original layout of the FTE demonstration plant constructed in 
the fall of 1995 at the Cahn/Schneider facility is provided in Figure 6. 
The Schneider evaporation pond is approximately 2 acres in size and was 
to serve as the produced water holding pond and final depository of the 
demonstration products. The Schneider pond was evaporated dry  in the 

, summer of 1995 and then filled with coal bed methane produced water for 
the FTE demonstration. 

A feed pump, automatic pump controls and a 2500 ft long above 
ground feed line to the Cahn pond were installed and insulated to 
transfer water from the Schneider pond to the Cahn pond. The Cahn 
evaporation pond is one acre in size and was prepared for use as the 
freezing pad required for FTE process operation. The Cahn pond was also 
evaporated dry in the Summer of 1995. The pond was then thoroughly 
cleaned by a vacuum truck to remove the majority of sediment from the 
pond and the remaining sediment was swept and manually collected. Next, 
a one-and-one-half foot internal-berm was constructed of sand bags to 
isolate a portion of the Cahn pond as the freezing pad. The Cahn pond 
was approximately six times the size required to achieve the project 
objective of treating 20,000 bbl. Reducing the size of the freezing pad 
was attempted to improve the ability to separate the freezing pad runoff 
by improving drainage and pumping capabilities. A variety of pond sprays 
were installed in the existing spray header to investigate spray 
performance and the header was connected to the feed line. Then, the 
freezing pad suction header was installed. 

The suction header was connected to a transfer pump to remove the 
runoff from the freezing pad. The transfer pump was automatically 
controlled by a level sensor in the Cahn pond. This pump discharged to 
the transfer shed which contained piping and electrical controls to 
automatically route the run-off to the proper vessel. Runoff from the 
ice pile that was created was to be separated into three process streams 
based upon its electrical conductivity (Ec). Water with an Ec indicating 
a TDS concentration greater than 50,000 ppm would be pumped to the brine 
storage tanks, water with TDS concentrations less than 5,000 ppm would 
be pumped to the treated water storage tanks, and water with a TDS 
concentration of greater than 5,000 ppm and less than 50,000 ppm would 
be recycled to the Schneider pond using an existing underground line. 
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The FTE tank farm which included two 400 bbl brine storage tanks 
and two 400 bbl treated water storage tanks was installed along with 
piping from the transfer shed to the tank farm. A manually activated 
pump was also installed to transfer the waters in the brine and treated 
water storage tanks back to the Schneider pond when full. The transfer 
of fluids from the tank farm was also piped to utilize the existing 
underground line. 

Shakedown of the FTE demonstration plant was conducted in late 
November and early December 1995. During the time period from November 
28 to December 9, the plant was intermittently operated because of 
unusually warm weather. Modifications were made to the feed pump suction 
during this period and all other aspects of the plant design operated as 
intended. The plant was operated in the fully automatic mode for several 
days without problems. However, Ec measurements taken from samples of 
the freezing pad feed and Schneider pond water during this time were 
exceptionally high. For this reason, samples of the Schneider pond water 
were collected and analyzed at a local laboratory to determine their TDS 
concentrations. The results of the TDS analyses revealed that the 
Schneider pond water had a TDS concentration of 120,000 ppm. It was 
determined that, since the Schneider pond was not cleaned prior to the 
introduction of the coal bed methane produced water, salt precipitated 
in the Schneider pond was redissolved in the produced water causing the 
significant increase in TDS. 

Interestingly, while awaiting the results of the TDS analyses, the 
plant was operated and a small amount of ice was made. Ec measurements 
of ice samples, taken immediately after spray operation ceased, indicated 
the ice contained less than 8000 ppm TDS. Ice samples were taken during 
the day as the ice melted. Based upon the Ec measurements of the ice 
melt, the TDS was steadily decreasing during the day and eventually 
dropped to approximately 900 ppm TDS. 

Despite the fact that the FTE process appeared to be successful in 
generating useable treated water from the heavy brine in the Schneider 
pond, the decision was made to modify the plant operation so that 
representative coal bed methane produced water was treated. Treating 
feed water with a TDS concentration in excess of 100,000 ppm would be 
uneconomic based upon the results of Task 1 modeling and Amoco had never 
intended to attempt-to treat waters with such high TDS concentrations 
using the FTE process. 
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It was apparent that it would not be possible to clean the 
Schneider pond and refill it with coal bed methane produced water in time 
to conduct the demonstration during the winter. Therefore, the decision 
was made to operate the demonstration, during the winter of 1995-96, 
using only the Cahn pond. A s  a result of this decision, the following 
modifications were required to the FTE demonstration plant. The original 
brine storage tanks, now became feed storage tanlc's, and were piped to be 
filled with coal bed methane produced water by truck. The tank return 
pump was piped to manually feed the freezing pad sprays from the feed 
tanks and the transfer shed was re-piped to route brine produced to the 
Schneider pond and recycle water through the freezing pad sprays. The 
Cahn pond now became effectively the produced/recycle water holding pond 
and the freezing pad (Figure 6). 

These modifications made it possible to test the ability of freeze- 
crystallization to effectively treat coal bed methane producedwater, but 
made it impossible to demonstrate the design improvements made in the FTE 
process compared to the natural freezing processes tested over three 
decades ago. Integral to the FTE process operation is the ability to 
evacuate runoff from the freezing pad so that the ice pile created can 
drain and the runoff can be separated into treated water, intermediate 
(recycle) water, and brine. Since water could no longer be recycled to 
the Schneider pond, the intermediate process stream had to remain in the 
Cahn pond. This concession completely eliminated an integral part of the 
FTE process - the ability to separate brine and treated water on a daily 
basis. A l s o ,  the ability to capitalize on the dynamic freeze/thaw 
cycling that occurs as a result of the prevailing climatic conditions in 
the San Juan Basin of New Mexico was lost, due to the loss of process 
stream separation capability. This had a major impact on plant 
operations. 

Another complication was that the produced water supply was 
severely limited due to the inability to use the produced water in the 
Schneider pond. Instead of having the ability to feed the Cahn pond with 
fresh feed when needed, operations were now, at times, both limited by 
the quantity of produced water that could be delivered and the need to 
empty the feed tanks when water delivery was possible. 

The general site layout of the modified FTE demonstration plant is 
similar to the original layout (Figure 6). Figure 7 is provided to 
illustrate the FTE final tank farm piping. Four 400 bbl tanks, two for 
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feed water storage and two for brine storage were provided near the 
southwest corner of the Cahn pond. The tank discharge piping was 
installed to either feed the freezing pad sprays or transfer treated 
water to the Schneider pond. Both feed tank inlets were modified to 
either accept recycled water or produced water from trucks. Both treated 
water tank inlets are piped as originally designed, accepting treated 
water from the transfer shed (Figure 7). 

Figure 8 is provided to illustrate the FTE feed piping to the Cahn 
pond and transfer system to evacuate or recycle runoff from the Cahn 
pond. Piping from the feed tank outlets runs from the tank farm through 
the return pump to the spray header. The pump and valves in this system 
were manually activated as a result of the modifications. Feed water 
introduced from these tanks flows through a solids separator, a feed 
totalizer, and then to the Cahn pond spray header. Runoff from the 
freezing pad in the Cahn pond is removed from the suction header using 
the transfer pump. The runoff can then be either recycled back to the 
spray header or pumped to the transfer shed. 

Figure 9 illustrates the FTE transfer shed piping at the Cahn pond. 
This piping is as originally designed with the exception of the transfer 
shed outlet piping, which was modified to transport recycle water to the 
feed tanks and brine to the Schneider pond. The transfer shed operation 
was automatically controlled as follows: the conductivity of water from 
the transfer pump was measured by a conductivity controller (TDS2) to 
determine the TDS concentrations. Waters with TDS concentrations greater 
than 50,000 ppm flowed through a solenoid valve (S1) , through a flow 
totalizer, and to the Schneider pond. Waters with TDS concentrations of 
less than 50,000 ppm flowed through a second solenoid valve (S2) ,  where 
the TDS concentration of the water is measured by another conductivity 
controller (TDS3). Waters with a TDS concentration of less than 5,000 
ppm flowed through a third solenoid valve (S3 ) , through a flow totalizer, 
and to the treated water storage tanks. Waters with TDS concentrations 
of greater than 5,000 ppm but less than 50,000 ppm flowed through a 
fourth solenoid valve (S4), through a flow totalizer, and to the feed 
tanks (Figure 9). 
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2.2.3.3 Subtask 3.1: Sampling and Analyses of 
Field Demonstration Process Streams 

Samples of feed water, Cahn pond water, and ice were regularly 
collected and Ec measurements were taken using conductivity meters in the 
operations trailer. On-site gravimetric analyses to determine the TDS 
concentration of selected samples were conducted in conjunction with the 
Ec readings in order to correlate TDS concentrations for the waters with 
Ec. The standard method for gravimetric analysis is ASTM method f 2 5 4 0  
A .  Having plant operators conduct this method at a remote field-site was 
not practical and the method was modified to be more compatible with 
field operations. The simplified gravimetric TDS analysis method used 
at the field site was as follows: 

A weighed filtered volume of sample was placed in a convection oven 
operating at 13OOC. ASTM method f 2 5 4 0  A calls for drying samples 
at 18OOC to convert bicarbonate to carbonate. Field modifications 
to this method utilized 13OOC to minimize conversion of bicarbonate 
to carbonate. Bicarbonate is a major constituent of this coal bed 
methane produced water and of potential economic value so 
destruction of bicarbonate was considered to be undesirable in 
these analyses. 
The samples were allowed to dry in the oven until all water was 
visibly evaporated. They were then weighed. Samples were returned 
to the convection oven for at least thirty minutes and then re- 
weighed. This process was repeated until the weight loss of the 
sample during drying was insignificant. 
The solids weight of the sample was determined as the final weight 
minus the tare weight. The TDS concentration of the sample in mg/l 
was then determined from the solids weight and the initial sample 
weight. 
Samples of the FTE field demonstration process streams were to be 

A full suite analyses of the feed water was to be performed 
initially on the feed water stored in the produced water holding 
pond (Schneider pond) (Table 2 ) .  
Limited suite analyses of composite samples of the producedwater, 
treated water, and brine from the demonstration were to be 
performed at the end of the first, third and fifth month of 
operation of the demonstration (Table 3 ) .  

collected and subjected to laboratory analysis as described below: 
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Full suite analyses of composite samples of the produced water, 
treated water, and brine from the demonstration were to be 
performed at the end of the second, fourth, and six month of 
operation of the demonstration (Table 2 ) .  

However, due to the inability to use the water in the Schneider 
pond, delays in start-up of the demonstration operation resulting from 
the modifications to the plant that were required, and the unusually 
short winter in the area last year, the sampling scheme was revised to 
reflect the, type and quantity of process streams available for sampling. 

After examination of the high Ec measurements of the water samples 
initially taken from the Schneider pond, three samples were sent to a 
local analytical laboratory for TDS analysis to confirm the high salt 
concentrations indicated by the on-site Ec measurements. A local 
laboratory was selected for the analyses and the limited suite of 
analyses was reduced to only TDS analyses to facilitate a rapid 
turnaround of these needed results. Upon receipt of these analytical 
results it was obvious that the water in the Schneider pond was not 
desirable for treatment using the FTE process and subsequent 
modifications to the plant were initiated. After modifications were 
completed and the plant operation was re-initiated on December 9, 1995, 
the initial sampling of the produced water pond was not possible. 

During the time period of 1 / 2 2  - 1 /24 /96 ,  samples of the produced 
water feed, Cahn pond recycled water, and ice from the Cahn pond were 
collected and submitted for analyses at the local laboratory. In 
addition, another sample of the heavy brine from the Schneider pond was 
also collected and submitted for analyses. In these analyses, the limited 
suite was modified. Boron and TOC analyses were not conducted on these 
samples. Instead, total alkalinity, bicarbonate, and carbonate analyses 
were conducted along with the TDS and pH analyses originally planned. 

Composite samples of the feed water, ice, and brine for the time 
period of 12 /9 /95  through 2 /1 /96  were submitted for detailed analyses 
(Table 2 ) .  As a result of unusually warm temperatures in February 1996, 
these were the only aqueous samples collected during operation of the 
freezing process that were submitted for detailed analyses. 

Cahn pond water and feed water samples were also collected at the 
conclusion of the field demonstration (3 /18 /96 )  and submitted for 
detailed analyses (Table 2 ) .  Results of these analyses were used to 
estimate evaporation during the months of February and March. 
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Solids produced from the gravimetric TDS analyses of the Cahn pond 
water were crushed, composited, and submitted for detailed analyses. 
These analyses included all Table 2 parameters except volatile organic 
analyses. Volatile analyses were not conducted because the heating of 
the sample required to produce the solids would have likely removed all 
volatile organics. The solids were also submitted for semi-quantitative 
XRD analysis. Analytical characterization of these solids were performed 
to assess the potential economic value and beneficial uses of the solids. 

2.2.3.4 Subtask 3.2: Evaluation of Field Demonstration 
Operating Data 

FTE field demonstration operating data collected included: time, 
wind speed, ambient air temperature, feed tank temperature and water 
level, Cahn spray header temperature, feed pressure, cumulative feed 
volume, feed flow rate, feed TDS and Ec, feed temperature, Cahn pond TDS 
and Ec. These data were compiled in the operations log book, operator's 
log sheets, and an on-site data logger. 

The volume of produced water fed to the Cahn pond and the volume 
of brine sent to the Schneider were determined from the operating data 
collected. These data were used in conjunction with the results of the 
feed, ice, and brine analyses to determine material balances. These data 
were also compared,to the results of the final Cahn pond and feed water 
analyses to estimate February and March evaporation rates. Estimates 
of the economics of a commercial-scale FTE operation at this site were 
also made using the above data and the model developed in Task 1 of this 
research. 

Temperature data were analyzed to determine how many hours of 
subfreezing conditions occurred during the demonstration period. These 
data were then compared to the average number of hours of subfreezing 
conditions that occur annually in the San Juan Basin of New Mexico. 

TDS concentration and Ec readings were correlated to provide a 
method for qualitatively estimating TDS concentrations of these waters 
from Ec measurements. On-site gravimetric TDS results and analytical 
laboratory TDS results were correlated to estimate the accuracy of the 
field method for determining TDS concentration. 
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3.0 Results and Findings 

3.1 Task 1: Literature Survey and Preliminary Economic Analyses 

3.1.1 Subtask 1.1: Literature Survey of PTB Research 
The following is a summary of literature reviewed. Appendix A 

provides a listing of the publications reviewed. The summary is divided 
into two sections: literature related to natural freezing methods and 
literature related to artificial freezing methods. 

3.1.1.1 Natural Freezing Research 
Heller (1939) investigatedthe purification of brackish groundwater 

in the desert areas of the former Union of Soviet Socialist Republics 
(USSR). Heller investigated the use of natural freezing to purify 
brackish groundwater and provide water for agricultural development in 
these regions. Heller was able to reduce the salt content of the water 
tested from approximately 15,000 ppm to 400 ppm. Heller also provided 
data indicating that as the ice formed from this brackish water and was 
subjected to freeze-thaw cycles, the salt content of the water was 
dramatically reduced. 

Mitin's (1963) research objectives were similar to those of 
Heller. In Mitin's research, the feed water salt content of 
approximately 29,000 ppm was reduced to less than 1,000 ppm. Mitin found 
that water could be effectively purified by natural freezing. The 
results show that natural freezing did concentrate the salts in the brine 
and allowed a 70% conversion of the saline water to useable water with 
the salt content reduced by 96%. Mitin also demonstratedthe ability to 
create potable water using a natural freezing process. The water he 
produced met the USSR drinking water standards at the time. Mitin also 
produced a brine with a salt concentration of approximately 180,000 ppm. 
Mitin estimated the cost of purification to be $0.30 per cubic meter 
(approximately $O.O4/bbl). He also estimated the process to be 70% more 
economical than purification by evaporation. 

Szekely (1964) of the Saskatchewan Research Council performed 
experimental work related to water purification by freezing in dugouts. 
Six waters with TDS concentrations ranging from approximately 4,000 to 
28,000 ppm were tested, and the salinity reductions ranged from 60 to 
80%. The lower salinity reduction from these tests can be accounted for 
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by the fact that the initial ice melt was not drained from the ice. 
Therefore, the separation of brine from the ice was not as completely 
achieved as in the Soviet efforts. 

Canadian research related to water purification by natural freezing 
continued, and Spyker (19741, also of the Saskatchewan Research Council, 
reported on later experimental work related to water purification by 
freezing in dugouts andby spray freezing. The TDS concentrations of the 
waters tested were only in the range of 2,000 to 4,000 ppm, but the 
initial TDS concentration of the melt from one of the spray ice piles was 
in excess of 50,000 ppm. 

Stinson (1968) received a Canadian patent on a process of natural 
freezing as a method for desalinating waters. Stinson's patent was based 
upon the concept of spraying water during subfreezing temperatures to 
maximize ice production and to minimize the space required for the ice 
pile. While Stinson's process differed from Mitin's and Szekely's, the 
results of Stinson's research supported their findings. Stinson found 
that natural atmospheric temperature cycles cause freeze-thaw cycles 
which improve the purification efficiency of the natural freezing 
process. Stinson's research confirmed that the freeze-thaw process is 
effective in purifying saline waters and waters containing acids, bases, 
sugars, and organic materials. The patent included a claim that this 
method can also be used to treat oil field brine. The dissolved salts 
are the most unacceptable component of oil field brine waters, and the 
method allows the brine (dissolved salts) to be concentrated so that 
disposal can be more easily and economically accomplished. In addition, 
the accumulated ice can provide a valuable source of fresh water for 
wildlife and/or agricultural lands. Stinson's research also indicated 
that the purest ice is formed as a result of longer holding times because 
the ice is subjected to a series of re-crystallization (freeze-thaw 
cycles) which allows more of the contaminants to drain through pores of 
the ice p i l e .  Stinson estimated the cost of water purification by this 
method to be 1ess.than $0.01 per 1000 gallons. 

Research was also successfully conducted by the University of 
Wyoming Petroleum/Chemical Engineering Department during the 1960s and 
1970s to improve the quality of brackish well water to potable water 
standards by using natural freezing. Elmore (19681, a petroleum 
engineering graduate student of Stinson's, conducted research related to 
water purification by spray freezing. During the winter of 1967-1968, 
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ice piles 22 feet high were created using conventional lawn sprinklers. 
Feed water, with TDS concentrations ranging from 1700 to 2300 ppm, was 
purified by natural freezing to produce 1.2 million gallons of potable 
water from the melting ice. The TDS concentrations of the purified water 
ranged from 60 to 400 ppm. Selected samples indicated that water which 
did not freeze during the formation of the ice piles probably had 
concentrated a TDS content of near 50,000 ppm. The results also 
indicated that the lower the freezing point of a given salt, the more 
rapid the reduction of that salt in the ice pile. Elmore found that ions 
such as chloride, nitrate, potassium, and sodium accounted for an 8 : l  
reduction, and concentrations from ions such as calcium, magnesium, 
bicarbonate, and carbonate were reduced by approximately 2:l. According 
to these results, waters containing high concentrations of the latter 
would be the most difficult to purify and waters containing high 
concentrations of sodium chloride, calcium chloride, and potassium 
chloride would be easiest. Elmore's data also show that the purest ice 
was formed during the highest temperatures, and the ice containing the 
most contaminants was formed during the lowest temperatures. Elmore 
estimated the cost of water purification by natural freezing to be $0.27 
per 1000 gallons of water purified ($O.Ol/bbl). 

Stinson (1974) also conducted a field experiment on the Big Sandy 
River in Wyoming to investigate the feasibility of reducing the TDS 
content of the saline water in this river by natural freezing. The 
experiment was plagued by equipment failures related to a diesel 
generator used to supply power to the site. However, one note-worthy 
achievement of the test was that one of the ice piles had a TDS 

concentration (30 ppm) less than a nearby snow drift which contained 
alkaline soil from the area. Apparently, the spraying of the ice pile 
preventing blowing soil from accumulating in the pile. 

3.1.1.2 Artificial Freezing Research 
Baker (19671, from the Mellon Institute, used an artificial 

freezing technique to quantitatively concentrate various organics in 
aqueous solution in the absence of inorganic salts. Two methods were 
used in this study: 1) single stage freezing and 2) cascade freezing. 
Baker found that near complete organic recovery was accomplished by the 
single-stage freezing. Mixing did not play a role in the recovery rate 
of the organics, and there was no difference in the type of organic when 
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comparable concentrations were used. Baker also discovered that by using 
a cascade of single-stage freezing, complete recovery to pg/L levels was 
accomplished. Initial organic concentrations of 0.1 - 10.0 mg/L were 
used and complete recovery was achieved. Organics in complex mixtures 
also made no difference in the recovery of the individual components. 

Baker's second study (1967) used inorganics in the presence of 
organics to see if the inorganics affected the efficiency of recovery and 
found that the addition of salts to the solutions resulted in reduced 
recovery and reduced concentration of organic solutes. Contrary to the 
first study, Baker found that mixing or agitating the solutions did play 
a role in recovery when inorganic salts are present. 

Malo and Baker (1968) found that freezing could be used to increase 
the recovery efficiency of assorted cations. The cations whose behavior 
in the freezing process were investigated included Fe, Cu, Zn, Mn, Pb, 
Ni, Ca, Mg, and K. Within the initial cation concentration ranges of 
0.1 to 10 mg/L, the percent recovery did not vary among the cations. 
Several other variables were studied to determine factors that may play 
a significant role in the concentration/recovery rate of various cations. 
The experimental data indicated: agitation improved the recovery rate 
of all cations studied, increased acidity improved the recovery 
efficiency of Ca, Mg, and K (alkali metals), and increased alkalinity 
improved the recovery of heavy metals such as Pb, Ni, and Cu. The 
results also indicated that as the concentration of TDS increased, the 
recovery, with regard to specific cations and organics, decreased. 

Smith and Tasker (19651, of the National Chemical Laboratory in 
Great Britain, found that the concentration of inorganic substances 
(salts and metals) was easily accomplished by artificial freezing. The 
study was conducted to see whether freezing, as a method of 
concentration, could be applied to minute (1 ppm or less) solute 
concentrations. The data show a ten fold increase in the solute 
concentration following the method of freezing. 

Sheng (1969) and co-researchers from Kansas State University, found 
that the inversion desalination process would be effective in producing 
fresh water from salt water. A back-mixed type contactor using direct 
freezing was able to produce 1000 to 2000 liters of fresh water per day 
from each cubic foot of the contactor. Ice crystals produced by this 
method were of good quality with low salt content which indicated that 
the ice washing operation could be carried out effectively. 
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Several commercial-scale water treatment processes using freeze 
crystallization have been available for approximately two decades. 
Interestingly, these processes differ significantly in their basic design 
and operation. A 100,000 gal/day (69 gal/min) commercial unit was 
available in the early 1970s. This unit, manufactured by Avco Systems 
Division, was called the "CrystalexTM Process" . The IICrystalexTM 
Process", a two-stage process, used an immiscible secondary refrigerant 
(R-114) in a direct-contact crystallizer followed by a surface-type 
melter/condenser and a pressurized wash column. Data regarding the 
effectiveness of this process treating a simulated metal-finishing waste 
containing approximately 100 ppm each of Ca, Cr, Ni, Na, and Zn indicate 
the percent removal of metals ranged from 99.6 to 99.8 (Ziering, 1973). 

Another commercial freeze crystallization unit, the iiDirConTMii 
process by Freeze Technologies Corp. of Raleigh, NC, is currently 
commercially available. Freeze Technologies Corp., formed in 1987, is 
a joint venture between Heist Engineering and the Environmental Systems 
Company (Roy, 1990). 

The "DirConTM" process also uses direct-cooling of the water to be 
treated by contact with refrigerant. The process is similar to the 
lICrystalexTM Process" but somewhat simpler. Freeze Technologies Corp. 
literature claims the ItDirConTM" process is applicable to reclamation and 
recycling of pickling liquor, treatment of pharmaceutical and chemical 
plant wastewaters, reclamation and recovery of munitions plant 
wastewater, recovery of heavy metals and purified water from metal 
finishing wastewaters, recovery of acetic, formic, and citric acids from 
a variety of wastewaters, recovery of solvent and solvent mixtures, 
including halogenated solvents and aromatics, and separation of pure 
water from wastewater prior to incineration. Corporate officials claim 
treated water purity of greater than 99.99% and treated water yields of 
about 90%. Purification of leachate from interception wells at the 
Stringfellow Superfund site in Riverside, CA is currently being 
negotiated with the EPA and company officials claim a 1 0  gal/min portable 
unit is ready. The company projects amortized water treatment costs for 
25,000 gal/day and 40,000 gal/day modular plants to be in the 
neighborhood of 9 cents/gal and 4 cents/gal, respectively (Roy, 1990). 

The final freeze crystallization process discovered in the 
literature survey was designed by Horton Process Design Inc. (HPD). 
Research related to this process began in the 1960s by Chicago Bridge and 
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Iron (CBI) who produce evaporators and crystallizers. In the 1970s, one 
of the divisions of CBI formed an independent company, HPD. During the 
late 1970s and early 1980s, CBI secured over twenty US patents relating 
to processes and equipment for freeze crystallization. HPD acquired the 
rights to these patents and, in the late 1980s, began negotiations with 
Louisiana-Pacific Corp. (LPC) to construct a 1,000 gal/min freeze 
crystallization plant for the LPC chemical-thermal-mechanical-pulping 
mill in Chetwynd, British Columbia. The plant is now on line and is the 
first pulp and paper mill to operate with zero-liquid waste discharge. 
The plant separates pure water from wastewater containing primarily 
lignin, organic acids, alcohols, aldehydes and inorganic salts. The 
1,000 gal/min plant is approximately 150 ft by 150 ft and requires one 
full-time operator. HPD has also constructed several 100 gal/min units 
to process sea water. The HPD freeze crystallization system is 
relatively straight-forward with respect to standard industrial 
crystallization technology. A major difference in the HPD design 
compared to the two commercial designs discussed is that HPD has .opted 
to cool the incoming wastewater using indirect cooling in a heat- 
exchanger instead of direct refrigerant cooling. HPD testing of pulping 
wastewater shows a reduction of inorganics from 10,000 ppm and 15,000 ppm 
to less than 50 ppm, and reduction of organics from 12,000 ppm and 20,000 
ppm chemical oxygen demand (COD) to less than 50 ppm. The treated water 
contains no turbidity or color, and bioassays show no toxicity. HPD 
claims energy advantages similar to other freeze crystallization 
processes and indicates capital costs are comparable to evaporation 
circuits. Other advantages of the process are: applicability to a wide 
range of wastewaters, production of high quality water, etc (Roy, 1990). 

As a result of the literature survey, a comprehensive summary of 
related research was compiled. The response of salts in waters subjected 
to natural freeze-thaw cycles is well documented. However, the responses 
of organics and heavy metals is not well documented for the natural 
process. The responses of organics, heavy metals, and salts is well 
documented for artificial processes, but due to the more effective 
removal of all types of constituents using artificial freezingprocesses, 
it is difficult to estimate the response of organics and heavy metals to 
the natural process. Interactions between contaminant constituents that 
could impact the effectiveness of the process are-also unclear for the 
natural process. Sufficient information related to process parameters 

60 



was acquired to conduct preliminary economic analyses by assuming the 
behavior of the TDS is indicative of the behavior of the contaminant 
constituents in general. 

3.1.2 Subtask 1.2: Characterization of Natural Gas Produced 

As previously discussed in Section 2 - 2 . 1  , produced water quality 
data were obtained and based upon Subtask 1.1 results and current 
environmental regulatory practices, analyses to be considered in this 
research were limited to those with TDS concentrations below 75,000 ppm 
and above 5000 ppm. The 1680 individual water analyses obtained were 
reduced to 946 analyses within the TDS limits considered. The median, 
maximum, minimum, and average values were determined for each analyte in 
the data set (Table 4 ) .  The table also provides the number of water 
quality analyses in the database containing data for each analyte. 

Waters and Conventional Treatment Costs 

Table 4. Summary of Produced Water Quality Database 

# of Concentration 
Parameter, units Analyses Median Minimum Maximum Mean 

TDS, Ppm 
NaCl, ppm 
Na, ppm 
MgJ Ppm 
Ca, ppm 

C1, ppm 
CO3, PPm 
HC03 I Ppm 
PH, -- 
Oil & Grease, ppm 
Phenol, ppm 
Ethylbenzene , ppm 
Benzene, ppm 
Toluene, ppm 
Xylenes, ppm 
As. ppm 
Ba I ppm 

VI PPm 

ppm 

CrJ ppm 
PbJ ppm 

uJ PPm 
Ra 226, pCi/L 

94 6 
459 
858 
798 
82 8 
7 8 1  
9 1 1  
187 
803 
792 
2 1  
1 4  

6 
1 7  
'9 

1 0  
4 1  
58 
58 
1 9  
4 1  
1 8  

3 8 1  

1 4  , 700 
13  , 700 

5,100 
50 

200 
750 

6,900 
150  
950 
7.5 

8 
0.2 
0.4 
1 .5  
2 . 1  
0.9 

0.01 
0.24 
0.03 
0.02 

38 
2 6  

4.5 

5007 
2 60 

4 
1 
1 
1 
3 
1 

13 
3.3 

1 
0.04 

0 .1  
0.1 

0.06 
0.06 
0 .01  
0.10 
0.01 
0.01 
14 

0.01 
0 . 0 1  

73 , 000 
72  , 500 
56  , 000 

2,300 
8,800 

54 , 000 
82 , 000 
11 , 000 
33,000 

11.6 
77 8 
1.4 
4.5 

30 
1 0  
47 

1.5 
4 - 2  
5.3 
0.3 
110 

67 
280 

20 J 000 
20 J 000 

6,600 
13  0 
500 

11 I 000 
340 

7.4 
55 

0.4 
1.2 

10  
2.6 
8.8 

0.13 
0.35 
0 .31  
0.05 

50 
2 8  
1 6  

2 J 100 

1 700 

6 1  



Atmospheric conditions depicting the range of geographic locations 
where the FTE process is applicable were chosen to be those of the 
eastern front range of Colorado, representing a relatively mild climate; 
the upper peninsula of Michigan, representing a severe climate; and 
central Wyoming, representing a median climate. Meteorological data for 
the cities of Denver, Co, Sault Ste. Marie, MI, and Casper, WY were 
selected to provide climatic data representative of these regions. The 
average meteorological data were obtained from the US Department of 
Agriculture National Oceanic Atmospheric Administration National Weather 
Service databases. The data acquired contained approximately of 25 years 
of daily average data for the following parameters: precipitation, PAN 

Evaporation, temperature, wind velocity, and solar radiation. The data 
were compiled and the monthly averages for the twenty five year period 
were calculated (Table 5 ) .  The data in this table were used in the 
process design 'evaluation completed in Subtask 1.4. 

Contacts were made with personnel from Amoco, Chevron USA, 
Silverado Oil, Thorofare Resources, and Kissack Water and Oil Services. 
Amoco and Chevron USA are major oil and gas producers with significant 
holdings in Colorado and Wyoming. Silverado Oil and Thorofare Resources 
are independent oil and gas producers with primary holdings in Colorado 
and Wyoming. Kissack Water and Oil Services operates a produced water 
disposal facility in northeastern Wyoming (deep well injection). All 
persons contacted expressed interest in the research, and Amoco, 
Silverado Oil, and Thorofare Resources expressed a willingness to provide 
a demonstration site for Task 3 .  

Currently the most frequently used disposal options are most often 
used are: 1) to use the water for injection during water flooding o f  
neighboring fields, 2 )  disposal by Class I or Class I1 deep well 
injection, 3) on-site evaporation, and 4 )  on-site surface discharge. 
Based upon the information from the contacts, surface discharge is the 
most desirable option if the produced water is of sufficient quality to 
permit its discharge. Use of the produced water for water flooding can 
also be an inexpensive and desirable option. However, the water must 
be of a chemical composition suitable for flooding, compatible with the 
geochemistry of the reservoir, andnear the water flood injection wells. 
Transportation costs to ship the water to the water flood injection wells 
can range from a very small amount to approximately $1.50/bbl, 
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Table 5. Monthly Average Meteorological Data for D e n v e r ,  CO, 
Casper, WY, and Sault Ste. Marie, MI 

PAN Wind Solar 
Precipitation Evaporation Temperature Velocity Radiation 

Month (cm) (cm) (* C) (cm/sec) (langleys) 

Denver, Colorado (Monthly Averages fo r  1948-83) 

January 0.044 
February 0.055 
March 0.108 
Apr i 1 0.152 
May 0.211 
June 0.147 
July 0.146 
August 0.117 
September 0.097 
October 0.076 
November 0.070 
December 0.048 

0.141 
0.192 
0.271 
0.434 
0.518 
0.692 
0.716 
0.616 
0.482 
0.320 
0.190 
0.148 

-1.478 
0.846 
3 -282 
8.655 

13.811 
19.314 
22.887 
21.935 
17.151 
11.099 
.3.876 
0.109 

Casper, Wyoming (Monthly Averages fo r  1949-83) 

January 
February 
March 
April 
May 
June 
July 
August 
September 
October 
November 
December 

0.042 
0.047 
0.082 
0.129 
0.176 
0.115 
0.092 
0.050 
0.073 
0.075 
0.058 
0.049 

0 .121 
0 .161 
0.226 
0.349 
0.458 
0.654 
0.753 
0.646 
0.458 
0.288 
0.170 
0 .131 

-5.529 
-2.762 

0.152 
5.681 

11.203 
17.003 
21.544 
20.609 
14.655 

8.357 
0.726 

-3.699 

387.188 
404.643 
444.354 
455.879 
420.230 
402.305 
375.172 
362.027 
371.855 
357.583 
380.340 
393.971 

733.142 
697.582 
625.856 
572.211 
518.566 
491.744 
463.994 
464.922 
491.744 
547.666 
639.690 
744.229 

Sault  S t e .  Marie, Michigan (Monthly Averages fo r  1947-83) 

January 
February 
March 
Apr i 1 
May 
June 
July 
August 
September 
October 
November 
December 

0.186 
0.149 
0.167 
0.208 
0.233 
0.280 
0 .231 
0.265 
0.317 
0.236 
0.271 
0 .211 

0.048 
0.064 
0.122 
0.260 
0.425 
0.493 
0.527 
0.420 
0.255 
0.151 
0.075 
0.050 

-10.427 
-9.692 
-4.576 

3,140 
9 - 7 3 1  

14.536 
17.600 
17.241 
12.665 

7.497 
0 -356  

-6.814 

447.040 
429.181 
460.451 
469.392 
442.570 
389.492 
357.713 
353.162 
388.925 
420.172 
442.539 
449.558 

187.586 
266.119 
345.868 
461.922 
486.235 
567.635 
555.663 
494.568 
424.011 
323.347 
223.988 
179.146 

139.152 
215.358 
294.562 
380.579 
437.260 
536.797 
566.246 
494.783 
386.920 
265.045 
174.662 
133.054 

99.572 
171.335 
267.006 
375.844 
463.585 
479.735 
488.838 
407.938 
276.400 
175.635 
101.241 

80.418 
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On-site evaporation is currently an inexpensive option but is 
severely restricted by climatic conditions. Amoco is currently operating 
evaporation ponds in southern Colorado to dispose of an estimated 50,000 
bbl/day of water produced from methane drainage wells. Amoco also owns 
disposal wells in the area and during the winter months is required to 
use the disposal wells because climatic conditions render evaporation 
ineffective. In addition, prior to July 1992, on-site evaporation ponds 
were not required to be lined unless the produced water was toxic. 
However, new regulations require liners if the water is of TDS 
concentration greater than 10,000 ppm or is toxic. 

All companies contacted used deep well injection for disposal of 
some of their produced water. Costs for deep well injection ranged from 
$0.04 to $2.27/bbl when transportation of the water to the disposal well 
was included. Estimates for the completed cost of a permitted Class I 
or Class I1 disposal well ranged from $2.5 to $3.0 million. Costs for 
using a Class I (commercial) disposal well ranged from $0.60 to $0.85/bbl 
delivered to the disposal well. Transportation costs ranged from $0.30 
to $1.42 /*bbl. Independent producers generally experience higher disposal 
costs than the larger companies. The reason for this is that the 
independent producers generally do not require enough disposal capacity 
to economically justify the cost of drilling and permitting a disposal 
well, or to construct a pipeline to transport the water to the well. 
This is unfortunate because, in many cases, the small independents can 
operate wells at a lower cost due to lower overhead. They often purchase 
depleted or economically marginal wells from the majors and continue to 
operate them. Communication with producers and operators of disposal 
facilities regarding treatment, handling, and disposal of produced water 
will continue. 

In summary, the research efforts conducted in Subtask 1.2 provided 
data that characterize the typical concentration ranges of constituents 
in oil and gas produced waters that are applicable to the FTE process. 
Daily average meteorological conditions were determined for moderate, 
median, and severe climates applicable to the FTE process. Information 
was obtained regarding the current oil and gas produced water treatment 
and disposal methods and costs. Four of the companies contacted have 
expressed a willinmess to participate in a field demonstration of the 
FTE process. 
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3 . 1 . 3  Subtask 1.3:  Evaluation of Process and Environmental 
Constraints 

Research efforts related to the completion of this subtask were 
directed toward evaluating the regulatory requirements for implementing 
the FTE process in Colorado, Wyoming, and Michigan. The following 
sections provide regulatory and permitting requirements for design, 
construction, and operation of an FTE process treating oil and gas 
produced waters in these states. The information is provided by state 
in the following sections. It is important to note that the type of 
operation assumed can determine the jurisdiction for the permitting and 
regulatory processes in some states. When a facility is owned and 
operated by the company responsible for generating the produced water, 
the facility will be referred to as an owner-operated type facility. An 

owner-operated type facility treats only waters produced fromwells held 
by the entity owning and operating the FTE facility. The second type of 
facility will be referred to as a commercial type facility. A commercial 
type facility treats produced waters from wells owned by other entities 
for a fee. 

3 . l . 3 . 1  Regulations in the State of Colorado for Treating 
and Discharging Oil and Gas Produced Waters 

The information in this section identifies the regulatory 
requirements and environmental permitting for the design, construction, 
and operation of a FTE treatment process in the state of Colorado. The 
Department of Natural Resources Oil and Gas Conservation Commission 
(DNROGCC) of the State of Colorado is the agency responsible for 
approving the design, construction, and operation of the FTE facility, 
whether the facility is an owner operator type or commercial. A permit 
is also required for the FTE facility to surface discharge the treated 
water. The Colorado agency responsible for this permit is the Colorado 
Department of Health Water Quality Control Commission (CDHWQCC) 
regardless of the facility type. 

The following information is based on the regulatory requirements 
for process discharges and costs associated with conventional methods of 
treatment. The same criteria is assumed for the FTE process. From 
consultations with personnel of the Colorado Oil and Gas Commission, it 
was determined that the FTE treatment process will be viewed to be a more 
environmentally acceptable option than conventional methods of disposal. 
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In the state of Colorado, the first step in the permitting process 
for an FTE facility is the acquisition of a National Pollutant Discharge 
Elimination System (NPDES) permit to approve the surface discharge of the 
treated water from the process. Water quality limits for the surface 
discharge of water are not standardized in the state of Colorado, but are 
instead set and applied on a site specific basis. Therefore, it is 
impossible to determine what exact discharge limits would be placed on 
a FTE facility which operates in the state. Colorado does not have 
state-wide standards for TDS/salinity, sulfates, or most major cations 
and anions. The limits are determined on a site-specific basis and are 
influenced by the major drainage basin in which the discharge is located 
and the use of that area (aquatic life, agricultural, or drinking water 
supply). Limits placed on metals concentrations in dischargedwaters are 
also dependent upon the type/use of the area of discharge and are again 
applied on a site-specific basis. This same principle applies to the 
inorganic, physical, andbiological parameters (excluding TDS/salinity). 
The preceding are referred to as ''Table Value Standards." The 
applicability of the standards is site-specif ic. Procedures to estimate 
what the actual limits may be for a given constituent in water discharged 
at a given location are provided in The Basic Standards and 
Methodoloqies for Surface Water by the CDHWQCC. The recommended approach 
for obtaining an NPDES permit in the state of Colorado is to contact and 
work with the state regulatory personal as soon as possible because they 
may use considerable discretion in making their decisions. While all of 
the rules and regulations discussed will be taken into account for the 
approval/disapproval of the permit, most of the standards will be 
implemented on a case-by-case basis. Therefore, it is essential that 
detailed information be submitted with the permit application to promote 
understanding and cooperation. 

The DNROGCC is responsible for permitting the storage or disposal 
ponds for waters produced by oil and gas wells. Again, many of the 
decisions will be made on a case-by-case basis. Filing an application 
for permit(s) to store and dispose of water produced in oil and gas 
operations and other oil field wastes in earthen pits is the first step 
to acquire a permit for the construction and operation of the FTE 
facility. This application must be filed whether the operation is 
located on leased land or at the field site. However, if the pit is to 
receive less than five barrels per day, a permit is not required. If the 
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proposed facility is to involve more than one operator, then a copy of 
the field operator's agreement must also be submitted. In addition, the 
following must be included with the application: 

2 

5 

6) 

7 

A legal description of the proposed pit location to the nearest 
ten acres. 

A map depicting all natural streams, lakes, ponds, man-made 
ditches, wells, and irrigation systems. This may be a 
topographic map with a scale no smaller than 1:24000. A list 
of wells (location, depth, and yield) can be acquired at the 
Colorado Division of Water Resources. 

A soil and stratigraphic description of the area, including the 
domestic water supply (if one exists). The director may 
require percolation tests. 

The amount and source of water/waste that is to be received 
must be included in a statement, along with evaporation 
estimates of the area. Calculations must be included that 
compensate for the annual rainfall. 

A chemical analysis of both the water to be stored and the 
domestic water supply below the pit or facilities (if not 
separated by a natural impermeable barrier). If similar water 
samples, taken within a five mile radius of the current area, 
have been submitted in the past, then this requirement may be 
waived. The chemical water analysis must comply with all of 
the requirements of API Form 45-1, API Water Analysis Report 
Form, and be made by a qualified laboratory. 

A schematic sketch or plan of the proposed pit design for 
storage, metering, and/or producing system must be submitted, 
along with the land and location of final separation facilities 
required in Rule 328 (for on-site pit). Also, the plans for 
unloading, separating, storage, and evaporation facilities for 
a central disposal facility must be submitted. 

(NOTE: Because the FTE method of treatment is completely 
different from conventional methods of treatment, Rule 328 does 
not appear applicable to this process. Rule 328 requires 
syphoning from the bottom of the ponds to keep the oil and gas 
from entering other retaining pits or State waters). 

If an operator (on-site or central field facility) receives in 
excess of 100 barrels of fluid per day, and the fluids contain 
5000 mg/L or greater of total dissolved solids, then the 
following information must be supplied in addition to the 
previous requirements: 

a) If the underlying soil is permeable, the type of material 
used in constructing the lining of the pit must be submitted. 
The materials used for lining must be weather resistant, 
impervious, and resistant to deterioration when exposed to 
hydrocarbons, aqueous acids, alkalies, fungi, or other 
substances that are likely to be in the produced waters/wastes. 
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b) Leak detection plans and plans for corrective action if a 
leak occurred must be included. 

c) The Director must inspect the leak detection system prior to 
the placement of any fluid into the pit. Therefore, the 
Director must be notified 48 hours in advance of the fluid 
placement. The Director must also inspect the liner and cover 
material after inspection. 

d) The method for the disposal of the precipitated solids must 
be given. 

e) The applicant must submit a copy 
other information to the County 
comments. The Commissioners must 
within 30 days of receipt. 

of the application and all 
Commissioner's office for 
reply with their comments 

(NOTE: A variance of these provisions will be granted if the 
applicant can show evidence that the facility will not cause 
pollution without meeting the requirements.) 

8 )  Other pertinent information that shows the facility will not 
violate the provisions of the Colorado Water Quality Control 
Act, C.R.S. 1973, Sections 25-8-101 should also be submitted. 

After all required information has been provided and the director 
determines that the facility will not cause "pollution", the permit is 
issued. Also, the DNROGCC has the ability to hold meetings with any 
interested party regarding the permit application. They may also decide 
to submit a copy of the application to the County Commissioners for 
approval of the facility location. If the application is submitted to 
the respective County Commissioners, they have 30 days to respond. The 
plans may require modification by the director to meet the requirements 
and regulations for retaining pits. Necessary forms for reporting the 
information will be supplied by the DNROGCC. 

From discussions with personnel at the DNROGCC, it was concluded 
that the FTE treatment process would be subject to no more than the same 
rules and regulations as retaining pits for oil and gas produced waters. 

3.1.3.2 Regulations in the State of Wyoming fo r  Treating 

The information in this section identifies the regulatory 
requirements and environmental permitting for the design, construction, 
and operation of a FTE treatment process in the state of Wyoming. When 
the FTE facility is an owner-operated type facility, the Wyoming Oil and 
Gas Conservation Commission (WOGCC) is the agency responsible for 

and Discharging Oil and Gas Produced Waters 
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approving the design, construction, and operation of the FTE facility. 
When the facility is a commercial type, the responsible agency is the 
Wyoming Department of Environmental Quality (WDEQ) . An additional permit 
is also required for the FTE facility to surface discharge the treated 
water. The agency responsible for this permit is the WDEQ's Water 
Quality Division regardless of the facility type. 

Operating an owner-operated type FTE facility in Wyoming is 
approved and regulated by the WOGCC. The first step in the Wyoming 
permitting process for an owner-operated type FTE facility is 
notification to the WOGCC of the intention to build by filing an 
"Application For Permit To Use An Earthen Pit" (WOGCC Form 14A). A 
permit for the required pond construction will be issued if the proposed 
pit(s) shall not cause harm or contamination to the soil, groundwater, 
or surface waters. A detailed facility design with characterization data 
for the proposed site must be included with permit application. The site 
characterization data should include the depths and hydrostatic heads of 
the near surface aquifers, site topography including drainages, and 
facility location with respect to nearby communities, ranches or farms. 
There are no specific design requirements, however, the intended pond 
design must be described in the application in detail and be approved. 
After submission of the application, a hearing is scheduled with the 
WOGCC to discuss the details of the FTE facility design and operation. 
The purpose(s) of the hearing is discussed in Section 512 of the WOGCC 
Rules and Regulations. Following the hearing, the WOGCC will perform a 
detailed characterization of the proposed site (including water table, 
topography, and geographic location). The proposed FTE process design 
will then be approved or disapproved. If the design is not approved, it 
can be modified based upon WOGCC recommendations and resubmitted. 

Operating a commercial FTE facility in Wyoming is approved and 
regulated by the WDEQ's Water Quality Division. The first step in the 
Wyoming permitting process for a commercial type FTE facility is to file 
a written application which is provided by the WDEQ, for a permit to 
construct, install, or modify the facility. This application must be 
submitted, along with three copies of the Engineering Design Report 
(EDR), which should include the FTE facility design and specifications, 
a description of the existing conditions, possible problems and the 
solutions to the possible problems, a detailed description of the 
effluent disposal technique, and a monitoring plan. 
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Details of the specific requirements of the EDR are located in the 
WDEQ Water Oualitv Rules and Requlations: 

Specific requirements of the EDR - Chapter 11, Section 6, 
Pond design requirements - Chapter 11, Section 7 ,  

Maintenance of groundwater standards - Chapter 8, 
Monitoring plan requirements - Chapter 3. 
Approval of the facility design and specifications is granted by 

the WDEQ designated engineer. Applications will be acted upon within 60 
days and whatever action is decided is given in writing by the 
administrator. The requirements of the environmental monitoring program 
are completely up to the discretion of the WDEQ appointed administrator. 

Following approval for the process design, it is necessary to apply 
for an NPDES permit through WDEQ's Water Quality Division. This permit 
is necessary for both owner operator and commercial type facilities. If 
the facility is an owner operator type, a General NPDES permit applies. 
A general permit is much less complicated, and requires fewer details for 
approval. When applying for a commercial NPDES permit, it is suggested 
that the complete project design be submitted. Following approval, a 
schedule of compliance, effluent limitations, and special conditions or 
restrictions for the specific facility are determined by the WDEQ. 

The monitoring requirements for the discharge of oil and gas waters 
are: TDS shall not exceed 5,000 mg/L, oil and grease must be 10 mg/L or 
less, chlorides must be no greater than 2,000 mg/L, sulfates must be 
3,000 mg/L or less, and total radium limits will be set based upon the 
surface water class designation. Also, for commercial operations, the 
WDEQ requires specific inductance measurements to insure an adequate 
estimation of TDS through a conductivity measurement. Depending upon the 
type of operation, there is the potential for increased monitoring 
requirements. This is determined on a "case-by-case" basis. The ponds 
must be monitored for oil and grease every two months; TDS, sulfates, 
chlorides, and Ph every six months; and radium each year. Biannual 
reports that provide the results of oil and grease analyses are required 
and annual reports that provide the results of all analyses are also 
required. Details regarding the NPDES rules and regulations are provided 
in Chapters 2 & 7 of the WDEQ Water Quality Rules and Regulations. 

If at any time the operation of the FTE facility exceeds the 
compliance, effluent, or other limits set by the WDEQ, the facility 
permit may be revoked, suspended, or modified by the WDEQ. 
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3.1.3.3 Regulations in the State of Michigan for Treating 
and Discharging Oil and Gas Produced Waters 

After consultation with state agencies in Michigan, the specific 
permitting procedure for a FTE process in the state is uncertain. 
Michigan's Department of Natural Resources' Surface Water Quality 
Division was the first agency contacted. It was determined that an NPDES 
permit issued from that agency would be required to discharge the treated 
water. However, the jurisdiction and requirements for additional permits 
that might be required were not determined through the contacts. The 
Michigan Geological Survey (MGS) maintains jurisdiction over oil and gas 
drilling and related permits. RTC contacted personnel from the MGS and 
found that there does not appear to be binding rules and regulations for 
the permitting process in regard to treatment ponds for oil and gas 
produced waters. 

3.1.3.4 Comparison of the PTE Method to Conventional Methods 
The primary design constraints are related to storage and 

containment and are no more stringent than current design requirements 
for a conventional evaporation process. Waters with TDS levels above 
10,000 ppm that are either evaporated or held in a pond for injection or 
some other permissible disposal option, must be stored in a synthetically 
lined pond. The exact liner specifications depend upon the state's 
requirements and whether the facility will be the commercial or owner 
operator type. Waters with TDS values of less than 10,000 ppm are often 
allowed to be stored in compacted earthen ponds but a synthetic pond 
liner may be required, depending on local geological conditions and the 
location and type of the facility. Thus, an FTE facility will require 
one permit that approves the design, construction, and use of the 
produced water holding pond and freezing pad. 

Regulatory constraints on the operation of the FTE process are. 
primarily related to the quality of- discharged water, and are the same 
as those currently applied to the discharge of oil and gas produced 
waters. No waters with TDS levels above 5,000 ppm may be surface 
discharged in any of the states unless an exception is granted. 
Regulatory personnel contacted by RTC personnel were not familiar with 
exceptions granted in Colorado or Michigan. Wyoming's regulatory 
personnel were aware of exceptions to the 5,000 ppm discharge limit that 
have been granted. The exceptions were requested by the landowners. 
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Surface discharge of waters with TDS levels less than 5,000 ppm, 
chlorides below 2,000 ppm, sulfates below 3,000 ppm, oil and grease below 
10  ppm, and pH between 6.5 and 8.5 are generally allowed in Wyoming but 
in Colorado stricter limits are placed on many of the major drainage 
basins. In any case, the water discharge will require an NPDES permit. 

Consider a commercial FTE facility located in Colorado or Wyoming, 
which treats the median produced water from Subtask 1.2 (14,700 ppm TDS) . 
The facility has on-site tank storage of the concentratedbrine run-off, 
disposes the brine in a permitted disposal well, and surface discharges 
the treated water. This facility will require permits for construction 
and use of the produced water holding pond and the freezing pad and 
issuance of these permits will require approval of the facility design. 
The agency responsible for approving the facility design and issuing the 
permits will depend upon whether the facility is the owner operator type 
or commercial. In Colorado, pond permits will be issued by the DNROGCC 
of the State of Colorado. I In Wyoming, pond permits will be issued by 
either.the WOGCC (owner operator) or the WDEQ (commercial). An NPDES 
permit for the surface discharge or beneficial use of the treated water 
will also be required from either the CWQCC or the WDEQ. 

In summary, the environmental acceptability, regulatory 
requirements, and associated costs are similar to those of a conventional 
disposal facility using evaporation. Two benefits of the FTE process 
that make it more environmentally acceptable are: 1) the treated water 
may be beneficially used and 2 )  the volume of brine disposal is small 
compared to produced water disposal by conventional methods. 

3.1.4 Subtask 1.4: Conceptual Process Design 
The calculations required in the facility design are discussed in 

Section 2.2.4. The numerical model developed for this subtask was used 
to determine the facility equipment and operating requirements for a base 
case and 2 8  other assumed operating scenarios. The results of this 
effort are presented in the following sections. 

3.1.4.1 Base Case Design 
A base case operating scenario was assumed and used to evaluate the 

commercial feasibility of the process. The following values for 
parameters as model inputs were selected for the base case: a central 
Wyoming location, 1,000 bbl/day of produced water feed with a TDS 
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concentration of 14,700 ppm, and the quality of treated water for 
discharge and brine are 2,000 and 50,000 ppm TDS, respectively. In 
addition, the base case pond design selected was a conventional 
evaporation pond with a maximum water depth of 20 ft, a 2 to 1 sidewall 
slope, 3 vertical ft of freeboard, 6 linear ft of liner required for the 
berm and anchor trench, and pond evaporation was 80% of PAN evaporation. 

The results of a base case plant design are presented in Figure 10. 
The base case equipment requirements are presented in this figure. The 
base case facility requires a produced water holding pond with a maximum 
water depth of 20 ft and base and surface dimensions of 178 and 270 ft, 
respectively. The maximum pond water volume is 169,000 bbl and 85,000 
sqft of liner are required. The freezing pad base dimension is 237 ft 
and the pad requires 75,000 sqft of liner. The maximum ice accumulation 
on the pad is 1 . 8  million cuft. The pump required to operate the pad is 
10 HP with a flow rate of 1 6 5  g-pm at 90 ft of head. The average pumping 
rate during freezing hours is 100 gpm and four sprinklers are required. 

The base case daily average stream flows are: 1,000 bbl/day of 
produced water feed, 689 bbl/day of treated water production, 266 bbl/day 
of brine production, and net evaporation of 45 bbl/day. The averages are 
determined on an annual basis. The only flow that doesn't vary from day 
to day is the produced water feed rate which is constant. In summary, 
the base case operation would provide 689 bbl/day of water for use and 
reduce the volume required for disposal by 73% (Figure 10). 

The base case water depth in the produced water holding pond during 
the year is illustrated in Figure 11. For the central Wyoming location, 
subfreezing temperatures cease in May and begin in November. Thus, the 
depth in the produced water holding pond is near zero on May 1st. 

The level in the pond increases during the warm months and reaches 
maximum level on October 31st. On November 1st , subfreezing temperatures 
begin and water is pumped from the pond to the freezing pad. During this 
time, the water depth of the produced water holding pond decreases. For 
the Wyoming location, the hours per day with subfreezing temperatures are 
few during the month of April, and the rate at which water must be 
removed from the pond to keep it empty during April actually determines 
the size of the transfer pump. The result is that excess transfer pump 
capacity is available during the months of January, February, andMarch. 
This excess capacity will be utilized if significant recycling is 
required during the cold months to obtain the desired ice purity. 
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F i g u r e  11. Base C a s e  Produced Water Holding Pond Depth versus Time  

The daily facility stream flows for the base case are illustrated 
in Figure 12. As illustrated, the feed rate is constant. The rate at 
which water is pumped from the pond to the freezing pad is also constant. 
However, the daily rate at which water is pumped is not constant because 
the number of hours with subfreezing temperatures per day varies each 
month and water is only pumped when subfreezing temperatures exist. 

It is, perhaps, more obvious from this figure that the significant 
excess transfer pump capacity results from the design assumption. This 
was intentional because the effect of recycling on the produced water 
quality is not well understood and cannot be quantified, but it is known 
to be beneficial and the capacity for recycling is considered desirable. 
This excess capacity also turns out to be economically insignificant as 
shown in Section 3.1.5. Also note, the rates of precipitation and 
evaporation are small compared to the feed rate and the flow rate of 
water to the freezing pad during the winter months. The evaporation rate 
is maximum in July, in spite of the fact that the pond water level is not 
maximum. Also, precipitation is maximum in April for this location. 
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Figure 12. Base Case Stream Flows versus T h e  

The daily TDS concentration of water in the produced water holding 
pond is illustrated in Figure 13. This figure illustrates that the T D S  

concentration of the water in the pond increases during the warmer (5/1 - 
10/31) months because evaporation is greater than precipitation. In the 

months with subfreezing temperatures (11/1 - 4/30), the T D S  concentration 
of the water in the pond decreases because of the transfer of water from 
the produced water pond to the freezing pad. 

3.1.4.2 Design Sensitivity to Process Parameters 
The sensitivity of the design to process parameters provides data 

to evaluate the economic sensitivity of the FTE process (Section 3.1.5). 
The produced water feed rate; the produced water, treated water, and 
brine TDS concentrations, the facility location atmospheric conditions, 
and the design of the produced water holding pond were selected as the 
process parameters in the sensitivity analyses. Produced water feed 
rates of 50, 100, 500, 1,000, 5,000, 10,000, and 50,000 bbl/day were 
considered to be a reasonable range of values. The low value was 
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F i g u r e  13 .  Base Case Produced Water Holding Pond TDS 
Concentration versus Time 

selected to represent a single economically marginal producing well and 
the high value was selected to equal large evaporative facilities in the 
San Juan Basin. Produced water TDS concentrations of 6,000, 14,700, 
20,000, 30,000, and 40,000 ppm were considered to be a reasonable range 
of values. The low value was selected because many waters with TDS less 
than 5,000 ppm can be surface discharged without treatment and the high 
value was selected to be less than the base case brine TDS concentration. 
Treated water TDS concentrations of 500, 1,000, 2,000, and 5,000 ppm were 
considered to be a reasonable range of values for waters that may be 
discharged based upon Subtask 1.3. Brine TDS concentrations of 30,000, 
50,000, 60,000, and 75,000 ppmwere considered based upon the results of 
Subtask 1.1. Locations of eastern Colorado, central Wyoming, and the UP 
of Michigan were selected based upon Subtask 1.2 results. The pond 
designs selected were a conventional evaporation pond, an enhanced 
evaporation (solar) pond, and a solar still. The design criteria for the 
ponds are presented in Table 6. 
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Table 6: Design Criteria f o r  Produced Water Holding Pond Options 

Parameter 
Pond Design Option 

Conventional Solar Pond S o l a r  Still 

Max. Water Depth 20 ft 
Sidewall Slope (x:y) 2:l 
Vertical Freeboard 3 ft 
Anchor and Berm Liner 6 ft 
Evaporation Efficiencya 80 % 

10 ft 
3:l 
2 ft 
6 ft 
90 % 

10 ft 
3:l 
2 ft 
6 ft 
95 % 

a Conventional pond evaporation efficiency is 80 % of PAN evaporation. 
Solar pond and still evaporation efficiency are determined as % of 
solar radiation absorbed to a horizontal black surface. 

The results of the design sensitivity analyses are presented in 
Tables 7, 8, and 9. The data in these tables illustrate the change in 
equipment requirements resulting from the respective changes in the 
values of the process parameters. The required produced water holding 
pond base dimension, water depth, water volume, and liner size are 
presented for each case in Table 7 and the size of the transfer pump, 
freezing pad base dimension, liner size, and ice volume are presented for 
each case in Table 8. The daily average treated water discharge and 
brine production rates are presented for each case along with the 
disposal volume reduction resulting from the FTE process in Table 9. 

Examining the design sensitivity of the process provides insight 
that will be useful to optimize the process. The produced water holding 
pond requirements increase in a non-linear fashion with increasing 
produced water feed rate, indicating an economy of scale for that 
equipment. The produced water, treated water, and brine TDS 
concentrations do not effect the requirements of the produced water 
holding pond. Interestingly, central Wyoming and its climate result in 
the minimum holding pond requirements. This is because the warmer 
climate in eastern Colorado provides fewer months of subfreezing 
temperatures than Wyoming and more produced water must be stored. The 
UP of Michigan has more months with subfreezing temperatures than 
Wyoming, but higher precipitation means more water is stored. The 
requirements for solar evaporation ponds and solar stills are greater 
than those of the conventional evaporation ponds at all three locations. 
The conventional evaporation ponds must store a larger volume of water 
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Table 7. Design Sensitivity Impacts on Produced 
Water Holding Pond Size 

Process 

Value 'Dimension, ft Depth, ft Vol., Mcuft Size, Msgft 

Produced Water Holding Pond Requirement 
Water Water Liner Parameter / Base 

Produced Water Feed R a t e /  
5 0 bbl /day 3 1  

38  
112 

1,000 'I (BC) 178 
446 

1 0  , 000 647 
50 , 000 1493 

II 

II 

1 0 0  
500 

5,000 II ' 

I1 

I 1  

Produced Water TDS/ 
6,000 ppm 17 8 

14,700 'I (BC) 17 8 
20,000 (I 17  8 
30,000 'I 178 
40,000 I' 1 7  8 

Treated Water TDS/ 
500 ppm 1 7  8 

1,000 17  8 
2,000 'I (BC) 178 
5,000 I' 178 

B r i n e  TDS/ 
30,000 ppm 178  
50,000 'I (BC) 178 
60,000 'I 178  
75,000 It 17  8 

L o c a t i o n  - Pond D e s i g n /  
CO - C o n v .  194 
CO - Solar 24 5 
CO - S t i l l  23 0 

WY - COnV. (BC) 17  8 
WY - Solar 2 3 1  
WY - S t i l l  222 

M I  - C o n v .  189 
M I  - Solar 254 
M I  - S t i l l  22 9 

13 
17  
20 
20 
20 
20 
2 0 .  

20 
20 
20 
20 
20 

20 
20 
20 
20 

20 
20 
20 
20 

20 
1 0  
1 0  

20 
1 0  
1 0  

20 
1 0  
10  

46 
93 

474 
950 

4,727 
9,435 

47,012 

950 
950 
950 
950 
950 

950 
950 
950 
950 

950 
950 
950 
950 

1,102 
756 
6 8 1  

950 
64 8 
63 5 

1.058 
803 
675 

13.2 
19.3 
51.6 
85.3 

314.6 
580.8 

2,585.7 

85.3 
85.3 
85.3 
85.3 
85.3 

85.3 
85.3 
85.3 
85.3 

85.3 
85.3 
85.3 
85.3 

95.4 
110.8 
101.4 

85.3 
101.9 

95.8 

92.4 
116.6 
100.7 

(BC) base case 
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Table 8. Design Sensitivity Impacts on Transfer Pump and 
Freezing Pad Sizes 

Process Freezing Pad Requirement 

Value Pump, gpm Dimension, ft Size, Msgft Vol., Mcuft 
Parameter / Transfer Base Liner Ice 

Produced Water Feed R a t e /  
50 bbl /day 8 

17  
II 84 

1 , 000 I' (BC)  165 
5 ,000  82 5 

I 1  1647 
82 04 

II 100 
500 

II 

II 
10 , 000 
50,000 

Produced Water TDS/ 
6,000 p p m  165 

14,700 'I (BC) 165 
20,000 165 
30,000 'I 165 
40,000 'I 165 

Treated Water TDS/ 
500 p p m  165 

1,000 I8 165 
2,000 (BC) 165 
5,000 I' 165 

Brine TDS/ 
30,000 ppm 165 
50,000 (BC) 165 
60,000 165 
75,000 I I  165 

Location - Pond D e s i g n /  
CO - Conv. 165 
CO - Solar 122 
CO - S t i l l  114 

WY - Conv. (BC) 165 
WY - Solar 130 
WY - S t i l l  1 2  4 

M I  - Conv. 182 
M I  - Solar 149 
M I  - S t i l l  1 2  9 

53 
75 

168 
237 
52 7 
744 

1660 

2 66 
237 
2 17  
174 
115 

233 
235 
237 
245 

2 02 
237 
245 
2 52 

235 
187 
175  

237 
197 
188  

2 53 
2 19  
195  

8.2 
12.7 
42.1 
75.3 

318.5 
610.7 

2,881.0 

92.2 
75.3 
64.8 
44.6 
23.3 

73.3 
73.9 
75.3 
79.6 

57 .1  
75.3 
79.6 
83.8 

74.2 
50.1 
45.2 

75.3 
54.8 
50.7 

84.1 
65.5 
54.0 

88 
178 
886 

1,766 

13 , 912 
69,256 

8,726 

2,229 
1,766 
1,483 

950 
4 17  

1,712 
1,729 
1,766 
1,883 

1,279 
1,766 
1,883 
1,999 

1,735 
1,094 

9 64 

1,766 
1,217 
1,108 

2,007 
1 ,501  
1,195 

(BC) base case 
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Table 9. Design Sensitivity Impacts on Treated Water Discharge 
Rate, Brine Production Rate, and Reduction in 
Disposal Volume 

Process map. Treated Water Brine Reduction 
Parameter/ - Precip. Discharge Production in Disposal 
Value bbl/day Rate, bbl/day Rate, bbl/day Volume, % 

Produced Water Feed R a t e /  
5 0 bbl /day 2 

3 
2 1  

100 
500 

' I  (BC) 45 
2 62 

1,000 

54 6 
5,000 

1 0  , 000 
50,000 II 2,883 

I 1  

I1  

II 

II 

35 
70  

346 
689 

3,407 
6; 792 

33,799 

Produced Water TDS/ 
6,000 ppm 45 87 0 

14,700 'I (BC) 45 689 
20,000 It 45 579 
30,000 ' I  45 3 7 1  
40,000 I' 45 163 

Treated Water TDS/ 
500 ppm 45 668 

1,000 45  67 5 
2,000 I' (BC) 45 689 
5,000 'I 45 73 5 

Brine TDS/ 
. 30,000 ppm 45 499 

50,000 I' (BC) 45 689 
60,000 It 45 73 5 
75,000 45 780 

Location - Pond D e s i g n /  
CO - Conv. 56  677 
CO - Solar 296 42 7 
CO - S t i l l  345 376 

WY - Conv. (BC) 45 689 
WY - Solar 2 5 1  475 
WY - S t i l l  2 9 1  43 3 

MI - Conv. -4 6 7 84 
MI - Solar 14  5 586 
MI - S t i l l  260 466 

(BC) base case 

1 3  
2 7  

13  3 
266  

1 ,331 
2,662 

13  , 318 

85 
266  
376 
584 
792 

2 87 
280 
266 
220 

456 
2 6 6  
22 0 
1 7  5 

2 67 
277 
279 

266  
274 
276  

2 62 
269 
274 

74 
73 
73 
73 
73 
73 
73 

92 
73 
62 
42 
2 1  

7 1  
72 
73 
78 

54 
73 
78 
83 

73 
72 
72 

73 
73 
72 

74 
73 
73 
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than the solar ponds and stills. But, because of the greater water depth 
assumed for the conventional evaporation ponds, the liner requirements 
are less for these ponds than for solar ponds and stills (Table 7 ) .  

The freezing pad requirements also increase in a non-linear fashion 
with increasing produced water feed rate. The non-linear rate of 
increase indicates a significant economy of scale for that equipment. 
As the TDS concentration assumed for the produced water is increased, the 
freezing pad requirements decrease. significantly because the treated 
water yield decreases significantly (Tables 8 and 9). Conversely, as the 
assumed treated water TDS concentration increases, the treated water 
yield increases and the freezing pad requirements increase (Tables 8 and 
9 ) .  Similarly, as the brine TDS concentration increases the treated 
water yield increases and the freezing pad requirements increase (Tables 
8 and 9). Freezing pad requirements also increase as the location's 
climate becomes colder but the freezing pad requirements decrease with 
pond designs that increase the net evaporation rate (Table 8). 

The flow rates of the process streams also change with the values 
of the parameters. Net evaporation increases in a non-linear fashion 
with increasing produced water feed rates which implies an economy of 
scale. The corresponding increases in treated water yield and brine 
production is linear. Increasing TDS Concentration in the feed water 
decreases the reduction in disposal volume, increasing TDS concentration 
in the treated water increases the reduction in the disposal volume as 
does increasing TDS concentration in the brine. The reduction in 
disposal volume changes only slightly with location and pond design, but 
as the pond size increases the evaporation the treated water yield 
decreases. One final point to note is that, in the UP of Michigan, the 
annual net evaporation rate from a conventional pond is negative. This 
is consistent with the information received from the Michigan regulatory 
personnel contacted in Subtask 1.3. 

3.1.5 Subtask 1.5: Preliminary Economic Feasibility 
and Sensitivity Analyses 

3.1.5.1 Economic Feasibility Analysis of the Base Case 
The base case operation, defined in Subtask 1.4, is used with the 

economic basis (Table 10) to determine the economic feasibility of the 
process. The base case operation assumes a central Wyoming location, 
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1,000 bbl/day of produced water feed with a TDS concentration of 14,700 

ppm, and the quality of treated water and brine are 2,000 and 50,000 ppm 
TDS, respectively. The base case assumes a conventional evaporation pond 
with a maximum water depth of 20 ft, a 2 to 1 sidewall slope, 3 ft of 
freeboard, 6 ft of liner required for the anchor trench, and evaporation 
is 80% of PAN evaporation. 

T a b l e  1 0 .  Economic B a s i s  U s e d  for  the Base C a s e  

load factor = 1.0 
plant life = 20 yr 
equity required = 50% 
bond interest = 10% 
return on equity = 15% 
state and federal combined corporate tax rate = 35% 
depreciation is straight line over the plant life 
annual maintenance costs = 4.0% of installed capital costs 
property taxes and insurance = 4.5% of installed capital costs 
facility salvage value is negligible 
plant construction period is negligible 
working capital required is negligible 

A summary of the economic analysis results for the base case is 
provided in Table 11. The installed capital cost for the base case is 
$176,000, annual operating expenses are $31,000, and the required gross 
income is $49,000 yielding a water treatment cost of $0,20/bbl of water 
treated and a 73% reduction in disposal volume. The economic results 
presented below do not address the cost of transporting the produced 
water to the disposal facility. Nor do they include the cost for the 
disposal of the brine produced. 

T a b l e  11. B a s e  C a s e  Economic Analysis R e s u l t s  Summary 

Total installed capital cost = $176,400 

Annual gross income required = $ 49,358 
Water treatment cost = $ 0.20/bbl of water treated 
Reduction in disposal volume = 

Annual operating expenses = $ 30,893 

73.4% 

Figure 14 is presented to provide details regarding the base case 
capital investment, annual operating expenses, and gross income 
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Capital Investnent Dlstributlon 

Produced Voter 
Holding Pond (46.22 1 

Transfer 
Punp t 1.2% I - 

Buildlngs an 
Servlces ( 4 . 9 % )  

Pipe ontr 1 
and h f v e s  ?l?!: 1 

8:& (2.8'x 1 

Freezing Pad (33.1%) 

FTE Base Case Capttal Investnent = $176.358 

Operotlng Expense Dlstributlon 

Salaries ( 9 . 0 Z l  
Transportotlon t5.8%1 

E lectr i c i t y  ( 3.2% I 

Sanple Analyses (4.9%) 

Propert Tax s and 
Insurange ( 28.7% I 

Deprec iat t on ( 28.5% I flatntenance (22.8%) 

FTE Base Case Annual Operating Expenses - $30.893 
Gross Incone Dlstributlon 

r I ncone Taxes ( 5.7% I 

ut-of-Pocket 
perat I ng Expenses ( 44 -7% I 

FTE Bose Case Annual Gross Incone = $49.358 

Figure 14. FTE B a s e  C a s e  Capital Investment, Annual Operating 
Expenses, and Income Distribution 
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distribution. The major capital investment items are the produced water 
holding pond and the freezing pad which comprise 46% and 33% of the 
capital investment, respectively. The major annual operating expense 
items are depreciation, property taxes and insurance, and maintenance, 
which comprise 29%, 26%, and 23% of the annual operating expenses, 
respectively. Figure 14 also provides details regarding the distribution 
of the base case gross income. The out-of-pocket operating expenses are 
the annual operating expenses without depreciation, and require 45% of 
the annual income generated by the facility, the return to the investors 
requires 29%, the loan payment requires 21%, and income taxes require 6%. 
Based upon these results, the FTE process is economically feasible if 
operated as specified. Current disposal cost data acquired in Subtask 
1.3 indicate that the cost of $0.20/bbl, which is less than one-third of 
the current costs independent producers are paying for disposal at 
commercial injection wells, is very favorable. 

I 

3.1.5.2 Economic Sensitivity Analyses 
The sensitivities of the base case economics to changes in values 

of uncertain process parameters and important economic parameters are 
determined to evaluate the impact of process uncertainties and economic 
parameters on the process’s commercial feasibility. Process parameters 
considered in the sensitivity analyses are: produced water feed rate, 
produced water TDS concentration, treated water TDS concentration, brine 
TDS concentration, facility location, and pond design. 

The economic sensitivity analyses are conducted by assuming base 
case values for all process and economic parameters except the 
sensitivity variable investigated. The changes in the water treatment 
cost when each respective parameter is varied reflect the magnitude of 
impact of that variable on the process economics. The results of the 
sensitivity analyses of the process parameters are provided in Table 12. 
It should be noted that the water treatment cost for all cases presented 
in Table 12 are competitive with current disposal practices. 

The sensitivity of the water treatment cost to changes in the 
produced water feed rate is also illustrated in Figure 15. As 
illustrated in the figure and eluded to in Section 3.1.4, the FTE process 
water treatment cost indicates a strong economy of scale. However, the 
economy of scale is almost fully realized at produced water feed rates 
of 5,000 bbl/day. Increases beyond that value have only a minor impact 
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Table 12. FTE Economic Sensitivity to Changes in the Values of 
Selected Process Parameters 

Water Treatment 
Produced Water Feed Rate, bbl/day 

50 100 500 1,000 5,000 10,000 50,000 
Cost, $/bbl: 1.21  0.70 0.26 0.20 0.13 0.12 0.11 

Water Treatment 
Produced Water TDS Concentration, PP m 

6,000 14,700 20,000 30,000 40,000 
Cost, $/bbl: 0.17 0.20 0.22 0.32 0.65 

Water Treatment 
Cost, $/bbl: 

Water Treatment 
Cost, $/bbl: 

Treated Water TDS Concentration, PP m 
50 0 1,000 2,000 5,000 

0.20 0 - 2 0  0.20 0.19 

Brine TDS Concentration, PP m 
30,000 50,000 60,000 75,000 ~ . ~ ~ .  

0.25 0.20 6.19 0.18 

Water Treatment Cost, $/bbl 

Colorado Wominq Michigan 
Location: Eastern Central UP of 

Pond Desiqn: 
Conventional Evaporation Pond 0.21 0 - 2 0  0.19 
Solar Evaporation Pond 
Solar Distillation Pond 

0 - 3 1  
0.52 

0.27 0 - 2 5  
0 - 4 5  0.43 

1.30 

120 

1.10 

z l*O0 
", 0.90 - 

0.80 
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E 0.70 
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Figure 15. FTE Water Treatment Cost Sensitivity to the Produced 
Water Feed Rate 
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on the water treatment cost. Also, for feed rates below 500 bbl/day the 
water treatment cost rises dramatically as the feed rate decreases. 
However, at feed rates of less than 100 bbl/day the facility would 
probably be located at a producing well site and transportation costs 
related to disposal would be eliminated. Thus, the $1.21/bbl water 
treatment cost for a 50 bbl/day facility would probably be less than the 
cost of disposal by deep well injection plus water transportation costs. 
The $0.70/bbl treatment cost is near the current cost for water disposal 
at a commercial injectionwell. Thus, commercial FTE facilities of sizes 
greater than 100 bbl/day are competitive with current disposalpractices. 

Thewater treatment cost sensitivities to the TDS concentration of 
the produced water feed, the treated water discharge, and the brine are 
illustrated in Figure 16. The TDS concentration of the discharge and 
brine have minor impact on the treatment cost. The TDS concentration of 
the feed water is more severe as the feed concentration approaches the 
brine TDS concentration. If produced waters with high TDS concentrations 
are to be economically processed, the TDS concentration of the brine will 
need to be significantly greater than the feed TDS concentration. 

The sensitivities of the FTE water treatment cost to pond design 
and facility location are illustrated in Figure 17. There is some 
advantage to operating in a severe climate, but this advantage is small. 
The data in this figure also illustrate that the simpler, and less 
expensive the pond design, the lower the water treatment cost. However, 
the water treatment cost is conservatively determined based upon barrels 
of treated water produced and does not credit increased water disposal 
by evaporation. By considering the water disposed of or annual disposal 
costs, the pond designs can be more accurately compared (Table 13). 

T a b l e  13. FTE Water T r e a t m e n t  C o s t  Corrected t o  Include Water 
Disposed of by Evaporation f o r  Conventional and Solar 
Ponds and Solar S t i l l s  

Pond Design 

Corrected FTE W a t e r  Treatment C o s t  
$/bbl of W a t e r  Treated or  Disposed of 
Colorado Wyoming Michigan 

Conventional Evaporation 0.19 

Solar Evaporation 0 -18 

0.18 0.20 

0.18 0.20 

Solar Distillation 0 -27 0 -27 0.28 
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For the base case Wyoming location, the conventional pond disposes 
of a net of 45 bbl/day by evaporation and produces 689 bbl/day of treated 
water. The required annual gross income for the base case is $49,358. 
Thus, the cost is reduced from $0.20/bbl of treated water produced to 
$0.18/bbl of produced water treated or disposed of. By similar 
calculation, the data presented in Table 13 was developed. The FTE water 
treatment costs corrected to include disposed water illustrate that: 1) 
the process becomes even more economic when credit is taken for 
evaporative disposal, 2) the conventional pond and the solar pond yield 
similar costs for water treatment or disposal costs when evaporation is 
considered, and 3 )  all locations considered yield similar water treatment 
or disposal costs when evaporation is considered (Table 13). 

The results of the sensitivity analyses of the FTE water treatment 
costs to process parameters indicate that: 1) the process is economically 
stable, 2) the process is competitive with current disposal costs for all 
cases considered, and 3) the process appears to have a significant 
economic advantage to current disposal methods for facility sizes greater 
than 500 bbl/day. 

Economic parameters and the cost of the pond liner are also 
considered in the sensitivity analyses. The economic sensitivity of the 
process to changes in the values of the following economic parameters are 
investigated: installed capital cost, annual operating expenses, equity 
required, bond interest, return on equity, corporate income tax rate, 
plant life, and liner cost. 

Results of the sensitivity analyses to the estimated capital costs 
and annual operating expenses are illustrated in Figure 18. Both the 
sensitivities in this figure are linear. The capital costs have a 
slightly greater impact on the water treatment cost than the operating 
costs when both are varied by the same percentage. Neither of these 
economic parameters impair the commercial competitiveness of the FTE 
process when increased by 50% over the base case value. 

Results of the FTE water treatment cost sensitivity to the equity 
required is illustrated in Figure 19. In this figure, equity required 
is expressed as a debt to equity ratio. The sensitivity in this figure 
is also near linear and this economic parameter does not impair the 
commercial competitiveness of the FTE process when varied over its entire 
range of possible values. 
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Results of the FTE water treatment cost sensitivity to the return 
on equity, bond interest, and corporate income tax rates are illustrated 
in Figure 20. All the sensitivities in this figure are near linear and 
these economic parameters do not impair the commercial competitiveness 
of the FTE process when varied over the ranges of values considered. The 
rate of return on equity range considered was 10 to 30%, the bond 
interest rate range considered was 6 to 15%, and the corporate tax rate 
range considered was 30 to 45%. The strongest economic sensitivity to 
these three economic parameters is to the return on equity. 

Results of the FTE water treatment cost sensitivity to the assumed 
plant life is illustrated in Figure 21. The sensitivity in this figure 
is clearly non-linear. However, for plant life greater than five years 
this parameter does not impair the competitiveness of the FTE process. 

Results of the FTE water treatment cost sensitivity to the cost of 
the pond liners for the holding pond and freezing pad are illustrated in 
Figure 22. The sensitivity in this figure is linear. When the installed 
liner cost is varied from $0.50/sqftto $2.00/sqft, the water treatment 
cost is increased, however, even with the $2.OO/sqft assumed liner cost 
the water treatment cost of the FTE process is commercially competitive. 

The sensitivities of the base case water treatment cost to the 
changes in values of the economic parameters investigated also tends to 
confirm commercial feasibility of the process. The results of the base 
case and sensitivity economic analyses strongly suggest the process has 
commercial economic potential. However, assumptions are made regarding 
the qualities of the treated water and brine that effectively assume 
technical feasibility of the process. Since the design and operation of 
the FTE process differ from processes reported in the literature, the 
technical feasibility of the FTE process must be experimentally 
confirmed. Also, the behavior of organics and heavy metals could not be 
addressed in these analyses because data, depicting the behavior of these 
types of species in a natural freezing process, are not available. 
Removal of organics and heavy metals are documented for artificial 
freezing processes, but demonstrated removal of these types of 
contaminants from waters using the FTE process is needed. Finally, 
consideration needs to be given to make the process economics less 
sensitive to the produced water feed rate so that on-site facilities 
serving one well can be economically achieved in order to reduce 
transportation related disposal costs and fuel usage. 

91 



0.28 \ 
0.27 

E 
a 0.26 
& -- 0.25 s 0.24 v) 

5 0.23 
E 0.21 
5 0.22 
CU 

I- 
% 0.20 
.+I 9 0.19 

0.1 8 
0.1 7 U 

5 15 25 35 45 
Rate, % APR 

Figure 20. FTE Water Treatment Cost Sensitivities to the Return on 
Equity, Bond Interest, and Corporate Income Tax Rates 

0.28 

0.27 

E 0.24 

E 
E 0.22 

.L 0.23 
((I 

L 

0.20 

0.1 9 
4 ' 8  12 16 20 24 28 32 

Plant Lde, years 

Figure 21. FTE Water Treatment Cost Sensitivity to the Plant Life 

92 



0.50 0.70 0.90 1.10 1.30 1.50 1.70 1.90 2.1 0 
Liner Cost, $/sa 

Figure 22. FTE Water Treatment Cost Sensitivity to the Pond Liner Cost 

3.2 Task 2: Laboratory-Scale Process Simulation 

3.2.1 Subtask 2.1: Laboratory-Scale FTE Process Simulations 
In Subtask 2.1, samples of three differing produced waters were 

obtained for use in the laboratory-scale FTE process simulations 
conducted in this subtask's research. Produced water samples were 
collected from a natural gas producing well in Weld County, CO; an oil 
and gas producing well near Brighton, CO; and a coal bed methane well in 
the San Juan Basin. Samples of each of these produced waters were then 
submitted for detailed chemical analyses (Table 2 ) .  Nine laboratory- 
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scale FTE process simulations were then simultaneously conducted to 
determine the optimum evaporation pond and freezing pad designs. Nine 
additional simulations were conducted to determine the impacts of 
produced water quality and atmospheric conditions on the effectiveness 
of the FTE process. All samples from these eighteen laboratory-scale FTE 
process simulations were subjected to limited chemical analyses (Table 
3 ) .  Finally, three additional simulations were conducted to provide 
sufficient samples for detailed chemical analyses (Table 2). The 
following sections provide details regarding the results of these 
simulations: 

4 

3.2.1.1 I n i t i a l  Analyses of Produced Waters 
Produced water samples were collected from an oil and gas producing 

well near Brighton, CO (FTE A ) ;  a natural gas producing well in Weld 
County, CO (FTE B); and a coal bed methane well in the San Juan Basin 
(FTE C). Samples of each of these produced waters were then submitted 
for detailed chemical analyses (Table 2 ) .  The results of analyses of 
these samples are presented in Tables 14, 15, and 16. 

The results of the inorganic analyses show that: the salinity, as 
represented by the TDS, varies significantly between the three produced 
waters with the TDS of the FTE B (natural gas) produced water having the 
lowest concentration (2700 mg/l) , the FTE A (oil and gas) produced water 
having an intermediate concentration (7600 mg/l), and the FTE C (coal bed 
methane) produced water having the highest concentration (11,000 mg/l). 
The FTE A and FTE C waters are both mildly basic with pH values of 
approximately 8.1. The FTE B water is mildly acidic with a pH value of 
6.7. The FTE A water is predominately a sodium chloride based water with 
a substantial TOC concentration (6600 mg/l) and significant 
concentrations of sulfate, ammonia, cyanide, and phenols. The FTE B 
water is also predominantly a sodium chloride based water with 
significant concentrations of ammonia and cyanide; and a small, but 
detectable, concentration of phenols. However, the FTE B water contains 
concentrations of TOC and sulfate below the analytical detection limits. 
The FTE C water is the most alkaline of the three waters and is 
predominantly a sodium carbonate based water with concentrations of TOC, 
sulfate, cyanide and phenols all below the analytical detection limits 
for the analyses. The FTE C water does contain a detectable 
concentration of ammonia, but the concentration is significantly lower 
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Table 14. Results of Initial Produced Water Characterization 
- Inorganic and Radionuclide Analyses. 

Produced Water: Coal Bed Methane Oil & Gas Natural Gas 
PTE C FTE A FTE B 
(mg/ 1) (mg/l) (mg/l) 

TDS 
Alkalinity 
Ammonia 
Cyanide 
H2 S 
TOC 
Tot. Phenols 
Na 
Ca 
Mg 
Fe 
SO4 
NO3 
NO2 
c1 
F 
A1 
As 
Ba 
Be 
B 
Cd 
Cr 
co 
cu 
Pb 
Li 
Mn 
Hg 
Ni 
Ra 226(a) 
Ra 228(a) 
Se 
Sr 
Ag 
U 
V 
Zn 

11000 
8360 
3.2 
<0.1 

<O. 05 
4 0 0  

<o .01 
3700 
16.3 
25.5 
0.26 

< l o  
11.9 
. 12 
87 5 
<1 
<1 

<O -05 
31.2 I 

<O. 05 
2.33 

<o. 01 
<O -05 
<o. 01 
<0.1 

<o. 01 
<1 

<0.01 
<o -0001 

<0.1 
11.2 (+/-0.7) 
3.9(+/-2.1) 

<o. 01 
11 

<o. 01 
<o. 002 
<0.1 

<O. 05 

7600 
1130 
15.0 
0.69 

<O. 05 
6610 
5.25 
2510 
86.9 
17.1 
11.8 
101 
4.0 

<0.5 
3630 
<1 
<1 

<O. 05 
0.1 

<O. 05 
12.2 

<o. 01 
<O. 05 
<o. 01 
<0.1 

<o. 01 
1.2 

2730 
159 
14.7 
0.57 
~0.05 

< l o o  
0.60 
716 
78.1 
5.86 
2.33 

< l o  
6.3 

~0.5 
123 0 
<1 
<1 

<O .05 
1.5 

<O. 05 
3.53 

<o .01 
<O. 05 
<o. 01 
<0.1 

<o .01 
<1 

0.9 0.2 
<o - 0001 

<0.1 
(b) 
(b) 

<o. 01 
4.6 

<o. 01 
<o. 002 
<0.1 
0.07 

<o. 0001 
<0.1 

3.6(+/-1.5) 
(b) 

<o. 01 
7.6 

<o. 01 
<o. 002 
<0.1 

<O. 05 

(a) - Concentration in pCi/l. 
(b) - Detectable concentration but precision in laboratory analysis 

prevents quantification. 

95 



Table 15. Results of Initial Produced Water Characterization - volatile Organic Analyses. 

Produced Water: Coal Bed Methane O i l  & Gas Natural Gas 
FTE A FTE B FTE C 

( p s / l )  (pg/ l )  ( p s / l )  

Chloromethane 
Bromomethane 
Vinyl Chloride 
Chloroethane 
Methylene Chloride 
Acetone 
Carbon Disulfide 
1,l-Dichloroethene 
1,l-Dichloroethane 
Trans-lt2-Dich1oroethene 
Cis-1,2-Dichloroethene 
Chloroform 
lt2-Dichloroethane 
2 -But anone 
l,l,l-Trichloroethane 
Carbon Tetrachloride 
Bromodichloromethane 
Vinyl Acetate 
1,2-Dichloropropane 
Trans-1,3-Dichloropropene 
Trichloroethene 
1,1,2-Trichloroethane 
Benzene 
Dibromochloromethane 
Cis-1,3-Dichloropropene 
2-Chloroethylvinyl Ether 
Bromof o m  
4-Methyl-2-Pentanone 
2 -Hexanone 
ltl,2,2-Tetrachloroethane 
Tetrachloroethene 
Toluene 
Chlorobenzene 
Ethyl Benzene 
Styrene 
Totdl Xylenes 
Trichlorofluoromethane 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
1 
U 
U 
U 
U 
U 

U 
U 
U 
U 
U 

15000 
19 0 
U 
U 
U 
U 

12 0 
U 

1400 
U 
U 
U 
U 
U 
U 
U 
U 

15000 
U 
U 
U 
U 
U 
U 

' U  
U 

9100 
U 

180 
U 

1700 
U 

U 
U 
U 
U 
U 

140 
U 
U 
U 
U 
U 
12 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

1800 
U 
U 
U 
U 
U 
U 
U 
U 

87 0 
U 
U 
U 

470 
U 

U: Compound analyzed for, but not detected above the reporting 
limits. 
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T a b l e  16. Results of Initial Produced Water Characterization - Semi-volatile Organic Analyses. 

Produced Water: Coal Bed Methane Oil & Gas Natural Gas 
FTE B FTE C FTE A 

(pg/l) (pg/l) (pg/1) 

Base/Neutrals: 
bis (2 -Chloroethyl ) Ether 
lt3-Dichlorobenzene 
lt4-Dichlorobenzene 
1,2-Dichlorobenzene 
bis(2-chloroisopropy1)Ether 
N-Nitroso-Di-n-Propylamine 
Hexachloroethane 
Nitrobenzene 
Isophorone 
bis (2-Chloroethoxy) Methane 
lt2,4-Trichlorobenzene 
Naphthalene 
4-Chloroaniline 
Hexachlorobutadiene 
2 -Methy lnapht alae 
Hexachlorocyclopentadiene 
2-Chloronaphthalene 
2-Nitroaniline 
Dime t hy lpht ha la t e 
2,6-Dinitrotoluene 
Acenaphthylene 
3-Nitroaniline 
Acenaphthene 
Dibenzofuran 
2,4-Dinitrotoluene 
Diethylphthalate 
4-Chlorophenyl-phenyl ether 
Fluorene 
4-Nitroaniline 
N-Nitrosodiphenylamine 
4-Bromophenyl-phenylether 
Hexachlorobenzene 
Phenanthrene 
Anthracene 
Di -n-Buty lpht ha la t e 
Fluoranthene 
Pyrene 
Butylbenzylphthalate 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
39 
U 
U 
29 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
49 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
6 
U 
U 

33 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
6 
U 
U 
U 
U 
U 

U: Compound analyzed for, ,but not detected above the reporting 
limits. 
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Table 16. Results of Initial Produced Water Characterization - Semi-volatile Organic Analyses. 
(Continued) 

~ ~~ 

Produced Water: Coal Bed Methane Oil & Gas Natural Gas 
FTE C FTE A FTE B 
(pg/l) (pg/l) (pg/l) 

Base/Neutrals: 
3,3t-Dichlorobenzidine U 
Benzo (a)Anthracene U 
bis(2-Ethylhexyl) Phthalate 15 
Chrysene U 
Di-n-Octyl Phthalate U 
Benzo (b) Fluoranthene U 
Benzo (k) Fluoranthene U 
Benzo (a 1 Pyrene U 
Ideno (1 I 2 , 3 -cd) Pyrene U 
Dibenz(a,h)Anthracene U 
Benzo(g,h,i)Perylene U 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U 
U 

200 
U 
23 
U 
U 
U 
U 
U 
U 

Acids : 
Phenol 
2 -Chlorophenol 
Benzylalcohol 
2 -Methylphenol 
4 -Met hy lphenol 
2-Nitrophenol 
2 , 4-Dimethylphenol 
Benzoic Acid 
2,4-Dichlorophenol 
4-Chloro-3-Methylphenol 
2,4,6-Tricholorophenol 
2,4-Dinitrophenol 
4-Nitrophenol 
4,6-Dinitro-2-Methylphenol 
Pentachlorophenol 
2,4,5-Trichlorophenol 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

3100 
U 
U 

93 0 
650 
U 

200 
U 
U 
U 
U 
U 
U 
U 
U 
U 

110 
U 
U 

22 0 
10 
U 

150 
U 
U 
U 
U 
U 
U 
U 
U 
U 

~ ~~ 

U: Compound analyzed for, but not detected above the reporting 
limits. 
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than the ammonia concentrations of the FTE A and B waters. The FTE C 

water is the only water of the three to contain a detectable quantity of 
nitrate and also has the highest concentration of nitrite. Analyses to 
determine the concentrations of trace metals in the waters indicate that 
with few exceptions the waters contain low levels of metals (Table 14). 

The results of the radionuclide analyses indicate: none of the 
three produced waters contained detectable quantities of Uranium or 
Radium 228, detectable quantities of Gross Alpha radiation were found 
only in the FTE C (coal bed methane) produced water, detectable 
quantities of Radium 226 were found in the FTE A (oil and gas) and FTE 
B (natural gas) produced waters. All three produced waters contained 
detectable quantities of strontium: 4.6, 7.6, and 11 mg/l in FTE A, B, 
and C, respectively (Table 14). Results of the volatile organic analyses 
indicate: Benzene, Toluene, and Xylenes in the low ppm range (15 mg/l 
benzene, 9 mg/l toluene, and 2 mg/l xylene) and Carbon Disulfide (190 
ug/l) , 2-Butanone (1,400 ug/l) , and Ethyl Benzene (180 ug/l) were present 
in the FTE A water only; benzene was present in the low ppm range (2 mg/l 
benzene) and toluene (870 ug/l) and xylene (470 ug/l) were present in the 
ppb range in the FTE B water; and essentially no volatile organics (only 
1 ug/l toluene) were found in the FTE C water (Table 15). 

Results of the Semivolatile organic analyses indicate: quantities 
of Naphthalene (39 ug/l), 2-Methylnaphthalene (29 ug/l) , and Fluorene (49 
ug/l) along with phenols (3,100 ug/l Phenol, 930 ug/l 2-Methylphenol, 650 
ug/l 4-Methylphenol, and 200 ug/l 2, 4-Dimethylphenol) were present in 
the FTE A water; quantities of Naphthalene (6 ug/l) , 2-Methylnaphthalene 
(33 ug/l) , and Phenanthrene (6 ug/l) along with phenols (110 ug/l Phenol, 
220 ug/l 2-Methylphenol, 10 ug/l 4-Methylphenol, and 150 ug/l 2, 4- 
Dimethylphenol) were present in the FTE B water; and no semi-volatile 
organic compounds were present in FTE C water (Table 16). 

3.2.1.2 Equipment Optimization - Results of Laboratory- 
Scale Simulation Series 1 

The initial series of simulations consisted of nine FTE process 
simulations to test of different process design options. The objective 
of this series was to determine the best freezing pad and produced water 
pond designs. The three different freezing pad designs tested were: 

wetted column freezing (WCF), 
conventional water spray freezing (WSF), and 
atomizing spray freezing (ASF). 
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Three different evaporation pond design options. for the produced 
water holding pond were also tested: 

conventional evaporation pond (CEP), 
enhanced evaporation pond (EEP), and 
solar distillation pond (SDP). 
In the initial simulation series, the thr freezing 

process design options and three different evaporation process design 
options were thoroughly tested by coupling each pad design with each pond 
design. Nine simulations resulted from the coupling. The data from 
these nine simulations were used to select the most efficient and 
economic pad and pond design combination for the FTE process. A s  

previously mentioned, experimental procedures were modified for this 
simulation in order to economically achieve the experimental objectives. 
The produced water from the oil and gas well (FTE A)  was used in all nine 
simulations because the combination of moderately high TDS and TOC 
concentrations, coupled with the physical appearance and odor of the 
water, made it appear to be the most difficult water to treat. 

A s  previously discussed the initial simulation series was conducted 
as two separate tests: a freezing test and an evaporation test. One 
produced water composite sample was collected during the freezing test 
of the initial simulation series and nine treated water and nine brine 
composite samples were generated and collected, one set from each 
simulator. These samples were subjected to limited chemical analyses 
(Table 3 ) .  Using the logged data and chemical analyses data, overall 
mass, TDS, TOC and boron balances were determined for the freezing test 
in each of the nine simulations. The results of these balances are 
presented in detail in Appendix D, Section D-1 and are summarized in 
Table 17. A s  the data in the table illustrate, each of the treated 
waters produced in the nine simulations would be suitable for surface 
discharge, based upon the limited chemical analyses data. (Note: In a 
commercial facility, more detailed organic and inorganic analyses would 
be required prior to permit approval for surface discharge.) 

Other key observations regarding the data, are that the reduction 
in the concentrations of organics and boron in the treated waters 
produced are similar to the TDS concentration reductions. Further, the 
TDS concentrations of the brines produced and the reductions in disposal 
volumes achieved are economically favorable based upon the results of 
Task 1 research. 

100 

dif f eren 

. .. 

. .  

. .  

. .  .- . .  



Table 17. Results Summary for Simulation Series 1 - Freezing Test 

Simulation # 1-1 1-2 1-3 1-4 1-5 1- 6 1-7 1- 8 1-9 
Pond Designa EEP SDP EEP EEP SDP CEP CEP SDP CEP 
Pad Design WCF WSF WSF ASF WCF ASF WSF ASF WCF 

Treated Water Analyses: 
TDS, mg/l 780 710 1580 580 62 0 93 0 830 1140 
TOC, mg/l <loo <loo <loo <loo 4 0 0  <loo <loo <loo 

Boron, mg/l 0.82 0.76 1.48 0.61 0.62 0.89 0.81 1.09 

Brine Analyses : 
TDS, mg/l 553 00 31000 42000 44000 25400 32300 33000 42300 
TOC, mg/l 990 650 610 660 430 53 0 540 550 

Boron, mg/l 51.5 32.0 38.7 38.1 22.3 28.4 29.3 28.2 

Produced Water Analyses: 
TDS, mg/l 11900 11900 11900 11900 11900 11900 11900 11900 
TOC, mg/l 2 50 250 250 250 2 50 250 2 50 250 

Boron, mg/l 10.5 10.5 10.5 10.5 10.5 10.5 10.5 10.5 

I-L Mass of Contaminant in Treated Water (% of Contaminant Mass in Produced Water Feed): 
0 TDS 2.5% 1.5% 4.6% 1.3% 1.1% 2.5% 2.1% 2.8% 

TOC 0% 0% 0% 0% 0% 0% 0% 0% 
Boron 3 . O %  1.8% 4.9% 1.6% 1.3% 2.8% 2.3% 3.0% 

I-L 

Mass Yield (% of Produced Water Feed): 
Treated Water 38.4% 24.9% 34.6% 26.8% 22.0% 32.5% 29.9% 29.2% 

Brine 18.0% 34.1% 23.0% 20.2% 35.2% 24.6% 23.2% 20.0% 
Pond Inventory 5.9% 3.8% 3 .l% 12.6% 6.7% 7.0% 9.9% 7.9% 
Evap, + Losses 37.6% 37.2% 39.3% 40.4% 36.1% 35.9% 37 . O %  42.9% 

Reduction in Required Disposal Volume (“a of Mass of Produced Water Feed): 
76.1% 62.1% 73.9% 67.2% 58.1% 68.4% 66.9% 72.1% 

1040 
<loo 
0.98 

55300 
720 
39.1 

11900 
2 50 
10.5 

3.8% 
0% 

4 .l% 

43.6% 
13.8% 
6.2% 
36.4% 

80 . O %  

CEP = conventional evaporation pond, EEP = enhanced evaporation pond, and 
SDP = solar distillation pond. 
WCF = wetted column freezing, WSF = conventional water spray freezing, and 
ASF = atomizing spray freezing. 
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The overall mass balances for each of the nine simulations in this 
series were forced to closure by determining the evaporation plus 
experimental losses by difference. Evaporation and losses in the 
freezing test were determined by difference because it was not possible 
to accurately measure the volume of ice on each freezing pad. However, 
it was possible to measure the total volume of moisture that was 
condensed on the refrigerant evaporator during the freezing test of the 
initial simulation series. This volume is an approximate representation 
of the total volume of water evaporated from all nine simulators during 
the freezing test. The total mass of evaporation plus losses in the nine 
simulations was 33,500 g. The total mass of water condensed and 
collected fromthe refrigerant evaporator was 32,200 g. Thus, the losses 
from the nine simulations are 1,300 g which is 1.5% of the total produced 
water feed during the simulations. 

Samples were not taken during the evaporation portion of the 
initial series of simulations. Performance of the evaporation pond 
design options were determined based upon the rates of evaporation 
achieved during the eight days of operation. The best design option was 
determined by projected process economics and by comparison of the 
evaporation and freezing performance achieved among all of the simulator 
design combinations. 

Economic projections for each af the nine simulations in the 
initial series were made using the model developed in Task 1. The 
produced water, brine, and treated water TDS concentrations from each 
simulation; the treatedwater andbrine yields from each simulation; and, 
the PAN evaporation efficiencies achieved from each simulation were used 
along with climatic conditions as the required model inputs. In order 
to achieve the most accurate comparison, similar holding pond design 
criteria were assumed for the conventional and enhanced evaporation pond 
designs. The difference in design between these two options was that the 
enhanced evaporation pond design had sprays while the conventional design 
did not. The results of the economic projections for the initial 
simulations are summarized in Table 18 and provided in detail in Appendix 
E, Tables E-8 through E-70. The data in Table 18 illustrate that the 
treated water cost projected for the conventional and enhanced 
evaporation pond designs are similar and significantly less than the 
projected treatment costs for the designs testing the solar distillation 
pond design. 
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Table 18. Projected FTE Water Treatment Costs based upon the 
Results of the Initial Simulation Series 

Water Treatment Cost, $/bbl (Simulation #)  

Evaporation Pond Designa CEP EEP SDP 

Freezing Pad Designb 

WCF 0.20 / (1-9) 0.21 / (1-1) 0.56 / (1-5)  

WSF 0.22 / (1-7) 0.22 / (1-3)  0.47 / (1-2)  

a CEP = conventional evaporation pond, EEP = enhanced evaporation 
pond, and SDP = solar distillation pond. 
WCF = wetted column freezing, WSF = conventional water spray 
freezing, and ASF = atomizing spray freezing. 

The PAN evaporation efficiencies achieved for the various designs 
tested in the initial nine simulations are illustrated in Figure 23. The 
data in this figure illustrate that the enhanced evaporation pond design 
performs better than the other designs tested. Since the economic model 
developed in Task 1 calculates the process water treatment cost based 
upon the volume of water treated, the enhanced evaporation pond design 
is more economic than the conventional pond design when the cost per 
barrel of water treated or disposed of is considered. For this reason, 
the enhanced evaporation pond design was selected for use in later 
simulations. 

The FTE process performance for the initial simulations conducted 
using the enhanced evaporation pond design is summarized in Figure 24. 

These data illustrate that the performance of the water column freezing 
pad design was the best with the conventional spray freezing pad design 
a close second. For this reason, the water column pad design was 
selected for use in later simulations. However, it should be noted that 
the limited space in the refrigeration unit required that the water 
sprays be set so that the height of spraying was only approximately nine 
inches. The water column freezing pads were operated at a height of 
twelve inches. Further, the, atomizing sprays had to be set with a spray 
height of approximately four inches in order to contain the spray in the 
simulators. This probably explains the difference in the results between 
simulations using the various designs. 
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[Simulation #l Equipment Optimization - Oil and Gas Produced Water - Warm months similar to NE Colorado Climate] 

n 

Enhanced Pond Conventional Pond Solar Still 
Evaporation Pond Design 

El Atomizing Spray Freezing Pad Design 
El Conventional Spray Freezing Pad Design 

Ei Water Column Free- Pad Design 

Figure 23. PAN Evaporation Efficiency Achieved for Various Designs 

[Simulation #1 Equipment Optimization - Oil and Gas Produced Water - C l i t e  Varied (1685 burs of Freen'ng) I 

Treated Water Yield, % of Feed TDS in Brine. % of TDS in Feed 
Brine Yield, % of Feed 

I O Water Column Freezing Pad Design 
EI Atomizing Spray Freezing Pad Design 

H Conventional Spray Freezing Pad Design 

p o l e  : Data presented are for only thge simuhtbns us'ng the enhanced evaporation pond design.) I 

Figure 24. FTE Performance for Various Freezing Pad Designs 
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Based upon observations made during the simulations, it is 
concluded that atomizing sprays would be difficult to contain in a field 
situation and are not recommended. Further, while the water column 
design is workable and has favorable results it is suspected that 
conventional sprays would probably perfom better in a field situation 
where space and containment problems, that occurred during the 
simulations, are greatly reduced. 

3.2-1-3 Impacts of Produced Water Quality and Atmospheric 
Conditions on the Effectiveness of the FTE Process 
- Results of Laboratory-Scale Simulation Series 
2, 3, and 4 

The second, third, and fourth laboratory-scale series of FTE 
process simulations were conducted with the objectives of determining the 
impacts of produced water quality and atmospheric conditions on the 
effectiveness of the FTEprocess. Each of thethreeproducedwaters were 
tested in Laboratory-Scale Simulation Series 2, 3, and 4 resulting in a 
total of nine simulations being conducted. The enhanced evaporation pond 
design and water column freezing pad design were used in these 
simulations. In the three simulations in each series, one simulator was 
fed with the coal bed methane produced water (designation "FTE Cl'), one 
simulator was fed with the oil and gas produced water (designation "FTE 
A " ) ,  and the remaining simulator was fed with the natural gas produced 
water (designation "FTE B" 1 . 

The second series of three laboratory simulations investigated the 
impact of produced water quality on the effectiveness of the FTE process 
when operating under climatic conditions similar to those of northeastern 
Colorado. Daily temperature cycles simulating the monthly average cycles 
for northeastern Colorado were used in the series. The simulations began 
with temperature cycles similar to the month of April, which is the first 
month in northeastern Colorado with average tweratures consistently 
above OOC. A total of 103 hours with temperatures below O°C existed 
during Simulation Series 2. 

The third series of three laboratory simulations investigated the 
impact of produced water quality on the effectiveness of the FTE process 
when operating under climatic conditions similar to those of northwestern 
New Mexico. These three simulations used similar design and produced 
waters as Simulation Series 2. In this simulation series, the 
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temperature cycles simulated conditions typical of northwestern New 
Mexico. The simulations began with the month of April which is the first 
month in northwestern New Mexico with average temperatures consistently 
above O°C. A total of 94 hours with temperatures below O°C existed 
during Simulation Series 3. 

The fourth series of three laboratory simulations investigated the 
impact of produced water quality on the effectiveness of the FTE process 
when operating under climatic conditions similar to those of central 
Wyoming. These three simulations also used similar design and produced 
waters as Simulation Series 2 and 3 but with temperature cycles that 
simulated conditions typical of central Wyoming. The simulations began 
with the month of May, which is the first month in central Wyoming with 
average temperatures consistently above O°C. A total of 169 hours with 
temperature below O°C existed during Simulation Series 4. 

The nine produced water, nine treated water, and nine brine 
composite samples produced during Simulation Series 2, 3, and 4 were 
subjected to limited chemical analyses (Table 3). Material and chemical 
species balances were determined for overall mass, TDS, TOC, and Boron 
in each of the nine simulations. The results of these balances are 
presented in detail in Appendix D, Section D-2 (Series 21, Section D-3 
(Series 3) , and Section D-4 (Series 4). These results are also 
summarized in Table 19. Based upon the data in Table 19, it is obvious 
that cross-contamination of organics occurred in many of the simulations. 
In addition, it was also found that the TOC analytical procedure used was 
less than optimum. The detection limit of the analytical TOC procedure 
was too high and it is also suspected that the microbiological activity 
occurring during the simulations interfered with the results of these 
analyses. In Simulation Series 2 and 4, the microbiological activity in 
the simulators was signif'icant . In Simulation Series 3, the 
microbiological activity in the simulators was excessive, with respect 
to equipment operation, and resulted in the large spill during Simulation 
3 - 3 .  This spill was caused by-plugging of holding pond sprays with the 
microbial slime generated. However, while these problems did impact the 
ability to perform TOC balances on the simulations and draw conclusions 
regarding the portioning of organics, these data were adequate to 
estimate the impact of produced water quality and atmospheric conditions 
on the effectiveness of the FTE process in removing TDS and metals. 
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Table 19 .  R e s u l t s  Summary for  Simulation Series 2, 3,  and 4 - Impacts of Produced Water 
Quality and Atmospheric Conditions 

Simulation # 2-1 2-2 2 -3 3-1 3-2 3-3b 4-1 4-2 4-3 
Produced Watera C A B C A B C A B 

Treated Water Analyses: 
TDS, mg/l 386 484 3 08 1380 866 240 430 410 
TOC, mg/l 400 220 <loo 110 62 0 12 0 <loo 180 

Boron, mg/l 0.11 1.14 0.83 0.61 1.27 0.69 <o .2 0.35 

Brine Analyses: 
TDS, mg/l 54300 50700 42300 41200 27900 12 500 69500 47900 
TOC, mg/l 7040 32300 1460 370 14000 380 1170 17750 

Boron, mg/l 10.9 53.2 51.0 8.0 28.8 15.5 10.1 27.0 

Produced Water Analyses: 
TDS, mg/l 10800 8530 2680 10340 8180 2600 10700 8690 
TOC, mg/l 140 2640 100 13 0 8000 100 3 60 9 0 0 0  

Boron, mg/l 3.0 10.5 3.7 2.2 9.9 3.5 2.2 7.8 

+, Mass of Contaminant i n  Treated Water (% of Contaminant Mass i n  Produced Water Feed): 
0 TDS 0.9% 1.2% 4.0% 3.1% 2 .l% 2.4% 1.5% 1.7% 

TOC 0% 1.8% 0% 19.9% 1.6% 30.8% 0% 0.7% 
Boron 1.0% 2.3% 7.9% 6.7% 2.6% 5.0% 0% 1.6% 

4 

Mass Yield ("a of Produced Water Feed): 
Treated Water 25.1% 21.5% 34.8% 23.6% 20.2% 25.7% 38.4% 35.6% 

14.8% 14.9% 
Evaporation 53.5% 55.8% 59 . O %  54.1% 49.4% 64.8% 41.3% 42.8% 

Losses 2.3% 6.7% 0.8% 0.4% 3.7% 1.2% 5.6% 6.7% 

Brine 19.1% 16.0% 5.5% 21.9% 26.7% 8.3% 

Reduction in  Required Disposal Volume ("a of Mass of Produced Water Feed): 
80.9% 84.0% 94.5% 78.1% 73.3% 91.7% 85.2% 85.1% 

240 
4 0 0  
0.28 

37800 
680 
33.4 

2705 
4 0 0  
3.4 

3.6% 
0% 

3.3% 

40.1% 
6.6% 
43.7% 
9.6% 

93.4% 

a Produced Waters: A = Water from an oil & gas well, B = Water 'from a natural gas well, 
C= Water from a coal bed methane well. 
Data presented represents the large water spill that occurred during the simulation 
(See pages 40 and D-3-71, The mass yield of evaporation shown is reflective of the mass 
evaporated plus the mass lost in the spill. 



Further, the detailed analyses of experimental products from the three 
simulations conducted in Simulation Series 5 were to determine in detail 
the fate of individual inorganic, organic, and radionuclide species. The 
results of Simulation Series 5 are discussed in the Section 3.2.1.4. 

The data in the table also illustrate that all treated waters 
generated are suitable for surface discharge and/or beneficial use, with 
respect to the TDS concentration. Significant contaminant reductions in 
the treated waters and contaminant concentrations in the brines resulting 
from the FTE process are also evident. In addition, the reduction in the 
required disposal volume resulting from the FTE process is evident. 

The impact of produced water quality on the effectiveness of the 
FTE process is graphically illustrated in Figures 25 and 26. Figure 25 
provides the non-dimensional TDS concentration in the treated water 
produced from the laboratory-scale FTE process simulations conducted in 
Series 2, 3, 4, and 5 as a function of the TDS concentration of the 
freezing pad feed water. The non-dimensional TDS concentration is 
determinedby dividing the estimated TDS concentration of the feed water 
to the freezing pad. The TDS concentration of the freezing pad feed is 
estimated by assuming that water evaporated during the first part of the 
simulations contains no TDS. The TDS concentration of the feed to the 
feeding pad is then determined by considering the TDS in the feed to the 
holding pond and the amount of water pumped from the holding pond to the 
freezing pad. Results from Series 5 are included in the figure to 
provide three additional data points for the correlations. Simulation 
Series 5 was conductedwith 183 hours of subfreezing conditions occurring 
during the simulations. (Note: A more detailed discussion of the results 
of the three simulations conducted in Series 5 will be presented in the 
Section 3.2.1.4. 

The data illustrated in Figure 25 is difficult to consider alone. 
Figure 26 is then provided to further illustrate the impact of produced 
water quality on the effectiveness of the FTE process. The data 
presented in Figure 26 illustrates the non-dimensional TDS concentration 
in the brine produced from the FTE process simulations conducted in 
Series 2, 3, 4, and 5 as a function of the TDS concentration of the 
freezing pad feed water. The data in the two figures indicate that the 
lower the TDS concentration of the feed to the freezing pad the greater 
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the TDS concentration increase in the brine. However, in the cases of 
a low TDS concentration in the feed to the freezing pad the non- 
dimensional TDS concentration is higher. These impacts are mathematical 
and related to dividing by a smaller numbers. However, the nature of the 
curves in the figures do suggest that the equilibrium chemistry of the 
water at subfreezing temperatures also impacts the process effectiveness. 
The data in the two figures also illustrates that the more hours with 
subfreezing temperatures occurring during a simulation the lower the non- 
dimensional TDS concentration in the treated water and the higher the 
non-dimensional TDS concentration in the brine (Figures 25 and 2 6 ) .  

Figures 27 and 28 are provided to further illustrate the impact of 
the atmospheric conditions during the simulations completed in Series 2 ,  

3 ,  4 ,  and 5 on the effectiveness of the FTE process. Figure 27 provides 
data illustrating the non-dimensional TDS concentration of the treated 
water as a function of the hours of freezing occurring during the 
simulation for each of the three produced waters tested. Similarly, 
Figure 2 8  provides data illustrating the non-dimensional TDS 
concentration of the brine as a function of the hours of freezing 
occurring during the simulation for each of the three produced waters 
tested. The data in these two figures clearly illustrate that the more 
hours of freezing during the simulation the more effective the FTE 
process is in treating all of the waters. 

Figures 2 9  and 30 are provided to compare the effectiveness of 
metals removal using FTE process to the effectiveness of the overall TDS 
removal using the FTE process. Boron was selected as an indicator of 
heavy metal behavior during the simulations because it was the only heavy 
metal present in sufficient quantities in each of the three produced 
waters to permit quantification during analyses. Figure 29 provides data 
illustrating the non-dimensional boron concentration of the treatedwater 
as a function of the hours of freezing occurring during the simulation 
for each of the three produced waters tested. Similarly, Figure 30 
provides data illustratingthe non-dimensional boron concentration of the 
brine as a function of the hours of freezing occurring during the 
simulation for each of the three produced waters tested. If the 
effectiveness in removing metals using the FTE process is similar to the 
effecti'veness of removing salts using the FTE process, Figures 27 and 
29 should be similar in shape as should Figures 28 and 30. Inspection 
of the figures indicate the shape of the curves are similar. 
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Figures 31 and 32 are also provided to further investigate the 
comparison of the effectiveness of metals removal using FTE process to 
the effectiveness of the overall TDS removal. Figure 31 provides data 
illustratingthe non-dimensional boron concentration of the treatedwater 
as a function of non-dimensional TDS concentration of the treated water 
from the simulations and Figure 32 provides data illustrating the non- 
dimensional boron concentration of the brine as a function of non- 
dimensional TDS concentration of the brines from the simulations. If 
the effectiveness of removing metals using the FTE process is identical 
to the effectiveness of removing salts using the FTE process, the data 
in Figures 31 and 32 should both illustrate linear functions with slopes 
equal to 1. The data illustrated in Figure 31 are somewhat linear. A 

linear regression analysis of these data yields an R2 of 0.79 and a slope 
of 1.7. Further , regression analyses of the data yields that: in the two 
simulation series in which warm or mild atmospheric conditions were 
examined (Simulation Series 2 and 31, the regression analyses yields an 
R2 of 0.86 and a slope of 2.0; and, for the two simulations series in 
which cold atmospheric conditions were examined (Simulation Series 3 and 
4 )  , the regression analyses yields an R2 of 0.89 and a slope of 1.0. 

These data suggest that boron salts do not drain from the ice pile 
as rapidly as other salts such as sodium or calcium salts which are known 
to melt ice. If this is the case, the age of the ice pile is an 
important factor impacting the effectiveness of the FTE process. 
Further, this would imply that the freezing is as effective in removing 
metals from the ice as it is in removing salts but the physical 
separation of the heavy metal salts from the ice requires more time than 
the physical separation of salts with lower molecular weight cations. 
If this is the case, in a field situation this would limit the 
application of the process to climates with less than 169 hours of 
freezing per year. It should be noted here, that all the areas where the 
freezing process is believed to be applicable- (Figure 2) have far in 
excess of 160 hours of freezing per year. 

Figure 32 provides data illustrating the non-dimensional boron 
concentration of the brine water as a function of non-dimensional TDS 

concentration of the brine during the simulations. These data are useful 
to further investigate if the effectiveness of removing metals using the 
FTE process is similar to the effectiveness of removing salts using the 

113 



0.25 

m 
E 
n Q 

(D 
E 0.2 - 

2 
ul c - 

0.15 - 
E 

m 

n 

IA 
\ 

E 0.1 - 
CI 5 
P W 
$ 0.05 W W 
!i! 

- 
CI 

W 
E I- 

o- I =  
I I 1 

0 0.02 0.04 0.06 0.08 0.1 
Treated. Water ppm TDS / Freea'ng Feed ppm TDS 

10 

8 -  

6 -  

4 -  

2 -  

0 

Figure 31. Non-Dimensional Treated Water Boron Concentration vs. 
Non-Dimensional Treated Water TDS Concentration 

W 

W 

w w  
+ .  

1 I I 1 

W W 

Figure 32. Non-Dimensional Brine Boron Concentration vs. 
Non-Dimensional Brine TDS Concentration 

114 



FTE process. As previously stated, the data in Figure 32 should also 
illustrate a linear function with the slope equal to. 1. However, the 
data illustrated in Figure 32 is reflective of the brine compositions 
which are more concentrated with chemical constituents than the treated 
waters. The brine analyses to determine boron concentrations should be 
somewhat more accurate than the treated water analyses to determine boron 
concentrations because they are not near or less than the detection 
limits for boron analyses as the treated water compositions were. Again, 
the data illustrated in Figure 32 appears linear. A linear regression 
analysis of these data yielded an R2 of 0.96 and a slope of 0.82 which 
statistically supports the assumption regarding the direct relationship 
of salt and metals removal using the FTE process. An explanation for the 
slope of the line being less than one may be precipitates found in the 
colder simulations (Simulation Series 4 and 5 ) .  In preparing the brine 
samples for analyses, the brines were allowed to warm to room temperature 
and stirred in an effort to re-dissolve as much of the precipitate as 
possible. However, it was not possible to re-dissolve all the 
precipitates. This caused some problems with specific ion balance 
closures in the material balance for the simulations and was most evident 
in the balances related to cations with divalent or trivalent states. 
Salts composed of monovalent cations are typically more soluble than 
those salts composed of divalent cations. 

3.2.1.4 Detailed Chemical Analyses of Simulation Products 
- Results of Laboratory-Scale Simulation Series 5 

The fifth laboratory-scale series of FTE process simulations was 
conducted with the objectives of providing sufficient treated water and 
brine samples for detailed inorganic, organic, and radionuclide analyses. 
Each of the three produced waters were tested in Laboratory-Scale 
Simulation Series 5 using similar equipment and procedures as those used 
in the previous three simulation series. The fifth series of laboratory 
simulations was performed to duplicate the operation and conditions of 
Simulation Series 4 using temperature cycles which simulated conditions 
typical of central Wyoming. However, a total of 182.5 hours with 
temperature below O°C existed during Simulation Series 5 because serious 
operating problems did not occur as they did in Series 4 .  

The results of the inorganic and radionuclide analyses of the 
process streams from Simulation #s 5-1, 5-2, and 5-3 are presented in 
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detail in Appendix D Section D-5 along with overall mass and individual 
ionic species balances. In addition, the results of the inorganic and 
radionuclide analyses for Simulation #s 5-1, 5-2, and 5-3 are summarized 
in Tables 20, 21, and 22, respectively. Simulation 85-1 tested the coal 
bed methane well produced water(FTE C), Simulation #5-2 tested the oil 
and gas produced water (FTE A), and Simulation #5-3 tested the natural 
gas produced water (FTE B). The data in these tables illustrate that: 

The treated waters are all suitable for agricultural use. 
With a minor polishing process, such as activated carbon 
filtration, all of the treated waters produced would be suitable 
for municipal use. Such polishing steps are economic due to the 
dilute concentrations of analytes found in the treated waters. 
The concentrations of all inorganic and radionuclide analytes 
considered were significantly reduced in the treated waters 
produced compared to their respective concentrations in both the 
produced water and feed water to the freezing pad. 
The concentrations of all inorganic and radionuclide analytes 
considered were significantly increased in the brines produced 
compared to their respective concentrations in both the produced 
water and feed water to the freezing pad. In fact, many analytes 
considered, specifically Al, F, Cd, Pb, Li, Hg, Se, and Ra228, were 
below their respective analytical detection limits in the produced 
water but were sufficiently concentrated in the brines produced by 
the FTE process to be detectable in the brines. 
The results of the volatile and semi-volatile (BNA and PNA) organic 

analyses of the process streams from Simulation #s 5-1, 5-2, and 5-3 are 
presented in detail in Appendix D Section D-6. In addition, the results 
of the volatile organic analyses for Simulation f s  5-1, 5-2, and 5-3 are 
summarized in Tables 23, 24, and 25, respectively; and, the results of 
the semi-volatile organic analyses for Simulation #s 5-1, 5-2, and 5-3 
are summarized in Tables 26, 27, and 28, respectively. The data in these 
tables illustrate that: 

External contamination and cross-contamination of the experimental 
products with Chloromethane, Bromomethane, Methylene chloride, 
Acetone, 2-Butanone, andl-1-2-2 Tetrachloroethane occurred. Traces 
of these species were detected in some of the treated waters but 
were not present in the produced water in sufficient concentration 
to explain the concentration found in the treated water. 
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Table 20. Results of Chemical Analyses of Process Streams for 
Simulation # 5-1. 

Produced Est. Pond 
Process Water Water prior to Treated Brine 
Stream: Feed Freezing Water 
Analyte (ms/l) (mg/l) (mg/l) (mg/l) 

TDS 10900 
Alkalinity 8500 
Ammonia 0.89 
Cyanide <0.1 
H2 S <o. 0 5  
TOC 1400 
Tot. Phenols <0.01 
N a  3750 
Ca 6.3 
Mg 23.5  
Fe 0.26 
SO4 1.5 
NO3 42.4 
NO2 <1 
c1 1 1 0 0  
F <1 
Br 5.2  
A1 <1 
As <0.05 
Ba 27.9 
Be <O. 05  
B 2.14 
Cd <o .01 
Cr <O. 05  
co <o. 0 1  
cu <0.1 
Pb <o. 01 
Li <1 
Mn 0.017 
Hg <o. 0 0 0 1  
Ni <0.1 
Ra 2 2 6 ( a )  2 .8 (+ / -  1 . 8 )  
Ra 2 2 8 ( a )  (b) 
Se <o -01 
Sr 1 5  
Ag <o. 0 1  
U <0.1 
V <0.1 
Zn <o. 05 

18808 
14667 

1 .54  
<0.1 

<O. 05 
2416 

<o. 0 1  
6471 
10 .9  
40 .6  
0.45 

2 .6  
73 - 2  

1898 

9.0 

48 .1  

3.69 

0.029 

4.8 (+/-3 -1) 

25.9 

286 
188 

0.48 
<0.1 

KO. 05  
4 0 0  

<o. 010 
111 
2.0 

0.84 
<0.1 

1.5 
<1 
<1 

22.5 
<I 
<1 
<1 

~ 0 . 0 5  
0.86 

<O. 05 
<0.2 

<o .01 
<O. 05  
<o. 0 1  
<0.1 

<o .01 
<1 

<o. 01 
<o .OOOl 

<0.1 
<0.3 
(b) 

<o. 0 1  
0 - 3 9  

<o. 0 1  
<0.1 
<0.1 

<o. 05 

76570 
38750 

5.27 
~ 0 . 3  

<O. 1 6  
8804 
0.84 

26288 
12 .4  

163 .7  
0.90 
19.2 

163  - 7  
<3 

6107 
28 .5  
39.7 

<3 
<O. 1 6  

22.6 
<O. 1 6  
12.74 

0.05 
<O. 1 6  
<O. 03 
<O -3  

0.124 
4 

<O. 03 
0.0015 

~ 0 . 3  
11 .8 (+ / -  6 .5)  
17 .1 (+ / -  6 .5)  

<O. 03 
1 6  

<O. 03 
<O .3 
<O .3 

<O. 1 6  

(a) - Concentration in pCi/l. 
(b) - Detectable concentration but precision in laboratory analysis 

prevents quantification. 
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Table 21. Results of Chemical Analyses of Process Streams for 
Simulation # 5 - 2 ,  

Produced Est, Pond 
Process Water Water prior to Treated Brine 
Stream: Feed Freezing Water 
Analyte (mg/l) (mg/l) (mg/l) (mg/l) 

TDS 8360 
Alkalinity 1040 
Ammonia 7.63 
Cyanide 2.5  
H2 S <O .05  
TOC 6050 
Tot.Phenols 1.51 
Na 2240 
Ca 66.6 
M g  12 .0  
Fe 1 . 4 1  
SO4 8 7 . 1  
NO3 <1 
NO2 <1 
c1 4020 
F 45.6 
B r  26 .3  
A 1  <1 
As <0.05 
Ba 0.22 
B e  <O. 05  
B 8.80 
Cd <o .01 
Cr <O. 05 
co <o. 01 
cu <0.1 
Pb <o .01 
Li 1.1 
Mn 0.43 

0.0002 
<0.1 

H g  
Ni 
R a  2 2 6 ( a )  2 . 5 ( + / -  1 . 2 )  
Ra 2 2 8 ( a )  4.2 (+/-1.7)  
Se <o .01 
Sr 5.7 
A g  <o .01 
U <0.1 
V <0.1 
Zn <O. 05 

14927 
1857 

13.62 
4 .5  

10803 
2.70 
4000 

118.9 
21.4 
2.52 

155.5 

7178 
81.4 
47.0 

0.39 

1 5 . 7 1  

2.0 
0.77 

0.0004 

4 . 5  (+/-2 -1) 
7 . 5  (+/-3.0)  

10.2 

206 
39 

3.80 
<0.1 

<O . 05  
1 0 0  

<o. 0 1  
51.4 
12 .4  
~ 0 . 5  
<0.1 

3.0 
<1 
<1 

83.0 
1.3 
<1 
<1 

<0.05 
<0.1 

<O. 05 
<0.2 

<o. 0 1  
<O .05 
<o .01 
<0.1 
<0.01 

<1 
<O. 013 

<o. 0 0 0 1  
<0.1 
(b) 
(b) <o. 01 

0.55 
<o.  0 1  
<0.1 
<0.1 

<O. 05 

45900 
6730 
66.3 

9 .6  
<O. 15 
27300 

9.51 
17040 
126.6 

95 .1  
47.4 

62 1 
<3 
<3 

29970 
247.8  
188 .1  

4.2 
<O. 15 
122 .1  
<O. 1 5  

39.0 
0.075 
<O. 15 
<O. 03 
<O .3 

0.069 
6.6 

2 .61  
0.0015 

~ 0 . 3  
5.7(+/- 3.3) 

(b) 
<O .036 

29 
<o. 0 1  
<0.1 
<0.1 

KO. 05 

(a) - Concentration in pCi/l. 
(b) - Detectable concentration but precision in laboratory analysis 

prevents quantification. 
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Table 22. Results of Chemical Analyses of Process Streams for  
Simulation # 5-3. 

Produced Est. Pond 
Process Water Water prior to Treated Brine 
Stream: Feed Freezing Water 
Analyte (mg/l) (mg/l) (mg/l) (mg/l) 

TDS 
Alkalinity 
Ammonia 
Cyanide 
H2 S 
TOC 
Tot. Phenols 
Na 
Ca 
Mg 
Fe 

2640 
22 5 

6 .81  
0.2 

<O. 05  
< l o o  
0.13 

757 
63.6 

5.7 
0 - 2 1  

SO4 2 .6  
NO3 <1 
NO2 <1 
c1 1350 
F <1 
Br 1 0 . 3  
A1 
As <O. 05  
Ba 2 .2  
Be <O. 05  
B 3.05  
Cd <o .01 
Cr KO. 0 5  
co <o .  0 1  
cu <0.1 
Pb <o. 01 
Li <1 
Mn 0.11 
H g  <o .OOOl 
Ni <0.1 
Ra 2 2 6 ( a )  3 . 1 ( + / -  1 . 2 )  
Ra 2 2 8 ( a )  (b) 
Se <o. 01 
Sr 8.4 
Ag <o .01 
U <0.1 
V <0.1 
Zn <O .05  

4863 
414 

12 .55  
0.4 

0.24 
1395 

117.2 
10.4 
0.39 

4 . 8  

2487 

19.0 

4 . 1  

5.62 

0.20 

5 .7  (+/-2 - 2 )  

15.5 

200 
1 7  

2.20 
<0.1 

<O .05  
4 0 0  

<o. 010 
72.6 
1 1 . 0  

0 .7 
<0.1 

1.3 
<1 
<1 

125.0 
<1 
<1 
<1 

<O. 05 
0.17 

<O .05 
0.28 
0.13 

<O. 0 5  
<o .01 
<0.1 

<o. 01 
<1 

0 - 018 
<o. 0 0 0 1  

<0.1 
(b) 

<2.0 
<o .01 

0 . 8 1  
<0.01 
<0.1 
<0.1 

KO. 05 

46620 
6370 
83.3 
2 . 1  

<0.35 
1680 
5.67 

13650 
791.0 
105.0 

3.5 
36 
<7 
<7 

22050 
<7 

284.9 
<7 

<0.35 
17 .4  

KO. 35 
46.9 

0.175 
<O. 35 
<O. 07 

<0.7 
<O - 07 

13 .3  
0.48 

0.0042 
<O - 7  

(b) 
<O. 07 

133 
<O. 07 
<O. 07 

<0.7 
<O. 05 

34.3 (+/-18.2)  

(a) - Concentration in pCi/l. 
(b) - Detectable concentration but precision in laboratory analysis 

prevents quantification. 
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Table 23. Volatile Organics Summary Data for Simulation #5-1 

Compound Name 

Produced Treated 
Water Brine Water 

Concentration Concentration Concentration 
(pg/l) (pg/l) (ps/l) 

Chloromethane 
Bromomethane 
Vinyl Chloride 
Chloroethane 
Methylene Chloride 
Acetone 
Carbon Disulfide 
1,l-Dichloroethene 
1,l-Dichloroethane 
Trans-lr2-Dichloroethene 
Cis-lt2-Dichloroethene 
Chloroform 
lt2-Dichloroethane 
2-Butanone 
l,l,l-Trichloroethane 
Carbon Tetrachloride 
Bromodichloromethane 
Vinyl Acetate 
1,2-Dichloropropane 
Trans-1,3-Dichloropropene 
Trichloroethene 
1,1t2-Trichloroethane 
Benzene 
Dibromochloromethane 
Cis-1,3-Dichloropropene 
2-Chloroethylvinyl Ether 
Bromof o m  
4-Methyl-2-Pentanone 
2 -Hexanone 
ltl,2,2-Tetrachloroethane 
Tetrachloroethene 
Toluene 
Chlorobenzene 
Ethyl Benzene 
Styrene 
Total Xylenes 
Trichlorofluoromethane 

U 
U 
U 
U 
U 

2 10 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U 
U 
U 
U 
1 

3800 
U 
U 
U 
U 
U 
U 
U 

2900 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U 
U 
U 
U 
1 

63 0 
U 
U 
U 
U 
U 
U 
U 

850 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U: Compound analyzed for, but not detected above the reporting 
limits. 
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Table 24. Volatile Organics Summary Data for  Simulation #5-2 

Produced Treated 
Water Brine Water 

Concentration Concentration Concentration 
Compound Name (pg/l) (pg/l) (pg/l) 

~~ 

Chloromethane 
Bromornethane 
Vinyl Chloride 
Chloroethane 
Methylene Chloride 
Acetone 
Carbon Disulfide 
1,l-Dichloroethene 
1,l-Dichloroethane 
Trans-1,2-Dichloroethene 
Cis-1,2-Dichloroethene 
Chloroform 
1,2-Dichloroethane 
2 -But anone 
l,l,l-Trichloroethane 
Carbon Tetrachloride 
Bromodichloromethane 
Vinyl Acetate 
1,2-Dichloropropane 
Trans-1,3-Dichloropropene 
Trichloroethene 
1,1,2-Trichloroethane 
Benzene 
Dibromochloromethane . 
Cis-1,3-Dichloropropene 
2-Chloroethylvinyl Ether 
Bromo 5orm 
4 -Met hy 1 - 2 - Pent anone 
2 -Hexanone 
1,1,2,2-Tetrachloroethane 
Tetrachloroethene 
Toluene 
Chlorobenzene 
Ethyl Benzene 
Styrene 
Total Xylenes 
Trichlorofluoromethae 

U 
U 
U 
U 
U 

43000 
U 
U 
U 
U 
U 
13 
U 

1200 
U 
U 
U 
U 
U 
U 
U 
U 
U 

1300 
U 
U 
U 
U 
U 
U 
'U 

470 
U 
6 
U 
79 
U 

U 
U 
U 
U 
U 

2800 
U 
U 
U 
U 
U 
14 
U 

2100 
U 
U 
U 
U 
U 
U 
U 
U 
U 
9 
U 
U 
U 
U 
U 
U 
U 
12 
U 
U 
U 
U 
U 

U 
U 
U 
U 
1 

3100 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
1 
U 
U 
U 
U 
U 
U 

U: Compound analyzed for, but not detected above the reporting 
limits. 
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Table 25. Volatile Organics Summary Data for Simulation #5-3 

Produced Treated 
Water Brine Water 

Concentration Concentration Concentration 
Compound Name (pg/1) (pg/l) (pg/l) 

Chloromethane 
Bromomethane 
Vinyl Chloride 
Chl oroe t hane 
Methylene Chloride 
Acetone 
Carbon Disulfide 
1,l-Dichloroethene 
1,l-Dichloroethane 
Trans-lt2-Dich1oroethene 
Cis-lt2-Dichloroethene 
Chloroform 
1,2-Dichloroethane 
2 -But anone 
l,l,l-Trichloroethane 
Carbon Tetrachloride 
Bromodichloromethane 
Vinyl Acetate 
1,2 -Dichloropropane 
Trans-1,3-Dichloropropene 
Trichloroethene 
1,1,2-Trichloroethane 
Benzene 
Dibromochloromethane 
Cis-1,3-Dichloropropene 
2-Chloroethylvinyl Ether 
Bromof o m  
4 -Methyl-2 - Pent anone 
2 -Hexanone 
1,1t2,2-Tetrachloroethane 
Tetrachloroethene 
Toluene 
Chlorobenzene 
Ethyl Benzene 
Styrene 
Total Xylenes 
Trichlorofluoromethane 

3 
1 
U 
U 
U 

320 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

140 
U 
U 
U 
U 
U 
U 
U 
U 
64 
U 
U 
U 
29 
U 

2 
U 
U 
U 
U 

2100 
U 
U 
U 
U 
U 
U 
U 

1900 
U 
U 
U 
U 
U 
U 
U 
U 
2 
U 
U 
U 
U 
U 
U 
U 
U 
1 
U 
U 
U 
U 
U 

7 
5 
U 
U 
2 

2100 
U 
U 
U 
U 
U 
U 
U 

200 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
1 
U 
U 
U 
U 
U 

U: Compound analyzed for, but not detected above the reporting 
limits. 
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Table 26. Semi-volatile Organics Summary Data for  
Simulation #5-1 

Produced Treated 
Water Brine Water 

Concentration Concentration Concentration 
Compound Name (pg/l) (psm (pg/l) 

Base/Neutrals: 
bis (2-Chloroethyl) Ether 
1,3-Dichlorobenzene 
1,4-Dichlorobenzene 
lt2-Dichlorobenzene 
bis(2-chloroisopropy1)Ether 
N-Nitroso-Di-n-Propylamine 
Hexachloroethane 
Nitrobenzene 
Isophorone 
bis(2-ChloroethoxyIMethane 
1,2,4-Trichlorobenzene 
Naphthalene 
4-Chloroaniline 
Hexachlorobutadiene 
2 -Met hy lnapht a1 ene 
Hexachlorocyclopentadiene 
2-Chloronaphthalene 
2-Nitroaniline 
Dimethylphthalate 
2,6-Dinitrotoluene 
Acenaphthylene 
3-Nitroaniline 
Acenaphthene 
Dibenzofuran 
2,4-Dinitrotoluene 
Diethylphthalate 
4-Chlorophenyl-phenylether 
Fluorene 
4-Nitroaniline 
N-Nitrosodiphenylaine 
4-Bromophenyl-phenylether 
Hexachlorobenzene 
Phenanthrene 
Anthracene 
Di -n- Buty lpht ha la t e 
Fluoranthene 
Fyrene 
Butylbenzylphthalate 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U: Compound analyzed for, but not detected above the reporting 
limits. 
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Table 26. Semi-volatile Organics Summary Data for 
Simulation #5-1 

(Continued) 

Compound Name 

Produced * Treated 
Water Brine Water 

Concentration Concentration Concentration 
(pLg/l) (pLg/l) (pg/l) 

Base/Neutrals: 
3,3'-Dichlorobenzidine U 
Benzo (a) Anthracene U 
bis (2-Ethylhexyl) Phthalate 1 
Chrysene U 
Di-n-Octyl Phthalate U 
Benzo (b) Fluoranthene U 
Benzo (k) Fluoranthene U 
Benzo (a) Pyrene U 
Ideno (1 , 2 , 3 -cd) Pyrene U 
Dibenz (a, h) Anthracene U 
Benzo (9, h, i Perylene U 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U 
U 
5 
U 
U 
U 
U 
U 
U 
u .  
U 

Acids : 
Phenol U 2000 78 
2-Chlorophenol U U U 
Benzylalcohol .U U U 
2-Methylphenol U 48 4 
4 -Methylphenol U 45 2 
2-Nitrophenol U U U 
2 , 4-Dimethylphenol U U u 
Benzoic Acid U U U 
2,4-Dichlorophenol U U U 
4-Chloro-3-Methylphenol U U U 
2,4,6-Tricholorophenol U U U 
2,4-Dinitrophenol U U U 
4-Nitrophenol U U U 
4,6-Dinitro-2-Methylphenol U U U 
Pentachlorophenol U U U 
2,4,5-Trichlorophenol U U U 

U: Compound analyzed for, but not detected above the reporting 
limits. 
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Table 27. Semi-Volatile Organics Summary Data f o r  
Simulation #5-2 

Produced Treated 
Water Brine Water 

Concentration Concentration Concentration 
Compound Name (pLg/l) (pg/l) (pLg/l) 

Base/Neutrals: 
bis(2-ChloroethylIEther 
1,3-Dichlorobenzene 
1,4-Dichlorobenzene 
1,2-Dichlorobenzene 
bis(2-chloroisopropy1)Ether 
N-Nitroso-Di-n-Propylamine 
Hexachloroethane 
Nitrobenzene 
Isophorone 
bis (2-Ch1oroethoxy)Methane 
1,2,4-Trichlorobenz6ne 
Naphthalene 
4-Chloroaniline 
Hexachlorobutadiene 
2 -Methylnaphtalene 
Hexachlorocyclopentadiene 
2-Chloronaphthalene 
2-Nitroaniline 
Dimet hy lpht halat e 
2,6-Dinitrotoluene 
Acenaphthylene 
3-Nitroaniline 
Acenaphthene 
Dibenzo f uran 
2,4-Dinitrotoluene 
Diethylphthalate 
4 -C hl or op heny 1 -phenyl et her 
Fluorene 
4-Nitroaniline 
N-Nitrosodiphenylamine 
4-Bromophenyl-phenylether 
Hexachlorobenzene 
Phenanthrene 
Anthracene 
Di -n-Buty lpht ha la t e 
Fluoranthene 
Pyrene 
Butylbenzylphthalate 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U: Compound analyzed for, but not detected above the reporting 
limits. 
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Table 27. Semi-Volatile Organics Summary Data for 
Simulation #5-2 

(Continued) 

Compound Name 

Produced Treated 
Water Brine Water 

Concentration Concentration Concentration 
(pg/l) (pg/l) (pg/l) 

Base/Neutrals: 
3,3'-Dichlorobenzidine U 
Benzo (a)Anthracene U 
bis (2-Ethylhexyl) Phthalate U 
Chrysene U 
Di-n-Octyl Phthalate U 
Benzo (b) Fluoranthene U 
Benzo(k)Fluoranthene U 
Benzo (a) Pyrene U 
Ideno (1,2,3-cd) Pyrene U 
Dibenz(a,h)Anthracene U 
Benzo (9, h, i 1 Perylene U 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

Acids : 
Phenol 
2-Chlorophenol 
Benzylalcohol 
2 -Methylphenol 
4-Methylphenol 
2-Nitrophenol 
2,4-Dimethylphenol 
Benzoic Acid 
2,4-Dichlorophenol 

2200 
U 
U 
U 
U 
U 
U 
U 
U 

4-Chloro-3-Methylphenol U 
2,4,6-Tricholorophenol U 
2,4-Dinitrophenol U 
4-Nitrophenol U 

Pentachlorophenol U 
2,4,5-Trichlorophenol U 

4,6-Dinitro-2-Methylphenol U 

1000 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U: Compound analyzed for, but not detected above the reporting 
limits. 
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Table 28. Semi-volatile Organics Summary Data for 
Simulation #5-3 

~ 

Compound Name 

Produced Treated 
Water Brine Water 

Concentration Concentration Concentration 
(pg/l) (pL9/1) (pg/l) 

Base/Neutrals: 
bis (2 -Chloroethyl 1 Ether 
1,3-Dichlorobenzene 
1,4-Dichlorobenzene 
lt2-Dichlorobenzene 
bis(2-chloroisopropy1)Ether 
N-Nitroso-Di-n-Propylamine 
Hexachloroethane 
Nitrobenzene 
Isophorone 
bi s ( 2 -Chl or oet hoxy ) Methane 
1,2,4-Trichlorobenzene 
Naphthalene 
4-Chloroaniline 
Hexachlorobutadiene 
2 -Methylnaphtalene 
Hexachlorocyclopentadiene 
2 -Chlor onapht halene 
2-Nitroaniline 
Dimet hy lpht ha1 a t e 
2,6-Dinitrotoluene 
Acenaphthylene 
3-Nitroaniline 
Acenaphthene 
Dibenzof uran 
2,4-Dinitrotoluene 
Diethylphthalate 
4-Chlorophenyl-phenylether 
Fluorene 
4-Nitroaniline 
N-Nitrosodiphenylamine 
4-Bromophenyl-phenylether 
Hexachlorobenzene 
Phenanthrene 
Anthracene 
Di-n-Butylphthalate 
Fluoranthene 
Pyrene 
Butylbenzylphthalate 

U 
4 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U: Compound analyzed for, but not detected above the reporting 
limits. 
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Table 28. Semi-volatile Organics Summary Data for 
Simulation #5-3 

(Continued) 

Compound Name 

Produced Treated 
Water Brine Water 

Concentration Concentration Concentration 
(pLg/l) (pg/l) (pLg/l) 

Base/Neutrals: 
3,3'-Dichlorobenzidine U 
Benzo (a)Anthracene U 
bis (2-Ethylhexyl) Phthalate 3 
Chrysene U 
Di-n-Octyl Phthalate U 
Benzo (b) Fluoranthene U 
Benzo(k1Fluoranthene U 
Benzo (a Pyrene U 
Ideno (1 , 2 , 3 -cd) Pyrene - u  
Dibenz (a , h) Anthracene U 
Benzo (g, h, i 1 Perylene U 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U 
U 
1 
U 
U 
U 
U 
U 
U 
U 
U 

Acids : 
Phenol 
2-Chlorophenol 
Benzylalcohol 
2 -Methylphenol 
4-Methylphenol 
2-Nitrophenol 
2 , 4-Dimethylphenol 
Benzoic Acid 
2,4-Dichlorophenol 
4-Chloro-3-Methylphenol 
2,4,6-Tricholorophenol 
2,4-Dinitrophenol 
4-Nitrophenol 
4,6-Dinitro-2-Methylphenol 
Pentachlorophenol 
2,4,5-Trichlorophenol 

4 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U 
U 
U 
U 

U' 

2100 
U 
U 
87 
84 
U 
U 

3 00 
U 
U 
U 
U 
U 
U 
U 
U 

53 
U 
U 
6 
5 
U 
U 
11 
U 
4 
U 
U 
U 
U 
U 
U 

U: Compound analyzed for, but not detected above the reporting 
limits. 
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The presence of Chloromethane, Bromomethane, Methylene chloride, 
and 1-1-2-2 Tetrachloroethane indicates that a small leak in the 
refrigerant evaporator must exist, probably resulting from the severe 
icing which occurred in the evaporator during the fan failure in Series 
4. These species can all be found in significant or trace quantities 
in R-12 refrigerant. 

Acetone must have been introduced in the analytical laboratories, 
since it was found in the blank. Further, the levels of acetone in 
treated water samples from Simulation #s  5-1 and 5-3 indicate that cross- 
contamination of acetone from Simulation #5-2 must have occurred. The 
acetone concentration in produced water tested in Simulation G5-2 was two 
orders of magnitude greater than the acetone concentrations of the 
produced waters used in the other two simulations. 

The presence of 2-Butanone in two of the treated waters is easily 
explained. 2-Butanone is a solvent used in thermal welding of poly 
vinyl chloride (PVC) plastics. PVC fabrication was in progress in RTC's 
facility during the time that Simulation Series 5 was in progress and 
some limited thermal sealing of PVC piping in the simulator also occurred 
during the simulation. The thermal sealing of the piping was required 
because the solvent bonds in the piping did not withstand the repeated 
thermal cycling during the simulations. 

3.2.2 Subtask 2.2: Re-Evaluation of Process Economics Based on 

In this subtask, the process and economic models developed in 
Subtasks 1.4 and 1.5 were used along with the results of the laboratory- 
scale simulations to estimate the water treatment cost. The laboratory- 
scale data generated in the simulations provided data for selecting the 
values of the required model inputs. By assuming the field situation 
will behave similarly to the laboratory-scale simulations, and using the 
chemical analysis results of the process streams and the material balance 
data resulting from the evaluations of the laboratory-scale FTE process 
simulations, the following data are provided for input to the models: 

Laboratory-Scale Simulation Results 

location/climate simulated, 
the quality of the produced water, treated water, and brine, and 
the evaporation pond efficiency. 

The value of all other model parameters were equal to the base case 
values assumed in Section 1.5. 
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First, the results of the initial laboratory-scale simulations 
conducted in Subtask 2.1 were used with the process and economic models 
to select the best design for a commercial-scale FTE process. The design 
configuration selected and used in the final twelve laboratory-scale 
simulations was the process design configuration having the lowest water 
treatment cost. The results of the economic projections for the initial 
simulations are summarized in Table 18 and provided in detail in Appendix 
E, Tables E-8 through E-70. The data in Table 18 illustrate that the 
treated water cost projected for the conventional and enhanced 
evaporation pond designs are similar and significantly less than the 
projected treatment costs for the designs testing the solar distillation 
pond design. 

Next, the results of the remaining twelve laboratory-scale 
simulations were used with the process and economic models to determine 
the water treatment cost for those simulations. 

After completion of all the laboratory-scale simulations, the 
effect of the produced water contaminant concentration on the process was 
estimated by comparing results of each series of simulations using the 
three different waters. The results of the economic projections for the 
FTE process Simulation Series 2, 3, 4, and 5 provided in detail in 
Appendix E, Tables E-71 through E-154. The impact of produced water 
quality on the FTE process water treatment cost is illustrated in Figure. 
3 3 .  The data illustrated in the figure suggest that water with a TDS 
concentration near 9000 ppm is the most expensive to treat. This is 
misleading. The water tested with a TDS concentration of approximately 
9000 ppm was the oil and gas produced water (FTE A) which contained 
considerable concentrations of organics. If the total contaminant 
concentration (inorganic plus organic) is considered, the FTE A water is 
the most contaminated and this explains the inflection in the curves 
illustrated in Figure 33. 

Then, the effect of atmospheric conditions on the process was 
estimated by comparing the results of the simulations using the same 
produced water and the four different sets of atmospheric conditions. 
The impact of atmospheric conditions on the FTE process water treatment 
cost is illustrated in Figure 34. With one exception, the data 
illustrated in the figure suggest that the greater the number of hours 
with subfreezing temperatures during the simulation the more economic the 
FTE process. 
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A final observation is that once the optimum freezing pad and 
holding pond design were determined from the initial series of 
simulations, all economic projections based upon the results of the final 
twelve simulations yielded water treatment costs ranging between 
$0.18/bbl and $0.25/bbl, regardless of water quality and atmospheric 
conditions. The FTE process economic projections based on the results 
of the laboratory-scale process simulations continue to strongly indicate 
the commercial economic potential of the process. 

3.3 Task 3: Evaluation of the Field Demonstration of the FTE 
Process fo r  the Treatment of Produced Waters in the San Juan 
Basin of New Mexico 
Task 3 of this research was the evaluation of the FTE process 

demonstration conducted at an operating evaporative produced water 
disposal facility in the San Juan Basin of New Mexico. Task 3 research 
was conducted in conjunction with a separate project entitled 
nDemonstration of the FTE Process in the San Juan Basin of New Mexico." 
The construction, start-up, and shakedown of the FTE field demonstration 
in the San Juan Basin of New Mexico was completed. Operation of the 
demonstration was initiated in December 1995 and was prematurely 
terminated in March 1996 due to financial difficulties at GRI.  

Originally, the demonstration plant was scheduled to run through the 
spring and summer of 1996 to obtain evaporative data for the evaluation. 
Agreement has been reached with GRI  to resume operation of the FTE 
demonstration plant in October 1996 and to continue operation through the 
summer of 1997. 

As previously discussed, the design of the FTE demonstration was 
significantly modified due to the inability to use the Schneider pond as 
the produced water holding pond. This modification critically impacted 
the operation of the FTE demonstration. The results of the evaluation 
of the field demonstration of the FTE are summarized in the following 
sections. 

3.3.1 Subtask 3.1: Sampling and Analyses of Field 

Seven samples from the FTE demonstration were subjected to limited 
chemical analyses. On 11/28/96, one sample of the Schneider pond and two 
samples from the oil/water separator tanks feeding the Schneider pond 

Demonstration Process Streams 
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were collected and submitted for TDS analyses to confirm the unexpected 
high field Ec measurements of the feed to the freezing pad. The results 
of these analyses indicated that the TDS concentration of the water in 
the Schneider pond was in excess of 100,000 ppm and that the TDS 

concentration of the feed to the pond from the oil/water separator tanks 
was in excess of 40,000 ppm (Table 29). The following conclusions were 
drawn from these data: 

The TDS concentration of the water fed to the Schneider pond had 
been substantially elevated from precipitated solids in the pond 
that redissolved when the pond was filled with water. Treatment 
of the water in the pond using the FTE process was possible but 
would be uneconomic. For this reason, the water in the Schneider 
pond would not be suitable for demonstration of the FTE process. 
The TDS concentration of the feed to the pond was presumably 
elevated from build-up in the oil/water separator tanks rendering 
them unsuitable as feed tanks for the demonstration. 

Table 29. Result8 of Limited Suite Analyses of Schneider 
Pond Water, High Flow and Low Flow Feed Water, 
and Feed Water, Recycle Water, Ice, and Brine 

Sample/Date Alkalinitya Bicarbonatea Carbonatea pH TDS 

Schneider Pond/ 
11/28/95 120000 
Schneider Feed/ 
11/28/95 42500 
Schneider Feed/ 
11/28/95 42900 
Cahn Recycle Waterr! 
1/24/96 24200 13000 11200 9.02 40300 
New Ice/ 
1/22 /9 6 4150 2450 1700 9.31 7950 
Cahn Feed/ 
1/22/96 8200 5600 2600 8.94 10800 
Schneider Brine/ 
1/2 4/96 42400 9600 32800 9.39 81400 

~ ~~~ 

Alkalinity, bicarbonate, and carbonate are reported as CaC03, a 

Based upon these conclusions, the decision was made by project 
personnel to modify the FTE demonstration plant design and operation as 
discussed in Section 2.2.3.2. 
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During the time period from 1/22-1/24/96, grab samples from the 
feed water, Cahn pond recycle water, ice, and heavy brine from the 
Schneider pond were collected and subjected to limited chemical analyses. 
The purpose of these analyses was to provide qualitative data indicating 
the status of the demonstration at that time and also to provide data 
needed for correlation of analytical TDS concentration versus on-site TDS 
analytical results. The following conclusions were drawn from these 
data: 

The TDS concentration of the water fed to the Cahn pond was 
approximately 11,000 ppm with bicarbonate and carbonate being the 
dominant anions. The bicarbonate-to-carbonate ratio was 2.15:l 
(Table 29). 
The TDS concentration of the unaged ice formed the night before 
sampling was approximately 8,000 ppmwhichwas reduced 25% compared 
to the feed to the pond. The bicarbonate-to-carbonate ratio was 
1.44-to-1 indicating bicarbonate is removed from the ice faster 
than carbonate (Table 29). 
The TDS concentration of the recycle water in the Cahn pond was 
approximately 40,000 ppm which was increased 270% compared to the 
feed to the pond. The bicarbonate-to-carbonate ratio was 1.16-to- 
1. These ratios for the recycle water and ice may suggest that 
bicarbonate is removed from the ice by chemical precipitation or 
by evolution of CO, (Table 29) . 
The TDS concentration of the water in the Schneider pond was 
approximately 81,000 ppm which was reduced 32% compared to the 
previous analysis of water in the Schneider pond. This reduction 
was probably due to precipitation of solids in the pond as the pond 
water cooled. The bicarbonate-to-carbonate ratio was 0.29-to-1 
confirming that the water in the Schneider pond was not 
representative of the chemistry of coal bed methane produced water 
(Table 29). 
Six samples from the demonstration were subjected to detailed 

chemical analyses. On 2/1/96 composite samples of feed water, ice, and 
brine were submitted for analyses. The feed and brine samples were 
cornposited over the time period from 12/9/95 to 2/1/96. The composite 
of the ice was collected on 2/1/96 by sampling the ice pile in the Cahn 
pond. In addition, samples of feed water, Cahn pond water, and solids 
were collected and submitted at the conclusion of the demonstration. 
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The results of the detailed analyses of the 2/1/96 composite 
samples of feed, ice, and Cahn pond recycle water are presented in Tables 
30 through 33. The results of these analyses indicate: 

Melt produced from the ice would apparently be suitable for various 
beneficial uses (Tables 30, 31, 32, and 33). 
The TDS concentration in the ice produced was reduced by 92% and 
the TDS concentration in the brine was increased 390% compared to 
that of the feed (Table 30). 
The concentrations of all inorganic constituents analyzed were 
significantly reduced in the ice produced compared to their 
respective concentrations in the produced water feed. In general, 
the constituent concentration reductions were in excess of 90%. 
Exceptions were: boron which was reduced 82%, chloride which was 
reduced 86%, potassium which was reduced 66%, and sulfate which was 
reduced 76% (Table 30). 
The concentrations of most inorganic analytes were significantly 
increased in the brine sample compared to their respective 
concentrations in the produced water feed with the exceptions of 
ammonia, barium, and calcium. Ammonia is believed to have been 
removed from the system through volatilization. It is suspected 
that calcium and barium were removed from the system by scaling and 
possibly by chemical precipitation (Table 30). 
Radionuclide concentrations in the feed were at very low 
concentrations. Germanium and radium-226 were the only 
radionuclides present in the feed sample in detectable and 
quantifiable concentrations considering the analytical detection 
limit and laboratory precision. None of the radionuclide 
constituents analyzed for were present in the ice sample in 
detectable and quantifiable concentrations. Germanium, radium-226, 
and uranium were the only radionuclides present in the brine sample 
at detectable and quantifiable concentrations (Table 31). 
Acetone was detected in all three samples (feed, ice, and brine) 
and is suspected to have been introduced either during field 
sampling or by the analytical laboratory since historically acetone 
has not been present in these coal bed methane waters. Acetone is 
a common laboratory solvent for cleaning the glassware and 
laboratory equipment (Table 32). 
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Table 30. Results of Inorganic Analyses of Feed Water, Ice 
and Brine Composite Samples fo r  the Time Period 
of 12/9/95 - 2/1/96 

Alkalinity (CaCO, 1 
Alkalinity (CO, 
Alkalinity (HC03) 
Alkalinity (OH) 
Aluminum (All 
Ammonia (NH,) 
Antimony (Sb) 
Arsenic (As) 
Barium (Ba) 
Beryllium (Be) 
Boron (B) 
Bromide (Br) 
Cadmium (Cd) 
Calcium (Ca) 
Chemical Oxygen Demand 
Chloride (Cl) 
Chromium (Cr) 
Cobalt (Co) . 
Copper (CUI 
Cyanide (CN-) 
Electrical Conductivity 
Fluoride '(Fl) 
Hardness as CaCO, 
Hydrogen Sulfide ( H Z S )  
Iodide (I) 
Iron (Fe) 
Lead (Pb) 
Lithium (Li) 
Magnesium (Mg) 
Manganese (Mn) 
Mercury (Hg) 
Nickel (Nil 
Nitrate (NO, ) 
Nitrite (NOz) 
Oil and Grease 
PH 
Phenols 
Phosphate 
Potassium (K) 

8670 
122 

10200 
0 

< 1  
7.00 

<o. 0 1  
<O. 05 

2 2 . 1  
<O. 05 

3.5 
1 2 . 1  

<o. 0 1  
12.3 

90 
1500 

KO. 05 
<o. 0 1  
<0.1 
0.56 

14100 
1.2 
103 
< 1  
< 5  
0.5 

<o. 01 
1.2 

17.5 
0.04 

<O. 0005 
<0.1 
< 1  
< 1  
1.5  

8.42 
<o .01 
< 1  

28.6 

555 
155 
3 63 

0 
< 1  

<0.5 
<o. 0 1  
<O. 05 

0.95 
<O. 05 

0.60 
1.1 

<o. 0 1  
< 1  

20 
207 

KO. 05 
<o. 0 1  
<0.1 
<0.1 
1627 
< 1  

4 
< 1  
< 5  

<0.3 
<o. 0 1  
< 1  

0.98 
<o. 0 1  

<O. 0005 
<0.1 
< 1  
< 1  
< 1  

9.80 
<o. 0 1  
< 1  
9.8 

33700 
7970 

24900 
0 

< 1  
2.89 

<o -01 
<O. 05 

0.93 
<O .05 

34.4 
79.2 

<o. 0 1  
11.2 
1300 
2340 

<O. 05 
<o. 0 1  
<0.1 
1.94 

37300 
6.5 
248 
< 1  
< 5  

3.63 
<o. 0 1  

8.1 
53.4 
0.17 

KO. 0005 
<0.1 
< 1  
< 1  
3.0 

9 .11  
0.2 
< 1  
6 5 1  
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Table 30. Results of Inorganic Analyses of Feed Water, Ice 
and Brine Composite Samples for the Time Period 
of 12/9/95 - 2/1/96 

(Continued) 

Feed Ice Brine 
(mg/l) (mg/l) (mg/l) 

Selenium (Se) 
Silicon (Si) 
S i lver ( Ag 1 
Sodium (Na) 
Sodium Absorption Ratio 
Strontium (Sr) 
Sulfate (SO4) 
Total Carbon 
Total Dissolved Solids 
Total Inorganic Carbon 
Total Kjedahl Nitrogen 
Total Organic Carbon 
Total Suspended Solids 
Vanadium (VI 
Zinc (Zn) 

<o .01 
10.0 

<o .01 
4150 
17 8 
7.8 

62.8 
223 0 
11600 
2080 
8.23 
15 0 
160 

<0.1 
<O. 05 

<o. 01 
0.5 

<o. 0 1  
3 3 1  
71.8 
~ 0 . 5  
15 - 2  
180 
940 

< 100 
0.05 

< 100 
< 5  
<0.1 

<O 05 

<0.01 
23.8 

<o. 01 
19000 
52 5 

10.2 
1000 
7480 
56900 
7020 
4.11 
460 
1970 
<0.1 

<O. 05 

Table 31, Results of Radionuclide Analyses Feed Water, 
Ice, and Brine Composite Samples for  the Time 
Period of 12/9/95 - 2/1/96 

Feed Ice Brine 
(pCi/l) (gCi/l) (gCi/l) 

Germanium (mg/l) 
Gross Alpha 
Gross Beta 
Ra 226 

Total Radiostrontium 
Uranium 
Uranium (mg/l) 

Ra 228 

0.10 
DNQ 
DNQ 

1.8 (+/-0.8) 
DNQ 
DNQ 
2 

0.003 

DNQ: Indicates parameter was detected, but not quantifiable. 

137 



Table 32. Results of Volatile Organic Analyses of Feed 
Water, Ice, and Brine Composite Samples for the 
Time Period of 12/9/95 - 2/1/96 

Feed Ice Brine 
(pg/l) (pg/l) (pg/l) 

Chloromethane 
Bromome t hane 
Vinyl Chloride 
Chloroethane 
Methylene Chloride 
Acetone 
Carbon Disulfide 
1,l-Dichloroethene 
1,l-Dichloroethane 
Trans-1,2-Dichloroethene 
Cis-1,2-Dichloroethene 
Chloroform 
lt2-Dichloroethane 
2 -But anone 
l,l,l-Trichloroethane 
Carbon Tetrachloride 
Bromodichloromethane 
Vinyl Acetate 
1,2-Dichloropropane 
Trans-1,3-Dichloropropene 
Trichloroethene 
1,1,2-Trichloroethane 
Benzene 
Dibromochloromethane 
Cis-1,3-Dichloropropene 
2-Chloroethylvinyl Ether 
Bromoform 
4 -Methyl-2 - Pent anone 
2 -Hexanone 
1,1,2,2-Tetrachloroethane 
Tetrachloroethene 
Toluene 
Chlorobenzene 
Ethyl Benzene 
Styrene 
Total Xylenes 
Trichlorofluoromethane 

U 
U 
U 
U 
U 

3900 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
NQ 
U 
U 
U 
U 
U 
U 
U 
U 
NQ 
U 
U 
U 
U 
U 

U 
U 
U 
U 
U 
NQ 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
NQ 
U 
U 
U 
U 
U 

U 
U 
U 
U 
U 

1100 
U 
U 
U 
U 
U 
U 
U 
NQ 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
NQ 
U 
U 
U 
1 
U 

U: Compound not detected above the reporting limits. 
NQ: Not quantifiable indicates that the compound is detected, 

B: Compound found in blank and sample. 
but is below the EPA Estimated Quantitation Limits. 
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Table 33. Results of Semi-Volatile Organic Analyses of 
Feed Water, Ice, and Brine Composite Samples for 
Time Period of 12/9/95 - 2/1/96 

Feed Ice Brine 
(pg/l) (pLg/l) (pLg/l) 

Base/Neutrals: 
bis(2-Chloroethy1)Ether 
1,3-Dichlorobenzene 
1,4-Dichlorobenzene 
lt2-Dichlorobenzene 
bis(2-chloroisopropy1)Ether 
N-Nitroso-Di-n-Propylamine 
Hexachloroethane 
Nitrobenzene 
Isophorone 
bis(2-Ch1oroethoxy)Methane 
1,2,4-Trichlorobenzene 
Naphtha lene 
4-Chloroaniline 
Hexachlorobutadiene 
2 -Methylnaphtalene 
Hexachlorocyclopentadiene 
2-Chloronaphthalene 
2 -Nitroaniline 
Dimet hy lpht halat e 
2,6-Dinitrotoluene 
Acenaphthylene 
3-Nitroaniline 
Acenaphthene 
Dibenzofuran 
2,4-Dinitrotoluene 
Diethylphthalate 
4-Chlorophenyl-phenyl ether 
Fluorene 
4-Nitroaniline 
N-Nitrosodiphenylamine 
4-Bromophenyl-phenylether 
Hexachlorobenzene 
Phenanthrene 
Anthracene 
Di-n-Butylphthalate 
Fluoranthene 
Pyrene 
Butylbenzylphthalate 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
NQ 
U 
NQ 
U 
U 
U 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
NQ 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
NQ 
U 
U 
U 
U 
U 

U: Compound not detected above the reporting limits. 
NQ: Not quantifiable indicates that the compound is detected, 

B: 
but is below the EPA Estimated Quantitation Limits. 
Compound found in blank-and sample. 
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Table 33. Results of Semi-Volatile Organic Analyses of 
Feed Water, Ice, and Brine Composite Samples fo r  
Time Period of 12/9/95 - 2/1/96 

(Continued) 

Feed Ice Brine 
(pg/1) (pg/l) (p9/1) 

~~ 

Base/Neutrals: 
3,3'-Dichlorobenzidine U 
Benzo(a)Anthracene U 
bis (2 -Ethylhew1 1 Phthalate NQ 
Chrysene U 
Di-n-Octyl Phthalate U 
Benzo (b) Fluoranthene U 
Benzo (k) Fluoranthene U 
Benzo (a) Pyrene U 
Ideno (1 , 2 , 3-cd) Pyrene 
Dibenz(a,h)Anthracene U 
Benzo (9, h, i 1 Perylene 

U 

U 

U 
U 
NQ 
U 
U 
U 
U 
U 
U 
U 
U 

U 
U 
NQ 
U 
U 
U 
U 
U 
U 
U 
U 

Acids : 
Phenol U U U 
2 -Chlorophenol U U U 
Benzylalcohol U U NQ 
2-Methylphenol U U NQ 
4 -Methylphenol U U NQ 
2-Nitrophenol U U U 
2,4-Dimethylphenol U U U 
Benzoic Acid U U U 
2,4-Dichlorophenol U U U 
4-Chloro-3-Methylphenol U U U 
2,4,6-Tricholorophenol U U U 
2,4-Dinitrophenol U U U 
4 -Nit rophenol U U U 
4,6-Dinitro-2-Methylphenol U U U 
Pentachlorophenol U U U 
2,4,5-Trichlorophenol U U U 

U: Compound not detected above the reporting limits. 
NQ: Not quantifiable indicates that the compound is detected, 

B: Compound found in blank and sample. 
but is below the EPA Estimated Quantitation Limits. 
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Other than acetone, the volatile organics detected were: benzene 
and toluene in the feed sample; toluene in the ice sample; and 
toluene, butanone and xylenes in the brine, however these analytes 
were below the EPA Estimated Quantitation Limit (EQL) (Table 32). 
The only semi-volatile organic constituent detected in the ice 
sample was bis (2-ethylhexyl) phthalate but was below the EPA EQL. 
Semi-volatile organic constituents found in the feed sample were 
phenanthrene, di-n-butylphthalate, and bis (2-ethylhexyl) 
phthalate. Again, these analytes were below the EPA EQL. Semi- 
volatile organic constituents found in the brine sample were 2- 
methylnapthalene, phenanthrene, bis (2-ethylhexyl) phthalate, 
benzylalcohol, 2-methylphenol, and 2-methylphenol. Concentrations 
of these analytes were also below the EPA EQL. Many phthalates are 
comon contaminants from plastic and these constituents are 
suspected to have been introduced from either the pond liner, 
process piping, or composite storage drums (Table 3 3 ) .  
The results of analyses of the final feed water and Cahn pond water 

samples are presented in Tables 34 through 37 .  The results of these 
analyses indicate that: 

The concentrations of most of the inorganic and radionuclide 
analytes were significantly increased in the Cahn pond water 
compared to their respective concentrations in the produced water 
feed. This suggests that either significant evaporation from the 
Cahn pond occurred during the months of February and March or that 
produced water from other than coal bed methane wells was fed 
directly into the Cahn pond rather than through the feed system 
(Tables 34 and 3 5 ) .  
Volatile organic analyses detected acetone in both the produced 
water feed and the Cahn pond. However, acetone was also detected 
in the analytical blank and the presence of acetone is attributed 
to laboratory contamination (Table 3 6 ) .  
No semi-volatile organics above the EPA EQL were detected in either 
the produced water feed or the Cahn pond water (Table 3 7 ) .  
Phthalates were detected in the Calm pond water, but were not 
detected in the produced water feed. However, phthalates were 
detected in the analytical blank. Phthalates are comon 
contaminants from plastic and could have been introduced from the 
pond liner, process piping, or composite storage drums (Table 3 7 ) .  



Table 34. Results of Inorganic Analyses of Feed Water and 
Cahn Pond Water Samples taken 3/18/96 

Feed Cahn 
Water Pond 
(mg/l) (mg/l) 

Alkalinity (CaC03 1 
Alkalinity (C03 
Alkalinity (HC03 1 
Alkalinity (OH) 
Aluminum (All 
Ammonia (MI3) 
Antimony (Sb) 
Arsenic (As) 
Barium (Ba) 
Beryllium (Be) 
Boron (B) 
Bromide (Br) 
Cadmium (Cd) 
Calcium (Ca) 
Chemical Oxygen Demand 
Chloride (C1) 
Chromium (Cr) 
Cobalt (Co 1 
Copper (Cu) 
Cyanide (CN-) 
Electrical Conductivity 
Fluoride (F) 
Hardness 
Hydrogen Sulfide (H2S 1 
Iodide 
Iron (Fe) 
Lead (Pb) 
Lithium (Li) 
Magnesium (Mg) 
Manganese (Mn) 
Mercury (Hg) 
Nickel (Nil 
Nitrate (NO3 1 
Nitrite (NO2 
Oil and Grease 
PH 
Phenols 
Phosphate 
Potassium (K) 
Selenium (Se) 
Silicon (Si) ’ 
Silver (Ag) 

7170 
0 

8750 
0 

< 1  
10.4 

<o. 01 
<O .05 
17.1 

<O. 05 
3.7 
10.7 

<o .Ol 
13.2 
82 

1470 
<O. 05 
<o. 01 
<0.1 
0 -40 
13800 
11.5 
96 

< 1  
< 5  
0 -98 

<o .01 
1.9 
16.0 

<o -01 
<o. 0001 

<0.1 
< 1  
< 1  
34.3 
8.23 

<o. 01 
< 5  
22.7 

<o .Ol 
10 -20 
<o -01 
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15100 
3300 
11700 

0 
< 1  
0.25 

<o. 01 
<O. 05 
4.8 

<O. 05 
18.4 
32.5 

<o. 01 
9.7 
696 
6270 

<O. 05 
<o. 01 
<0.1 
0.92 
32200 
3.8 
144 
< 1  
< 5  
0.60 

<o. 01 
4.5 
30.4 

<o. 01 
<o. 0001 

<0.1 
< 1  
< 1  
21.4 
9.28 

’ <0.01 
< 5  
343 

<o. 01 
9-90 

<o. 01 



Table 34, Results of Inorganic Analyses of Feed Water and 
Cahn Pond Water Samples taken 3/18/96 

(Continued) 

Feed Cahn 
Water Pond 
(mg/l) (mg/l) 

Sodium (Na) 
Sodium Adsorption Ratio 
Strontium (Sr) 
Sulfate (SO4) 
Total Carbon 
Total Dissolved Solids 
Total Inorganic Carbon 
Total Kjedahl Nitrogen 
Total Organic Carbon 
Total Suspended Solids 
Vanadium (V) 
Zinc (zn) 

3950 
1 7  5 
8.8 
< 1  

1860 
10500 

1860 
9.02 
< l o o  

1 0  
<0.1 

<O. 05 

10700 
3 87 
7.8 
549 

3260 
26400 

3030 
1.20 

230 
20  

<0.1 
<O. 05 

Table 35, Results of Radionuclide Analyses of Feed Water 
and Cahn Pond Water Samples taken on 3/18/96 

Feed Cahn 
Water Pond 

(pCi/l) (pCi /1) 

Germanium (mg/l) 0.08 
Gross Alpha DNQ 
Gross Beta DNQ 
Ra 226 3.5 (+/-l. 9 )  
Ra 228 DNQ 
Total Radiostrontium DNQ 
Uranium DNQ 
Uranium (mg/l) DNQ 

DNQ: Indicates parameter was detected, but not quantifiable. 
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Table 36. Results of Volatile Organic Analyses of Feed 
Water and Cahn Pond Water Samples taken on 
3 /18/96 

Feed Cahn 
Water Pond 

( j L L g / l )  (pg/l) 

Chloromethane 
Bromomethane 
Vinyl Chloride 
Chloroethane 
Methylene Chloride 
Acetone 
Carbon Disulfide 
1,l-Dichloroethene 
1,l-Dichloroethane 
Trans-lt2-Dich1oroethene 
Cis-1,2-Dichloroethene 
Chloroform 
1,2-Dichloroethane 
2-Butanone 
l,l,l-Trichloroethane 
Carbon Tetrachloride 
Bromodichloromethane 
Vinyl Acetate 
1,2-Dichloropropane 
Trans-1,3-Dichloropropene 
Trichloroethene 
1,1,2-Trichloroethane 
Benzene 
Dibromochloromethane 
Cis-1,3-Dichloropropene 
2-Chloroethylvinyl Ether 
Bromoform 
4 -Met hy 1 - 2 - Pent anone 
2 -Hexanone 
1,1,2,2-Tetrachloroethane 
Tetrachloroethene 
Toluene 
Chlorobenzene 
Ethyl Benzene 
Styrene 
Total Xylenes 
Trichlorofluoromethane 

U 
U 
U 
U 
U 
B 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
NQ 
U 
U 
U 
U 
NQ 
U 
U 
U 
NQ 
U 
U 
U 
NQ 
U 

U 
U 
U 
U 
U 
NQ B 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
NQ 
U 
U 
U 
U 
U 
U 
U 
U 
NQ 
U 
NQ 
U 
8 
U 

U: Compound not detected above the reporting limits. 
NQ: Not quantifiable indicates that the compound is detected, 

B: Compound found in blank and sample. 
but is below the EPA Estimated Quantitation Limits. 



Table 37. Results of Semi-volatile Analyses of Feed Water 
and C a h n  Pond Water Samgles taken on 3/18/96 

Feed Cahn 
Water Pond 

(pLg/l) (pLg/l) 
a 

Base/Neutrals: 
bis(2-Chloroethy1)Ether 
1,3-Dichlorobenzene 
1,4-Dichlorobenzene 
lt2-Dichlorobenzene 
bis(2-chloroisopropy1)Ether 
N-Nitroso-Di-n-Propylamine 
Hexachloroethane 
Nitrobenzene 
Isophorone 
bis (2-Chloroethoxy) Methane 
lt2,4-Trichlorobenzene 
Naphtha 1 ene 
4-Chloroaniline 
Hexachlorobutadiene 
2 -Met hy hap ht a1 ene 
Hexachlorocyclopentadiene 
2 -Chlor onapht halene 
2-Nitroaniline 
Dimet hy lpht hala te 
2,6-Dinitrotoluene 
Acenaphthylene 
3-Nitroaniline 
Acenaphthene 
Dibenzofuran 
2,4-Dinitrotoluene 
Diethylphthalate 
4-Chlorophenyl-phenyl ether 
Fluorene 
4-Nitroaniline 
N-Nitrosodiphenylamine 
4-Bromophenyl-phenylether 
Hexachlorobenzene 
Phenanthrene 
Anthracene 
Di-n-Butylphthalate 
Fluoranthene 
Pyrene 
Butylbenzylphthalate 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
NQ 
U 
U 
U 
U 
NQ 
U 
U 
U 
U 
NQ 
U 
U 
U 
U 
U 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
NQ 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

IT 

U: Compound not detected above the reporting limits- 
NQ: Not quantifiable indicates that the compound is detected, 

but is below the EPA Estimated Quantitation Limits. 
B: Compound found in blank and sample. 
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Table 37. Results of Semi-volatile Analyses of Feed Water 
and Cahn Pond Water Samples taken on 3/18/96 

( Con t hued ) 

Feed C a h n  
Water Pond 
(ps/l) (pLg/l) 

Base/Neutrals: 
3,3'-Dichlorobenzidine U 
Benzo (a ) Anthracene U 
bis (2-Ethylhexyl) Phthalate U 
Chrysene U 
Di-n-Octyl Phthalate U 
Benzo (b) Fluoranthene U 
Benzo(k)Fluoranthene U 
Benzo (a Pyrene U 
Ideno (1 , 2 , 3-cd) Pyrene U 
Dibenz (a , h) Anthracene U 
Benzo(g,h,i)Perylene U 

U 
U 
NQ 
U 
U 
U 
U 
U 
U 
U 
U 

Acids : 
Phenol 
2 -Chlorophenol 
Benzylalcohol 
2 -Methylphenol 
4-Methylphenol 
2 -Nit rophenol 
2,4-Dimethylphenol 
Benzoic Acid 
2,4-Dichlorophenol 
4-Chloro-3-Methylphenol 
2,4,6-Tricholorophenol 
2,4-Dinitrophenol 
4-Nitrophenol 
4,6-Dinitro-2-Methylphenol 
Pentachlorophenol 
2,4,5-Trichlorophenol 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U 
U 
NQ 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U: Compound not detected above the reporting limits. 
NQ: Not quantifiable indicates that the compound is detected, 

but is below the EPA Estimated Quantitation Limits. 
B: Compound found in blank and sample. 
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The results of analyses of the composite solid sample produced from 
the on-site gravimetric analyses are presented in Tables 38, 39, and 40. 
The results of chemical analyses of the solid produced indicate: 

These solids appear potentially suitable as a source for a low- 
grade industrial sodium carbonate/bicarbonate liquor. The 
significant concentration of chloride in these solids would make 
the economic production of a high grade sodium 
carbonate/bicarbonate solid or liquor difficult (Table 38). 
No radionuclides were detected in the solids in quantifiable 
concentrations given the detection limits of the analyses and 
laboratory precision (Table 39). 
No semi-volatile organics were detected in the Cahn solids except 
for phthalate. Again, contamination by phthalates is often 
associated with plastics and their presence .is probably from 
external sources (Table 40). 
The powdered solids were also subjected to X-ray diffraction (XRD) 

The results of the 

The C a b  pond solids are primarily composed of sodium carbonate 
(>80%) (thermonatrite and natrite). However, significant sodium 
chloride (natrite) is also present along with a nominal composition 
of potassium chloride (sylvite). 
Finding a market for the brine produced by the FTE process is of 

significant economic importance to the cost of operating a commercial- 
scale FTE operation. One potential market for the brine may be power 
plant operators. Sodium carbonate solutions have been shown to increase 
the effectiveness of SO2 removal and opacity control in power plant SO2 

scrubbers. Consequently, this option could decrease or eliminate the 
need to pay for brine disposal. Therefore, the beneficial use of the 
brine will be investigated in FTE research to be conducted next year. 

analyses to identify the major mineralogical phases. 
X-ray powder diffraction analyses indicate that: 

3.3.2 Subtask 3.2: Evaluation of Field Demonstration 
Operating Data 

In this subtask, operating data collected from the FTE 
demonstration are analyzed along with the results of the sample analyses 
discussed in the previous section. The following sections provide 
details regarding the results of these analyses. 
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T a b l e  38.  Results of Inorganic Analyses of Solids 

Aluminum (Al) 
Ammonia (NH3) 
Antimony (Sb) 
Arsenic (As) 
Barium (Ba) 
Beryllium (Be) 
Boron (B) 
Bromide (Br) 
Cadmium (Cd) 
Calcium (Ca) 
Chemical Oxygen Demand 
Chloride (C1) 
Chromium (Cr) 
Cobalt (Co) 
Copper (Cu) 
Cyanide (CN-) 
Fluoride (F) 
Hydrogen Sulfide (H,S 1 
Iodide 
Iron (Fe) I 

Lead (Pb) 
Lithium (Li) 
Magnesium (Mg) 
Manganese (Mn) 
Mercury (Hg) 
Nickel (Ni) 
Nitrate (NO3 1 
Nitrite (NOz 
Oil and Grease 
Phenols 
Phosphate 
Potassium (K) 
Selenium (Se) 
Silicon (Si) 
S i lver ( Ag ) 
Sodium (Na) 
Strontium (Sr 
Sulfate (SO, ) 
Total Carbon 
Total Inorganic Carbon 
Total Kjedahl Nitrogen 
Total Organic Carbon 
Vanadium (V) 
Zinc (Zn) 

<7 0 
38.2 
< 1  

0.54 
647 

<0.5 
62 8 
610 

<O .03 
317 

19400 
212000 

0.13 
< 5  

< 1 0  
30 

13 0 
< 1  

< 80 
92 

<0.2 
1 5  0 
927 
3.8 

<o. 0 1  
< 7  

< 250 
< 250 

22 0 
1.1 

< 250 
12200 
< 4  

< 1 0  
<O .03 

355000 
206.0 
13800 

5.96 % 
5.29 % 

180 
6700 
< 4  
8.0 
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Table 39. Results of Radionuclide Analyses of Solids 

Solids 
( pCi / g 1 

Germanium (mg/l) 
Gross Alpha 
Gross Beta 
Ra 226 
Ra 228 
Total Radiostrontium 
Uranium 

DNQ: Parameter detected but is below analytical detection limit 
and is not quantifiable. 

Table 40. Results Semi-Volatile Organic Analyses of 
Solids 

Solids 
(pg/kg) 

Base/Neutrals: 
bis (2-Chloroethyl) Ether 
1,3-Dichlorobenzene 
1,4-Dichlorobenzene 
1,2-Dichlorobenzene 
bis (2-chloroisopropyl) Ether 
N-Nitroso-Di-n-Propylamine 
Hexachloroethane 
Nitrobenzene 
Isophorone 
bis (2-Chloroethoxy) Methane 
1,2,4-Trichlorobenzene 
Naphthalene 
4-Chloroaniline 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U: Compound not detected above the reporting limits. 
NQ: Not quantifiable indicates that the compound is detected, 

B: Compound found in blank and sample. 
but is below the EPA Estimated Quantitation Limits. 
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Table 40. Results Semi-Volatile Organic Analyses of 
Solids 

(Continued) 

Sol ids  
(pLg/kg) 

Base/Neutrals: 
Hexachlorobutadiene 
2-Methylnaphtalene 
Hexachlorocyclopentadiene 
2-Chloronaphthalene 
2-Nitroaniline 
Dimethylphthalate 
2,6-Dinitrotoluene 
Acenaphthylene 
3 -Nitroaniline 
Acenaphthene 
Dibenzofuran 
2,4-Dinitrotoluene 
Diethylphthalate 
4-Chlorophenyl-phenyl ether 
Fluorene 
4-Nitroaniline 
N-Nitrosodiphenylamine 
4-Bromophenyl-phenylether 
Hexachlorobenzene 
Phenanthrene 
Anthracene 
D i -n- Buty lpht ha la t e 
Fluoranthene 
Pyrene 
Butylbenzylphthalate 
3,3'-Dichlorobenzidine 
Benzo (a) Anthracene 
bis (2-Ethylhexyl) Phthalate 
Chrysene 
Di-n-Octyl Phthalate 
Benzo (b) Fluoranthene 
Benzo (k) Fluoranthene 
Benzo (a) Pyrene 
Ideno (1 ,2 , 3-cd) Pyrene 
Dibenz (a, h) Anthracene 
Benzo (9, h, i 1 Perylene 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
NQ 
U 
U 
U 
U 
U 
U 
U 
U 

U: Compound not detected above the reporting limits. 
NQ: Not quantifiable indicates that the compound is detected, 

B: 
but is below the EPA Estimated Quantitation Limits. 
Compound found in blank and sample. 
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Table 40. Results Semi-Volatile Organic Analyses of 
Solids 

(Continued) 

Acids : 
Phenol 
2 -Chlorophenol 
Ben zy la 1 c ohol 
2 -Methylphenol 
4 -Met hy lphenol 
2-Nitrophenol 
2,d-Dimethylphenol 
Benzoic Acid 
2,4-Dichlorophenol 
4-Chloro-3-Methylphenol 
2,4,6-Tricholorophenol 
2,4-Dinitrophenol 
4-Nitrophenol 
4,6-Dinitro-2-Methylphenol 
Pentachlorophenol 
2,4,5-Trichlorophenol 

U 
U 
U 
U 
U 
U 
u a  
U 
U 
U 
U 
U 
U 
U 
U 
U 

U: Compound not detected above the reporting limits. 
NQ: Not quantifiable indicates that the compound is detected, 

B: 
but is below the EPA Estimated Quantitation Limits. 
Compound found in blank and sample. 

Juan 

3.3.2.1 Ambient Temperatures during the Demonstration 
The winter of 1995-96 was one of the warmest winters in the San 
Basin in the past 25 years. Historical temperature data for 

Farmdgton, New Mexico reveals that every month from November 1995 
through, March 1996 were much warmer than typical. Figure 35 illustrates 
the hourly average temperatures at the FTE demonstration site and the 
twenty year monthly average high and low temperatures at Farmington, NM. 

Table 41 provides.the 20 year average winter high and low temperatures 
for the time period from 1968 through 1988, and also the average high and 
low temperatures for the winter of 1995-1996 for Farmington, NM. 

The warm temperatures occurring in November and early December did 
not impact the FTE demonstration because modifications to the plant were 
being conducted during this time period. The warm temperatures occurring 
from December 9 through December 21, 1995 did limit operation of the 
demonstration significantly (Table 41 and Figure 35). 
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Table 41. Average Winter Temperature Data for 
Farmington, NM 

Month 20 Year Averagea 
High Low 

19 95 -199 6b 
High Low 

November 52 29 59 29 

December 43 20 47 23 

January 40 18 45 19 

February 47 23 54 28 

March 55 28 58 29 

a Gregory et al. 1989. 
E.J. Gregory, personal communication, 1996. 

Even though January 1996 was warmer than usual, temperatures were 
sufficiently cold to allow for operation of the demonstration during most 
of the month and a significant ice pile was created. In fact, the FTE 
demonstration was operated thirty of the thirty-one days in January 1996. 
Although, on three of these days temperatures were such that the 
demonstration plant could only be operated for a few hours (Table 41 and 
Figure 35). 

February, however exhibited much warmer average high and low 
temperatures than typical. In fact, the average low that occurred in 
February 1996 was the warmest February average low temperature recorded 
in the 20 years of data reviewed (1968-1988) and had only occurred two 
other times; in 1976 and in 1980. The unusually warm temperatures in 
February severely impacted the operation of the FTE process demonstration 
which was able to operate only sixteen of the twenty-nine days. Eight 
of these days that the demonstration was operated were after the ice pile 
had completely melted, and operation of the demonstration was only for 
a few hours at a time on most of the other eight days of operation. The 
effect on the demonstration was a complete loss of the large ice pile 
created in January and dilution of the brine that was not transferred in 
January. Attempts to re-establish the ice pile in the later portion of 
February and the first week in March were unsuccessful because the water 
in the Cahn pond water had warmed to almost 50°F during the warm period. 
Reasonable amounts of ice were created on several evenings of operation 
but this ice was lost during the day (Table 41 and Figure 35). 
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3.3.2.2 FTE Demonstration Plant Performance 
As discussed in previous sections, the modifications of the FTE 

demonstration plant design coupled with the unusually warm February at 
the site prevented the harvest of treated water from the ice melt. 
However, the operating data collected and the results of analyses of the 
2/1/96 sampling can be used to determine how the demonstration would have 
performed, if the capability had existed to pump all the brine from the 
Cahn pond during the bperation. At the time of sampling, 10,038 bbl of 
produced water had been fed to the Cahn pond. Three days prior (1/29/96) 
to the sampling the decision was made to transfer brine to the Schneider 
pond because of the high TDS concentration of the unfrozen water in the 
Cahn pond. The brine transferred had a TDS concentration of 56,900 ppm. 
However, it was not possible to transfer a substantial portion of this 
brine to the Schneider pond because the feed tanks were full and the 
brine had to be transferred using the Cahn pond transfer pump. This pump 
is designed for low-head applications and the pressure drop in the 2500 
ft line from the Cahn pond to the Schneider pond plus the 20 to 30 foot 
elevation increase resulted in the ability to pump only at a 20 gpm rate. 
For these reasons, it was possible to transfer only 341 bbl of the 
approximately 2000 bbl of brine in the pond at that time, making it 
impossible to harvest the ice melt- Since February 1996 was the wannest 
February recorded since 1968, it was not possible to re-concentrate the 
water in the Cahn pond. 

However, a TDS balance for the time period of 12/9/95 to 2/1/96 
allows the demonstration performance to be estimated with reasonable 
accuracy. The assumption that evaporation occurring during this time 
period was negligible is required. This assumption is reasonable since 
the pond was covered with ice during most of that time period. The 
results of the TDS balance examination indicate that approximately 8100 
bbl of treated water could have been produced from the ice melt and 1900 
bbl of brine would have required disposal. The reduction in the required 
disposal volume is 81% and a treated water to brine yield is 
approximately 4-to-1. This yield is more favorable than that obtained 
in Simulation # 3-1 because half of the produced water feed in the 
simulation was evaporatedprior to freezing. Interestingly, the disposal 
volume reduction achieved in the demonstration is similar to the 

The reduction in the simulation: 81% versus 78%, respectively. 
controlling factors in the FTE effectiveness and economics are the 
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contaminant concentration and volume of brine removed. The greater the 
mass of contaminants in the brine and the higher the contaminant 
concentration of the brine removed during freezing and the initial ice 
melt, the greater the reduction in disposal volume and hence, the more 
economic the process. The chemistry of the brine controls 4 the 
contaminant concentration at saturation and it is probably the second 
most important factor in the economics of the FTE process (Table 42). 

T a b l e  42. FTE Demonstration TDS Balance Results Summary 

Produced Water Brine Ice 
Feed 

TDS, ppm 11 , 600 56,900 940 

Volume, bbl 10 , 038 . 1,912 8,126 

It is also worth mentioning again in this section that, based upon 
the detailed chemical analyses of the ice, the ice melt is suitable for 
beneficial use in this arid region. Realizing that the modifications 
required to operate the FTE demonstration during the winter of 1995-96 
negated most of the advantages of the FTE process over the historical 
natural freeze-crystallization process, and that the exceptionally warm 
winter compounded the operating difficulties, the organizations funding 
the demonstration were encouraged by these limited results and have 
agreed to fund another year of FTE demonstration plant operation. In 
addition, a new, more economic, and environmentally safe evaporation pond 
design will also be tested this year. This design will significantly 
reduce the initial capital requirements necessary to conduct the FTE 
process. In summary, the FTE demonstration was a limited success. 

3.3.2.3 Economic Evaluation of the FTE Demonstration 
The FTE model developed in Task 1 was used to estimate the 

commercial-scale economics of an FTE plant treating coal bed methane 
waters in the San Juan Basin of New Mexico. Two operating scenarios were 
considered in this re-evaluation of FTE economics. The first scenario 
considered was of an operation similar to the base case but treating coal 
bed methane produced water in Northwestern New Mexico and achieving 
treated water and brine TDS concentrations similar to those indicated in 
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the 2/1/96 demonstration sampling. This scenario is for comparison to 
other economic data in this report. The second scenario considers the 
economics of modifying the existing Cahn/Schneider evaporation facility 
to utilize the FTE process to treat coal bed methane water at the maximum 
capacity of the facility based upon the sizes of the existing ponds. 

The results of the first scenario are summarized in Table 43. The 
cost of treated water produced is $0.24/bbl which is the same price same 
as determined from the economic analysis of Laboratory-scale Simulation 
d 3-1 which tested coal bed methane produced water under climatic. 
conditions similar to northwestern New Mexico. The cost of water 
disposed of by treatment or evaporation is $0.16/bbl. This reduction is 
due to the significant evaporation rates in the region (Table 43). 

Table 43. Economic and Design Summary for a Commercial- 
Scale FTE Plant Operating in the San Juan Basin 
of New Mexico - based on Demonstration Plant 
Performance and Base Case Design Parameters 

Plant Performance : bbl /day bbl /yr 
Produced Water Feed Rate 1000 365000 
Avg. Treated Water Discharge Rate 53 9 196797 
Avg. Net Evaporation Rate 266 97043 
Avg. Brine Production Rate 195 71160 

Produced Water Holding Pond 1.3 acres - 20 ft deep 
Freezing Pad 1.0 acres - 4 ft deep 
Transfer/Circulation Pump 247 g-pm - 15 HP 
Freezing Pad Piping 2" dia 
Other Piping 5" dia 

Total Installed Capital Cost 
Required Annual Revenues 
(including return on capital) 

$153 , 759 

$ 47,553 

Water Treatment Cost: 
Cost/bbl of treated water produced $ 0.24/bbl 
Cost/bbl of produced water disposed of $ 0.16/bbl 

The results of the second scenario considers the economics of 
modifying the existing Cahn/Schneider evaporation facility to treat coal 
bed methane water at the maximum capacity of the facility based upon the 
sizes of the existing pits (Table,44). The water treatment cost for this 
case is $0.22/bbl. The reduction in the treatment cost is due to the 
savings that result from not having to construct a produced water holding 
pond or freezing pad. This saving is not as great as one would expect, 
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Table 44. Economic and Design Summary fo r  a Commercial- 
Scale FTE Plant Operating at the Cahn/Schneider 
Evaporation Facility in New Mexico - 
based on Demonstration Plant Performance 

Plant Performance : bbl /day bbl /yr 
Produced Water Feed Rate 1000 365000 
Avg. Treated Water Discharge Rate 291 106256 
Avg. Net Evaporation Rate 510 186088 
Avg. Brine Production Rate 19 9 72656 

Produced Water Holding Pond 2.0 acres - 4 ft deep 
Freezing Pad 0.6 acres - 4 ft deep 
Transfer/Circulation Pump 165 gpm - 10 HP 
Freezing Pad Piping 2" dia 
Other Piping 4 "  dia 

Total Installed Capital Cost 
Required Annual Revenues 
(including return-on capital) 

$ 70,077 

$ 23,098 

Water Treatment Cost: 
Cost/bbl of treated water produced $ 0.22/bbl 
Cost/bbl of produced water disposed of $ O.O8/bbl 

when considering only the cost per barrel of treated water. This is 
because evaporation is approximately twice the rate as in the base 
case scenario which has a smaller and deeper pond. Therefore, the 
quantity of the treated water produced is approximately half that of 
the base case scenario. However, when evaporation is considered, the 
cost of water disposed of by treatment or evaporation is reduced to 
$0.08/bbl. This reduction is primarily due to the significant 
evaporation rates in the region and the design of the Schneider pond 
which is shallow and has a large surface area which facilitates 
evaporation. Interestingly, the Schneider pond is properly sized to 
be the produced water holding pond for a 1,000 bbl/day facility and 
the Cahn pond is oversized by approximately 60% (Table 4 4 ) .  

The economic analyses of the FTE process continues to indicate 
favorable commercial-scale economics. However, personal 
communication with oil and gas industry personnel suggest that the 
cost of transportation of produced water to the FTE facility continues 
to be very expensive and would limit the use of the Cahn/Schneider 
facility to a reduced capacity. As a part of next year's FTE 
demonstration project research, the feasibility of one operator 
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running multiple smaller FTE facilities at the wellhead is to be 
investigated in depth. If feasible, the FTE process could be utilized 
in the San Juan Basin to completely eliminate or dramatically reduce 
produced water transportation costs which are currently greater than 
the disposal cost in this and many other areas. 

3.3.2.4 Evaluation of TDS Concentration, Ec Readings, 
and Laboratory Results 

A s  previously discussed, modifications to the ASTM 2540 procedure 
were necessary in order for an operator to conduct on-site gravimetric 
TDS analyses while operating the demonstration plant. When possible, the 
results of the on-site gravimetric TDS analyses were compared to 
analytical laboratory gravimetric TDS results to qualify the accuracy of 
the on-site procedure. Two differing ice samples, brine samples, and 
recycle water samples and two similar feed water samples were compared. 
Figure 36 illustrates the results of this comparison. 

A linear regression analysis of these data yields an r2 of 0.99 and 
a slope of 0.97 which statistically supports the validity of the on-site 
gravimetric TDS method used. 
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Figure 36. Analytical Laboratory versus On-site Gravimetric 
TDS Results 
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In addition to the on-site, gravimetric TDS analyses, Ec 
measurements of process streams were taken regularly by FTE demonstration 
operators. The results of the on-site gravimetric TDS analyses and the 
Ec readings were compared to determine the correlation between the two 
parameters. Figure 37 illustrates the results of this comparison. 

A linear regression analysis of these data yielded an r2 of 0.98 
and a slope of 0.919. Development of this correlation was necessary to 
quickly and qualitatively estimate TDS concentrations from Ec 
measurements because the relationship of TDS concentration to Ec differs 
with each differing water chemistry. Rapid and economic estimation of 
TDS in the process streams is. needed to properly and economically 
evaluate the FTE facility operation. The time and cost savings to an 
operating FTE facility represented by the use of these data or similar 
is significant. Similar data should be generated at each operating FTE 
facility to determine this relationship for the specific chemistry of the 
water being treated at the facility. 
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Figure 37. On-site Gravimetric TDS Results versus Electrical 
Conductivity Measurements 
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Summary of Achievements 
The project achievements are as follows: 
Related literature has been reviewed. The results of previous 
research indicates the process is applicable to the removal of the 
types of constituents typically associated with produced waters. 
Process constraints related to saturation of constituents 
solubility in the waters treated may limit the produced waters to 
which the process is applicable. 
Meteorological data for locations depicting mild, moderate, and 
severe conditions for application of the process in states with 
significant oil and gas production and climates suitable for the 
FTE process have been compiled and reduced to monthly averages. 
Evaluation of environmental regulatory requirements for large-scale 
process application and an evaluation of process and environmental 
constraints were completed. 
The conceptual process design was completed. 
The preliminary economic feasibility and sensitivity analyses were 
completed. 
The Task 1 objectives to develop an economic model and determine 
the commercial viability, economically significant parameters, and 
research issues of the FTE process have been achieved. 
All specific objectives for Subtasks 1.1 through 1.5 have been 
successfully achieved with one.exception: a literature survey to 
provide data depicting the behavior of organics and heavy metals 
in a natural freezing water purification process was not possible. 
The natural freezing process data located related only to salts. 
However, data in the literature related to artificial freezing 
processes confirm that organic and heavy metal coxtgounds can be 
successfully and efficiently removed from contaminated water by 
freezing processes. 
A laboratory-scale FTE process simulator was designed and 
constructed. 
Twenty-one laboratory-scale FTEprocess simulations were completed. 
Nine process simulations were conducted to determine the optimum 
design of the freezing pad and holding pond required for the FTE 
process (Series 1). Twelve additional simulations were conducted 
to determine the impact of climate and produced water quality on 
the effectiveness of the FTE process (Series 2, 3 ,  4 ,  and 5). 
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Three different produced waters were tested in each series. 
Produced waters tested were from an oil and gas producing well, a 
natural gas producing well, and a coal bed methane well. 
Atmospheric conditions simulatedwere northeastern Colorado (Series 
2 ) ,  northwestern New Mexico (Series f 3 )  and central Wyoming (Series 
4 and 5 ) .  
Detailed chemical analyses (Table 2)  were conducted on experimental 
products from Simulation Series 5. The treated waters generated 
in Series 5 were all of a quality suitable for beneficial use 
without further treatment. With a minor polishing process, such 
as activated carbon filtration, all of the treated waters would be 
suitable for municipal use. Such polishing steps are economic due 
to the low concentrations of analytes in the treated waters. 
The data from Series 5 confirms the FTE process is capable of 
simultaneously removing dissolved solids, organics, and heavy 
metals (including NORM) from the produced waters. 
Task 2 results confirm the technical feasibility of the FTE process 
and confirm Task 1 economic results. 
An FTE field demonstration was conducted at an operating produced 
water disposal facility in the San Juan Basin of New Mexico during 
the winter of 1995-96. 
In spite of the elemental TDS concentration of water in the 
produced water holding pond that necessitated undesired 
modifications to the demonstration plant design, and in spite of 
one of the warmest winters on record in the area of the 
demonstration, an ice pile containing approximately 8100 bbl of 
purified produced water was created. 
Detailed chemical analyses (Table 2 1 were conducted on experimental 
products from the FTE demonstration plant and confirm that the ice 
produced by the process would be suitable for beneficialuses. In 
addition, based upon organic data only, the ice produced would be 
suitable for domestic uses. 
The data from the demonstration plant process streams confirms the 
FTE process is capable of simultaneously removing dissolved solids, 
organics, and heavy metals (including NORM) from produced waters. 
The data from solids produced fromthe demonstration plant indicate 
that sediment remaining after evaporation may have commercial 
economic value. 
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A modified technique for TDS determination was shown to be reliable 
under field conditions and Ec measurements were strongly correlated 
to the results of the TDS determinations. This provided a quick 
and inexpensive qualitative means for evaluating plant operations. 
The results of the FTE demonstration during the winter of 1995-96 
were encouraging enough for the sponsors of the demonstration to 
agree to support continuation of the demonstration through 1997. 

3.5 Technical Problems Encountered 
The following technical problems were encountered during this 

Multiple power outages induced by lightning during operation of the 
simulator. 
One failure of the refrigeration unit during the simulator 
operation. 
Introduction of organic compounds from external sources duringthe 
simulator operation and during the analyses of experimental 
products from the simulations and the demonstration. 
Cross-contamination by organic compounds during the simulations. 
Significant microbiological activity during the simulations. 
Precipitation of insoluble materials or slightly soluble materials 
during the simulations adversely affectedmaterial balance closures 
for certain chemical species. 
Precipitated salts from produced waters previously stored in the 
FTE demonstration's produced water holding pond made it unusable 
and severely limited the operation of the demonstration. 
One of the warmest winters on record in the San Juan Basin of New 
Mexico coupled with contamination of the produced water holding 
pond made it impossible to collect the clean ice melt. 
The transfer pump at the Cahn pond was inadequately sized for the 
transfer of brine to the Schneider pond. 
Limited levels of organic compounds (predominantly solvents and 
plasticisers) were detected on some demonstration samples. Their 
introduction probably occurred during sampling or sample analyses. 
One break in at the demonstration site. 
Unauthorized introduction of fluids in the Cahn pond prior to the 
demonstration and suspected introduction near the end of the 
demonstration. 

research project: 
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4.0 Sununary 

The following conclusions, regarding the technical and economic 
feasibility of the FTE process are drawn based upon the results of the 
research conducted: 

The FTE process is capable of economically providing significant 
quantities of water of a quality suitable for beneficial use from 
oil and gas produced waters. Treated waters with TDS 
concentrations in the range of 200 to 1500 mg/l can be readily 
produced using the FTE process. Results of sample analyses 
indicate that organics and metals are also significantly removed. 
This research and previous research confirm the FTE process is 
commercially feasible in the Rocky Mountain and Great Plains 
Regions treating 500 bbl/day or more of produced water. For a 
1,000 bbl/day produced water treatment facility operating in these 
regions, the cost for produced water treatment/disposal is 
approximately $0,25/bbl. 
This research andprevious research confirms freeze-crystallization 
is effective in removing a wide variety of constituents from water. 
This process is capable of simultaneously removing salts, organics, 
and heavy metals (including NORM) from produced waters. 
Regulatory and permitting requirements for an FTE facility are 
similar to those of conventional evaporative disposal methods for 
produced waters. Two benefits of the FTE process that make it more 
environmentally acceptable are: 1) the treated water may be 
beneficially used and 2 )  the volume of brine disposal is small 
compared to disposal of the produced water by conventional methods. 
The sensitivity of base case water treatment'costs to the economic 
parameters investigated does not impact the commercial feasibility 
of the FTE process. 
The FTE process is applicable, in regions where sub-freezing 
temperatures seasonally occur, to treat most waste waters 
containing mixtures of salts, organics, and/or heavy metals in 
concentrations below eutectic compositions. Potential applications 
of the process are: oil and gas produced waters, drilling fluids, 
refinery and gas treatment plant waste waters, groundwater 
decontamination, groundwater desalinization, industrial waste 
waters, municipal waste waters, and contaminated waters associated 
with defense plants. 
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An on-site field demonstration of the FTE process was completed in 
the San Juan Basin of New Mexico treating produced water from 
numerous coal bed methane wells. 
In closing, commercial impact from this project research is 

expected in 1997 as a result of the continuing demonstration project. 
The potential impact of this research is: 

Increased production from depleted and/or marginally economic oil 

Reduced operating expenses for reserves that 'are currently 
and gas reserves. 

economic. 
Development of new coal bed methane reserves'. 
Reduced costs for groundwater cleanup by pump and treat. 
Reduced costs for treatment of industrial waste waters. 
Increased municipal and agricultural development in the arid 

Reduced costs for decommissioning defense plants and bases. 
western United States. 
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5 . 0  Recommendations 
The results of this research confirm the FTE process has very 

significant commercial economic potential and is technically feasible. 
Research related to the development of the process should continue to 
investigate the FTE process in the vast number of potential 
applications identified. Field demonstration of the FTE process in a 
variety of differing climates treating a variety of contaminated 
waters with differing chemistry should be conducted as soon as 
possible to better understand the technical aspects of the process and 
to confirm the numerous potential applications of the process to 
provide water for beneficial uses. 
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THE PROCESS MODEL 



THE PROCESS MODEL 

The process model source code for the main program and its subroutines 
are described in detail in the ten flow charts contained in this Appendix. 
Model calculations, equations, nomenclature, and units for each parameter are 
described in these flow charts. 
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-n Progran F.FOR 

4 Subrauclne Prater 

I . .  

.. I 

I (SpicIfy br lne TDS ConCentraI Ian [ TOSb I In ppn( 

-Subroutine Ponddsn 
I 

p y i f y  roduced waIer ho ding pond de ign OPII n [IEvAPI [ e  ecr 191 convcnrlonal. 31 Solor.  or 5 1  d is t i l ?a t i on  I ~~ 

Specify che naxlnun water depth I n  pond l D n X l  in f t  
I 

lSpeclFy the Slope of the Pand s l d e i o l l  txtarli 

ISpeclfy the pond freeboord (FBI  I n  v e r t i c a l  f c  

5 eclF the nunber of feet of liner required ea construcr 1t6e DoXd bern and anchor trench t BERH I 

I 

Speclf the PAN caeFFicient l c o n v e n t l o n o l l  or  the rad, - 
cion a1(sorbtion caefflcienr Iso lo r  ar d i s r l l l o t i o n l  CE?F)) , 

design daro f i l s  (PONO.DSN1: 

Subroutlne Ponddsn IS 
used I a  SpeclFy the 
PrOduCed r o r e r  holding 
pond design c r i c e r i a  

Z g g t i z  :Z?SiAhtLCVi 
used In the facilir 
design ond evoluarixn 

Subrourine TDSpond is used to calculate the doll TDS 
pond i n l e t  and ourlet streams 
concencrations OF the produced r o I e r  holdlng pon); and Che 

fYbroutlne Pod 1s used 10 design the freezing pad For t h e  FTE 
OCI  I I cy 

F i g u r e  B-1. Program P.FOR (Main Program) 
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I 

Deternine the aveara e nunber OF hours/dav with sub-Freezing 
tenperatures For eacf! nonth OF the year (FZHR(M1: 

Do M = I t o  12 lncrenent = I 
I no 

11s T l m - 1  FZHR[MI-OJ 
Yes 

[.Do XHR = 0 to 24 increnent = 0.1 XHR = hour O F  the davl 
1 

[FZHRlMI = T I  = 01 

----[xHR = XHR + 0. I I 
I 

T(XHR1 = Tbar + 
(Thigh - TlowV2 x Sin(2 Pi x (XHR + 21/24 + Pi I 
T(XHR1 tenperature ar rine XHR - deg C 

no I I ,  
I 

Yes 
[Is XHR > o r =  24 

no 

+TI = T(XHR1) 

Vrlre ro atnospherlc dara File (ATM.DI I :  
a 1  M .  
b )  nunber OF days i n  the respective nonth [ D E I .  
cl P 
d i  E: 

g I FZHR: 1 e )  s 
F1 Tbar and 

Next M I 

~~ ~ ~~~ 

Figure B-2. Subroutine Location 
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Subr'out ine S t a r t  

S o r t  data in ornospheric dara File ATM Dl so that data begins w i t h  the 
first nonrh without sub Freezing tenpekarures: 

I 
I N  = 0 N = rhe nunber OF records in the scratch File1 

I 

I I 

N = N + I  

I no Vrire to ATM.SC: M. DE. P. E. S. Tbar. FZHR 
(ATM.SC = scratch File1 

Yes . I 
I 1 

Vrite to ATM.0: M. DE. P. E. S. Tbar. FZHR I [arn.d = Final atnospheric data File) 
I I 

I I 
no Read ATM.01: H. 

Reset atnospheric dota scrorch File (ATM.SC I 

C = 0 
I 

C = sub-freezing nonrh counter I 
+ c  = c + I I  

I 
Read ATM.SC: M. DE. P .  E. S. Tbar. FZHR 

I 

I I Vrire t: ATM.0: M. DE. P .  E. S. Tbar. FZHR 
(atn.d F i n a l  atnospheric data F I  le I 

Yes 

Delete atnospheric data scratch File (ATM.SC1 
1 

I 

Return 

Figure  B-3. Subroutine Start 
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Subroutlne Pondslze 

I 
Reod pond deslgn data Flle (POND.OSN1: 

a )  DflX 
bl X t o ? .  
c l  F g ; &I. and 

Read Faclllty speclflcatlon data FIle (0.11: 
a I WRATE. !/ :I$:;. and 

I 

Calculote dally volune OF produced water Feed CdVVl - cuFt: 
Begun calculations t o  derernlne the oprlnun slze and deslgn OF the produced water holdlng pond: 

Inltlallze: fllnlnun pond Ilner re ulred IPLMNl - sqFt 
Variable upper llnlr ?or pond base drcension optinizarion Iteration ( X C H G I  - Ft. 
Evopororlon pond base dlnenslon CX!l Ft 
teratlon lncrenent f o r  XB ( B D E L I  Ft and 

f n l r r a l  base d l n e n s ~ o n  ~terotlon Flag ( 1 1 5 1  
PLflN 100 000 000 
XCHG - lOO:OOO:OOO 
XB = 0 
BDELI- 1000 
11s 0 

dVW = VRATE x 4217.481 

1 

I 

I 
~~ 

Begln lterarlon t o  deternlne the optlnun pond base dlnenslon 

I 
Inltlallze: Iteration counter For paronerer A ( O C 1  

Radlarlon absorbtlon and precl ltlon d;alnage area ( A I  - s Ft 
Prevlous esrlnated radlatlon a&sor!tlan and preclplratlon 8rainage area ( A O L D I  - sqft. 
Convergence paraneter For A [ A l x l  sqft 
Flog For dally re-calculatlon uslng calcbloted optlnun pond deslgn (201. 

IEegin lreratlon t o  deternlne the rodiatlon absorbtion and precipitation drainage area 1 

I 
Read daily average neterologlcal data For each nonth OF the year 

Read atnospherlc data FIle ATM.0: MTH. DE. P. E. S. TBAR. FZHR 

I 
+Is no F Z H R q  yes 

Figure  B-4. Subroutine Pondsize 
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Colcu la te  the h o l d i n g  pond woter l eve l  For each doy OF the year 

D = day OF the nonth] -(Do 0 - 1 to DE tcrenent * I 
~~ ~~ 

LColculote dVT o f t e r  dVV i s  odded to t h e  pond: dVT dVT t dVV dVV = volune or 'produce 
I water fee re the 

1 

I C o l c u l o t e  woter l eve l  I n  the h o l d l n q  pond I holdlng-6ond each I doy - CUF: 

I 

Ccorrect  dVT For dVP ond dVf dVP * p r e c l p l t o t l o n  i n t o  t h e  pond eoch day - cuFt 
dVE = evoporor ion Fron the pond eoch day - cuFt 

t 
A - XB + 2 x X ~ O Y  x conx + FBI 

no 
rdVP PA2.54 x 121 x A I  

r 1 

8 DV - lfff x EV12.54 Y 121 DV - rhe worer depth In the pond - ft] 
I 

I 
XS - DV x XIOY 

I .. 
XS - h o r i z o n t a l  d inens ion  OF the  pond s i d e w a l l  - FtI 

I 
dVTl = dVT dVP dVTl - l n t e r n e d i o t e  pond r a r e r  volune used to detern lne  

dVE F o r  the convent lon ln  Bond design ond when 
the pond water volune I s  the dVE copoc l ry  

no . 
1 

dVT - dVT + dVP - dVE 

I 

ldVE - dVTl - IOU x XBc * 2 x XS x XB t 4/3 x XS'II 

I S X 3.687 x A I / (  1000 x 62.4 I 

~ C O l c u l o t e  pond worer level Ond net  chonge I n  pond volune IdVNETl 
I 

/Is dVT-1 no dVT * 0 DV - 0 

I [dVNET - dVV dVP - dVE dVNET = 
I 

Colcu lo te  cunu lor lve  pond lnpurs ond ou tpu ts  
I 

VCHK cnVT - dVT 
VCHK - c u n u l o t l v e  volune e r r o r  

I n  depth l i e r o t i o n  - 
CUFI 

, ~ ~~ 

e r o r i n g  doto F i l e  lPOND.DAY1 I f  XB IS opr inun 

r i t e  data T O  F i l e  POND.DAY: HTH D OW dVV. dVP dVE. d"T]  
cnVf. &VV: cnVP. cnqE. VCW 

I r  1 
Check new volunc t o  de tern ine  the noxlnun pond volune I 

I ooyflx = D l  I 

Figure B-4 .  Subroutine Pondsize (continued) 
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* 

I @ @ @ D e t e r . ' . .  the required pond s lze  and llner-Foi the assuned XB and A 

I 
V - VCHX V deslgn naxlnun volune aF the pond - cuFt 
VD - DVcnX VD - deslgn naxlnun water depth of the pond - Ft I 

I 
2 I f 2  

I S V  * ( ( V D  t FB? f ( V 0  t FBI x X t o Y l  I SV length O F  pond sldewnlls - Ft 
Aside = 4 x I S V  t BERM1 x XB Aside = surface area of the pond sidewalls - sqft 
A c o r n r  = 4 x I S V  4 BERH? Acornr * surface area OF the earners aF the pond - sqf: I 

. A b t t n  * XB' Abttn 1 surface are0 OF the base O F  the pond - sqft 
PL = Abttn Aslde Acornr PL * the pond ltner required - sqft 

I 

I 

I 

I 

I 
I Goto FIle orrnngenent I F  using the optlnun XB i 

CL 

I 
Colculate new radlatlon absorbrl n ond preclplrorlon drainage area ( A I  and conpare i t  10 the prev ious  estlnatcd Ore0 l A O L 8 1  t o  deternine IF convergence Is achieved 

I 
2 

A = ( X B  + 2 x X t o Y  x f W  F B I 1  
I 

2 
/ A A  - 0 x XtoY x VD 4 X X t o Y  x f XB 2 x X t o Y  x F B I  AA * cnnveraence t n c r i m z  

I 

I 

I 

A l x  * A - AULD A I x  = error I n  estlnoted A - sqFt 
Adlx - A l x l A  Adlx - Froctlonol error In cstlnoccd A 

Test For convergence based upon nognltude OF Adtx 
I 

1-=zGGLiG 
no 

I 

Estlnate new A I f  convergence 
was not achieved 

Repeat colculatlons uslng new esrlnote For A 

Check t o  Insure VO Is nor > rhe naxlnun 
dcslgn rater depth fDHX I 

XIS - 11s f 1 

I 
I I I  

Check For new optlnun BI 

Yes 

Figure B-4.  Subroutine Pondsize (continued) 

B-7 



Set F l o  20 F d o l l  r e - c a l c u l a t i o n  OF h o l d l n g  pond I n p u t s .  o u t p u t s .  and water  l e v e l s  u s i n g  I the oprynun X8.  Z6 = I 

l s er  A i r e r o t i o n  c o u n t e r :  OC * 1 I 

I Set XB 10 opr Inun: XB - XBIINI 
I 

I 

2 
C a l c u l a t e  new A: A = (XB t 2 x XtoY x (VDHN + F a 1  

I Conver t  d a i l y  p roduced water f e e d  r o t e  to l l r e r s  (dLwl: dLn = dVV x 7.481 x 3.7851 

V r l t e  d o t o  d e s c r l b l n  t h e  o t l n u n  h o l d l n  ond design'  t o  t h e  pond econon lc  doro  F I l e  t E C l . 0 1 :  
IEVPP. dLw. XBiN. VDMR. VMN. and Pi?& 

(Re-cqlculate d a l l y  pond Inpu t  and o u t p u t  s t r e a n  f l o w s  and pond woter  l e v e l s  u s i n g  the  o p t i n u n  XB 

"ff - f i l e  w r i t e  c o u n t e r  
= f i l e  r e a d  c o u n t e r  IZf$ 8 

x i f  : Poooooooo - last XB w r i t t e n  x i 1  = naxinun XB f l o g  
I I I 

I I I " " 1  
I I I 

Read on l i n e r  o rlni~otion d o t o  F I l e  CXLNR.XB1: I Mfl!?. 8 A Y M X I .  X 8 X .  VOX. VX. PLX 

Re-orronge pond l l n e r  o p t l n l z a r l o n  d a t a  F i l e  tXLNR.XB1: 

no 

I 1 

V r i t e  to f l n a l  pond I I n  r o p t i n t z a r i o n  d a t a  F i l e  tXLNR.XI: I fltht4X. DovflX. X B I .  W E .  V. PL 
1 ' I  

F i g u r e  B-4. Subroutine Pondsize (continued) 
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‘‘gure\ e-” -Subrout I ne Pdeprh (DV.XtoY.XS.XB.dVT1 

Subrout ine Pdepth Is used to i t e r a t i v e l y  
c o l c u l o t e  the depth OF woter i n  the p ro -  
duced worer h o l d i n g  ond ( D V )  u s i n  rhe  
woter volune i n  the i o l d l n g  pond (%/TI 
t h e  h o l d i n g  pond bose a lnens lon  ( X B I .  6nd 
the s lope OF rhe pond s i d e w a l l  (X toY) .  

@@-I Fron F i g u r e  

I 

E s t l n o t e  the h o r i z o n t a l  d inension OF the pond s i d e w a l l  us ing  e s t i n o t e d  DV 
XS - DV x XtoY XS = h o r i t o n r o l  d inension o f  pond s i d e w a l l  - Fr 

I 

C o l c u l o t e  pond woter depth ustng XS. XB. and dVT 
Dx = dVT/(XB + 2 x XS x XB 413 x XS I Ox = new e s t i n o t e  For woter depth - Ft 2 2 

I 
I 

Co lcu lo te  deptk  l t e r o t l o n  lncrenent For l o rge  evoporor ion ponds ( X B  > 100 F t l  
Dcx de th l t e r a r l o n  lncrenent  For l o rge  ponds - Ft 4 Dxx = d l k e r e n t t a l  i n t e r n e d i o t e  

no 2 2 
DXX = -dVT/(Dx ( 2  x XB x X t o Y  + 8/3 x X r o Y  x 2 x 0 x 1  

I 1 IS Dxx < 0 . 0 0 0 0 0 0 0 1 ] ~ ~  Dcx = 0 1 
no I 

Dcx = 01 (Dcx = Dx/Dxx 
I I 

Co lcu lo te  the d i fFerence In the_ d e r i v a t i v e  o f  t h e  volune 
evo lua ted  01 DU ond Dx (dVox)  cuFt 

dVax = t t Dx - DV 1 x ( 2 x Dx x XtoY + XB IL 
I I 

Test For convergence 
dVlx  = volune convergence oranerer  - cuFt 

D l x  = d e p r l  convergznce poroneter  - Ft t op  I l e s  on1 when 6 V  IS ve ry  s n o l l l  I 

I E s t i n a t e  new DV 

Is XB ) o r =  100 I Y G  

I 

Dv DV * 0.6667 x D i x l  

I R e t r u n  to Subroutine Pondsize i i I 

I 
Figure B-5. Subroutine Pdepth 
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. 

Inltlollze: f l  = nonth counter 
I&HS ; 0 
FHOURS = 0 

FflONTH? * nonths/year wIth iub-freezing tenperatures 
FDAY dayslyear with sub-rrfeziny tenperatures 
FH0d.S = hours/year wlth sub- reez ng tenperotures ~ 

Read focility specification data File (0.11: 
o 1 VRATE. 
bl TIS* 
cl T Sr;. and 
dl TDSb 

@@@ Subrout ine FZ 

(Deternine FHONTHS. FDAYS. and FHOURS: 

[Is f l q  yes 
no 

Read atnospherlc doto file CATfl .DI:  flTH. DE. P. E. S. TEAR. fZH2 

I I data File tATfl.FD1: 

Inltlallze: dVF * dVF ..doll volune of water punped ta the freezing pad - cuft 
cnVF =OO cnVF cunxlatlve volune of water punped to the freezing pad - cuft 1 

I 
I 

Reod t o  the last record OF the holding pond operating doto file For the nonths without sub- 
freezing tenperatures CPOND.DAY1: 

I 
WIND = 365 - FDAYS VIND - counter: o f  the nunber o f  days without sub-freezing tenperotures 

I 
00 DR I t o  WIND lncrenenr I DR - flle’record counter 

I 

Read PO;$,DAY. flTH. D .  XE. DV. dVV. dVP. dVE. dVNET. cnVT. cnVW. cnVP. cnVE. VCHK 
rionrh o f  the ear. 

0 do of the n o n t i  
XB - hgldln pond boie dinension - i t l  
DV = water %eprh I n  the holding pond 
dVV - doll 
dVP - doll volune o f  precipitation into the holding pond cufr. 
dVE - f a l l  

cunulatlve volune of water in the pond’- C U ~ I  
CnVW - cunulotlve volune of produced water fed to thh holdln 
cnVP = cunulotlve volune of precipitation i n t o  the pond - cu?tPond 
cnVE = cunulotlve volune o f  evo o r a t i o n  fron the pond - cuFt 
VCHK - cunulatlve error In deptt convergence routine - cuft 

f r  
volune o f  produced water fed io the holding paid - cuft. 
volune o f  evaporation fron the holdlng pond - cuft. 

- cuFt. 
gjYfT- do F ly pond water volune change - cuFt 

I 

Ye= 

r 1 

Set  ond water volune at the s t o r t  o f  sub-freezin tenperotures: I dV? = cnVT dVT 9 dally water volune i n  the ;folding pond - cuftl 
{ n i C i O l  estlnate Of hourly volune of worer Ihot nus1 be punped-fron the holding pond t o  the 
Pee ing d I O  en t the holfina fond xh n=warn weother begins- 1 hVf * CF8AYS x d h y *  cnVTl/ HO R hVf rate of water ounoedcfo the freezina oad - cuFr/hrl 

[Read pond deslgn data flle tPOND.OSN1: 222. XroY. FB. BERfl. EFF ZZZ - dunny variable f o r  DflX I 
I 

COlculote pond radlarlon obsortl n/precipitotion drainage area [ A I  - sqft 0 
A = (XE t 2 x XtoY x ( O W  t FBI I 

1 

Set cunulotlve pond volunes a t  the s t o r t  of sub-freering tenoeratures: 
cnVTS - cnVT cnVTS 8 vol of water  i n  the pond when sub-Freezin teneerarures CSFIl begin - cuft z@ : 

- CnVU vol of prod water fed t o  the ond wsen SrT be In - curt 
$ g;g; i t ;o;y; ;  ;:znp;$ ;5;a ~ ~ ~ n b f ~ + n b ; g ~ , ” f I c u f t  

Figure 3-6. Subroutine FZ 
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I I I d  d o l l y  overage n e r e r o l o g l c a l  d a t a  For eoch n o n t h  w i t h  sub- f reez ing  tenperaruros 

H = H . l  1-1n,Fn0NrnSI yes . 
no 1 

~~ 

o c u l o t e  h o l d i n g  pond worcr l e v e l  For eoch doy w l t h  sub-Freeztng tenpero tures  

B g i n  I c e r o t l v e  c o l c u l a t l o n  F the  h o u r l y  volune 
IoF pond r o t e r  punped 10 the  f r e e z i n g  pod 

I 

I t l o l l z e :  cnYF = 0. cnVT cnVTS. cnVV = cnVVS cnVP - CTVPS cnVZ 
PI 0. CORRECT * 0 CORRECT - conGergenc; Facto; For-h;FCnVES. dVT cnVT. 1 

B g i n  I c e r o t l v e  c o l c u l a t l o n  F the  h o u r l y  volune 
IoF pond r o t e r  punped to the  f r e e z i n g  pod 

I 

I t l o l l z e :  cnYF = 0. cnVT cnVTS. cnVV = cnVVS cnVP - CTVPS cnVZ 
PI 0. CORRECT * 0 CORRECT - conGergenc; Facto; For-h;FCnVES. dVT cnVT. 1 

Figure B-6. Subroutine FZ (continued) 

I 
Ow = DV - [EFF x E)/(.? 54 x 1 2 1 H X S  i DV x X t o y  i 

I I dVT2 - dVT * dVP - dVE 
I d V T 2  = l n t e r n e d i o r e  pond vo lune 

used to d e r e r n l n -  dVF when 
pond volune < dV? - c u f r  dVE - d V T l  - COV x CX 

dVf - 0 dVE * dVTl - Is d V T m b  

dVT * 0 dVf * dVT2 T t dVP -dVE - dVF 

- no 

I 

I 
C a l c u l o t e  d a l l y  pond volune chonge ond c u n u l a t l v e  pond i n p u t s  ond ou tpu ts  I 

I V r l t e  d o l l y  d a t o  t o  pond o erotlng d o t o  F I I  For nonrhs w i t h  SFT (POND Y R I -  HTH. 0. XB. DV. dVV. deP. dVE. dVF. dVNET. cnVT. cnVV. cnVP. cnVE. c n v f .  VCHKI 

hVf = [ I - CORRECT/FHOURS 1 x hVF 

hVF = hVF + cnVT/[FHOURS - CURRLCT I 

Figure B-6. Subroutine FZ (continued) 
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Reset pond opcro t lng  do ta  F11c For nonths rl:h SFT (.WNO.YRI 
I 

Zonblne pond opero t lng  do to  f I . les  For nonrhr rlth and rlthout SFT (PONO.OAY ond POND.YR1 

*I In1 T I 0 1  Ize: 

--loo DRR - I to WINO increncnt = I I 

nd opero t ln  da to  f l l e  f o r  nonrhs rlthout SFT IPONO O A Y 1 .  I R?H. 0.  XB. 08. dVV. dVP. dVE. dVNET. cnVT. CnVV. cnVP. en&. VCHK I 
I 

V r i t e  IO p nd opero t ln  do lo  F i le 'For  the e r [PON I -  
HTH. 8.  XB. OV. d%. dVP. dVE. dVF. dvNBT. envy: b V W .  cnVP. cnVE. cnVF. V C M  I 

I 
no I Is DRR * WINO1 

I 

Do DRR = I t o  FOAYS lncrcnent = 1 
I 
I 

Reod ond o p e r o t l n  do%o f l l e  for  the nonthr rlth SFT (POND.YR1: 
RTH. 0.  XB. 08. dVV. dVP. OVE. dVF. dVNET. c n V T .  cnVW. cnVP. cnVE. cnVF. VCHK I 

Write to pond operor ln  doto f l l e  For rhe -or (PONO. I .  
HTH. 0. XB. DV. dgV.  dVP. dVE. dVF. d k T .  cnVT. &nVW. cnVP. cnVE. cnVF. VCHK I 

I 
no Is ORR * FOAYS 

Yes 

I 
R e t u r n  

I 

8 FI  u r e  

Figure B-6. Subroutine FZ (continued) 
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Subroutine Fdeprh (DV.XroY.XS.XB.dVT1 
Subroutine Fdeprh Is used t o  irerarively 
calculate the depth o f  water i n  rhe pro- 
duced water holdino oond CDVI usinn rhe 
water volune i n  rhg ho ld ing  pona tBVTI, 
the holding pond base dinension tXB1. and 
the slope o f  the pond sidewall (XroYl. 

W 

Estinate the h o r i z o n t a l  dinension of rhe pond sidewall using esrinared DV 
XS - DV x XtoY XS - horizontal dinension OF pond sidewall - Fr 
Calculare pond water depth uslng XS.  XB. and dVT 

I 

2 
IDx = dVT/tXB2 + 2 x XS x XB + 4/3 x XS I Dx = new estinate For water deprh - f i l  

Calculate deprb iteration increnent for large evaporation ponds tXB ) 100 F t  1 
Dcx de rh lrerarlon lncrenent f o r  large ponds f t  < Dxx = diFFerentla1 internediate 

Calculate the difference i n  the derivative o f  the iolune 
evoluared at DW ond Ox [ dVox I cuft 
dVox = ((Ox - D V I  x (2 x Ox x X t o Y  + XBI 

2 

Test for converoence 
-dVix Z-voiune convergence oronerer - cufr 

tap lies on1 when bV i s  very snalll Dlx = dep& convergznce paranerer - f t  I 
lc 
Dlx = 0% - DV 

I I 

Estinare new DV 

(Is ,XB )or= ,1001 no , 
yes 

Rerrun to Subroutlne Pondsize I I 

Return 

Figure  B-7. Subroutine Fdepth 
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Reod F o c l l l t y  spec lF lco t lon  doto F l I e  I O . 1 1 :  
o 1 URATE. 

xTOSw 10s cone. of prod.  woter Feed - ppn 
xTOStrm* TOS cone. OF t reored  r o t e r  - ppn 
xTDSb TDS cone or b r i n e  - o i n  i @@-@ Subrout Ine TDSpond 

I 

00 DAY = 1 t o  365 lncrenent I DAY = F I l e  record  counter 
I 

Reod POND.DAY: HTH 0. XB. OW. dVV. dVp. dVe. dVFp. dVOLpl. cvvpi .  CVVW. cvVp. cvVe 
cvVt. VCHKx 

PITY = nonin O F  the 
0 doy of the nontx'or* $1 - h o l d l n  
d V V  = d o l l  
dVp - d o l l  volune OF p r e c l p l t o r l o n  I n t o  the ho ld lng  pond - y f t .  

$$ 
dVOep; ~ o ~ o ~ l y  pond woter volune cnonge 
cvVpl== c u n u l o t ~ v e  volune of worer i n  the pond 
cvVr 

pond bose dlnension - - woter 8epth I n  the ho ld lng  pori;" F t  
volune OF produced r o t e r  Fed io the h o l d l n g  pond - cuFt. 

d o l l  volune o f  evopororlon Fron the ho ld lng  pond - c u r t  F volune OF pond woter vunped-to the Freezlng pod -'cuFt 
cuFt.- 

cuFt 
cunulot lve volune OF produced Corer Fed to  rhe'holdlng pond - cuFr. 

cunu lor lvc  volune OF pond woter punped t o  the Frcczlnq pod - cuFt 
fEi1 ZEEE!:; izg g: et~,'s~:~x~";r~E's:",',sa"d & f y r t *  
VCHKx = cunulor lve e r r o r  I n  depth convergence r o u t i n e  - cuFt 

-I 

Conr 

V r l t e  doto t o  pond doto f l l e  In o l l o n s  I G A  1- 
PITH. 0. dGw. dGp. dGe. dG?. d t p l .  cvkol :  cvGw. cvGp. cvGe. cvGFl 

Conver I I ters .  
dLr i d o l l y  

d o l l y  

dL I = doiYy 
cvepl * cun. 
cvLr = cun. 
CvLe - cun. 
cvLp = cun. 
c v i F  * cun; 

- L  

L 

- L  
I 

V r l t e  doto t o  pond dot0 F i l e  I n  l i t e r s  [LITERS.). 
MTH. 0. dLw. dLp. dLe. dLf. dLpl .  cvLpl. &Lw. cvLp. cvLe. cvLF 

caI:culs; s d o l I  ond cunu lo t l v  nu s of TDS I; the produced r o t  r Feed. 4 w - &r x xT!S;fA8$0.080 dTDSw d o l l y  n o s  OF TOE In pr iduced woter Feed - k g  I 
cn OS- - cnTOSr 

dTDSpl - dol ly-noss of  TO? %"dd to  the 
C o I c ~ l o ~ j ~ p o i I y  ond cunu lo t l ve  nosses ond concentrot ion OF TDS in t h e  h o l d i n  

S I + dTD I 
I - dtflfw 

='i68~':'.'1.00S.800 x c n f S ~ p ~ / ( c v ~ u i  + dLf I xT0Su1 = ?8Zdconk? OF the oond woter - urm 
1 

Colcu lo te  the do!ly ond cunulor ive nosses ond concentrot ion OF TOS punped Fron the  pond t o  
the  Free-In 

d l  S? ?'$if x xTDSpl/ 000.000 dTOSF = d o l l z  n O S S  OF TOS punped Fron the pond IO the 
cn?pSF.= yTDSf dTD& 
xT0 x OSoi  xTDSF 782 eo:?. OF worer ounoed t o  the ood - nnn 

concent ro t lo  o f  the cun. r o t e r  punped Fron the pond t o  the pod: I 
cxTOSF * 0 cxTOSF * ovg. TDS con of  r o r e r  punped Fron the 

pond t o  the' f;eazlng pod - ppn 
~ ~~ 

I cxTOSF * 1.000.000 xcnTOSF/cvLF 
I 

Correct  h o l d l n g  pond IDS doro For woter punped t o  t h e  Freezing pod 

dTOSpl = dTDSw - dTDSF cnTOSpi cnTDSpl - dTOSF 
1 

no n - 1  xTOSpl . 0 Is c v L ~ l ~ - /  xTDspl . 1.ooo.ooo cnTOSpi/cvLpi I 
I I 

V r l t e  T O  doto 10 ond TOS d to  F i l e  I T O S  1. 
PIfH 0 dTOew 0 dT0fpl 0 dTOSf  ;TDSr. x l D S r  rTOSF. 
cnTOSr: 0. cntDSpI. 0. cblDSF. xTOSw. xTOSpi. cxtOSF 

W 

F i g u r e  B-8. Subroutine TDSpond 
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I 

DO DAY = I to 365 lncrenent  I DAY = F I l e  r e c o r d  counte 

Fron F l g u r e  Subrout Ine TDSpod - 

, 
Read pond d a t a  f i l e  (LITERS.] :  flTH. D. dLw. dL dLe. dLF. dLpr. 

c v ~ p  I .  c v ~ w .  c v k .  cvLe. c v ~ ~  

Read F a c l I l r y  s p e c l f l c a t t o n  d a t a  F t l e  (0.11: 
a 1 VRATE. 
b l  xTD w 
c l  xTDztw. ;3$;ws= TDS conc. OF t r e a t q d  water 
d l  xTDSb TDS conc of b r l n e  ppn 

xTOSW - IDS conc. of p r o d .  water Feed - ppn 
ppn 

Reod TDS d o t a  f i l e  ITDS.  I: 
dTDSw = d o l l  
x I = dunn T a r t a b l e  
d b p i  = d i l  I 2~ lF - ,duyy  T o r l a b l e  

Eoncent ra t ton  of t h e  produced water Feed - ?#: : T 8 8  concent roc ton  o f  t h e  woter punped f r o n  the 
cn Sw = cun nass of TDS I n  t h e  woproduced woter o d d e a t o  the  pond k g  
c x  I - dunn v a r l o b l e  
cnPDSpt . cxn. noss of TDS added to t h e  h o l d i n g  pond - k g  
c x x g l  ==dunny v o r l o b l e  
cnT Sf 
2$?6% - ovg. TDS c o n c e n t r o t l o n  of the  water punped Fron the  pond to t h e  pod - ppn 

t4TH D. dTDSw.c;ybSpfTDSpt. x x p i  TDSf  xTDSw xTDSW. xTDSF. 
cnT Sw c x p l  cxxp 1 cn+. X T D S ~ .  X T D S ~  1 . C ~ T D S F  

nos5 OF TO!? 1; the  produced k a t e r  f & d  

mass of TOS I n  t h e  water punped f r o n  t h e  pond to the f r e e z i n g  pod - k g  

k g  
nos5 of TDS added to t h e  h o l d i n g  pond - k g  

7 
to the p c d  - ppn 

cun noss of TDS In t h e  wocer punped fron the  pond t o  the pod - k g  
= TDS c o n c e n t r a t i o n  o f  the water I n  the  h o l d i n g  pond - ppn 

~~ 

C a l c u l a t e  t Q e  d o l l y  volune of woier I n  the  b r l n e  produced’ 

C a l c u l o r e  t h i  c u n u l a t l v e  volune o f  water In the  b r l n e :  

Col:culz;fiS&h$ d a l l  no of T S I n  the  b r i n e :  

dLb dLF + - dLtw dLb d a l l y  vo lune of water I r i  t h e  b r l n e  produced - L 
cvLb cvLb dLb 

I 

I 

I 

C a l c u l a t e  t h e  d a l l y  volune o f  t r e a t e d  woter p r o d u c t t o n  Ceqlv.  to v o l .  of n e l t  Fron d o l l y  I c e  
o c c u n u l a t l o n  I :  

dLcw * d L f  x IxTDSF - xTDSbI/[xTDStw - xTOSbl dLtw * d o l l y  v o l .  o f  t r e a t e d  water - L 
C a l c u l a t e  t h e  c u n u l o r l v e  volune o f  c rea ted  water p r o d u c t i o n :  

cvLtw * CVLIW + dLtw 

ICal:culz;6S;he d o l l y  nos OF TDS I n  the  t r e o t  d woter produced- 
w = dLtw x xfDStw/l.000.000 dTDzt* = d o l l v  noss of TDS I n  t r e a t e d  weter - k a  I 

C a l c u l a t e  the  c u n u l a r i v e  nos5 of TDS In the  t r e o t e d  water produced: 
cnTDStw * cnTDStw * dTDStw 

Figure  B-9. Subroutine TDSpad 
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Fr n Ftgure Subrout I ne Pad 

I 
IInlrlallze: dLFn = 0 dLFn - nax doll volune OF warer punper Fron the pocd to :he pad - 

d L t y  ; o dLrwn - no,. a011 volune OF treared water-produced 
dLb dLb - nax. d a i l ~  zolvne OF brine oroduced L 

L 

I 

{Do DAY 0 I to 365 lncrenenr I DAY - File record counter( 
Read f 

- L  

- L  
- L  

I 
Deternine nax. daily Freezlng pod streon Flows: 

Urlre Frc - pad nax F l o w s  ro ccononics data File [ E C B  01: 
dLF;lnSLtm. dLbn. cvLF. cvLrw. cvLb 

I 
;1ze the Freezing pad: 

I 
I 

FPVo = cvLtr/(3.785 x 7 .481  x 0.81 FPVo * naxinun volun: OF ice accunularion on the 
Freezing pod CUFI [ossunes ice sg - 0.81 

I 

IH - 40 H = noxlnun design height OF the Ice pile - Ft I 
I 

R = (FPVo/(3.1416 x R = nox. rodius OF the ice plle - Ft (assunes cyllnderlcal 
gconetry for the Ice pi le I 

x R D I A  

11s H < o r *  D I A ]  

nax. dioneter OF the ice pile - F r I  
I no 

Yes 

IFPD * 4 
I 

IFPXB - D I A  
I 

IFPXroY - 3 
I 

IFPFB * 0 
I 

[FPEERfl - 6 
I 

IFPSV - ((FPD *FPFEl2 

FPD = design deofh OF the Freezing ood - Fr 1 
FPXB . base dinension OF rhe Freezing pod - Ft I 
FPXroY - slooe aF ood sidewall - horiz.: verr. I 
FPFB * freeboord of pad - vercicol - Ft I 
FPBERfl = lineor Fr of  liner reauired For pod bern and anchor rrench - fr 

((FPD 4FPFBI x FPXtoYl 11/2 FPSV - length OF pad sidewall -Ft 2 

(FpASide 4 x (FPSU t FPBERHI x FPXB FPAside = liner required for sieewalts - saftl 
z FPAcorn - 4 x IFPSU FPBERHl 

FPAbrrn 8 FPXB‘ 

FPAcorn - l i n e r  required For pod corners - sqFt 
I 

FPAbrrn - liner required For the borton of the oad - soft I 
1 

IFPSOFT * FPAbtrn + FPAside + FPAcorn FPSOFT = liner required For rhe pad - safr] 

W i r e  Fr e-%n od do a to nonics  dora F i l e  IECB.01: FBXB. BPB. H. FPVO. FROFT 
Figure B-10, Subroutine Pad 
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APPENDIX C 

THE ECONOMIC MODEL 



THE ECONOMIC MODEL 

The economic model source code is described in detail in the flow chart 
contained in this Appendix. Model calculations, equations, nomenclature, and 
units for  each parameter are described in this flow chart. 
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'rogron FEC.FOR 

Deternlne the nunber of  nonths/year and hours lyr  w i t h  sub-freezing renperotures ISFTI: 

"" I ..- - 
Read 

I 
r duced a t n o s  h e r l c  data F i l e  f r o n  progron F.FOR 1ATM.D pf..- nonth ok 

avg. BAN evaporation For the non fs~8"i'~~lli"i:i:'::.i::":::'.F": nun er of hours ?h;':h? w i t h  SFT 

nunber o f  A?sy::rthe nonth - d o l l  avg. r r c l p l r o r i o n  For the nonth - r - j h u  

- 
nTH. 
- 
DE. 
- 
P. 
- 
E. 
- 
S. 
- 
TEAR. FZHRl 

FflONTHS * FflONTHS i I 

FHOURS * FHOURS OE x FZHR 

pond. 3 = so lar  s t 1 1 1  

I 
c nonics data f i l e  Fron progran F.FOR l E C 2 . D ) :  DLFH DLTVH LBM. CVLF. CVLTV. CVLB. FPXB. PPD. H. FPvO. FPSOFT 
$jH*.n;;; do11 voiune o f  water punped t o  the f rees i i g  pad I e 

d o i l y  volune o f  t r ea ted  r a t e r  produced 

VLTV. cun. volune of t reated water produced - t 
L 

bt? :=:%: %;?xevz:u=:t$ !:$:dP::d%:dp,dL- 

&I m g:g6 2?$%i0~ %'!CePFgz::te pkd - Ft 
LPD depth o f  the Preezln 
fP; noxinun heighr o f  the ecgO% the Freezing ad - f r  
FPS#F; noxlnun volune of ice occ nu lo t i on  on 

l l n e r  renu i red  f o r  the f reez lna ood 

- fr 
Freezing pod - cu r t  

sof t  

1 

BBLTV = CVLTVI(365 x 3.785 x 421 

EBLB * CVLE/[365 x 3.785 x 421 

BBLTV = annual average t reated water praducrlon rate - bb l l day  

BBLB 
I 

annual average b r ine  production r a t e  - bbl/day 
I 

V r l t e  copocl ty  data to econonlc r e s u l t s  f l l e  LECONOHICI: BBLV. BBLTV. BBLE 
I 

:o lcu lo tc  the s ize and cost of the transfer punp: 

1 Punp s iz ing:  

PflPGPH CVLF/[3.785 x FHOURS x 601 

PHPHP = PHPGPHlBASEFP x BSIZEFP 

PHPGPn - ovg. punp Flowrate requi red - gpn 

PHPHP = requl red punp s ize - hp 
I 

I 

~ ~~ 

I 

CIPUHP = I PHPGPtVBASEFP I SCALEFPx INSTLFP x CSTPUH? CIPUW = i n s r o l l e d  punp cost - I )  
, 

V r i i c  copaci ty  doto t o  econonic results f i l e  IECONOHIC I: PHPGPM. FHPHP. CIPUHP 
I 

Figure  C-1. Program FEC-FOR (Main Program) 
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:olculore rhc cost of the produced rocer holding pond/stiII: 

- 
Calculore installed cosc of pipe required for Che freezing pod: 

FPPLGTH - length of pipe rcquircd For the frer:ing pod - fr 
IEIFPP * inscotled cosc of pipe required for 

1 che freezing pod - I I fPPLGlH - NOSPRKL x H 

PondlsciII size data: PWPX * X9UN PVPX pond base dinension - ft- 
1 pond design wacer depch f c  

PWPL ;%'* = pond oond tiner xcovoc renuirenenr ion requircncnt - s o f t  - cufc d * * V % "  
PVPL PL" ->-  - - - - 7  - 

I 
Colculoce installed pondlscill COSI: CCIPWP - inscalled pond/sctII cosc - s 

1 

[Is 1i-I 

[Is !IEVAP = 2 (solar pond dLign I} y c . C I P W P  ; PVPL x CSTLP t PwPv/t7 x CSTEX 

(CIPWP = PWPL x CSTLP PVPVl27 x CSTEX 1 
no 

" 0  

I [ j l  yes ICIPWP = PWPL x CSTSSL * PVPVl27 x CSTEX 1 
I I no 1 I 

I 

Colculoce the freezing p~~F;;sf~lI . fp~&;i:e~sf,yt: CIFPo - freezing pod Inacallcd liner cost  - S 

~~ 

I 

tolculore the cost o f  sprinklcrs rcqulrcd far rhc freezing pod: CISPKL = l o c a l  lnrrallcd sprinkler cost - s I 
1 

NOSPRKL * fPXBl60 NOSPRKL nunber of Sprinklers required 

SPRKL * 45 SPRKL u n l t  cos1 OF installed sprinkler - Ilea 
I 

CISPKL - SPRKL x NOSPRKL 

L 1 
I I I 

V r l c e  pond cosc data IO econonlc results fllc IECONOHICI: PVPXB. PVPTD. PWPV. PwPL. CIPwP 
I 
I 

Calculate the tora l  installed cos1 of rhe freezing pod and reloced Icens: 

I FPPGPH * PP.GPH/NOSPRKL FPPGPM = sprlnklcr flowrorc - gpn I I 

Deternine pipe dioneter required: FPPSZ dianerer of freezing pod pipe - in 
fPPSZ - IFPPGPWBASEPP 1"'x BSIZEPP , 

I 
I 

Colculoce the tocal inst trF$ I I  d , co C ~ F P o  c of . th cfsgge$if9Fk;d: CIfP * cotat Installed freezing paa cosc - s 

- -  I 
I 

Figure C-1. Program FEC.FOR (Main Program) - (continued) 
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:alculote the cost  OF Other equbpnent required: CITOT cost OF other equipnent required - s 

IColculote the tot.ol instolled copltol costs: CI * t o t o l  insfolled copitol costs - S I 

PP tTH.* Ienqlh of addil1onat pipe required - F I  

PPSZ - dloneter OF oddlrlonal pipe required - in 
'Colculote the onount and p$i-fHoF p$;~Ion I pi e required: 

P P d H  - PWGPH * ' FBxe PP~PH copociiy of odairionol pipe3 requirea - gun 

PPSZ - (PPGPH/BSIZEPP11/2x FPXB 
I 

Colculote the cost  o f  oddlttonol plpe required. ClPP - instolled cost  of odditionol plpe required - S 
C W P  * tPPSZ/BSIZEPPSeALEPPx PPLGTH x CSTPIPE x INSTLPP 

I 
Colculote the cost  of t h ~ s $ c ; l ~ c $ ~ ~ ~  volves required: E&:&,= lnstalled cost of electric volves - S 

= bose volve cost ( 4  inch dloneter I - $/eo 
CICV = lPPSZ/BSIZEPP I SCALEPPx CSTCV x INSTLPP x 2 

Colculote the cost OF controls required: 
1 

Calculate the cost  O F  th: tenperoture octivored punp control circuit: 
$TR sW\ffH F . Z . l  
TMON R 
: t ~ ~ ~ E L g : 9 ~ ~ ~ w l T ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ P ~ ~ ~ ~ ~ ~ ~ E ~ ~ b ~ T ~ ~ ~ ~  tenperature nonltor cost  - s - I 

CTR F = controller insto1lacion foctor 
TSW'T~  

CITCTRL * lnsfolted cost  of the tenperorure ocllvated 

tenperoture S.IICh cosc - s 
plnp cont ro l  circuit - S 

I 

I 
1 

Colculate the t o t a l  cost of other equtpnenr: CITOT * CIPP * ClCV t CITCTRL ClTOS 
I 

lVritc cost doto For other eaulunent to econonic results File (ECONOnlC.1: PPLGTH. ClPP. 2. CICV CITCRL. ClTDS I 

(Colculote the cost of sire needs: CISIT * instolled cost of slte facillttes - S 

I (Calculate tota l  cast  of slte needs: CtSIT = BRINETK t ELESV * BLOG I 
I I Write cost doto for SIte need5 t o  econonic resulis File (ECONOnIC. I: BRINETK. ELESV. BLOG I 

I 
Colculote the t o t o l  Instolled CopltoL costs:  Ct ClPUnP CIPWP t CIFP CITOT * CISIT 

Vrlte iotol inriolled copirol c o s t s  IO econonic results F i l e  tECON0tiIC.I: CI 
I 

Figure C-1. Program FEC.FOR (Hain Program) - (continued) 
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h l c u l o t e  the F o c l l l t y ' s  onnuol operoting expenses: OPCOST - F o c i I i t y ' s  onnuol operorlng expenses - I 

Colculore the onnuol cost of t ~ e G S l ~ e i 9 t ~ ' 4 S X V f R ~ ~ ~ ~  

Colculote the onnuol cosr OF e!e;c$$ power for the Fo 1 1 1 t  

Colculote the onnuol depr CI rlon DEPR C * onnaul d rec la t lon  lossunes s t ro ighr  line over PCIFEI - s 

TRUCK - onnuol cost OF the operator's vehicle - s 
TRUCK 

I 

FHOURS o.7455 P&csT ANPWR - onnuol e l e c t r l c  powcr cost - 'I 
ANPVR 

I 

DEPRZC = 61 x 1 I - %ALVR/IOO VPLIFE 
, 

Calculate the onnuol cost of f o c l l l t y  no ln t  nonce: 
YHNTC * tlNTC/100 x E 1  

p$I/~o&o:e~Iand insuronce: Colculote the onnuol cosr of  pco r t  

Colculote the Facility's onnuol o e ro t lng  x enses tOPC4STI. 

V r i t e  onnuol operoting ex nse to t o  e ononi u l t s  f i l e  (E NOMIC 1. 

Y I U U C  - onnual cost of F o c i l i t y  nolnrenancc - s 
I 

TAXES * onnual cosr of  property toxes ond 
lnsuronce - S TAXES 

OPCOST h S A L  t T 8 U e K  t ANPWR DEPREC t TAXES 

AREAL. %CK. ANSVR. DfP@i. TAXES. YtlN!?. SWPLES. OPCOST I 
I 

YliNTC t SAHPLES I 
I 

I 
I 

:olculote the r a t e r  treotnent cost: VTCOST - r o t e r  treonent cost - S/bbl of t rcoted i n t e r  oroduccd 

i 

Colculote the cnnuol loon poynent: LOAN - onnuol loon poynent - I 

LOAN = AHTT I: (LINT/IOO x I I 

ANCSSP - Z P ~ O S T  t LOAN 

LINT/IOO )IyR 1/11 I I + LINT/IOO\'~ 1-1 1 
I 

Colculotc the t o t o l  onnuol x ens s ANCOST t o t o l  onnual expenses - S 

I 
Colculote the present worth of  worklng copltol ond solvoge: PRSSAL = present worth - 

cop1 to1 ond s o ? : o ~ ~ ' l l i g  
PRSSAL = [SALVG/100 x CI I/ I t  I RATE/100 I 

I 
Colculote the present worth Foctor Far DCF/ROI: PRSFAC = present w o r t h  Factor 

PRSFAC IIII 4 RATE/lOO?LIFEI - 1 I/IRATE/IOO x [ [ I  t RATE/lnn?LifEIl I 
I I Colculote the requlred o u?lIfiE#c 6fls&we,s4 

r ee AL IlrZAc CF = annuol re tu rn  to investors - I 

I 

Colculate the rcqu l red  onnu:lcpFfer t .I net p r o f l t :  

Colculote the requlred onnuol 

Colculoce the r a t e r  t reo tn  n t  cost. 

NP * cnnual net p r o f i t  - J 
NP OEPPEC 

GP AE8Sf YY"'i - TAXRTEI 

I 
GP - onnuol gross tncone - s 

I 

VTeOST GP/lBBLTV x 3651 I 
V r l t e  econonlc doto to econ nl r su l r  F I I e  IECON H C I 

ART?. &Of .  I d .  LOAN. ANC!Sj..PRSSAL. PRSFAC. CF. NP. GP I 
I 

Figure C-1. Program FEC.FOR (Main Program) - (continued) 

C-5 



APPENDIX D - 1  

SIHULATION SERIES #1 RESULTS 



FTE Simulation # 1-1. - Equipment Optimization - Produced Water from an Oil and Gas Producing Well - 168.5 hour of sub-freezing temperatures 
: Evaporation test using climatic conditions similar to warm months in Northeastern Colorado 

Process Stream: 

In: 

- Enhanced Evaporation Pond Design - Water Column Freezing Pad Design 

.. - 
(cr) Mass Input (c l )  TDS Input (n) TOC Input (c l )  Boron lnpul 

I TOC Balance I Boron Balance Freezing Test Overall Mass Balance I TDSBalance I 
mass I %of I TDS I %of  I TOC I % o f  I Boron I I of 

7 
P 

P 
I 

Troatod Water 
Brino 
Flnal Pond Inventory 
Evaporation 
Lossos 

Evaporation Test I 
Process Stream: 

In: 
Produced Water Charge 

IProduced Water Charge I 97221 [ 115.7 I I 2*4 I I 0.102 I 

252.0 3.3% 

Mass 
Dato: Time: Description Added 

(9) , 

05/24\94 8:OO a Freezing Test Charge 9722 
06/06/94 300 p Evap. Test Charge 7590 

Total 17312 

Evaporation 
Final Pond lnvontory 
Losses 

Process Stream 

I 

IProducod Wator I 11900 

Treated Water 

Brine 

780 

55300 

0.0% 0.003 3.0% :~:iz2i 8:%1 71.4% I 0.090 1 88.4% 

4.4% 2a.60~ 0.009 8.6% 

5.9% 9.3% 
3657 37.6% 

Overall Mass Balance TDS Balance 
mass I of TDS 1 96 of 

I I 

I a b W l t L  f P $ ~ n r e n t r a U P n s P I f ~ n ~ ~ n ~ ~ n ! Q ~ ~  
f P r E I L S l m l r l i l t i ~ ~ ~ f r ~ r n - ~ ~ ~ l ~ ~ ~ ~ ~ e r ) .  

Final Pond Inventory - Freezing Tost 

Final Pond Inventory - Evaporation Ted 26000 



Date 1 Time Remarks 

06/07/94 300 p Evaporation Test Charge 

06/09/94 430 p 
06/08/94 3:20 p 

06/13/94 4:oo p 
06/14/94 430 p 
0611 5/94 430 p 

0611 7/94 430 p 
06/16/94 4:30 p 

0611 8/94 4:30 p 
06/19/94 430 p 
06/20/94 . 445p 

B b l e  D-1-6. Evawration Rates Achieved Simulator 
for FTF Simt&tion 1-L Evaporation Rate I 

Evaporation A 

Level I A S  
(mm) 

133 0 
127 6 
1 24 3 
101 23 
95 6 
89 6 
82 7 
74 8 
67 7 
62 5 
58 4 

Starting 
Date 

I 

I 
I 

I 

Ending 
Date Month Simulated 

06/07/94 
06/08/94 
0611 4/94 
06/15/94 
0611 6/94 
06/17/94 
0611 8/94 
0611 9/94 

06/06/94 
06/09/94 
06/15/94 
0611 6/94 
06/17/94 
0611 8/94 
0611 9/94 
06/20/94 

April 
April 

August 
August 
August 
June 
June 

Achieved 
% of PAN 

mmlda 24 hr. 

4.34 
4.34 
7.16 
6.16 
6.16 
6.16 
6.92 
6.92 

138% 
69% 
84% 
114% 
130% 
114% 
72% 
58% 

104% 

84% 
119% 

65% 

93% I Average PAN Evaporation Efficiency Achieved (% of PAN) I 

D-1-2 
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FIGURE D-1-1. FTE SIMULATION ## 1 - 1  EXPERIMENTAL RESULTS 
Simulation Series #I: Equipment Optlmizatlon 

- Equipment Optimization - Produced Water from an Oil and Gas Produclng Well - 168.5 hour of sub-freezlng temperatures - Evaporatlon test using ciimatlc condltlons similar to warm months In Northeastern Colorado 

- Enhanced Evaporatlon Pond Design - Water Column Freezing Pad Design 

I 
FTE Simulation # 1-1. 

Simulator #I 

EXPERIMENTAL YIELDS 
wt % of Produced Water 

I I I 

Produced Waled Treated Waler I Brine 
250 I 0 1 993 1 

I I 

Produced Waled Treated Water I Brine 
10.5 I 0.82 I 51.5 i I 

(38.4%) Trealed Water 

(18.0%) Brine’ 

(5.9%) Final Pond Inventory 
(37.6%) Evaporation 

IDisposal Volume Reduced by: 76.1%) 



IFTE Simulation # 1-2. - Equipment Optimization - Produced Water from an Oil and Gas Producing Well 'I 

7 
P 
I 
IP 

I - 168.5 hour of sub-freezing temperatures - Evaporation test using climatic conditions similar to warm months in Northeastern Colorado 

Treotod Water 2416 24.9% 1.7 1.5% 
Brine 3312 34.1Ob 102.7 88.8% 
Final Pond lnvontory 374 3.8Ob 8.8 7.6% 
Evaporation 3616 37.2% 
Lossos 2.5 2.1% 

Evaporation Test Ovorall Mass Balance TDS Balance I 
mass % of TDS % of 

Procoss Stroam: (Q) Mass Input (SI TDS Input 

Produced Water Charge 7510.0 89.4 
In: 

Simulator #2 - Solar Distillation Pond Design - Water Spray Freezing Pad Design 

0.002 
0.106 

-0.006 

Freezing Test Ovorall Mass Balance TDS Balanco I 

1.8% 
103.9% 

-5.7% 

Process Stream: I Q )  I Mass Input1 (g) 1 TDS Input 
I I 

I 

Mass 
Dato: Timo: Doscrlptlon Addod 

@) 

05/24/94 8:OO a Freezing Tost Chargo 971 8 
06106194 300 p Evap. Test Charge 751 0 

Total 17228 

Evaporation 
Final Pond lnvontory 
Lossos I 1073.0 14.3% 

5820.0 77.5% 84.7% I 617.01 8.2%1 15.3% 

Anal o Concontratlon, mgll I 4  Trim i D 
Process Stroam 

Produced Wator 11900 

Troatod Wator 

Brino 31000 650 32.0 

TOC Balance 
TOC I % of 

TOCIn ut --v-?- 
2.4 I 

0.0% 
88.6% 

11.4% 

Boron Balanco 

0.102 
I 

7- 

U b U k l d Q ,  IDSCsn~entr~tiPnssfP_ondJnvmtPrie.s 
f n r F T E S l m u l a t i n ~ . ~ ( f r ~ ~ D n ~ u ~ ~ ~ i t y - M ~ ~ ~ r ~ ,  

Final Pond lnvontory - Frcozing Test 

Final Pond lnvontory - Evoporation Tost 13000 



FTE Simulation # 1-2. - Equipment Optimization - Produced Water from an Oil and Gas Producing Well - 168.5 hour of sub-freeing temperatures - Evaporation test using climatic conditions similir to warm months in Northeastern Colorado 

- Solar Distillation Pond Design - Water Spray Freezing Pad Design 
Simulator #2 

Pond Level Data 
fpr FTE Simulation #I-2. 

Evaporation 

I Date 1 Time Remarks Level 1 A g e d  
h m )  

06/07/94 3:OO p Evaporation Test Charge 133 0 
06/08/94 320 p 131 2 
06/09/94 430 p 130 1 
0611 3/94 4:oo p 125 5 
06/14/94 ' 4:30p 123 2 
06/15/94 4:30 p 121 2 
0611 6/94 4:30 p 119 2 
06/17/94 4:30 p 117 2 
06/18/94 430 p 116 1 
0611 9/94 430 p 115 1 
06/20/94 4:45 p 114 1 

Climate's Simulator 

Achieved 

- -  
for FTE S i m i o n  #1-2. Monthly Evaporation Rate 

Starting Ending Evaporation % of PAN 
Month Date Date Month SimuMed Rate 

(mmlday) 24 hr. Average 

06/07/94 06/08/94 April 4.34 46% 35% . 
06/14/94 06/15/94 July 7.16 28% 28% 
06/08/94 06/09/94 April 4.34 23% 

0611 5/94 06/16/94 August 6.16 32% 27% 
0611 6/94 06/17/94 August 6.16 32% 
06/17/94 0611 8/94 August 6.16 16% 
0611 8/94 0611 9/94 June 6.92 14% 14% 
0611 9/94 06/20/94 June 6.92 14% 

26% I Average PAN Evaporation Efficiency Achieved (% of PAN) 

D-1-5 



FIGURE D-1-2. FTE SIMULATION ## 1 - 2  EXPERIMENTAL RESULTS 
Simuiatlon Series M: Equipment Optimizatlon 

- Equlpment Optlmlzatlon - Produced Water from an 011 and Gas Producing Well - 168.5 hour of sub-freezing temperatures - Evaporation test uslng cllmatlc condltlons similar to warm months In Northeastern Colorado 

- Solar Distillation Pond Design - Water Spray Freezlng Pad Deslgn 

FTE Slmulatlon ## 1-2. 

Simulator #2 

I 4 0 9 1  

11900 I 710 I 31000 I I Produced Walerl Treated Waler I Brine 

I 40,fl I 

Produced Waled Trealed Waler 1 Brine 
10.5 I 0.76 I 32 I 

1 Produced Waled Treated Water Brine 
mmMI 1 250 I 0 650 

I I I EXPERIMENTAL YIELDS I 
I I wt % of Produced Water I I 

I I 

4.9%) Treated Waler 

(3.8%) Final Pond lnvento 
(37.2%) Evaporation 

IDIsposal Volume Reduced by: 62.1%) 



IFTE Simulation # 1-3. - Equipment Optimization - Produced Water from an Oil and Gas Producing Well h 

Freezing Test 1 
Process Stream: 

- 

I - 168.5 hour ofsub-freering temperatures - Evaporation test using climatic conditions similar to warm months in Northeastern Colorado 

Overall Mass Balance 
mass % of 
(!I) Mass Input 

Simulator #3 - Enhanced Evaporation Pond Design - Water Spray Freezing Pad Design 

TDS Balance 
TDS % of 
(SI TDS Input 

TOC Balance Boron Balance 
TOC Ob of Boron % of 
(Q) TOC Input (!I) Boron Input 

1;;oduced Water Charge 117.6 

5.4 
95.5 
9.4 

7.3 

lout:: I 

2.5 

4.6% 0.0 0.0% 0.005 4.9% 
1.4 56.1% 0.088 84.8% 81.2% 

8.0% 

6.2% 1.1 43.9% 0.011 10.3% 

Treated Water 
Brine 
Final Pond Inventory 
Evaporation 
Losses 

3418 
2274 
302 

3888 

34.6% 
23.0% 
3.1% 

39.3% 

Evaporation Test 1 
Process Stream: 

7 
I-L 
I 
4 

/;ioduced Water Charge 

I 

Overall Mass Balance 
mass % of 

(g) Mass Input 

I I 

lout:: 1 1  
Date: 

05/24/94 
06/06/94 

Evaporation 
Final Pond Inventory 
LOSSOS 

Mass, 
Timo: Description Added 

(a) , 

8:OO a Freezing Test Charge 9882 
3:OO p Evap. Test Charge 7532 

Total 17414 

4082.0 54.2% I 3i::::l 42.3% 
3.5Ob 

Produced Water 

Troatod Water 

Brine 

Process Stream Analyto Concentration, me/l 
.lmr. 1 ..-e_ 1 n 

11900 250 10.5 

1580 0 1.48 

42000 610 38.7 
I I I l 

e. 
lY 

(a) I TDS Input 

IableJ&lilG. JDS_CPncenttatl~n s_atP_Pnd. Inventories 
LPrUESlmulatlanlLir3.Ll-4. (frPm~ndu~~.Uuity.Me~er). 

Final Pond lnvontory - Freezing Test 

Final Pond Inventory - Evaporation Test 

31000 



'FTE Simulation t: 1-3. - Equipment Optimization - Produced Water from a n  Oil and  G a s  Producing Well - 168.6 hour of sub-freezhg temperatures - Evaporation test using climatic conditions similar to  warm months in Northeastern Colorado 

- Enhanced Evaporation Pond Design - Water Spray Freezing Pad Design 
Simulator #3 

roduced Water Pond I eve1 Data 

Fvamration Achieved 
f o r  mF Simulation H-3. 

Ending 
Date Month Simulated 

06/08/94 April 
06/09/94 April 
0611 5/94 July 
0611 6/94 August 
06/17/94 August 
0611 8/94 August 
0611 9/94 June 
06/20/94 June 

1 I 1 Pond 1 I 

Climate's Simulator 

Achieved 
Evaporation % of PAN 

Monthly Evaporation Rate 

Rate 
Average 

4.34 161% 161% 
4.34 161% 
7.16 84% 84% 
6.16 130% 114% 
6.16 114% 
6.16 97% 
6.92 58% 51 % 
6.92 43% 

Date I Time I Remarks I Level I Achieved I 

06/07/94 
06/08/94 
06/09/94 
OW13194 
0611 4/94 
0611 5/94 
06/16/94 
06/17/94 
06/18/94 
0611 9/94 
06/20/94 

- -  

Starting I-=- - 
06/07/94 
06/08/94 
06/14/94 
0611 5/94 
06/16/94 
06/17/94 
0611 8/94 
06/19/94 

300 p 
320  p 
4:30 p 
4:OQ p 
4:30 p 
4:30 p 
4:30 p 
4:30 p 
4:30 p 
430 p 

131 0 
124 7 
117 7 
100 17 
94 6 
88 6 
80 8 
73 7 
67 6 
63 4 
60 3 

Average PAN Evaporation Efticiency Achieved (% of PAN) 102% I I 
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FTE Simulation # 1-3. - Equipment Optlmlzation - Produced Water from an Oil and Gas Producing Well - 168.5 hour of sub-freezlng temperatures - Evaporatlon test uslng climatlc conditions slmllar to warm months In Northeastern Colorado 

- Enhanced Evaporation Pond Deslgn - Water Spray Freezing Pad Design 
Simulator ##3 

4 

2 40 

i 
$ p 30 

a % a  
c .I= 20 

10 

n 

2 %  

8 '  
0 0  

P 
119m I 1580 I 42000 1 I Produced Walerl Trealed Waler I Brine 

e 
40 

c' E 30 
C 

5 20 
0 
c 

f l o  

0 
I Produced Waled Trealed Water 1 Brine 

Qmgll I 10.5 1 1.48 1 38.7 

I Produced Waled Trealed Waler I Brine 
Qrng/l I 250 I 0 I 610 

EXPERIMENTAL YIELDS 
wt % of Produced Water 

(34.6%) Trealed Waler 

(23.0%) Brine 

(3.1%) Final Pond lnvenlory 
(39.3%) Evaporallon 

(Disposal Volume Reduced by: 73.9%j 



FTE Simulation # 1-4. - Equipment Optimization - Produced Water from an Oil and Gas Producing Well - 168.5 hour of sub-freezing temperatures - Evaporation test using climatic conditions similar to warm months in Northeastern Colorado 

- Enhanced Evaporation Pond Design - Atomizing Spray Freezing Pad Design 
Simulator #4 

TOC Balance 
TOC % of 
(e) TOC Input 

2.5 

Freezing Test Overall Mass Balance I TDS Balance I mass I %of I TDS I % of 
Boroi 

Boron 
(g) 

0.106 

Process Stream: I (g) I Mass Input1 (g) 1 TDS Input 
I I 

2700 
2036 
1272 
4070 

lkoduced Water Charge 

26.0% 1.6 1.3% 
20.2% 09.6 74.7% 
12.6% 24.2 20.2% 
40.4% 

4.6 3.0% 

I 119.91 

7 
t-L 
I 

I--’ 

Troated Water 
Brine 
Final Pond Inventory 
Evaporation 
Losses 

I I 

mass % of TDS % of 
Evaporation Test Overall Mass Balance TDS Balance I 

Process Stream: (s) Mass Input (9) TDS Input 

Mass 
Date: Timo: Description Added 

(a) ~, 

Procoss Stroam 

0 ltn: 

Produced Water Charge 

Analyto Concentration. r n k  
TDS 1 TOC I B 

I I 

I 7533.b 1 I 89.6 1 
1 - L  

out:: 
Evaporation 
Final Pond lnvontory 
Losses 

44000 30.1 

- 
3alanco 

% of 
loron InpU 

1.6% 
73.3% 

25.1 % 

05/24/94 800 a Freezing Test Charge 
06/06/94 1 300 p I Evap. Test Charge I 

Process Stream 

Final Pond Inventory - Freezing Test 

Final Pond Inventory - Evaporation Tost 



FTE Simulation # 1.4. - Equipment Optimization - Produced Water from an Oil and Gas Producing Well - 168.5 hour of sub-freezhg temperatures - Evaporation test using climatic conditions similar to warm months in Northeastern Colorado 

Remarks 

Simulator #4 - Enhanced Evaporation Pond Design - Atomizing Spray Freezing Pad Design l 

Level 1 Achieved 
(mm) (mm) 

1 

ed Water tMd.mg Pond I eve1 Dab 
for FTE Simulation M.4. 

Starting Ending 
Date Date Month Simulated 

Time I Date I 

PAN Achieved 
Evaporation % of PAN 

Rate Month 
(mdday) 24 hr. Average 

I I 

06/07/94 
06/08/94 
06/09/94 
0611 3/94 
06/14/94 
06/15/94 
06/16/94 
06/17/94 
0611 8194 
0611 9/94 
06/20/94 

* 3:oop 
3:20 p 
4:30 p 
4:w p 

4 : s  p 
4:30 p 
430 p 
430 p 
4:m p 
445 p 

4:30 p 

I Evagr-:ion 
Pond 

Evaporation Test Charge 

, 128 
1 03 

91 
83 
76 
70 
66 

I 97 

0 
5 
3 

25 
6 
6 
8 
7 
6 
4 

Table D .- 1 24. 7 Achieved Simulator 
Evaporation Rate I 

06/07/94 
06/08/94 
0611 4/94 
06/15/94 
06/16/94 
06/17/94 
0611 8/94 
0611 9/94 

06/08/94 
06/09/94 
0611 5/94 
06/16/94 
06/17/94 
0611 6/94 
0611 9/94 
06/20/94 

April 
April 
July 

August 
August 
August 
June 
June 

4.34 
4.34 
7.1 6 
6.16 
6.16 
6.16 
6.92 
6.92 

115% 
69% 
84% 
130% 
114% 
97% 
58% 
58% 

1 92% 

~ 84% 
114% 

58% 

Average PAN Evaporation Efficiency Achieved (% of PAN) 87% I 1 
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TDS Concentration, mgn 
Thousands 

~ o o o o o o  - . N W A U l  

L 1 I 

3 R a 

a 2  
P 



FTE Simulation # 1-5. - Equipment Optimization - Produced Water from an Oil and Gas Producing Well - 168.5 hour of sub-freezing temperatures - Evaporation test using climatic conditions similar to warm months in Northeastern Colorado 

- Solar Distillation Pond Deslgn - Water Column Freezing Pad Design 
Simulator #5 

1 Freezing Test 

Process Stream: 

In: 

Overall Mass Balance TDS Balance 
mass O h  of TDS % of 
(d Mass Input (n) TDS Input 

(Produced Water Charge I 91551 I 109.01 

(e) 

I I 

Treated Water 
Brine 
Final Pond Inventory 6.7% 
Evaporation 
LOSSOS 

TOC Input (g) Boron Input 

I 

1.1% 

7 
c-l 
I 
P 
W 

I 
I TDS Balance Evaporation Test Overall Mass Balance 

mass % of TDS % of 
Process Stream: (9) Mass Input (!I) TDS Input 

rkoduced Water Charge 

tout:: +e=+===+- 
Evaporation 
Final Pond Inventory I Losses 

1323.0 17.3% 
5912.0 77.3% I 413.0 I 5.4% I i::: 84.4% 

15.6% 

Analyto Concentration, mgll 
TDS I TOC I B 1 Producod Water 1 ii;ml 25;I ;o.; 

Treated Water 

Brine 25400 430 22.3 

TOC Balance I Boron Balance 
TOC I % of I Boron I %of  

1.4 

0.9 1 39.4% I 0.023 [ 23.9% I 

Date: Time: Description 

16804 

Xakle D-1-28, J R ~ ~ n a n t r a t i a n s - ~ - P ~ ~ l ~ ~ n t n r i e s  
tPrETESimulatiQn~l~ftL-S/ftnmCsndudluLlrPnr), 



FTE Simulation # 1-5. - Equipment Optimization - Produced Water from an Oil a n d  Gas Producing Well - 168.5 hour of sub-freezing temperatures - Evaporation test using climatic conditions similar to warm months in Northeastern Colorado 

- Solar Distillation Pond Design 
-Water Column Freezing Pad Design 

Simulator #5 
1 .  

J a b k  D-1-29, Produced  W-a Pond Level D a h  
f o r  FTE S i o n  MS. 

Evaporation 

I Pond I Rate 
Date I Time Remarks Level Achieved 

I (mm) I (mm) 

06/07/94 3:OO p Evaporation Test Charge 133 0 
06/08/94 3:20 p 131 2 
06/09/94 4:30 p 130 1 

06/14/94 4:30 p 122 2 
06/15/94 4:30 p 120 2 
0611 6/94 4:30 p 117 3 
0611 7/94 4 : s  p 115 2 
0611 8/94 4:30 p 113 2 
0611 9/94 4:30 p 112 1 
06/20/94 445 p 110 . 2 

06/13/94 4:oo p 1 24 6 

IilbleD-1-3Q. P Simulator 
Evaporation Rate _fpr FTF Simulation M-L 

' Achieved 
Ending E v a r z i o n  1 % of , PAN I I Date Month Simulated Rate 

I I I I (mmlday) 1 24hr. I Average 
1 I I 1 I 06/07/94 

~ 06/08/94 

06/15/94 
06/16/94 
06/17/94 
0611 8/94 
06/19/94 

1 06/14/94 

06/08/94 
06/09/94 
06/15/94 
06/16/94 
06/17/94 
0611 8/94 
06/19/94 
06/20/94 

April 
April 
July 

August 
August 
August 
June 
June 

4.34 

1 7.16 
6.16 
6.16 
6.16 
6.92 
6.92 

1 46% 
23% 

49% 
32% 
32% 
14% 
29% 

I 28% 

35% 

28% 
38% 

22% 

I 1 I 

Average PAN Evaporation Efficiency Achieved (% of PAN) 31 % I 

D-1-14 



FIGURE D-1-5. FTE SIMULATION # 1 - 5  EXPERIMENTAL RESULTS 
Slmulatlon Serles #I: Equlpment Optlmlzatlon 

- Equlpment Optlmlzatlon - Produced Water from an 011 and Gas Produclng Well - 168.5 hour of  sub-freezlng temperatures - Evaporatlon test uslng cllmatlc conditlons simllar to warm months In Northeastern Colorado 

- Solar Dlstlllatlon Pond Design 
-Water Column Freezlng Pad Deslgn 

FTE Simulatlon ## 15. 

Slmulator ##!5 

30 

P 

"I 

Produced Walerl Treated Water I Brine 
11m 1 620 I 25400 

I 25 (7 - p 20 
e 

15 

10 

E 
0 

0 
c 
g 5  

n 
Y 

I Produced Wated Trealed Water I Brine 
mrng/l 1 10.5 I 0.62 I 22.3 

5w 

+ Produced Waled Treated Water I Brine 
250 I 0 I 430 

~- 

EXPERIMENTAL YIELDS 
wt % of Produced Water 

(35.2%) Brine 22.0%) Treated Water 

(6.7%) Final Pond Inventory 
(36.1%) Evaporation 

(Disposal Volume Reduced by: 58.1%] 



FTE Simulation # 1.6. - Equipment Optimization - Produced Water from an Oil and Gas Producing Well - 168.5 hour of sub-freezing temperatures - Evaporatlon test using climatic conditions similar to warm months in Northeastern Colorado 

- Conventional Evaporatlon Pond Design - Atomizing Spray Freezing Pad Design 
Simulator #6 

1 Freezing Test 

Process Stream: 

In: 
Produced Water Chargo 

TDS Balance Overall Mass Balance 
mass % of TDS % of 
m Mass input (9) TDS Input 

971 4 115.6 

lout:: 
1 

I I I I 

(9) 

Treated Water 
Brine 
Final Pond Inventory 
Evaporatlon 
Losses 

TOC Input (9) Boron Input 

3156 
2394 
676 

3488 

I I I I 

I TDS Balance Evaporatlon Test Overall Mass Balance I 
mass I % o f  I TDS I % of 

7 
P 

32.5% 2.9 2.5% 
24.6% 77.3 66.9% 
7.0% 16.2 14.0% 

35.9% 
19.1 16.5% 

t.’ I \Process Stream: I (9) I Masslnput) (9) I TDS Input 

Date: 

05/24/94 
06/06/94 

crr (In: 

Produced Water Charge Mass 
Time: Description Added 

(9) 

8:00 o Freezing Test Charge 9714 
300 p Evap. Test Chargo 7502 

Total 17216 

I 75021 I 89.31 

Evaporatlon 
Final Pond inventory 
Losses 

Analyto Concentratlon, m 
TDS I TOC I 

I I 

Produced Wator 

Treated Water 

Brine 32300 28.4 

TOC Balance I Boron Balance 
TOC I % of I Boron I % of 

2.4 0.102 I 

1.2 I 47.8% I 0.031 1 30.6%1 

Ii1bl~DL44. fDSCnnrr?ntr;\tIDnsQI.PsndJn\rentories 
fQLE.tE_S~rnrtlation.~~~~f~m~€Gnducl~Y~~ter). 

Final Pond Inventory - Froozlng Test 

Final Pond lnvontory - Evoporatlon Tost 



FTE Simulation # 1-6. - Equipment Optimization - Produced Water from an Oil and  G a s  Producing Well - 168.5 hour of sub-freezhg temperatures - Evaporation test using climatic conditions similar to warm months in Northeastern Colorado 

- Conventional Evaporation Pond Design Simulator #& 
L -Atomizing Spray Freezing Pad Design 

ced Water H ~ L d m g  Pond I -vel Dah 

Evaporation 

Achieved 
Pond Rate 

(mm) (mm) 
I 

Date Time Remarks Level 

06/07/94 
06/08/94 
06/09/94 
0611 3/94 
06/14/94 
0611 5/94 
0611 6/94 
06/17/94 
06/18/94 
0611 9/94 
06/20/94 

3:oo p 
3:20 p 
430 p 
4:oo p 
430 p 
4:30 p 
4:30 p 
430 p 
4:30 p 
4:30 p 
4 4 5 P  I 

Evaporation Test Charge 136 
132 
129 
104 
100 
97 
93 
90 
87 
85 
83 

0 
4 
3 
25 
4 
3 
4 
3 
3 
2 
2 

Simulator 
Evaporation Rate 

Starting 
Date 

06/07/94 
06/08/94 
06/14/94 
0611 5/94 
06/16/94 
06/17/94 
0611 8/94 
06/19/94 

Ending 
Date 

06/08/94 
06/09/94 
0611 5/94 
0611 6/94 
06/17/94 
0611 8/94 
0611 9/94 
06/20/94 

Achieved 
E J S i o n  1 

% of , PAN Month Month Simulated Rate 
I (mmlday) I 24hr. I Average 
I I i 

April 
April 
July 

August 
August 
August 
June 
June 

4.34 
4.34 
7.16 
6.16 
6.16 
6.16 
6.92 
6.92 

92% 
69% 
42% 
65% 
49% 
49% 
29% 
29% 

81 % 

42% 
54% 

29% 

Average PAN Evaporation Efficiency Achieved (% of PAN) 51 % 

D-1-17 



FTE Slmulatlon ## 1-6. - Equlpment Optlmlzatlon - Produced Water from an Oil and Gas Producing Well - 168.5 hour of sub-freezlng temperatures - Evaporation test using cllmatlc condltlons slmllar to warm months In Northeastern Colorado 

- Conventional Evaporation Pond Design Slmulator ##6 

7 
I-’ 

I 
I-’ 
03 

1. - Atomltlng Spray Freezing Pad Design 

40 

. 

Produced Water1 Treated Water 1 Brine 
IISM) I 930 I 32300 I 

30 

oc 20 

i3 
r3 10 

s 

c 

c e 

n 

I Produced Wated Treated Water I Brine 
10.5 I 0.89 1 28.4 

600 

0 
0 
I- 

C 

1 

Produced Waled Trealed Water 1 Brine 
250 I 0 530 1 

1 EXPERIMENTAL YIELDS 1 
I wt % of Produced Water I 

~~ 

(35.9%) Evaporallon 

[Disposal Volume Reduced by: 68.4%1 



FTE Simulation # 1-7. - Equipment Optimization - Produced Water from an 011 and Gas Producing Well - 168.6 hour of sub-freezing temperatures - Evaporation test uslng cllmatlc conditions similar to warm months In Northeastern Colorado 

- Conventional Evaporation Pond Design - Water Spray Freerlng Pad Design 
Simulator #7 

7 
P 
I 
P 
ID 

Freezing Test I 
Process Stream: 

In: 
Produced Water Charge 

Out:: 
Treated Water 
Brino 
Final Pond Inventory 
Evaporation 
Losses 

Evaporation Test J 
Process Stream: 

In: 
Produced Water Charge 

03:: 
Evaporation 
Final Pond Inventory 
Losses 

Overall Mass Balance 
mass % of 
(SI Mass Input 

Boron Balance TDS Balance TOC Balance 
TDS %of 'TOC % of Boron % of 
(8) TDS Input (cr) TOC Input (cr) Boron lnpu 

99021 
2958 29.9% 
2302 23.2% 
980 9.9% 

3662 37.0% 

Overall Mass Balance 
mass % of 
(SI Mass Input 

7536 

2776 36.0% 
4684 62.2% 

76 1.0% 

n h w  ~ ~ ! ~ h ! b O S f J ? S ~ h ~ ~ Q & S  
t n r U E S i m i r l a t i n n ~ ~ ~ ~ ~ ~ ~ ~ ) .  

Final Pond Inventory - Freezing Ted 

Final Pond Inventory - Evaporation Test 

24800 

117.8 2.5 0.104 

2.5 2.1% 0.0 0.0% 0.002 2.3% 
1.2 50.2% 0.067 64.9% 76.0 64.5% 

24.3 20.6% 

15.1 12.8% 1.2 49.8% 0.034 32.8% 

TDS Balance 
TDS % of 
(8) TDS Input JabkQ&& f 3 ~ d ~ d M l a t e . W ~ -  

SiulUlatinaL 

89.7 Mass 
Date: Time: Description Added , 

(9) . 
77.3 86.2% 05/24\94 800 a Froozing Test Charge 9902 
12.4 13.8% 06/06/94 3:OO p Evap. Test Chargo 7536 . 

Total 17438 

Process Stroam 

Produced Water 

Treated Water 

Brino 

Analyte Concontratlon. mgll 
TDS TOC B- 

11900 250 10.5 

830 0 0.81 

33000 540 29.3 



FTE Simulation # 1-7. - Equipment Optimization - Produced Water from an Oil and Gas Producing Well - 168.5 hour of sub-freezing temperatures - Evaporation test using climatic conddions similar to warm months in Northeastern Colorado 

- Conventional Evaporation Pond Design 
-Water Spray Freezing Pad Design 

Simulator #7 

Date Time Remarks 

06/07/94 3:OO p Evaporation Test Charge 
06/08/94 3:20 p 
06/09/94 430 p 
06/13/94 4:oo p 
0611 4/94 430 p 
0611 5/94 4:30 p 
0611 6/94 4:30 p 
06/17/94 4:30p , 

06/18/94 430 p 
0611 9/94 430 p 
06/20194 445 p 

Evaporation 
Pond Rate 
Level Achieved 
(rnm) (mm) 

133 0 
130 3 
128 2 
1 02 26 
99 3 
96 3 
93 3 
91 2 
88 3 
86 2 
a4 2 

I a b !  Eyamz&n Rates Achieved Simulator 
f o r m s  irnulation #l-7. Evaporation Rate 

Starting 
Date 

06/07/94 
06/08/94 
06/14/94 
0611 5194 
06/16l94 
0611 7/94 
0611 8/94 
0611 9/94 

Ending 
Date Month Simulated 

PAN- 1 Achi;edMonth 

Rate 
Evaporation % of PAN 

I I (mrnlday) 24hr. I Averaqe 
I 

06/08/94 
06/09/94 
0611 5/94 
06116194 
06/17/94 
0611 8/94 
0611 9/94 
06/20/94 

April 
April 
Jutv 

August 
August 
August 
June 
June  

4.34 
4.34 
7.16 
6.16 
6.16 
6.16 
6.92 
6.92 

69% 
46% 
42% 
49% 
32% 
49% 
29% 
29% 

58% 

42% 
43% 

29% 

Average PAN Evaporation Efficiency Achieved (% of PAN) 43% 

D-1-20 
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FIGURE D-1-7. FTE SIMULATION # 1 - 7  EXPERIMENTAL RESULTS 
Simulation Series #I: Equipment Optlmization 

- Equipment Optlmlzation - Produced Water from an Oil and Gas Producing Well - 168.5 hour of sub-freezing temperatures - Evaporation test uslng climatic condltions slmllar to warm months In Northeastern Colorado 

- Conventlonal Evaporation Pond Design 
- Water Spray Freezlng Pad Design 

I 
FTE Slmulation # 1-7. 

Slmulator ##7 

600 I 

4 0 0  I 

Produced Waled Trealed Water I Brine 
10.5 I 0.81 I 29.3 

9.9%) Treated Waler 
(23.2%) Brine 

(9.9%) Final Pond Inv. 

(37.0%) Evaporation 

1 LDisposal Volume Reduced by: 66.9Yd 



. -  

TDS Input (9) TOC Input 

I 

(!I) Boron Input 

FTE Simulation # 1-8. - Equipment Optimization - Produced Water from an Oil and Gas Producing Well - 168.5 hour of sub-freezing temperatures - Evaporation test using climatic conditions similar to warm months In Northeastern Colorado 

- Solar Distillation Pond Design - Atomizing Spray Freezing Pad Design 
Simulator #8 

I 0.103 I 

Freezing Test I 

2.4 

2.8% 0.0 0.0% 
71.2% 1 .I 44.1% 
16.6% 

55.9% 9.4% 1.4 

tout:: 

0.103 
. -  

0.003 3.0% 
0.055 53.8% 

0.044 43.2% 

2.8% 0.0 0.0% 
71.2% 1 .I 44.1% 
16.6% 

55.9% 9.4% 1.4 

Overall Mass Balance 1 TDS 
mass I % of I TDS 

0.003 3.0% 
0.055 53.8% 

0.044 43.2% 

116.3 I 
I I 

I7 

lalance 
% of 

TDS Input Id& D-1-44, F3B.dmeWatwled-fQ1 
Slmulathn-M, 

I 11.0 I 
lalance 

% of 
TDS Input 

I - Overall Mass Balance I TDS 
mass I %of I TDS 

Id& D-1-44, F3B.dmeWatwled-fQ1 
Slmulathn-M, 

Mass In ut 

P 
P 
I 
h) 
h) 

I 

-I-- 

Troated Water 
Brine 
Final Pond Inventory 
Evaporation 
Losses 

Evaporation Test I 
Process Stream: 

in: 
Produced Water Charge 

03:: 
Evaporation 
Final Pond lnventoty 
Losses 

- 
1495 19.8% 
5340 1 70.9% I 72.1 
699 9.3% 17.6 

2853 
1958 
772 

4193 

Process Stream Analyto Concentratlon, mgli 
TDS I TOC I B 

I I I 

29.2% 3.3 
20.0% 82.8 
7.9% 19.3 

42.9% 

Produced Water 

Treated Water 

Brine 

11900 

1140 

42300 

250 10.5 

0 1.09 

550 28.2 

lalance I TOC Balance I Boron Balanco 
%of I TOC I % of I Boron I % of 

I 2.4 I 

80.4% 
19.6% 

Date: Time: Description Added 

7534 

JakleDaG. IRS~~ncm!ralIons~~f.Psndlnventpries 
f Q L F ~ ~ l m l r l a ! l Q n f f ~ ~ n ~ U ~ t l u J t y r ) ,  

Final Pond Inventory - Freezing Test 

Final Pond Inventory - Evaporation Test 

25000 

13500 



FTE Simulation # 1-8. - Equipment Optimization - Produced Water from an Oil and Gas Producing Well - 168.5 hour of sub-freezing temperatures - Evaporation test using climatic conditions similar to warn months in Northeastern Colorado 

- Solar Distillation Pond Design 
-Atomizing Spray Freezing Pad Design 

Simulator #8 

Date 

Produced Wafer Pond I eve1 D& 

Time Remarks Level I AC;;HI 
(mm) 0 

I I I Pond . I I 

Climate’s Simulator 

06/07/94 
06/08/94 
06/09/94 
0611 3/94 
W14/94 
06/15/94 
0611 6/94 
06/17/94 
0611 8/94 
0611 9/94 
06/20/94 

Ending 
Date Month Simulated 

300 p 
320 p 
4:30 p 
4:oo p 
430 p 
4:30 p 
4:30 p 
4:30 p 
430 p 
4:30 p L 445 

PAN - Achieved 

Rate Month 
(mdday) 24 hr. Average 

Evaporation % of PAN 

Evaporation Test Charge 

~ 46% 
~ 

28% 
43% 

Starting 
Date 

August 
August 
August 
June 
June 

I 

131 
129 
127 
120 
118 
116 
113 
110 
108 
107 

I 105 I 2 

06/07/94 
06/08/94 
06/14/94 
0611 5/94 
06/16/94 
06/17/94 
0611 8/94 
06/19/94 

0 
2 
2 
7 
2 
2 
3 
3 
2 
1 

06/08/94 
06/09/94 
0611 5/94 
06/16/94 
06/17/94 
0611 8/94 
0611 9/94 
06/20/94 

4.34 
4.34 
7.16 
6.16 
6.16 
6.16 
6.92 
6.92 

46% 
46% 
28% 
49% 
49% 
32% 
14% 
29% 

22% 

1 I I 

Average PAN Evaporation Efficiency Achieved (% of PAN) 35% I 

D-1-23 
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FIGURE D-1-8. FTE SIMULATION # 1 - 8  EXPERIMENTAL RESULTS 
Simulation Series #i: Equipment Optimization 

- Equipment Optimization - Produced Water from an Oil and Gas Producing Well - 168.5 hour of sub-freezlng temperatures - Evaporation test using climatic conditions similar to warm months In Northeastern Colorado 

- Solar Distillation Pond Deslgn - Atomizing Spray Freezlng Pad Design 

I 
FTE Simulation # 1-8. 

Slmuiator #f8 

P 
P 
I 
h, 
IP 

I I 
30 

s 20 

8 
s" 10 
C e 
m" 

n 

10.5 I 1.09 I 28.2 1 I Produced Wated Treated Water I Brine 

I Produced Water1 Treated Water 1 Brine 
orngll I 119w I 1140 I 42300 

I Produced Waled Treated Water I Brine 
Rrngll I 250 I 0 I 550 

EXPERIMENTAL YIELDS 
wt % of Produced Water 

I 
9.2%) Treated Waler 

(20.0%) Brin 

(7.9%) Flnal Pond Inv. 

(42.9??) Evaporation 

[Disposal Volume Reduced by: 72.l%] 



FTE Simulation # 1-9. - Equipment Optimization - Produced Water from an Oil and Gas Producing Well - 168.5 hour of sub-freezing temperatures - Evaporation test using climatic conditions similar to warm months in Northeastern Colorado 

- Conventional Evaporation Pond Design - Water Column Freezing Pad Design 
Simulator #9 

cn 

Freezing Test J Overall Mass Balance I TDS Balance I TOC 
mass I %of  I TDS I %of  I TOC 

In: 
Produced Water Charge 7602 90.5 

Out:: 
Evaporatlon 
Final Pond lnvontory 
Losses 146 1.9% 7.5% 

- ~ - _ _ _ . ~  

4084 

Process Stream: Mass Input1 (n) I TDS Input I (g) 
I I I 

I;&hced Wator Charge 0.105 

I 1 I I I I 

'Procoss Stream Analyto Concontration, m /I 
TDS I *TOC I 3- 

I I I 

roatod Water 

53300 

SlKUliltiQEk9. 

Date: Doscript ion Added 

I I 
I i 1 k m 4 2 .  JR.~.~ol;entr~innssUFp.nd_lnuentnrles 

f ~ E S l r n n l a t i n o ~ ~ f ~ . ~ d ~ ~ t l d t .  

Final Pond Inventory - Freczlng Test 

Final Pond lnvontory - Evaporation Test 

30500 

20500 



FTE Simulation # 14. - Equipment Optimization - Produced Water from an Oil and Gas Producing Well - 168.6 hour of sub-freezing temperatures - Evaporation test using climatic condaions similar to warm months in Northeastern Colorado 

- Conventional Evaporation Pond Design 
-Water Column Freezing Pad Design 

Simulator #9 

7 

Table 0-1-53, 

Time Remarks 

300 p Evaporation Test Charge 

4:30 p 

4:30 p 
4:30 p 
4:30 p 
430 p 
4:30 p 
4:30 p 
445 p 

320 p 

400 p 

1 
Evaporation 

Level I A E e d  
(mm) 

133 0 
127 6 
124 3 .  
98 26 
94 4 
90 4 
84 6 
81 3 
78 3 
76 2 
74 2 

I Date 

Starting Ending 
Date Date Month Simulated 

I 

PAN - Achieved 

Rate Month 
(rndday) 24 hr. , Average 

Evaporation % of PAN 

06/07/94 
06/08/94 
06/09/94 
0611 3/94 
06/14/94 
06/15/94 
0611 6/94 
06/17/94 
0611 8/94 
06/19/94 L 06/20/94 

TableO-1-54. Simulator 
for FTE Simulation H-9. I Climate's Monthly I EvawrationRate I 

06/07/94 
06/06/94 
0611 4/94 
06/15/94 
0611 6/94 
06/17/94 
0611 8/94 
0611 9/94 

06/08/94 
06/09/94 
06/15/94 
06/16/94 
06/17/94 
0611 8/94 
0611 9/94 
06/20/94 

April 
April 
July 

August 
August 
Augud 
June 
June 

4.34 
4.34 
7.16 
6.16 
6.16 
6.16 
6.92 
6.92 

138% 
69% 
56% 
97% 
49% 
49% 
29% 
29% 

104% 

56% 
65% 

29% 

I I I 1 1 
I Average PAN Evaporation Efficiency Achieved (% of PAN) I 

D-1-26 



FIGURE D-1-9. FTE SIMULATION # I - 9  EXPERIMENTAL RESULTS 
Simulation Series #I: Equipment Optimization I 

FTE Simulation ## 1-9. - Equipment Optimlzation - Produced Water from an Oil and Gas Producing Well - 168.5 hour of sub-freezing temperatures - Evaporation test using climatic conditions simllar to warm months in Northeastern Colorado 

- Conventional Evaporation Pond Design - Water Column Freezing Pad Deslgn 
Simulator ##9 

12 

10 B 
f p 8 

i E  4 

P 2  

5 s  0 0 6  

0 
I Produced Walerl Treated Water I Brine 

mmg/l I 11900 I 1040 I 5330 1 

3 40 
i 
f 30 
E 
8 5 20 

g 10 
0 
C 

m 
0 

I Produced Waled Trealed Waler 1 Brine 
mmgll 1 10.5 I 0.98 I 39. I 

I 800 R I 

%I 5 6Do 
C 

4w 

5 
8 2oo 
I- 

O 
1 Produced Waled Treated Water I Brlne 

mmg/l 1 250 I 0 I 720 

 EXPERIMENTAL YIELDS] 
I wt % of Producod Wator I 

(43.6%) Treated Water I 
(13.8%) Brine 

(6.2%) Flnal Pond Inv. , 
(36.4%) Evaporallon 

J [Disposal Volume Reduced by: 8O.O%] 



APPENDIX D-2 

SIMULATION SERIES #2 RESULTS 



FTE Slmulatlon # 2-1. - Northeastern Colorado cllmate - 103 hours of sub-freezlng temperatures 
Slmulator ## I - Produced Water from a Coal Bed Methane Well 

Table D-2-2. Summarv of Experimental M ass. TDS. TOC. and Boron Balances from FTE Slmulatlon ## 2-1, 

5090 

3870 

10841 

467 

Process Stream: 

In: 
Produced Water Charge 

out:: 
Treated Water 

Brine 

Evaporation 

Losses 

25.1% 2.0 

19.1% 210.1 

53.5% 0 

2.3% 6.8 

Jable 0-2-2. Produced Water Feed for FTE 
Simulation #2-I, 

0.9% 

96.0% 

0.0% 

Overall Mass Balance I TDS Bal 
mass I %of I TDS 

q-- 0.0% 

960.2% 

0.0% 

, Brocess Stream Analyte Concentration, mgil 
TDS I TOC I B 

I 

~ 06/23/94 
06/25/94 
06/27/94 
06/29/94 
07/01 /94 
07/03/94 
07/05/94 
07/07/94 

Date: 

2:oo p 

4:30 p 
4:oo p 
500 p 

4:20 p 
430 p 

430 p 
4:30 p 

Mass 
Time: Desc!iption Added 

(4) - 
iniaital Charge 

April Evaporation 
May Evaporation 
June Evaporation 
July Evaporation 
Aug. Evaporation 
Sept. Evaporation 
Oct. Evaporation 

Total 20268 

1 9427 
1248 
1314 
1511 
2299 
2037 
1380 
1052 

ce I TOC Balance 
%of I TOC I % of 

3.1%1 -24.41 -860.2% 

Boron In ut w 
1 .O% 

0.0% 

Table D-23, JDS. TOC. and Boron Conecntratlons of Process S t r e m  
letf'rE Slmulation #2-I, 

Produced Water I0800 1 Treated Water 1 3861 '4:l O i l  

Brine 54300 7040 

I 



I FTE Simulation # 2-1. - Northeastern Colorado Climate - 103 hours of sub-freezing temperatures 

Ending 
Date 

[Simulator #I - Produced Water From a Coal Bed Methane Well I 

Month Simulated 

Table D-24, Produc ed Water Holdino Pond leve l  Da ta 
for FTE Shulat lon #2-1, 

Date 1 Time I 
I 

06/23/94 
06/2m 
06/25/94 
06/25/94 
06/26/94 
06/27/94 
06/27/94 
06/28/94 
Om9/94 
06129p34 
06/30194 
07/01 194 
07/01/94 
07102194 
0 7 M  
0 7 M  
07x)4F34 
071K!594 
0710594 
07- 
'07D7/94 
07D7194 

5:m p 
4:s p 
420 p 
4:20 p 
410 p 
4 3 o p  
430p 
3:20 p 
430 p 
4:30 p 
430 p 
4 w p  
4wp 
4wp 
5:w p 
5:w p 
SCQp 
430 p 
4 3  p 
430 p 
430 p 
430 p 

I 

Remarks 

Initial Charge 

Before Water Adddion 
After Water Addition 

Before Water Addition 
After Water Addition 

Before Water Adddion 
After Water Addition 

Before Water Addition 
After Water Adddion 

Before Water Adddion 
After Water Addition 

Before Water Addition 
After Water Addition 

Before Water Addition 
After Water Addfiion -- 

or FTF 

-I 
c w 2 W  
06I25m 
cw2w 
06/27/94 
06R8I94 
06129r9Q 
oEm/94 
07/01/94 
07xw94 
07KU194 
07X34F34 
07105194 
07- 
07/07/94 

April 
April 
May 
May 
June 
June 
July 
July 

August 
August 

September 
September 

October 
October 

I 

Pond 
Level 
(mm) 

155 
1 47 
140 
155 
149 
140 
155 
147 
133 
155 
140 
129 
155 
1 42 
131 
155 
146 
1 3  
155 
148 
143 
155 

Climate's 
Monthty 

PAN 
Evaporation 

Rate 
(midday) 

4.34 
4.34 
5.18 
5.1 8 
692 
6.92 
7.16 
7.1 6 
6.16 
6.1 6 
4.82 
4.82 
3.2 
3.2 

Evaporation 
Rate 

Achieved 
(mm) 

1 

8 
7 

6 
9 

8 
9 

15 
11 

13 
11 

9 
7 

7 
5 

Evaporation Rate 
Achieved 

Starting 
Date 

ow23i94 
06/24l94 
06RSr94 
06QW 
06/27/94 
06/28I94 
06/29/94 
06/30/94 
07/01 194 
071Q2194 
0 7 M  
0704194 
07IK!594 
07Lh394 

I 

184% 
161% 
116% 
1 74% 
116% 
130% 
209% 
154% 
211% 
179% 
187% 
145% 
219% 
156% 

173% 

145% 

123% 

182% 

195% 

166% 

188% 

Average PAN Evaporation Efficiency Achieved (% of PAN) 167% I 

D-2-2 

I 
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FIGURE D-2-1. FTE SIMULATION ## 2 - 1  EXPERIMENTAL RESULTS 
Simulatlon Serles #2: Northeastern Colorado Climate 

IFTE Simulatlon ## 2-1. - Northeastern Colorado Climate 

Stmulator #I 

- 103 hours of sub-freezing temperatures 

- Produced Water from a Coal Bed Methane Well 

60 I -- 

2 
0 

F 

40 8 : :  

6 I- 20 
g 2  c c  

0 
I Produced Water( Treated Water I Brine 

~nrng/l I iom I 386 I 54300 

I 

2.99 I 0.114 I 10.9 

2 6  r' 

8 g  : @ J a  5 4  

5 6  
8 

0 0  

2 

I- 

O 
I Produced Waled Treated Water I Brine 

arnd I 140 I 0 I 7040 

I EXPERIMENTAL YIELDS 1 
I wt % of Produced Water I 

I 

(53.5%) Evaporation 

lDlsposal Volume Reduced by: e0.9%] 



FTE Simulation # 2-2. - Northeastern Colorado climate - 103 hours of sub-freezing temperatures 
Simulator # 2 - Produced Water f rom an 011 and Gas Produclng Well 

Jable 0-2-6, Summary of Experimental Ma ss. TDS. TOC. and Boron Balances from FTF Slrnulatlon # 2-2, 

TDS B alance 
TDS % of 
(d TDS input 

Process Stream: 
TOC I3 alance Boron Balance 

TOC % of Boron % of 
(FI) (a) Boron lnpu TOC input 

1 

~ ~ 

In: 
Produced Water Charge 

om! 
Treated Water 

Brine 

Evaporation 

Losses 

BUeDdL ~ u . ~ L w w w o m E  
~mula~t0a#i2A 

1.2% 

161.2 95.0% 

0 0.0% 

6.4 3.8% 

16971 
2.1 

Date: 

06/23/94 
06/25/94 
06/27/94 
06/29/94 
07/01/94 
07/03/94 
07/05/94 
07/07/94 

52.5 

0.9 1.8% 

102.7 195.6% 

0 0.0% 

-51.1 -97.4% 

Time: 
Process Stream Analyte Concentration, mgh 

Produced Water 8530 2640 10.5 

TDS TOC E- 

2:oo p 
4:20 p 
4:30 p 
430 p 

4:30 p 
4:30 p 

4:oo p 
500 p 

8787 
1356 
1441 
1696 
1865 
1865 

Description 

Treated Water 484 220 1.14 

Brine 50700 32300 53.2 

lniaital Charge 
April Evaporation 
May Evaporation 
June Evaporation 
July Evaporation 
Aug. Evaporation 
Sept. Evaporation 
Oct. Evaporation 

Total 

Overall Mass Balance 
mass I % of 

19893 

6.7% 

2.3% 

0.0% 

Table D-2-8, fDSJOC,md Boron Conecntratlons of Process S t e a m  
l 3 X m s l w o m  

1441 
1442 

19893 



FIE Simulation # 2-2. - Northeastern Colorado Climate - 103 hours of sub-freezhg temperatures 

-Produced Water From an Oil and Gas Producing Well Simulator #2 

Jable D -2-9, Pr oduced Water Holding pond Level Data 

Date 

06/23194 
ww 
06/25F34 
06125r94 
06/26/94 
06/27/94 
w 7 / 9 4  
06nS/94 
06/29r94 
06129194 
CmoI94 
07x31 194 
07x31194 
071Q2~94 
07rW194 
07xx3r94 
07ro4r94 
0710594 
07ED4 
07K694 
07x37194 
07D7194 

7 Remarks 

5:m p 
430 p 
420 p 
42Op 
410 p 
430 p 
4 3 0 p  
320 p 
4 3 0 p  
430 p 
43Op 
4 O p  
400 p 
4 m p  
5:m p 
5:m p 
5:oo p 
430 p 
430 p 
430 p 
430 p 
4 3 3 p  

initial Charge 

Before Water Addaion 
After Water Addition 

Before Water Addition 
After Water Addition 

Before Water Addition 
After Water Addaion 

Before Water Addition 
After Water Addtion 

Before Water Addaion 
After Water Addition 

Before Water Addition 
After Water Addaion 

Before Water Addition 
After Water Addaion 

Pond 
Level 
(mm) 

148 
140 
133 
148 
138 
132 
148 
138 
129 
148 
136 
127 
148 
1 37 
128 
148 
140 
132 
148 
1 41 
1 32 
148 

Starting 
Date 

w2394 
06/24i94 
ofx2594 
w6B4 
w 7 m  
06/28I94 
Cm9/94 
CmoM 
07x31 /94 
07rM194 
07r(33r94 
071(34/94 
07ro5/94 
07- 

Ending 
Date 

ww 
ofY2594 
m2W 
06/27/94 
ow28194 
06/29r94 
o6mI94 
07I01194 
0 7 m  
07- 
07/011F34 
07ro5r94 
071Q6194 
07I07194 

Month Simulated 
mmlda 

April 
April 
May 
May 
June 
June 
July 
July 

August 
August 

September 
September 

October 
October 

4.34 
4.34 
5.1 8 
5.1 8 
6.92 
6.92 
7.16 
7.1 6 
6.16 
6.16 
4.82 
4.82 
3.2 
3.2 

I 

Evaporation 
. Rate 

Achieved 
(mm) 

8 
7 

10 
6 

10 
9 

12 
9 

11 
9 

8 
8 

7 
9 

Simulator 
Evaporation Rate 

Achieved 
% C  

24 hr. 

184% 
161% 
193% 
116% 
145% 
130% 
168% 
1 26% 
179% 
146% 
166% 
166% 
219% ' 
281 % 

Average PAN Evaporation Efficiency Achieved (% of PAN) 

'AN 
Month 

Average 

IF% 
154% 

137% 

147% 

162% 

166% 

250% 

170% 

D-2-5 



r FIGURE D-2-2. FTE SIMULATION # 2 - 2  EXPERIMENTAL RESULTS c 

'FTE Simulation # 2-2. 

Slmulator ##2 

- Northeastern Colorado Climate - 103 hours of sub-freezing temperatures 

- Produced Water from an Oil and Gas Producing Well 

I 
~.~ - ~ 

Simulation Series #E?: Northeastern Colorado Climate 1 

C 

l i  

0 
I Produced Wated Treated Water 1 Brine 

mmg/l I 10.5 I 1.14 I 53.2 i 

I I Produced Waled Treated Water I Brine 
armg/l I 2640 I 220 I 32300 

EXPERI MENTAL YIELDS 
wt % of Produced Water 

(16.00h) Brine 

IDlsposal Volume Reduced by: 84.0%1 



IFTE Slmulatlon # 2-3. - Northeastern Colorado cllmate - 103 hours of  sub-freezlns temDeratures t 

out:: 
Treated Water 81 76 

Brine 1280 

Evaporation 13843 

Losses 179 

- .  
lSlmulator # 3 - Produced Water from a Natural Gas Producing Well I 

Date: 

Overall Ms 
Process Stream: mass 

Mass 
Time: Description Added 

. 
2680 

308 

42300 

l k d u c e d  Water Charge 

100 3.67 

0 0.833 

146U 51 .O 

I 23478 

06/23/94 
06ExJ4 
06/27/94 
06/29/94 
07101194 
0 7 M  
07105194 
07107194 

2:oop 
4:mp 
4:mp 
4:30p 
4:OOp 
5:OOp 
4:30p 
4:30p 

I 
4 

I * I  

lnlaital Charge 
April Evaporation 
May Evaporation 
June Evaporation 
July Evaporation 
Aug. Evaporallon 
Sept. Evaporation 
Oct. Evaporatlon 

9635 
1890 
1890 
201 2 
2737 
2576 
1890 
1448 

Total I 234781 

is Balance I TDS Balar 
%of I TDS 

Mass In ut ? 
1 62.9 

58.0% 

0.8% 6.3 

ce TOC Balance Boron Balance 
% of TOC % of Boron % of 

TDS Input (9) TOC input (8) Boron lnpul 

I I 2.3 0.066 

86.1 % 79.6% 75.8% 

0.0% 

9.9% 20.4% 

- Analyte Concentration, mgfl Process Stream 
TDS I TOC I B 

I I I 

Produced Water 

Treated Water 

Brine 



I FTE Shulation # 2-3. - Northeastern Colorado Climate - 103 hours of sub-freezing temperatures 

06123r94 
06/24194 
06RY94 
06/26/94 
06/27/94 
06/28/94 
W2Qm 
06mI94 
07I01/94 
07IOZi94 
07- 
071U4194 
07105194 
07103194 

(stmulator #I -Produced Water From a Natural Gas Producing Well I 

06/24/94 

06/26l94 
06/27/94 
06R8F34 
06R9F34 
06/30194 
07I01/94 
07D2194 
07103p34 
07D494 
0710564 
07106194 
07D7194 

Table D-2-14. Pr oduced Wat er Holdina Pond 1 eve1 Data 
for FTE Sfmufatton -3. 

Date 

06R3r94 
06I24B4 
06125/94 
06/25194 
a6R6F34 
06/27/94 
06/27/94 
06/28/94 
w29/94 
oa29i94 
06/30194 
07I01194 
07I01 194 
07X12F34 
07KBt94 
0 7 M  
0 7 M  
07105194 
07105194 
07iD6194 
07107194 
07D7/94 

Time 

5:m p 
430 p 
420 p 
4:20 p 
410 p 
430 p 
430 p 
3:20 p 
4:30 p 
4 3 0 p  
4:30 p 
4:w p 
403 p 
4 w p  
500 p 
5:m p 
5:Oo p 
430 p 
4 3 0 p  
430 p 
430 p 
4% p 

Remarks Level 

Initial Charge 

Before Water Addtion 
After Water Addtion 

Before Water Addition 
After Water Addition 

Before Water Addition 
After Water Addaion 

Before Water Addtion 
After Water Addition 

Before Water Addition 
After Water Addition 

Before Water Addtion 
After Water Addition 

Before Water Addtion 
After Water Addtion 

157 
148 
139 
157 
146 
139 
157 
145 
136 
157 
1 42 
128 
157 
144 
130 
157 
1 47 
139 
151 
150 
1 42 
157 

Table D - -  2 lSa Fvawr- I Climate's - I MonthlV 

Month Simulated 
mmlda 

April 
April 
May 
May 
June 
June 
July 
July 

August 
August 

September 
September 

October 
October 

4.34 
4.34 
5.18 
5.18 
6.92 
6.92 
7.1 6 
7.16 
6.16 
6.16 
4.82 
4.82 
3.2 
3.2 

Evaporation 
Rate 

Achieved 
0 

9 
9 

11 
7 

12 
10 

15 
14 

13 
14. 

10 
8 

7 
8 

Evaporation Rate 
Achieved 
% of 

24 hr. 

207% 
207% 
21 2% 
135% 
173% 
145% 
209% 
1- 
211% 
227% 
207% 
166% 
21 9% 
250% 

Average PAN Evaporation Efficiency Achieved (% of PAN) 

I 207% 

1 74% 

159% 

2(33% 

21 9% 

187% 

I 
198% I 

D-2-8 



FIGURE D-2-3. FTE SIMULATION ## 2 - 3  EXPERIMENTAL RESULTS 
Simulation Series #2: Northeastern Colorado Climate 

FTE Slmulatlon ## 2-3. - Northeastern Colorado Climate - 103 hours of sub-freezlng temperatures 

I 
\o 

FIGURE D-2-3. FTE SIMULATION ## 2 - 3  EXPERIMENTAL RESULTS 
Simulation Series #2: Northeastern Colorado Climate 

FTE Slmulatlon ## 2-3. - Northeastern Colorado Climate - 103 hours of sub-freezlng temperatures 

2 40 

P < 30 
$ 
$ 8  B E )  

8 i E Z 0  

g 10 
I- 

O 
I Produced Water1 Treated Water I Brine 

I - Produced Water from a Natural Gas  Producing Well 

C Produced Wated Treated Water I Brine 
I 100 0 I 1460 

EXPERIMENTAL YIELDS 
wt % of Produced Wator 

(5.5%) Brln 8%) Treated Water 

(0.8%) Losses 

(59.0%) Evaporation 

@sposal Volume Reduced by: 94.5%J 



APPENDIX 0-3 

SIMULATION SERIES #3 RESDLTS 



7 
w 
I 
I-' 

3.3 

0.7 

FTE Slmulatlon # 3-1. - Northwestern New Mexico climate - 94 hours of sub-freezlng temperatures 
Simulator # I - Produced Water from a Coal Bed Methane Well 

0.054 

19.9% 0.004 6.7% 

Table 03-1, & w a r y  . of Experlmental Ma 5s. TDS. TOC. and Boron Balances from FTE Slmulatlon # 3-1, 

o x  
Treated Water 5912 23.6% 8.2 

Brine 5488 21.9% 226.1 

Evaporation 13578 54.1% 0 

Losses 104 0.4% 25.1 

TDS Bak Overall Mass Balance I 
Process Stream: mass I %of I TDS 

Frocess Stream Analyte Concentration, mgil 
TDS 1 TOC I 0 

l k x iuced  Water Charge 259.3 l 

Table 03-2, Produced Water Feed for FTE 
Wlatlon #-I, 

I Date: 

07/26/94 
07/28/94 

08/01/94 

08/05/94 
08/07/94 
08/09/94 
0811 5/94 
0811 7/94 

08/03/94 

Time: 

5:00 p 

3:00 p 
4:30 p 

4:30 p 
4:30 p 
4:30 p 
4:30 p 
4:OO p 
5:00 p 
5 o o p  

Description 
- 

lniaital Charge 
April Evaporation 
May Evaporation 
June Evaporation 
July Evaporation 
Aug. Evaporation 
Sept. Evaporation 
Oct. Evaporation 

lowntime Evaporation 
Nov. Evaporation 

Total 

-Mass 

0 
Added 

11504 
1044 
1322 
1846 
2736 
2648 

, 1248 
994 
780 
960 

25082 

- 
ce 

% of 
TDS Input 

3.1 % 

87.2% 

0.0% 

9.7% 

Boron 

0.0% 

Table 03-3, TDS. TQC. and Bor oa Conecniratlons of Process Streams 
for FTE Slmulatlon #-I, 



1 FTE Simulation # 3-1. * - Northwestern New Mexico Climate - 94 hours of sub-freezing temperatures 

Remarks 

initial Charge 

Before Water Addition 
After Water Addition 

[Simuiator#i -Produced Water From a Coal Bed Methane Well 1 

Eff. Evap. 
Pond o E e r  1 Rate 
Level Evaporated Achieved 
(mm) (grams) (mm) 

54 
52 41 a 4 
49 626 7 
54 

Date 1 Time 

starting Ending 
Date Date Month Simulated 

07/26/94 07/27/94 Aptil 

07R8/34 07/29/94 M Y  
07/29/94 07BOI94 May 
07/30/94 07/31/94 JUM 
07/31/94 08/01/94 JUM 
08/01/34 08/02/94 July 
08/02/94 08/03/94 July 
08/03/94 08/04/94 August 

07127194 07128194 April 

08/04/94 08/05/94 August 
08/05/94 08/06/94 September 
08/06/34 08/07/94 September 
08/07/94 08/08/94 October 
08/08/94 08/09/94 October 
08/15/94 08/16/94 November 
08/16/94 08/17/94 November 

07/26/94 
07/27/94 
07/28/94 
07/28/94 
07/29/94 
07BOI94 
07BO/94 
07/31/94 
08/01/94 
08/01/94 
08/02/94 
08/03/94 
08/03/94 
08/04/94 
08/05/94 
08/05/94 
08/06/94 
08/07/94 
08/07/94 
08/W94 
08/09/94 
08/09/94 
08/15/94 
08115194 
0811 6/94 
0811 7/94 
om1 7/94 

Climate's . Simulator 
Monthly Evaporation Rate 

PAN Achieved 
% of PAN 

Rate Month 
(mdday) 24hr. Average 

6.55 69% 86% 
6.55 103% 
8.48 56% 84% 
8.48 112% 
10.82 82% 92% 
10.82 102% 
10.39 109% 142% . 
10.39 174% 
9.37 164% 152% 
9.37 140% 
7.1 1 94% 94% 
7.1 1 94% 
4.95 86% 108% 
4.95 130% 
3.91 106% 132% 
3.91 159% 

Eva po ration 

SOOp 
4:30 p 
430 p 
4:30 p 
43 p 
3:oo p 
303 p 
4:30 p 
430 p 
430 p 
430 p 
430 p 
4:30 p 
4:30 p 
430 p 
4:30 p 
430 p 
4:30 p 
430 p 
4:30 p 
403 p 
400 p 
5:m p 
500 p 
500 p 
5:00 p 
500 p 

Before Water Addition 
After Water Addition 

Before Water Addition 
After Water Addition 

Before Water Addition 
After Water Addition 

Before Water Addition 
After Water Addition 

Before Water Addition 
After Water Addition 

Before Water Addition 
After Water Addition 

Before Water Addition 
After Water Addition 

Before Water Addition 
After Water Addition 

52 
48 
54 
50 
45 
54 
49 
41 
54 
47 
41 
54 
51 
48 
54 
52 
49 
54 
50 
54 
52 
49 
54 

441 
881 

820 
1026 

1052 
1684 

1426 
1222 

624 
624 

398 
596 

780 

384 
576 

5 
9 

9 
11 

11 
i a  
15 
13 

7 
7 

4 
6 

4 
6 

111.1 
~ 

D-3 -2 
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FIGURE D-3-1. FTE SIMULATION # 3 - 1  EXPERIMENTAL RESULTS 
Simulatlon Series ##3: Northwestern New Mexico Climate 1 

FTE Slmulatlon # 3-1. - Northwestern New Mexlco Cllmate - 94 hours of sub-freezlng temperatures 
% 

I (Simulator #I - Produced Water from a Coal Bed Methane Well 

2 40 

e! 
$ 30 E: 

p 10 
g 2 0  

0 
1 Produced Walerl Treated Waler I Brine 

rumgll I 10340 I 1380 I 41200 

2.16 I 0.612 I 8.0 1 I Produced Waled Treated Waler 1 Brine 

A M  I 

Produced Wated Treated Water I Brine 
130 I 110 I 370 1 

EXPERIMENTAL YIELDS 
wt % of Produced Water 

(54.1%) Evaporalion 

(Disposal Volume Reduced by: 78,1%j 



' i  

Process Stream: 

In: 
Produced Water Charge 

but:: 
Treated Water 

Brine 

Evaporation 

Losses 

7 

FTE Slmulatlon # 3-2. - Northwestern New Mexico climate - 94 hours of sub-freezlng temperatures 
Slmulator # 2 - Produced Water from an 011 and Gas Producing Well 

TDS B TOC B Overall Mass Balance alance alance Boron Balance 
mass % of TDS O h  of TOC % of Boron % of 

(a) Mass Input (n) TDS Input (a) TOC Input (n) Boron Input 

21 873 178.9 175.0 0.21 6 

4422 20.2% 3.8 2.1 % 2.7 1.6% 0.006 2.6% 

5845 26.7% 163.1 91.1% 81.8 46.8% 0.168 77.9% 

10805 49.4% 0 0.0% 0 0.0% o.Oo0 0.0% 

801 3.7% 12.0 6.7% 90.4 51.7% 0.042 19.5% 

Table 0-36, Summarv of Experlmental Mass, TDS. TOC *% S a o  3- 

Process Stream Analyte Concentration, m A 
TDS 1 TOC I %- 

I I 

07/26/94 
07/28/94 
07/30/94 
08/01/94 
08/03/94 
08/05/94 
08/07/94 
08109194 
08/15/94 
08/17/94 

W 
I 

5:Wp 
4:30p 
3:Wp 
4:30p 
4 3 0 p  
4:30p 
4:30p 
4:Wp 
5:W p 
5:Oo p 

IL 
Ictble D3.7, Produced Water Feed for FTF 

M a t i  on #3-2, 

Treated Water 

Brine 

~~~ 

Date: ~ 1 Time: 

866 620 1.27 

27900 14ooO 28.8 

I 

~~ ~ 

Description 

tniaital Charge 
April Evaporation 
May Evaporation 
June Evaporation 
July Evaporation 
Aug. Evaporation 
Sept. Evaporation 
Oct. Evaporation 

lowntime Evaporation 
Nov. Evaporation 

Total 

Table D-38, TDS. TOC. and Boron Conecntratlon s of Process Streams 
l o r  FTE Slmulatlon 

I (Produced Water 

1042 
1020 

21 873 



FTE Simulation # 3-2. - Northwestern New Mexico Climate - 94 hours of subfreezing temperatures 

-Produced Water From an Oil and Gas Producing Well Simulator #2 

I$bleD3-.IOA 
or FTF S- 

Date Date Month Simulated 
Starting tnding 

07/26/94 07/27/94 April 
07/27/94 07/28/94 April 
07/26/94 07/29/94 May 
07/29/94 07130194 May 
07t30/94 07/31/94 June 
07/31/94 08/01/94 June 

08/02/94 08/03/94 July 
08/01/94 08/02/94 July 

08/03/94 08/04/94 August 
08/04/94 08/05/94 August 
06/05/94 06/06/94 September 
08/06/94 08/07/94 September 
08/07/94 08/08194 October 
08/08/94 08/09/94 October 
08/15/94 08/16/94 November 
08/16/94 08/17/94 November 

Date 

Climate's Simulator 
Monthly Evaporation Rate 

PAN Achieved 
Evaporation % of PAN 

Rate Month 
(mmlday) 24hr. Average 

6.55 67% 84% 
6.55 101% 
8.48 55% 69% 
8.48 82% 
10.82 67% 67% 
10.82 67% 
10.39 92% 104% 
10.39 115% 
9.37 101% 101% 
9.37 101% 
7.1 1 95% 79% 
7.1 1 63% 
4.95 111% 111% 
4.95 111% 
3.91 129% 129% 
3.91 129% 

, 

07/26/94 
07/27/94 
07/28/94 
07/26/94 
07/29/94 
07/30/94 
07/30/94 
07/31/94 
08/01/94 
08/01/94 
08/02/94 
08/03/94 
08/03/94 
08/04/94 
08/05/94 
08/05/94 
08106194 
08/07/94 
08/07/94 
06/08/94 
08/09/94 
08/09/94 
OBI1 5/94 
08115194 
0811 6/94 
0811 7/94 
08/17/94 

Time 

5:oo p 

4:30 p 
4:30 p 
430 p 
3:oo p 
3:w p 
4:30 p 
430 p 
430 p 
4:30 p 
4:30 p 
4:30 p 
4:30 p 
4:30 p 
4:30 p 
4:30 p 
4:30 p 
4:30 p 
4% p 
4:oo p 
4:w p 
520 p 
5:oo p 
5:w p 
5:w p 
5:oo p 

4:30 p 

Remarks 

Initial Charae - 
407 

Before Water Addition 1 611 
After Water Addition 

Before Water Addition 
After Water Addition 

Before Water Addition 
After Water Addition 

Before Water Addition 
After Water Addition 

Before Water Addition 
After Water Addition 

Before Water Addition 
After Water Addition 

Before Water Addition 
After Water Addition 

M r e  Water Addition 
After Water Addition 

Before Water Addition 
After Water Addition 

52 
50 
47 
52 
49 
46 
52 
48 
43 
52 

' 4 8  
44 
52 
49 
47 
52 
50 
48 
52 
49 
52 
50 
48 
52 

431 
647 

669 
669 

884 
1106 

873 
873 

625 
417 

51 0 
510 

633 

470 
470 

Eff. Evap. 
Rate 

' Achieved 
(mm) 

4 
7 

5 
7 

7 
7 

10 
12 

9 
9 

7 
5 

6 
6 

5 
5 

D-3 -5 



F1 
w 
I 
OI 

FTE SlmulaUon # 3-2. - Northwestern New Mexlco Cllmate L 

Slmulator ##2 

- 94 hours of sub-freetlng temperatures 

- Produced Water from an 011 and Gas Produclng Well 

30 

P 
0 

I Produced Water1 Trealed Water I Brlne 
arng/l I 81Bo I 866 I 27900 

40 

230 c' 
a 

3 6 20 

0" 

2 

c 

c 10 

0 
I Produced Waled Treated Waler 1 Brine 

mmg/l I 9.68 I 1.27 I 28.8 

15 

2 

8 I- 

Produced Waled Treated Water I Brine 
8000 1 620 I 14000 

/EXPERIMENTAL YIELDS] 
wt % of Producod Water 1 

(26.7%) Brine 
(20.2%) Treated Water 

(3.7%) Losses 

(49.4%) Evaporation 

LDlsposal Volume Reduced by: 73.3%) 



FTE Slmulatlon # 33.  - Northwestern New Mexlco cllmate - 94 hours of  sub-freezlng temperatures 
Slmulator # 3 - Produced Water from a Natural Gas Producing Well 1 

7 
w 
I 

Process Stream: 

Treated Water 

Brine 

Evaporation 

Losses occurring 8/78/8/94 (See Note 1 .) 

Other Losses 

/kduced Water Charge 

Process Stream Anaiyte Concentration, mgil 
TDS I TOC I B 

I I I 
Date: 

0712W 
07128194 
07/jo194 
moll94 
m m  
08- 
m107/94 
08KBl94 
mml94 
08/15/94 
08/17/94 

Time: 

5 : w p  
4 3 o p  
3:Wp 
4 : s p  
4:3op 
4 3 o p  
4 : a p  

4 : w p  
5 W p  

8:oOa 

5 W p  

11996 

430 

2600 

240 

12500 

I Mass 

100 3.54 

120 0.894 

380 15.5 

Description I Added 

lnlaltal Charge 
April Evaporation 
May Evaporation 

July Evaporation 
Aug. Evaporation 
Sept. Evaporation 

Oct. Evaporation 
)owntime Evaporation 

Nov. Evaporation 

June Evaporation 

See Note 1. 

Total 

I (a) 
11110 
1 lo3 
1268 
1770 
2298 
2282 
1266 

12564 
746 
633 
fi30 

35660 
I 

TDS Balance 
TDS I %of 

TOC Balance 
TOC I % of 
(9) TOC Input 

3.6 0.126 

Produced Water 

Treated Water 

Brine 

Note 1. On the evening of 8R-818194 the produced water holding pond spray plugged 
from a microbiological precipitate growing in the pond. When the spray 
nozzle partially plugged, the entire pond water volume was sprayed outside 
the pond and lost. The mass of produced water considered lost in this incident 
was an amount equal to the initial pond water charge. The grams of TDS, TOC, 
and Boron considered lost in this incident were considered to be equal to the 
the respective grams of each species introduced into the pond at the time of 
the spill. 



[FTE Simulation #M. - Northwestern New Mexico Climate i 
1 - 94 hours of subfreezing temperatures I 

Simulator #3 -Produced Water From a Natural Gas Producing Well I 

Date 

07/26/94 
07/27/94 
07/28/94 
07/28/94 
07/29/94 
07130194 
07/30/94 
07/31/94 
08/01/94 
08/01/94 
08/02/94 
08/03/94 
08/03/94 
08m4/94 
08/05/94 
08/05/94 
08/06/94 
08/07/94 
08/07/94 

08/08/94 
08/09/94 
08/09/94 
0811 5/94 
08/15/94 
08/16/94 
08/17/94 
0811 7/94 

oamatw 

Remarks I Time 

5:00 p 
430 p 
430 p 
430 p 
430 p 
300 p 
3:00 p 
430 p 
4:30 p 
4:30 p 
430 p 
410 p 
430 p 
430 p 
430 p 
430 p 
430 p 
430 p 
480 p 

4:s p 
400 p 
400 p 
500 p 
5 m  p 
500 p 
500 p 
500 p 

8:OO a 

Initial Charge 

Before Water Addition 
After Water Addition 

&fore Water Addition 
After Water Addition 

&fore Water Addition 
After Water Addition 

Bdore Water Addition 
After Water Addition 

&fore Water Addition 
After Water Addition 

More Water Addition 
After Water Addition 
After Water Addition 

&fore Water Addition 
After Water Addition 

Bdore Water Addition 
After Water Addition 

&fore Water Addition 
After Water Additiov 

53 
51 441 
48 662 
53 
50 634 
47 634 
53 
49 885 
45 885 
53 
48 1045 
42 1253 
53 
48 1141 
43 1141 
53 
49 844 
47 422 
53 
60 
59 249 
57 497 
60 
58 633 
60 
58 420 
57 210 
60 -- 

Evaporation 
Month Simulated 

Shrbng nding 

07126194 07/27/94 
07/27/94 07/28/94 
07/2a/94 07/29/94 
07/29/94 07/30/94 
07BOI94 07/31/94 

08/01/94 08/02/94 
o 8 m m  08/03/94 
w m w  w / 9 4  
08/04/94 08105194 
08/05/94 0 8 / m  
06106194 08/07/94 
08m7/84 08/08/94 
o 8 m m  w09/94 
08/15/94 08/16/94 
08/16/94 0811 7/94 

07l31/94 o 8 m m  

April 
April 
WY 
h Y  
June 
June 
July 
July 

August 
August 

September 
September 

October 
October 

November 
November 

6.55 
6.55 
8.48 

10.82 
10.82 
10.39 
10.39 
9.37 
9.37 
7.1 1 
7.1 1 
4.95 
4.95 
3.91 
3.91 

8.48 

I 

Average PAN Evapontion Efficiencykhieved (% of PAN) 

Eff. Evap. 
Rate 

Achieved 
(mm) 

5 
7 

7 
7 

10 
10 

11 
14 

12 
12 

9 
5 

5 

5 
2 

Simulatur 
Evawntion Rate 

P 
9 

24 hr. 

73% 
110% 

81% 

89% 
109% 
131% 
133% 
133% 
129% 
65% 

109% 
117% 
58% 

- 
81% 

89% 

- 

ieved 
r PAN 

Month 
Averaqe 

92% 

81 % 

09% 

120% 

133% 

97% 

109% 

88% 

101% 



FIGURE D-3-3. FTE SIMULATION # 3 - 3  EXPERIMENTAL RESULTS 
Simulation Serles #3: Northwestern New Mexico Cilmate 1 

FTE Slmulatlon # 33.  - Northwestern New Mexlco Cllmate - 94 hours of sub-freezing temperatures 

- Produced Water from a Natural Gas Produclng Well - Data Corrected for a Splll Occurring 6/7 - 8/6/94 
Slmulator #3 

15 I 

Produced Water1 Treated Water I Brine 
2600 I 240 I 12500 i 

I 2ofl 

Produced Waled Treated Water 1 Brine 
3.54 1 0.694 1 15.5 

Produced Waled Treated Water I Brine 
100 I 120 I 380 

EXPERIMENTAL YIELDS 
wt % of Produced Wator 

(73.0%) Treated Wate 

(3.4%) Losses 

(23.6%) Brine 

[Disposal Volume Reduced by: 76.4%j 



APPENDIX D-4 

SIMULATION SERIES #4 RESULTS 



:i 

Process Stream: 

In: 
Produced Water Charge 

out:: 
Treated Water 

Brine 

Evaporation 

Losses 
s FL 

08/30/94 
09/03/94 
09/05/94 
09/07/94 
09/09/94 
09/11/94 

FTE Slmulatlon #4-1. - Central Wyomlng - 169 hours of sub-freezlng temperatures 
Slmulator # I - Produced Water from a Goal Bed Methane Well I 

5 0 0 p  
4:00p 
3 3 0 p  
4:30p 
4:30p 
4:30 p 

Table 04-2, Summary of Experlmental Mass. TDS. T O C a d  Boron Balances from FTE Slmulatlon # 4-1, 

IP 
I 
P Jable 04.2. Produced Wa ter Feed for FTE 

SImulatlon #4-2. 

I 
. I  

Date: Time: 

~ ~~ 

Description 

lniaital Charge 
May and June Evap. 

July Evaporation 
Aug. Evaporation 
Sept. Evaporation 
Oct. Evaporation 

Total 

Mass 

0 
Added 

11230 
2424 
1424 
1436 
1184 
1424 

19122 

Jable D4-3, LpS. TOC. and BamConecntratlons of Pr ocess Streams 
for FTE Sbulatlon #4-2, 

Process Stream Analyte Concentration, mg/l * 
TDS I TOC I B 

I I I 

Produced Water 

Treated Water 

Brine 69500 1170 



FTE Simulation #4-1. - Central Wyoming Climate - 169 hours of sub-freeung temperatures 

- Produced Water From a Coal Bed Methane Well Simulator #I 

Date Time Remarks 

0a/30/94 5:oo p Initial Charge 
08/31/94 430 p 
09/01/94 4:30 p 
09/02/94 430 p 

09/03/94 4:oo p M e r  Water Adddion 
09/04/94 4:30 p 

09/05/94 3:30 p M e r  Water Adddion 
09/06/94 430 p 
09/07/94 4:30 p Before Water Addition 
09/07/94 4:30 p Mer  Water Adddion 
09/08/94 430 p 
09/09/94 430 p Before Water Adddion 
09/09/94 430 p After Water Addition 
0911 0194 430 p 

0911 1194 4:30 p M e r  Water Addition 

09l03194 4:oo p Before Water Addtion 

09/05/94 3:m p Before Water Adddion 

0911 1/94 4:30 p Before Water Addition 

r 

Pond 
Level 
(mmy 

53 
51 
48 
44 
41 
53 
50 
46 
53 
49 
46 
53 
50 
47 
53 
50 
46 
53 

of Water 

I i I b h M A Y  Climate's 

aoa 
606 

Simulator 

610 
814 

821 
615 

Starting Ending 
W e  W e  Month Simulated 

m / 9 4  08/31/94 May 
0a/31/94 09/01/94 May 
09/01/94 09/02/94 June 
09/02/94 09/03/94 June 
09/03/94 09/04/94 July 
09/04/94 09/05/94 July 
09/05/94 09/06/94 August 
09/06/94 09/07/94 August 
09/07/94 09/08/94 September 
09/08/94 09/09/94 September 
09/09/94 09/10/94 Odober 
09/10/94 0911 1/94 Odober 

592 
592 

PAN Achieved 

Rate Month 
(midday) 24 hr. Averaqe 

4.58 95% 119% 
4.58 142% 
6.54 133% 116% 
6.54 100% 
7.53 87% 102% 
7.53 116% 
6.46 137% 120% 
6.46 103% 
4.58 139% 139% 
4.58 139% 
2.88 228% 266% 
2.88 304% 

Evaporation % of PAN 

61 0 
814 

6 
6 

7 
9 

D-4-2 



FTE Slmulatlon # 4-2. - Central Wyomlng - 169 hours of sub-freezlng temperatures 
Slmulator # 2 - Produced Water from an 011 and Gas Produclng Well I 

Fl 

Overall Mass Balance TDS Balance 
Process Stream: mass % of TDS % of 

In: 
Produced Water Charge 19296 167.7 

out:: 
Treated Water 6866 35.6% 2.8 I .7% 

Brine 2882 14.9% 138.0 82.3% 

(4) Mass Input (4) TDS Input 

Evaporation 8258 42.8% 0 0.0% 

Losses 1290 6.7% 26.8 16.0% 

w Table D4-7. Produced Water Feed for FTE 
&ulatlon #4-2, 

8690 

41 0 

47900 

~~ 

Date: Time: 

9Oo0 

180 

17750 

09103194 
09/05/94 
09107194 
09/09/94 
09/11194 

5:oo p 
4:m p 
3:30 p 
4:30 p 
4:30 p 
4:30 p 

Description 
~~~ ~ 

lniaital Charge 
May and June Evap. 

July Evaporation 
Aug. Evaporation 
Sept. Evaporalion 
Oct. Evaporation 

Total 

Mass 

ds) 
Added 

11038 
2634 
1516 
1508 
1252 
1348 

19296 

Boron 
TOC In ut 

1.2 0.7% 0.002 

51.2 29.5% 0.078 

0.0% o.Oo0 

121.3 69.8% 0.072 

0 

1.6% 

51 .I % 

0.0% 

47.3% 

I&- IDS. TOC. and B oton Con ecntratlons of Process S t t e r n  
for FTF Slmulatl on #4-2. 

rocess Stream Analyte Concentrat1 
TDS 1 TOC 

Produced Water 

Treated Water 

Brine '7 26.95 



, I FTE Simulation #4-2. - Central Wyoming Climate - 169 hours of sub-freezhg temperatures 

Remarks 

[Simulator - Produced Water From an Oil and Gas Producing Well 1 

Pond 
Level 

Jable D49. Produced Water Pond Level Datq 
far FTF 

Starting 
Date 

08/30/94 
06/31/94 
09/01/94 
03/02/94 
09/03/94 
09/04/94 
09/05/94 
09/06/94 
09/07/94 
09/08/94 
09/09/94 
09/10/94 

Date 

Ending 
Date Month Simulated 

08/31/94 May 
09/01/94 May 
09/02/94 June 
09103194 June 
09/04/94 July 

09/06/94 August 
09/07/94 August 
09/08/94 September 
09/09/94 September 
0911 0194 October 
0911 1194 October 

09/05/94 July 

08/30/94 
08/31/94 
09/01/94 
09/02/94 
09/03/94 
09/03/94 
09/04/94 
09/05/94 
09/05/94 
09/06/94 
09/07/94 
09/07/34 
09/08/34 
09/09/94 
09/09/94 
0911 0194 
0911 1/94 
09/11/94 

Time 

500 p 
430 p 
430 p 
4:30 p 
400 p 
4:oo p 
430 p 
330 p 
3:30 p 
430 p 
430 p 
4:30 p 
430 p 
4:30 p 
430 p 
430 p 
430 p 
4:30 p 

Initial Charge 

Before Water Addition 
After Water Addtion 

Before Water Addtion 
After Water Addition 

Before Water Addtion 
After Water Addtion 

Before Water Addition 
After Water Addtion 

Before Water Addtion 
M e r  Water Addtion 

53 
51 
48 
44 
40 . 
53 
50 
45 
53 
49 
45 
53 
50 
46 
53 
50 
46 
53 

Climate's 
Monthly 

PAN 
Evaporation 

Rate 
(mmlday) 

4.58 
4.58 
6.54 
6.54 
7.53 
7.53 
6.46 
6.46 
4.58 
4.58 
2.88 
2.88 

Average PAN Evaporation Efficiency Achieved (% of PAN) 

Mass 
of Water 
ivaporatec 
(grams) 

405 
608 
81 0 
81 0 

569 
948 

754 
754 

537 
, 715 

578 
770 

Eff. Evap. 
Rate 

Achieved 
(mm) 

4 
7 
9 
9 

6 
10 

8 
8 

6 
a 

6 
8 

Simulator 
Evaporation Rate 

Achieved 
%OfPAN 

96% 
143% 
134% 
134% 
82% 
136% 
126% 
126% 
127% 
169% 
21 7% 
289% 

120% 

134% 

109% 

126% 

148% 

253% 

148% 

D-4-4 
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I 

(9) 

I 

Mass Input (9) TDS Input 

FTE Slmulatlon #43. - Central Wyomlng - 169 hours of  sub-freezlng temperatures 
Slmulator # 3 - Produced Water from a Natural Gas Produclng Well I 

(a) 

0.0 

reated Water 

TOC Input 

Brine 

Evaporation 

20138 

8076 

1322 

8808 

1932 

Date: I The:  

54.5 

40.1% 1.9 3.6% 

6.6% 50.0 91.7% 

43.7% 0 0.0% 

9.6% 2.6 4.7% 

0.002 

0.044 

O.Oo0 

0.022 

Overall Mass Balance I TDS Balance 
mass I %of  I TDS I %of  

3.3% 

64.5% 

0.0% 

32.2% 

I 

I 

I 

Process Stream Analyte Concentration, mgn 

Produced Water 2705 <1M: 3.40 

Treated Water 240 <1OC 0.28 

Brine 37800 680 33.4 

TDS TOC B Description 

mm/94 
0 9 m  
09- 
09107194 
09m/94 
09/11/94 

lnlaital Charge 
May and June Evap. 

July Evaporation 
Aug. Evaporation 
Sept. Evaporation 
Oct. Evaporation 

5:mp 
4:mp 
3:30p 
4:30p 
4:mp 
4:30p 

11330 
3032 
1630 
1554 
1 288 
1304 

TOC Balance 
TOC I % of 

-0.9 O /  

Total 



FTE Simulation # 43. - Central Wyoming Climate - 169 hours of sub-freeu'ng temperatures 

-Produced Water From a Natural Gas Producing Well Simulator #3 

Climate's 
Monthly 

PAN 

Date 

Simulator 
Evaporation Rate 

Achieved 

00/30/94 
08/31/94 
09/01/94 
09/02/94 
09/03/94 
09/03/94 
09/04/94 
09/05/94 
09/05/94 
09/06/94 
09/07/94 
09/07/94 
09/08/94 
09/09/94 
09/09/94 
0911 0194 
0911 1/94 
0911 1/94 

Remarks 

5:wp 
4:m p 
4:30 p 
430 p 
4:w p 
4:oo p 
430 p 
330 p 
3:30 p 
430 p 
430 p 
430 p 
430 p 
430 p 
4:30 p 
4:30 p 
430 p 
430 p 

Initial Charge 

Before Water Addlion 
After Water Addlion 

Before Water Addition 
After Water Addlion 

Before Water Addlion 
After Water Addition 

Before Water Addlion 
After Water Addition 

Before Water Addition 
After Water Addlion 

Starting 
Date 

08/30/94 
08/31/94 
09/01/94 
09/02/94 
09/03/94 
09/04/94 
09/05/94 
09/06/94 
09/07/94 
09/08/94 
09/09/94 
0911 0194 

Pond 
Level 
(mm) 

54 
50 
47 
44 
40 
54 
50 
46 
54 
50 
47 
54 
51 
48 
54 
5D 
47 
54 

Ending 
Date 

08/31/94 
09/01194 
09/02/94 
09/03/94 
09/04/94 
09/05/94 
09/06/94 
09/07/94 
09/08/94 
09/09/94 
0911 0194 
09/11/94 

Month Simulated 

May 
May 
June 
June 
July 
July 

August 
August 

September 
September 

Odober 
October 

- 
Mass 

of Water 
3apOratec 
(crams) 

866 
650 
650 
066 

815 
81 5 

808 
666 

644 
644 

745 
559 

Eff. Evap. 
Rate 

Achieved 
(mm) 

9 
7 
7 
9 

9 
9 

10 
7 

7 
7 

8 
6 

mmlda 24 hr. 

4.58 
4.58 
6.54 
6.54 
7.53 
7.53 
6.46 
6.46 
4.58 
4.58 
2.88 
2.08 

206% 
154% 
108% 
144% 
118% 
118% 
150% 
112% 
153% 
153% 
282% 
211% 

Average PAN Evaporation Efficiency Achieved (% of PAN) 

: PAN 
Month 

Average 

180% 

126% 

118% 

131 % 

153% 

246% 

159% 

D-4-6 



A P P m I X  D-5 

SIMULATION SERIES #5 RESULTS 



.- 

TOS Balance 
TDS % of 
(fl) TDS Input 

214.9 

FTE Slmulatlon # 5-1. - Central Wyomlng cllmate - 182.5 hours of  sub-freezlng temperatures 
Slmulator # 1 - Produced Water from a Coal Bed Methane Well 1 

roc I 
TOC 
(fl) 

27.6 

Lable D5- I .  Summarv of E x p m e n t a l  Ma 5s. TDS. TOC. and Boron Balances from FTE Slmulatlon # 5-1. 

(4) 

1971 6 

Process Stream: 

In: 
Produced Water Charge 

out:: 
Treated Water 

Mass Inpu! 

Brine I 

Added 

1 1426 

Date: 
process Stream Analyte Concentration, mgli 

Produced Water 10900 1400 2.14 

TDS TOC Boron 

10/05194 
10/07/94 
10/09/94 
1011 1 /94 
1011 3/94 
1011 5/94 
1011 8/94 

Treated Water 

Brine 

Time: 

286 0 0.00 

7641 7 a786 12.72 

500 p 
5:00 p 
3:00 p 

500 p 
4:30 p 

4:30 p 
4:30 p 

Description 

lniaital Charge 
May Evaporation 
June Evaporation 
July Evaporation 
Aug. Evaporation 
Sept. Evaporation 
Oct. Evaporation 

Total 

E d  
% of 

roc Input 

0.0% 

82.1 % 

0.0% 

17.9% 

0.000 0.0% 

0.033 77.7% 

0.0% 

0.009 22.3% 

Jable 05-3, YD-S. TOC. a n u o r o n  Conecntriltions of Process Streams 
for FTE Slmulatl on M-1, 

1258 
1326 
1486 
1448 
1266 4 1971 6 



FTE Simulation #5-1. - Central Wyomlng climate - 182.5 hours o f  sub-freezlng temperatures 
Slmulator # I - Produced Water from a Coal Bed Methane Well 

0.000 

0.002 

0.000 

0.003 

on # 5-2, Slmulatl Table DS4, Summarv o f  Egperlmental Mass. Amm onla. Fe. and CI Balances from FTE 

0.0% 0.2 0.8% 

45.1% 15.7 72.4% 

0.0% 0.0 0.0% 

54.9% 5.8 26.8% 

I 

Process Stream Analyte Concentration, mgA 
Ammonia 1 Fe I CI 

1 1 1 

Process Stream: 

in: 
Produced Water Charge 

6 - u i  
Treated Water 

Brine 

Evaporation 

Losses 
7 cn 

I 
w 

0.89 

0.48 

5.26 

! 

0.26 1100.0 

0.00 22.5 

0.90 6094.8 

73EEim 
mass 
(a) 

1971 6 

7703 

2578 

8290 

1145 

zzilzz 
% of 

vlass lnpul 

39.1 % 

13.1% 

42.0% 

5.8% 

Ammonia Balance 
Ammonia I % of 

Ammonia 11 + 
0.014 77.3% 

0.0% 

1.7% 

Fe Balance i CI Balance 
Fe I %of I CI I %of 

Table DSS, Ammonla. €e, and CI Conecn_tratlons of Process Streams 
for FTE Slmulatlon #5-I, 

Produced Water 

Treated Water 

Brine 



FTE Slmulatlon # 5-1. - Central Wyomlng Cllmate - 182.5 hours o f  sub-freezlng temperatures 
Slmulator # 1 - Produced Water from a Coal Bed Methane Well 

Process Stream: 

In: 
Produced Water Charge 

out:: 
Treated Water 

Brine 

Evaporation 

Losses 

Jable Db-6. S u m m a ~ ~ ~ e r h e n t a l  Mass, By, Ba. and Sr BaJances from FTE Slmulatlon # 5-1, 

Overall Mass Balance Br Balance Ba Ba ance Sr Ba ance 
mass % of Br % of Ba % of Sr % of 

(sl) Mass Input (fll Br In (!.I) Ba In (R) Sr In 

1971 6 0.1 03 0.550 . 0.296 

7703 39.1% 0.000 0.0% 0.007 1.2% 0.003 1 .O% 

2578 13.1% 0.102 99.6% 0.058 10.6% 0.041 14.0% 

8290 42.0% 0.000 0.0% 0.000 0.0% o.Oo0 0.0% 

1145 5.8% 0.000 0.4% 0.485 88.2% 0.251 85.0% 

Process Stream 

Produced Water 

Treated Water 

Brine 

Jable DS-7, Br. Ba. and Sr Conecukatlons of Process S t r e m  
for FTE Simulation #5-2, 

Analyte Concentration, mgil 
Br 8a  Sr 

5.20 27.90 15.00 

0.00 0.86 0.39 

39.60 22.52 16.09 



FTE Simulation # 5-1. - Central Wyoming Climate - 182.5 hours of sub-freezing temperatures 

-Produced Water From a Coal Sed Methane Well Simulator #I 

n b l e  D-68. Produced Water Holdino Pond Level Da ta 
for FTE 

Date 

10105194 
1 OlW94 
10107194 
10107194 
10/06/94 
10109194 
10109194 
1011 0194 
1011 1194 
1011 1/94 
1011 2/94 
1 011 3/94 
10113194 
1011494 
1011 5194 
1011 5194 
10116194 
10117194 
10117/94 

Time 

500 p 
5oop 
500 p 
500 p 
4:30 p 
3 w p  
3:00 p 
430 p 
4:30 p 
4:30 p 
4:30 p 
500 p 
500 p 
4:30 p 
430 p 
4:30 p 
4:30 p 
4:30 p 
430 p 

Pond 
Remarks Level 

(mm) 

Initial Charge 54 
51 

Before Water Addition 48 
After Water Addition 54 

51 
Before Water Addition 48 
After Water Addition 54 

50 
Before Water Addtion 47 
After Water Addition 54 

50 
Before Water Addition 47 
After Water Addition 54 

51 
Before Water Addition 48 
After Water Addition 54 

51 
Before Water Addition 47 
After Water Addition 54 

Starting Ending 

10105/94 
10106194 
10107194 
10108194 
1 Ol09194 
1011 0194 
10111194 
10112/94 
10113194 
1011 4/94 
10/15/94 
1 011 6/94 

10106194 
lOlO7l94 
1 OlOW94 
10109/94 
10110194 
10111194 
1011 2/94 
10113194 
1 011 4/94 
1011 5/94 
1011 6/94 
1 011 7/94 

Month Simulated 

May 
May 
June 
June 
July 
July 

August 
Augud 

September 
September 

Odober 
Odober 

- 
Mass 

of Water 
kapratec 
(grams) 

629 
629 

663 
663 

849 
637 

827 
621 

633 
633 

645 
861 

Eff. Evap. 
Rate 

Achieved 
(rnm) 

7 
7 

7 
7 

9 
7 

9 
7 

7 
7 

7 
9 

Climate's Simulator 
Monthly Evaporation Rate 

Achieved 
Evaporation % of PAN 

rmnlda 24 hr. Avera e 

4.58 
4.58 
6.54 
6.54 
7.53 
7-53 
6.46 
6.46 
4.58 
4.58 
2.88 
2.88 

148% 
148% 
109% 
109% 
121% 
91 % 
138% 
103% 
149% 
149% 
241 % 
322% 

148% 

109% 

106% 

121% 

149% 

281% 

Average PAN Evaporiltion Efficiency Achieved (% of PAN) 152% 

D-5-4 



FTE Simulation # 5-1. - 182.5 hours of sub-freezing temperatures 
Simulator # 1 - Produced Water from a Coal Bed Methane Well 

Table D-5-10. Results of Chemical Analvses of Process Streams for 
Simulation # 5-1 

Process Stream: 

Analyte 

TDS 
Alkalinity 
Ammonia 
Cyanide 

H2S 
TOC 

Total Phenolics 

Na 
Ca 
Mg 
Fe 

SO4 
NO3 
NO2 
CI 
F 
Br 

AI 
As 
Ba 
Be 
B 

Cd 
Cr 
c o  
cu 
Pb 
Li 

Mn 
Hg 
Ni 

Ra 226 (a) 
Ra 228 (a) 

Se 
Sr 

U 
v 
Zn 

a) - Concentration 

As 

Produced 
Water 
Feed 

(mg/L) 

10900 
8500 
0.89 
co.1 
~0.05 
1400 
co.01 

3750 
6.3 

23.5 
0.26 
1.5 

42.4 
<I 

1100 
< I  
5.2 

<I 
~0.05 
27.9 
~0.05 
2.14 
co.01 
<0.05 
co.01 
co.1 

co.01 
<I 

0.017 
<0.0001 

c0.1 
2.8(+/- 1.8) 

CO.01 
15 

co.01 
40.1 
co.1 

(b) 

~0.05 
DCill. 

Est. Pond 
Water prior to 

Freezing 
(mg/L) 

18808 
14667 
1.54 
CO. 1 
c0.05 
2416 
xo.01 

6471 
10.9 
40.6 
0.45 
2.6 
73.2 

1898 

9.0 

48.1 

3.69 

0.029 

4.8(+/-3. I ) 

25.9 

Treated 
Water 
(mg/L) 

286 
188 
0.48 
co.1 
~0.05 
< I  00 
co.01 

111 
2.0 
0.84 
<O.l 
I .5 
<1 
<I 

22.5 
< I  
< I  

< I  
c0.05 
0.86 
c0.05 
<0.2 
co.01 
~0.05 
co.01 
co.1 
co.01 

< I  
co.01 

c0.0001 
co. 1 
c0.3 

<0.01 
0.39 
co.01 
co.1 
co. 1 
<0.05 

(b) 

Brine 

(mg/L) 

76570 
38750 
5.27 
c0.3 

~0.16 
8804 
0.84 

26288 
12.4 

163.7 
0.90 
19.2 

163.7 
<3 

61 07 
28.5 
39.7 

<3 
~0.16  
22.6 
~0 .16  
12.74 
0.05 
c0.16 
~0.03 
c0.3 

0.124 
4 

~0.03 
0.0015 
~0.3 

I I .8 (+/- 6.5) 
17.1 (+/- 6.5) 

C0.03 
16 

~0.03 
~ 0 . 3  
~ 0 . 3  
e0.16 

D j  - Detectable concentration but precision in laboratory analysis prevents quantification. 

D-5-5 



FTE Simulation # 5-1. - 182.5 hours  of sub-freezing temperatures  
Simulator # I - Produced Water  f rom a Coal Bed Methane Well i 

(a) tjon limit for analytical 

Table DS-11. Chemical Comoonent Balances a n d  Closures for Simulation %-I. 

procedi 

I Process Stream: 

Analyte 

TDS 
Alkalinity 

Ammonia 
Cyanide 

H2S 
TOC 

Total Phenolics 

Na 
Ca 
Mg 
Fe 

SO4 
NO3 
NO2 

CI 
F 

Br 

Trace Metals 

Al 
As 
Ba 
Be 

B 
Cd 
Cr 
c o  
c u  
Pb 
Li 

Mn 
Hg 
Ni 

Ra 226 
Ra 228 

Se 
Sr 
4 3  
U 
v 

Zn 
(a) - Concentration o 

Treated 
Water 

% of 
Input 

1 .O% 
0.9% 

21 .I % 

0.0% 

1.2% 
12.4% 
1.4% 
0.0% 

39.1 % 
0.0% 

0.8% 

0.0% 

I .2% 

0.0% 

0.0% 

1.0% 

below del 

Brine 

Mass 
0 

197 
99.9 

0.014 
(a) 
(a) 
22.7 

0.002 

67.0 
0.032 
0.422 
0.002 

0.050 
0.422 

15.7 
0.074 
0.1 02 

0 

(4 

(4 
(a) 

58 
(a) 

33 
0.128 

(a) 
(4 
(a) 

(4 

(a) 
(b) 
(b) 
(a) 

(4 
(a) 
(a) 

0.320 
11.189 

0.004 

42 

% of 
Input 

91.9% 
59.6% 
77.4% 

82.2% 

91.7% 
25.7% 
91.1% 
45.2% 

167.5% 
50.5% 

72.6% 

99.8% 

10.6% 

77.8% 

0.0% 

14.1% 

Losses 

Mass 
0 

I! 
66.; 

O.OO( 

4.: 

5.: 
0.071 
0.03: 
0.00: 

-0.03; 
0.414 

5.E 

0.00c 

0 

485 

E 

0.335 

251 

(b) - Detectable concentration bbt precision in laboratory analysis prevents quantification. 

D-5-6 

xe. 

% of 
Input 

7.1% 
39.5% 
1.5% 

17.8% 

7.2% 
61.9% 
7.5% 

54.8% 

-1 06.6% 
49.5% 

26.6% 

0.2% 

88.2% 

22.2% 

100.0% 

84.9% 



FTE Slmulatlon # 63. - Central Wyoming cllmate - 182.5 hours of sub-freezlng temperatures 
Simulator # 2 - Produced Water from an 011 and Gas Producing Well 1 

Process Stream: 

In: 
Produced Water Charge 

O X  
Treated Water 

Brine 

Evaporation 

Losses 

7 

. Overall Mass Balance TDS Balance TOC Balance Boron Balance - 
mass % of TDS % of TOC % of Boron % of 

(9) Mass Input (!4 TDS Input (9) TOC Input Boron Input 

I9770 165.3 119.6 0.174 

7152 36.2% I .5 0.9% 0.7 0.6% O.Oo0 0.0% 

2456 12.4% 112.7 68.2% 67.0 56.1% 0.096 56.1% 

8898 44.0% 0 0.0% 0 0.0% O.Oo0 0.0% 

1464 7.4% 51.1 30.9% 51.8 43.3% 0.078 44.9% 

Date: 

1 o m  
10/07M 
1 omm 
10/11M 
lo l l  394 
lo l l  5/94 
1011 8194 

Time: Description 

5:m p 
5:o p 
3:oo p 
430 p 
5:m p 
430 p 
4 : s  p 

8360 

206 

4fj900 

iniaitai Charge 
May Evaporation 
June Evaporation 
July Evaporation 
Aug. Evaporation 
Sept. Evaporation 
Oct. Evaporation 

6050 8.80 

100 0.00 

27300 39.00 

I 1 072 
1376 
1440 
1646 
1514 
1 280 
1 442 

Total 19770 

Analyte Concentration, rngA 
TDS I TOC 1 Boron 

Produced Water 

Treated Water 

Brine 



P cn 
I 
03 

Process Stream: 

In: 
Produced Water Charge 

out:: 
Treated Water 

Brine 

Evaporation 

Losses 

FTE Slmulatlon # 5-2. - Central Wyomlng cllmate - 182.5 hours of sub-freezlng temperatures 
Simulator # 2 - Produced Water from an 011 and Gas Producing Well 

Overall Mass Balance Alkalinity Balance Sulfate Balance Ammonia Balance 
mass % of Alkalinity %of  Sulfate %of Ammonia %of 
(9) Mass Input (9) Alkalinity In kl) Sulfate In (9) Ammonia In 

1 9770 20.6 I .7 0.151 

7452 37.7% 0.3 1.4% 0.0 1.3% 0.028 18.8% 

2.1 119.9% 0.221 146.2% 3326 16.8% 20.9 101.4% 

8898 44.0% 0 0.0% 0 0.0% 0.m 0.0% 

294 1.5% -0.6 -2.8% 0.4 -21.2% 0.098 -65.0% 

1040 

38 

6270 

Analyte Concentration, mgfl 
Alkalinity I Sulfate I Ammonia 

87.1 7.6 

3.0 3.8 

621.0 66.3 

Produced Water 

Treated Water 

Brine 



FTE Slmulatlon # 5-2. - Central Wyomlng climate - 182.5 hours of sub-freezlng temperatures 
Simulator # 2 - Produced Water from an 011 and Gas Produclng Well 

I2bl-a S l l m m n r y s f + x p e r l ~ L b h s ~ l n l t y ~ h ~ n ~ B a l a n c e s f r o m F T E ~  

dass Input 
Process Stream: 

In: 
Produced Water Charge 

out:: 
Treated Water 

Brine 

Evaporatlon 

Losses 

P cn 
I 

\D 

(!$ Alkalinlty In (9) Sulfate In 

Overall M2 
mass 
_o 

19770 

37.7% 

16.8% 

44.0% 

1.5% 

7452 

3326 

8698 

294 

0.3 1.4% 0.0 1.3% 

20.9 101.4% 2.1 119.9% 

0 0.0% 0 0.0% 

-0.6 -2.8% -0.4 -21.2% 

i Balance I Alkalinity Balance 1 Sulfate Balance 
%of  I Alkallnitv I %of  I Sulfate I %of 

20.6 I I 1.71 

(9) (Ammonia In 
I 

0.151 I I  ~1 
0.221 146.2% ' 

-0.098 -85.0% 

Process Stream Analyte Concentration, mgh 

Produced Water 

Treated Water 

Brine 

Alkalinity I Sulfate I Ammonia 



FTE Simulation # 5-2. - Central Wyoming Climate - 182.5 hours of sub-freezing temperatures 

-Produced Water From an Oil and Gas Porducing Well Simulator #2 

162% 
162% 
136% 
102% 
135% 
101% 
145% 
109% 
151% 
151% 
271 % 
271% 

JkbkMA% Produced Water Holdino Pond Level Data 
for FTF 

162% 

119% 

118% 

127% 

151 % 

271 % 

Date 

10105194 
1 0106194 
lOl07l94 
10lO7l94 
1 OlW94 
10109194 
10109194 
1011 0194 
1011 1194 
l o l l  1/94 
1 011 2/94 
10113194 
10113194 
10114194 
10115194 
1011 5194 
1 011 6/94 
10117194 
1 011 7194 

l ime 
~ 

500 p 
500 p 
5:w p 

430 p 
3:w p 
3:oo p 
430 p 
4:30 p 
4:30 p 
4:30 p 
5:oo p 
5:wp 

430 p 
430 p 
430 p 
4:30 p 
4:30 p 

5:m Q 

' 4:30 p 

Initial Charge 

Before Water Addtion 
After Water Addtion 

Before Water Addtion 
After Water Addtion 

Before Water Addition 
After Water Addtion 

Before Water Addition , 
After Water Addition 

Before Water Addtion 
After Water Addition 

More  Water Addtion 
After Water Addtion 

52 
49 
46 
52 
48 
45 
52 
48 
45 
52 
48 
45 
52 
49 
46 
52 
49 
46 
52 

Iable Db-2Q. EvaDoration Rates Achieved 

10106194 
10107194 
1 O I o w 9 4  
10109194 
1011 0194 
loll1194 
10112/94 
1011 3194 
10114194 
1011 5/94 
1011 6/94 
10117194 

688 
688 

823 
617 

941 
705 

865 
649 

640 
640 

721 
721 

Month Simulated 

May 
May 
June 
June 
July 
July 

August 
August 

SeDtemk 
September 

Odober 
Odober 

Climate's 
Monthly 
PAN 

Evaporation 
Rate 

(mmlday) 

4.58 
4.58 
6.54 
6.54 
7.53 
7.53 
6.46 
6.46 
4.58 
4.58 
2.88 
2.88 

Eff. Evap. 
Rate 

Achieved 
(mm) 

7 
7 

9 
7 

10 
8 

9 
7 

7 
7 

8 
8 

Simulator 
Evaporation Rate 

Achieved 
% of PAN 

24 hr. I Averaqe 
I 

10105194 
10106194 
1 O107l94 
10108/94 
10109194 
l o l l  0194 
1011 1194 
1011 2/94 
10113194 
1011 4194 
10115194 
1 011 6194 

. Average PAN E vaporation Efficiency Achieved (% of PAN) 
I 

D-5-10 

158% I 



FTE Simulation # 5-2. - 182.5 hours of sub-freezing temperatures 
Simulator # 2 - Produced Water from an Oil & Gas Producing Well 

Table D-5-21. Results of Chemical Analvses of Process Streams for 
Simulation #5-2. 

?recess Stream: 

Analyte 

TDS 
Alkalinity 
Ammonia 
Cyanide 

H2S 
TOC 

Total Phenolics 

Na 
Ca 
Mg 
Fe 

SO4 
NO3 
NO2 
CI 
F 
Br 

AI 
As 
Ba 
Be 
B 

Cd 
Cr 
c o  
cu 
Pb 
Li 

Mn 
Hg 
Ni 

Ra 226 (a) 
Ra 228 (a) 

Se 
Sr 
As 
U 
v 
Zn 

3) - Concentratio 

Produced 
Water 
Feed 

(mglL) 

8360 
1040 
7.63 
2.5 
c0.05 
6050 

. 1.51 

2240 
66.6 
12.0 
1.41 
87.1 
<I 
<I 

4020 
45.6 
26.3 

<I 
~ 0 . 0 5  
0.22 
c0.05 
8.80 
co.01 
~0.05 
XO.01 
c0.1 

co.01 
1.1 

0.43 
0.0002 

co.1 
2.5(+/- 1.2) 
4.2(+/- 1.7) 

co.01 
5.7 

<0.01 
co.1 
co.1 
~0.05 

in pCiiI. 

Est. Pond 
Water prior to 

Freezing 
(mglL) 

14927 
1857 
13.62 
4.5 

10803 
2.70 

* 4000 
118.9 
21.4 
2.52 
155.5 

7178 
81.4 
47.0 

0.39 

15.71 

2.0 
0.77 

0.0004 

4.5(+/- 2.1) 
7.5(+/- 3.0) 

10.2 

Treated 
Water 
(mg/L) 

206 
39 

3.80 
co.1 
~0.05 
100 

co.01 

51.4 
12.4 
~ 0 . 5  
co.1 
3.0 
<I 
<I 

83.0 
1.3 
<I 

< I  
c0.05 
co.1 
c0.05 
c0.2 

co.01 
<0.05 
co.01 
<0.1 

co.01 
< I  

0.01 3 
<0.0001 

<o. 1 
(b) 
(b) 
co.01 
0.55 
<0.01 
co.1 
c0.1 
~ 0 . 0 5  

Brine 

(mglL) 

45900 
6270 
66.3 
9.6 

~0 .15  
27300 
9.51 

17040 
126.6 
95.1 
47.4 
621 
<3 
<3 

29970 
247.8 
188.1 

4.2 
<0.15 
122.1 
<0.15 
39.0 
0.075 
<0.15 
~0.03 
~ 0 . 3  

0.069 
6.6 

2.61 
~0.0015 

~ 0 . 3  
5.7 (+/- 3.3) 

(b) 
0.036 

29 
co.01 
co.1 
c0.1 
<0.05 

3) - Detectable concentration but precision in laboratory analysis prevents quantification. 

D-5-11 



I FTE Simulation # 5-2. - 182.5 hours of sub-freezinn temperatures I 
I Simulator # 2 - Produced Water from an Oil & Gas Producing Well I 
Table D-5-22. Chemical Component Balances and Closures for Simulation #5-2. 

Process Stream: 

Analyte 

TDS 
AI kalinity 

Ammonia 
Cyanide 

H2S 
TOC 

Total Phenolics 

Na 
Ca 
Mg 
Fe 

SO4 
NO3 
NO2 

CI 
F 

Br 

Trace Metals 

At 
As 
Ba 
Be 
6 

Cd 
Cr 
co 
c u  
Pb 
Li 

Mn 
Hg 
Ni 

Ra 226 
Ra 228 

Se 
Sr 
Ag 
U 
V 

Zn 
1) - Concentration o 

Treated 
Water 

% of 
Input 

0.9% 
I .49 
18.09 
0.0% 

0.6% 
0.0% 

0.8% 
6.7% 
0.0% 
0.0% 

1.2% 

0.7% 
1 .O% 
0.0% 

0.0% 

0.0% 

1.1% 

3.5% 

below del 

Brine 

Mass 
0 

112 
15.4 

0.1 62 
0.024 

(a) 
67.C 

0.022 

41 .ti 
0.31 1 
0.234 
0.116 

1.525 
(a) 
(a) 
73.6 

0.609 
0.462 

0 
10 

(a) 
300 
(a) 

96 
0.184 

(a) 
(a) 
(a) 

0.1 69 
16 

6.41 0 
(a) 
(4 
(b) 
(b) 

0.088 
' 71 

(a) 
(4 
(4 

(a) 
ion limit fc 

Yo of 
Input 

68.2% 
74.9% 

107.9% 
47.7% 

56.1 % 
78.2% 

94.5% 
23.6% 
98.5% 

417.6% 

88.6% 

92.6% 
67.5% 
88.8% 

6894.7% 

55.1 % 

75.4% 

63.4% 

analytical I 
)) - Detected concentration but.perscision in laboratory analyses prevents quantifi; 
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Losses 

Mass 
0 

4-88 
51 

-0.039 
0.026 

51.84 
0.006 

2.07 
0.917 
0.004 

-0.089 

0.175 

5.3 
0.284 
0.058 

0 

-296 

78 

1.998 
0.004 

37 

tcedure. 
ion. 

% of 
Input 

30.94 
23.7: 

52.34 

43.3? 
21.89 

4.79 
69.65 
1.53 

-26.04 

-317.63 

10.25 

6.63 
31.55 
11.23 

-6794.79 

44.901 

23.59 
100.09 

33.1% 



FTE Slmulatlon # 53. - Central Wyomlng cllmate - 182.5 hours of sub-freezlng temperatures 
Slmulator # 3 - Produced Water from an Natural Gas Produclng Well 1 

Mass Input 

7 
cn 
I 
P 
w 

(9) TDS Input (9) 

Overall ME 
Process Stream: mass 

42.2% 

5.0% 

45.7% 

7.0% 

11,: 
55.2 2.0 

I .8 3.2% 0.0 

49.1 89.0% I .8 

0 0.0% 0 

4.3 7.8% 0.2 

IProduced Water Charge 

out:: 
Treated Water 

Brine 

Evaporation 

Losses 

1 20916 

8834 

1054 

9562 

1466 

0.0% 0.m 

89.1% 0.049 

0.0% O.OO0 

10.9% 0.012 

3.9% 

77.5% 

0.0% 

18.6% 

1 OD7194 

10/13/94 

Date: Time: 

5:oo p 
500 p 
3:oo p 
4:30 p 
5:oo p 
4:30 p 
4:30 p 

Description 

lniaitai Charge 
May Evaporation 
June Evaporation 
July Evaporation 
Aug. Evaporation 
Sept. Evaporation 
Oct. Evaporatlon 

Process Stream Analyte Concentration, mgA 
TDS I TOC 1 Boron 

I I 7 
1478 

2640 

200 

46620 

;s Balance I TDS Balance I TOC ~ 

%of I TDS I %of I TOC 

95 3.05 

0 0.28 

1680 46.90 

Total 

Produced Water 

Treated Water 

Brine 



FTE Simulation # 5-3. - Central Wyoming Climate - 182.5 hours  of sub-freeu'ng temperatures 

-Produced Water From a Natural Gas Producing Well ,Simulator #3 

mle D6-26, Produced Water Hold ina Pond Level D& 
for FTF S i i o n  ##Sa, 

Date 

1 0105194 
10106194 
10107194 
10107194 
10108/94 
10109194 
10109194 
1011 0194 
10111194 
1011 1194 
10112/94 
10113194 
10113194 
1011 4194 
1011 5/94 
1011 5/94 
10116194 
1011 7194 
1 011 7194 

Starting 
Date 

Time 

5:00 p 
5:w p 
500 p 
5:00 p 
4:30 p 
3:00 p 
3:w p 
430 p 
430 p 
430 p 
4:30 p 
500 p 
500 p 
430 p 
430 p 
430 p 
430 p 
430 p 
430 p 

Remarks 

Initial Charge 

Before Water Addtion 
After Water Addition 

Before Water Addition 
After Water Addition 

Before Water Addition 
After Water Addition 

Before Water Addition 
After Water Addtion 

Before Water Addition 
After Water Addtion 

Before Water Addition 
After Water Addition 

Pond 
Level 
(mm) 

54 
51 
48 
54 
51 
47 
54 
51 
48 
54 
50 
46 
54 
50 
47 .= 
50 
47 
54 

Jable Db-27. Fvawr- Climate's 
Monthly 
PAN 

Fnrlinn I 

10105194 
1OlW94 
10107/94 
lOlW94 
10109194 
1 011 0194 
10111194 
10112/94 
1011 3/94 
10114194 
10115/94 
10116/94 

10106194 
10107194 
10108194 
10109194 
1011 0194 
1011 1194 
10112/94 
1011 3194 
1 011 4194 
10115194 
1011 6194 1 1011 7/94 

1 (mmlday) 

May 
May 
June 
June  
July 
July 

August 
August 

September 
September 

Odober 
October 

4.58 
4.58 
6.54 
6.54 
7.53 
7.53 
6.46 
6.46 
4.58 
4.58 
2.88 
2.88 

I 

Average PAN Evaporation Efficiency Achieved (% of PAN) 

of Water 

766 8 
766 8 

664 7 
886 10 

896 10 
896 10 

81 4 9 
814 9 

a45 9 
633 7 

904 10 
678 7 

Simulator 
Evaporation Rate 

Achieved 
% 

24 hr. 

182% 
182% 
110% 
147% 
129% 
129% 
137% 
137% 
200% 
150% 
341 % 
256% 

- 
r PAN 

Month 
Averaqe 

182% 

129% 

129% 

137% 

175% 

299% 

175% 
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I FTE Simulation # 53. - 182.5 hours of sub-freezing temperatures 
Simulator # 3 - Produced Water from a Natural Gas  Producing Well 

Table D-5-28. Results of Chemical Analyses of Process Streams for Simulation #53. 

Process Stream: 

Analyte 

TDS 
Alkalinity 
Ammonia 
Cyanide 

H2S 
TOC 

Total Phenolics 

Na 
Ca 
Mg 
Fe 

SO4 
NO3 
NO2 
CI 
F 
Br 

Al 
As 
Ba 
Be 
B 

Cd 
Cr 
co 
cu 
Pb 
Li 

Mn 
Hg 
Ni 

Ra 226 (a) 
Ra 228 (a) 

Se 
Sr 
As 
U 
v 
Zn 

3) - Concentration 

Produced 
Water 
Feed 

(mglL) 

2640 
225 
6.81 
0.2 

co.05 
4 0 0  
0.13 

757 
63.6 
5.7 
0.21 
2.6 
4 
C1 

1350 
4 

10.3 

<1 
c0.05 
2.23 
co.05 
3.05 
co.01 
co.05 
co.01 
co.1 
<O.Ol 

< I  
0.1 1 

~0.0001 
co.1 

3.1 (4- 1.2) 

co.01 
8.4 

co.01 
co.1 
co.1 

(b) 

co.05 
DCi/l. 

Est. Pond 
Water prior to 

Freezing 
(mg/L) 

4863 
41 4 

12.55 
0.4 

0.24 

1395 
117.2 
10.4 
0.39 
4.8 

2487 

19.0 

4.1 1 

5.62 

. 0.20 

5.7(+/-2.2) 

15.5 

Treated 
Water 
(mg/L) 

200 
17 

2.20 
co.1 

co.05 
4 0 0  
c0.01 

72.6 
11.0 
0.7 
co.1 
1.3 
<1 
-=I 

125.0 
<1 
4 

C1 
c0.05 
0.17 
co.05 
0.28 

0.013 
~0.05 
c0.01 
co.1 

co.01 
< I  

0.018 
c0.0001 
c0.1 

c2.0 
co.01 
0.81 
co.01 
c0.1 
c0.1 
co.05 

(b) 

Brine 

(mg/L) 

46620 
637 
83.3 
2.1 

~0.35 
1680 
5.67 

13650 
791.0 
105.0 

3.5 
36 
<7 
<7 

22050 
c7 

284.9 

<7 
~0.35 
17.4 
~0.35 
46.9 
0.175 
<0.35 
~0.07 
~ 0 . 7  

c0.07 
13.3 
0.48 

0.0042 
~ 0 . 7  

~0.07 

~0.07 
~0.07 
~ 0 . 7  
co.05 

34.3 (+/- 18.2) 
(b) 

133 

ij - Detectable concentration but perscision in laboratory analysis prevents quantification. 

D-5-15 



I FTE Simulation #53. - 182.5 hours of sub-freeu'ng temperatures 
Simulator # 3 - Produced Water from a Natural Gas Producing Well I 

Table DS-29. Chemical Component Balances and Closures for Simulation #53. 

Process Stream: I 
AnaMe 

TDS 
Alkalinity 

Ammonia 
Cyanide 

H2S 
TOC 

Total Phenolics 

Na 
Ca 
Mg 
Fe 

SO4 
NO3 
NO2 

CI 
F 

Br 

Trace Metals 

Al 
As 
Ba 
Be 
B 

Cd 
Cr 
c o  
c u  
Pb 
Li 

Mn 
Hg 
Ni 

Ra 226 
Ra 228 

Se 
Sr 
Ag 
U 
v 

I Zn 
(a) - Concentration o 
(b) - Detectable concentration b i  

Treated 
Water Brine I I 

% of Mass 
Input (9) 

3.2% 49 
3.2% 0.7 

0.0% 0.002 

1.8 
0.006 

4.1 % 14.4 
7.3% 0.834 
4.9% 0.1 11 

0.004 

21.1% 0.038 

13.6% 0.088 

(4 

(a) 
(a) 

3.9% 23.2 

0.300 I (a) 

I 

I (ma) 

% of 
Input 

89.0% 
14.3% 
61..6% 
52.9% 

219.8% 

90.9% 
62.7% 
93.6% 
84.0% 

70.5% 

82.3% 

139.4% 

39.4% 

77.5% 

22.1 % 

79.8% 

analytical I 
xscision in laboratory analysis prevents quantif 
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Losses 

Mass 
0 

1 

3.8t 
0.03: 
0.00: 

-0.00: 

0.8[ 
0.395 
0.00: 
0.001 

0.005 

3.: 

-0.085 

0 

27 

12 

1.633 

20 

Icedure. 
tion. 

% of 
Input 

7.8% 
82.5% 
24.7% 
47.1 '3 

-1 19.8% 

5.1 % 
30.0% 
1.5% 

16.0% 

8.3% 

13.8% 

-39.4% 

57.4% 

18.6% 

71 .O% 

16.1% 



Table D-530. Experimental Yields for Simulation #5-1. 

FTE Sirnulation # 5-1. - 182.5 hours of sub-freezing temperatures 
Simulator # 1 - Produced Water from a Coal Bed Methane Well 

Process Stream: Mass % ofMass 
(9) Input 

Produced Water Charge 1971 6 

Treated Water 7703 39.1 % 
Brine 2578 13.1% 

Evaporation a290 42.0% 
Losses 1145 5.8% 

Table D-531. Experimental Yields for Simulation #5-2. 

FTE Simulation # 5-2. - 182.5 hours of sub-freezing temperatures 
Simulator # 2 - Produced Water from an Oil & Gas Producing Well 

Process Stream: 

Produced Water Charge 

Treated Water 
Brine 

Evaporation 
Losses 

Mass 
0 

19770 

71 52 
2456 
8698 
1464 

% of Mass 3 
36.2% 
12.4% 
44.0% 
7.4% 

Table D-532. Experimental Yields for Simulation #5-3. 

FTE Simulation # 5-3. - 182.5 hours of sub-freezing temperatures 
Simulator # 3 - Produced Water from a Natural Gas  Producing Well 

I Process Stream: 

Produced Water Charge I 
Treated Water 

Brine 
Evaporation 

Losses 

8834 42.2% 
1054 5.0% 
9562 45.7% 
1466 7.0% I 

..,, .: 
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Table Ds-33. Quality of Freezing Pad Feed Water and Treated Water Produced 
from FTE Simulation Series ##5. 

Process Stream 

Alkalinity 
Ammonia 
Cyanide 

TOC 
Total Phenolics 

Na 
Ca 
Mg 
Fe 

SO4 
NO3 
NO2 
CI 
F 
Br 

Al 
As 
Ba 
Be 
B 
Cd 
Cr 
co 
c u  
Pb 
Li 
Mn 
Hg 
Ni 

Ra 226 (a) 
Ra 228 (a) 

Se 
Sr 
&I 
U 
v 

Simula 
Freeze 

Crystallization 
Feed Water 

(mdL) 

18808 
14667 
1.54 

241 6 

6471 
10.9 
40.6 
0.45 
2.6 
73.2 

1898 

9.0 

48.1 

3.69 

0.029 

4.8(+/-3.1 
(b) 

25.9 

in PCM. 

n # 5 1  

Treated 
Water 
(malL) 

286 
188 
0.48 
CO.1 
c0.05 
<I 00 
co.01 

111 
2.0 
0.84 
co.1 
1.5 
<I  
<I 

22.5 
e1 
C l  

‘4 
c0.05 
0.86 
c0.05 
c0.2 
co.01 
co.05 
<0.01 
co.1 
co.01 

<1 
co.01 

~O.OoO1 
eo. 1 
c0.3 
(b) 
co.01 
0.39 
co.01 
eo.1 
co.1 
c0.05 

Simula 
Freeze 

Crystallization 
Feed Water 

(mg/L) 

14927 
1857 
13.62 
4.5 

10803 
2.70 

4ooo 
118.9 
21.4 
252 
155.5 

7178 
81.4 
47.0 

0.39 

15.71 

2.0 
0.77 

O.OOO4 

4.5(+/- 2.1) 
7.5(+/- 3.0) 

10.2 

ng5-2 

Treated 
Water 
(mdL) 

206 
39 

3.80 
co.1 
c0.05 
100 
co.01 

51.4 
12.4 
c0.5 
co.1 
3.0 
< I  
4 

83.0 
1.3 
<1 

<1 
c0.05 
CO.1 
c0.05 
c0.2 
co.01 
c0.05 
co.01 
co.1 
co.01 

e1 
0.01 3 

~O.oo01 
CO. I 
(b) 
(b) 
co.01 
0.55 
co.01 
CO.1 
c0.1 
c0.05 

Simula 
Freeze 

Crystallization 
Feed Water 

(mdU 

4863 
41 4 

12.55 
0.4 

0.24 

1395 
117.2 
10.4 
0.39 
4.8 

2487 

19.0 

4.11 

5.62 

0.20 

5.7(+/-2.2) 
(b) 

15.5 

zn 
[a) - Concentratic 

n#5-3 

Treated 
Water 
(mglL) 

200 
17 

2.20 
c0.1 
c0.05 
4 0 0  
c0.01 

72.6 
11.0 
0.7 
c0.1 
1.3 
<I  
<I 

<I 
<I  

e l  
~0.05 
0.17 
c0.05 
0.28 

0.013 
c0.05 
c0.01 
e0.1 

c0.01 
<I 

0.01 8 
<O.OoOl 

c0.1 
(b) 
c2.0 
c0.01 
0.81 
c0.01 
c0.1 
4.1 
c0.05 

- 125.0 

Note: Qualm of freeze crystallization feed water is based upon analyses of produced water feed to each respective 
FTE simulator and the mass of evaporation in that simulator during the evaporation phase of the simulation. 
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APPENDIX D-6 

CHEMICAL S P E C I E S  ANALYSES RESULTS 



FTE Simulation # 5-1. - 182.5 hours of sub-freezing temperatures 
Simulator # I - Produced Water from a Coal Bed Methane Well 

Table D-6-I. Volatile Organics Summary Data for Simulation #5-I 

Compound Name, . 
Chloromethane 
Bromomethane 
Vinyl Chloride 
Chloroethane 
Methylene Chloride 
Acetone 
Carbon Disulfide 
1 ,I-Dichloroethene 
1 ,I-Dichloroethane 
Trans-I ,2-Dichloroethene 
Cis-I ,2-Dichloroethene 
Chloroform 
1,2-Dichloroethane 
2-Butanone 
I ,I ,I-Tnchloroethane 
Carbon Tetrachloride 
Bromodichloromethane 
Vinyl Acetate 
1,2-Dichloropropane 
Trans-I ,3-Dichloropropene 
Trichloroethene 
I I 1,2-Trichloroethane 
Benzene 
Dibromochloromethane 
Cis-I ,SDichloropropene 
2-Chloroethylvinyl Ether 
Bromoform 
4-Methyl-2-Pentanone 
2-Hexanone 
1,1,2,2-Tetrachloroethane 
Tetrachloroethene 
Toluene 
Zhlorobenzene 
Ethyl Benzene 
Styrene 
Total Zylenes 
~richlorofluoromethane 

Produced Water 
Concentration 

ug/L 
U 
U 
U 
U 
U 

21 0 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

Brine 
Concentration 

ugll 
U 
U 
U 
U 
1 

3800 
U 
U 
U 
U 
u .  

. u  
U 

2900 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U: Compound analyzed for, but not detected above the reporting limits. 
D-6-1 

Treated Water 
Concentration 

ug/L 
U 
U 
U 
U 
1 

630 
U 

- u  
U 
U 
U 
U 
U 
850 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 



FTE Simulation # 5-2. - 182.5 hours of sub-freezing temperatures 
Simulator # 2 - Produced Water from an Oil 8 Gas Producing Well 

1 

Table D-6-2. Volatile Organics Summary Data for Simulation #5-2 

Compound Name 
Chloromethane 
Bromomethane 
Vinyl Chloride 
Chloroethane 
Methylene Chloride 
Acetone 
Carbon Disulfide 
1 ,I-Dichloroethene 
1 ,I-Dichloroethane 
Trans-I ,2-Dichloroethene 
Cis-I ,2-Dichloroethene 
Chloroform 
1,2-Dichloroethane 
2-Butanone 
I , I , I-Trichloroethane 
Carbon Tetrachloride 
Bromodichloromethane 
Vinyl Acetate 
I ,Z-Dichloropropane 
Trans-I ,3-Dichloropropene 
Trichloroethene 
1 ,? ,2-Trichloroethane 
Benzene 
Dibromochloromethane 
Cis-I ,3-Dichloropropene 
2-Chloroethylvinyl Ether 
Bromoform 
4Methyl-2-Pentanone 
2-Hexanone 
1 ,I ,2,2-Tetrachloroethane 
Tetrachloroethene 
Toluene 
Chlorobenzene 
Ethyl Benzene 
Styrene 
Total Zylenes 
Trichlorofluorornethane 

Produced Water 
Concentration 

ug/L 
U 
U 
U 
U 
U 

43000 
23 
U 
U 
U 
U 
13 
U 

1200 
U 
U 
U 
U 
U 
U 
U 
U 

1300 
U 
U 
U 
U 
U 
U 
U 
U 

470 
U 
6 
U 

79 
U 

Brine 
Concentration 

uglL 
U 
U 
U 
U 
U 

2800 
U 
U 
U 
U 
U 

14 
U 

2100 
U 
U 
U 
U 
U 
U 
U 
U 
9 
U 
U 
U 
U 
U 
U 
U 
U 
12 
U 
U 
U 
U 

Treated Water 
Concentration 

un/L 
U 
U 
U 
U 
1 

31 00 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
u 
U 
U 
U 
U 
I 
U 
U 
U 
U 
U 
U 
U 

U: Compound analyzed for, but not detected akove the reporting limits. 
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FTE Simulation # 5-3. - Y 82.5 hours of sub-freezing temperatures 
Simulator # 3 - Produced Water from a Natural Gas Producing Well 

Bromomethane 
Vinyl Chloride 
Chloroethane 
Methylene Chloride 
Acetone 
Carbon Disulfide 
1, I-Dichloroethene 
1, I-Dichloroethane 
Trans-I ,2-Dichloroethene 
Cis-I ,2-Dichloroethene 
Chloroform 
1,2-Dichloroethane 
2-Butanone 
?,I ,I-Trichloroethane 
Carbon Tetrachloride 
Bromodichloromethane 
Vinyl Acetate 
I ,2-Dichloropropane 
Trans-I ,3-Dichloropropene 
Trichloroethene 
I, I ,2-Trichloroethane 
Benzene 
Dibromochloromethane 
Cis-I ,3-Dichloropropene 
2-Chloroethylvinyl Ether 
Bromoform 
4-Methyl-2-Pentanone 
2-Hexanone 
1 ,I ,Z,Z-Tetrachloroethane 
Tetrachloroethene 
Toluene 
Chlorobenzene 
Ethyl Benzene 
Styrene 
Total Zylenes 
,TrichIorofluoromethane 

Table D-6-3. Volatile Organics Summary Data for Simulation #5-3 

Produced Water 
Concentration 

uglL 
3 
1 
U 
U 
U 

320 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

140 
U 
U 
U 
U 
U 
U 
U 
U 

64 
U 
U 
U 

29 

Brine 
Concentration 

uglL 
2 
U 
U 
U 
U 

21 00 
U 
U 
U 
U 
U 
U 
U 

1900 
U 
U 
U 
U 
U 
U 
U 
U 
2 
U 
U 
U 
U 
U 
U 
U 
U 
1 
U 
U 
U 
U 
U 

Treated Water 
Concentration 

uglL 
7 
5 
U 
U 
2 

21 00 
U 
U 
U 
U 
U 
U 
U 

200 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
I 
U 
U 
U 
U 
U 

U: Compound analyzed for, but not detected above the reporting limits. 
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Table D-6-4. Volatile Organics Method 
Blank Report for Simulation Series #5 

Bromomethane 
Vinyl Chloride 
Chloroethane 
Methylene Chloride 
h e t o n e  
'Carbon Disulfide 
1 , 1 -Dichloroethene 
1 ,I-Dichloroethane 
Trans-I ,2-Dichloroethene 
Cis-I ,2-Dichloroethene 
Chloroform 
1,2-Dichloroethane 
2-Butanone 
1,l , 1 -Trichloroethane 
Carbon Tetrachloride 
Bromodichloromethane 
Vinyl Acetate 
I ,2-Dichloropropane 
Trans-I ,3-Dichloropropene 
Trichloroethene 
1,1,2-Trichloroethane 
Benzene 
Dibromochloromethane 
Cis-I ,3-Dichloropropene 
2-Chloroethylvinyl Ether 
Bromoform 
4-Methyl-2-Pentanone 
2-Hexanone 
1 , 1,2,2-Tetrachloroethane 
retrachloroethene 
Toluene 
S hlorobenzene 
Ethyl Benzene 
Styrene 
rota1 Zylenes 
Trichlorofluoromethane 

Concentration 
ug/L 
U 
U 
U 
U 
U 

11 
U 
U 
U 
U 
U 
2 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U: Compound analyzed for, but not detected 
above the reporting limits. 
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I FTE Simulation # 5-1. - 182.5 hours of sub-freezina temwratures 1 

1 ,$Dichlorobenzene 
1 ,Il-Dichlorobenzene 
lI2-Dichlorobenzene 
bis(2-chloroisopropyl) Ether 
N-Nitroso-Di-n-Propylamine 
Hexachloroethane 
Nitrobenzene 
lsophorone 
bis(2-Ch1oroethoxy)Methane 
I ,2,4-Trichlorobenzene 
Naphthalene 
4-Chloroaniline 
Hexachloro butadiene 
2-Methylnap htalene 
Hexachlorocyclopentadiene 
2-Chloronaphthalene 
2-Nitroaniline 
Dimethylphthalate 
2,&Dinitrotoluene 
Acenaphthylene 
3-Nitroaniline 

Acenaphthene 
Dibenzofuran 
214-Dinitrotoluene 
Diethylphthalate 
4-Chlorophenyl-phenylether 
Fluorene 
4-Nitroaniline 
N-Nitrosodiphenylarnine 
PBrornophenyl-phenylether 
Hexachlorobenzene 
Phenanthrene 
Anthracene 
Di-n-butyl phthalate 
Fluoranthene 
Pyrene 
Butylbenzylphthalate 
3,3'-Dichloro benzidine 
Benzo(a)Anthracene 
bis(2-Ethylhexyl) Phthalate 
Chrysene 
Di-n-Octyl Phthalate 
Benzo( b)Fluoranthene 
Benzo( k)Fluoranthene 
Benzo( a)Pyrene 
Ideno(l,2,3-cd)Pyrene 
Dibenz(a, h)Anthracene 
Benzo(g, h,i)Perylene 

1 Simulator # 1 - Produced Water from a Coal Bed Methine Well I 
Table D-6-5. Semi- Volatile Organics Summary Data for Simulation #-I 

BaselNeutrals 

Compound Name 
bis(2-C hloroethWEther 

Produced Water 
Concentration + 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
1 
U 
U 
U 
U 
U 
U 
U 
U 

Brine 
Concentration 

uglL 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

Treated Water 
Concentration 

uglL 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
'U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
5 
U 
U 
U 
U 
U 
U 
U 
U 

' U: Compound analyzed for, but not detected above the reporting limits. 
D-6-5 



FTE Simulation # 5-1. - 182.5 hours of sub-freezing temperatures 
Simulator # I - Produced Water from a Coal Bed Methane Well 

Brine 
Concentration 

Table D-6-6. Semi- Volatile Organics Summary Data for Simulation #5-1 
Acids 

Treated Water 
Concentration 

Compound Name 
Phenol 
2-Chlorophenol 
Benzylalcohol 
2-Methylphenol 
4-Methylphenol 
2-nitro phenol 
2,4-Dimethylphenol 
Benzoic Acid 
2,4-Dichlorophenol 
4-Chloro-3-methyl phenol 
2,4,6-Tricholorophenol 
2,4-Dinitrophenol 
4-Nitrophenol 
4,6-Dinitro-2-Methylphenol 
Pentachlorophenol 
2,4,5-TrichlorophenoI 

Produced Water 
Concentration 

uglL 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

- u  
U 
U 
U 

2000 78 
U 
U 

40 
45 
U' 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U: Compound analyzed for, but not detected above the reporting limits. 

D-6-6 

U 
U 
4 
2 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 



FTE Simulation # 5-2. - 182.5 hours of sub-freezing temperatures 1 
1 Simulator # 2 - Produced Water from a n  Oil 8 Gas Producing Well 1 
Table D-6-7. Semi-Volatile Organics Summary Data for Simulation #5-2 

BasdNeutrals 

ompound Name 
s(2-C hloroethy1)Ether 

1,8:DichIorobenzene 
1 ,4-Dichlorobenzene 
1,2-Dichlorobenzene 
bis(2-chloroisopropyl) Ether 
N-Nitroso-Dkn-Pro pylamine 
Hexachloroethane 
Nitrobenzene 
lsophorone 
bis(2-Ch1oroethoxy)Methane 

.1 ,2,4-Trichlorobenzene 
Naphthalene 
4-Chloroaniline 
Hexachloro butadiene 
2-Methylnaphtalene 
Hexachlorocyclopentadiene 
2-Chloronaphthalene 
2-Nitroaniline 
Dimethyl phthalate 
2,SDinitrotoluene 
Acenaphthylene 

. 3-Nitroaniline 
Acenaphthene 
Dibenzofuran 
2,4-Dinitrotoluene 
Diethyl phthalate 
4-C hlorophenyl-phenylether 
Fluorene 
4-Nitroaniline 
N-Nitrosodiphenylarnine 
4-bromo phenyl-phenylether 
Hexachlorobenzene 
Phenanthrene 
Anthracene 
Di-n-Butylphthalate 
Fluoranthene 
Pyrene 
Butylbenzylphthalate 
3,3'-Dichlorobenzidine 
Benzo(a)Anthracene 
bis(2-Ethylhexyl) Phthalate 
Chrysene 
Di-n-Octyl Phthalate 
Benzo( b)Fluoranthene 
Benzo( k)Fluoranthene 
Benzo(a)Pyrene 
Ideno(l,2,3-cd)Pyrene 
Dibenz(a, h)Anthracene 
Benzo(g, h,i)Perylene 

Produced Water 
Concentration 

uglL 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
u 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

Brine 
Concentration + 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U: Compound analyzed for, but not detected above the reporting limits. 
D-6-7 

Treated Water 
Concentration 

uglL 
U 
U 
U 
U 
U 
U 
U 
U 

, u  
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 



'c 
* 

FTE Simulation # 5-2. - 182.5 hours of sub-freezing temperatures I 
Simulator # 2 - Produced Water from an Oil & Gas Producing Well 

Table D-6-8. Semi- Volatile Organics Summary Data for Simulation #5-2 
Acids 

6rine 
Concentration 

uglL 

2-Chlorophenol 
Benzyialcohol 
2-methyl phenol 
4-methyl phenol 
2-Nitrophenol 
2,4-Dimethylphenol 
Benzoic Acid 
2,4-Dichlorophenol 
4-Chloro-3-Methylphenol 
2,4,6-Tricholorophenol 
2,4-Dinitrophenol 
4-Nitrophenol 
4,6-Dinitro-2-Methylphenol 
Pentachlorophenol 

~2,4,5-Trichlorophenol 

Treated Water 
Concentration 

uglL 

Produced Water 
Concentration 

uglL 
2200 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

' U  
U 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U: Compound analyzed for, but not detected above the reporting limits. 

D-6-8 

U 

U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 



FTE Simulation # 53. - 182.5 hours of sub-freezing temperatures 
Simulator # 3 - Produced Water from a Natural Gas Producina Well 

1 $Dichlorobenzene 
1,4-Dichlorobenzene 
I ,2-Dichlorobenzene 
bis(2-chloroisopropyl) Ether 
N-Nitroso-Di-n-Propylamine 
Hexachloroethane 
Ndrobenzene 
lsophorone 
bis(2-Ch1oroethoxy)Methane 
1,2,4-Trichlorobenzene 
Naphthalene 
4-Chloroaniline 
Hexachlorobutadiene 
ZMethylnaphtalene 
Hexachlorocyclopentadiene 
24hloronaphthalene 
2-Nitroaniline 
Dimethylphthalate 
2,SDinitrotoluene 
Acenaphthylene 
3-Naroaniline 

Acenaphthene 
Dibenzofuran 
2,4-Dinitrotoluene 
Diethylphthalate 
4-Chlorophenyl-phenylether 
Fluorene 
4-Nitroaniline 
N-Nitrosodiphenylamine 
4-Bromo phenyl-phenylether 
Hexachlorobenzene 
Phenanthrene 
Anthracene 
Di-n-Butylphthalate 
Fluoranthene 
Pyrene 
Butylbenzylphthalate 
3,3'-Dichlorobenzidine 
Benzo(a)Anthracene 
bis(2-Ethylhexyl) Phthalate 
Chrysene 
Di-n-Octyl Phthalate 
Benzo( b)Fluoranthene 
Benzo(k)Fluoranthene 
Benzo( a)Pyrene 
Ideno( Il2,3-cd)Pyrene 
Dibenz(a, h)Anthracene 
Benzo(g, h,i)Perylene 

Table D-69. Semi- Volatile Organics Summary Data for Simulation #53 
BasdNeutrals 

Produced Water 
Concentration 

uglL 
U 
4 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
3 
U 
U 
U 
U 
U 
U 
U 

Brine 
Concentration 

uglL 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

' U  
U 
U 
U 

Treated Water 
Concentration 

uglL 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
1 
U 
U 
U 
U 
U 
U 
U 

U: Compound analyzed for, but not detected above t h e p e - q g  limits. 



FTE Simulation # 5 3 .  - 182.5 hours of sub-freezing temperatures 
Simulator # 3 - Produced Water from a Natural Gas.Producing Well 

, 
L 

Table D-6-IO. Semi- Volatile Organics Summary Data for Simulation # 5 3  
Acids 

Produced Water 
Concentrafion 

Phenol 
2-C hlorop henol 
Benzylalcohol 
2-Met h ylp henol 
4-Methylphenol 
2-Nitrophenol 
2,4-Dimethylphenol 
Benzoic Acid 
2,4-Dichlorophenol 
4-Chloro-3-Methylphenol 
2,4,6-Tricholorophenol 
2,4-Dinitrophenol 
4-Nitrophenol 
4,6-Dinitro-2-Methylphenol 
Pentachlorophenol 
2,4,5-TrichlorophenoI 

4 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
u 
U 
U 
U 

Brine 
Concentration 

ugIL 
21 00 

U 
U 

87 
04 
U 
U 

300 
U 
U 
U 
U 
U 
U 
U 

U: Compound analyzed for, but not detected above the reporting limits. 

D-5-10 

Treated Water 
Concentration 

uglL 
53 
U 
U 
6 
5 
U 
U 

11 
U 
4 
U 
U 
U 
U 
U 



Table D-6-11. Semi- Volatile Organics 
Method Blank Report for Simulation Series #5 

Concentration 
Compound Name uglL 
bis(2-Chloroethy1)Ether ' U 
1,3-Dichlorobenzene 
1 &Dichlorobenzene 
I ,2-Dlchlorobenzene 
bis(2-chloroisopropyl) Ether 
N-Nitroso-Di-n-Propylamine 
Hexachloroethane 
Nitrobenzene 
lsophorone 
bis(2-Chloroethoxy)Methanc 
1,2,4-Trichlorobenzene 
Naphthalene 
CChloroaniline 
Hexachlorobutadiene 
2-Methylnaphtalene 
Hexachlorocyclopentadiene 
2-Chloronaphthalene 
2-Nitroaniline 
Dimethylphthalate 
2,6-Dinitrotoluene 
Acenaphthylene 
3-Nitroaniline 

Acenaphthene 
Dibenzofuran 
2.4-Dinitrotoluene 
Diethylphthalate 
4-Chlorophenyl-phenylether 
Fluorene 
4-Nitroaniline 
N-Nitrosodiphenylamine 
4-Bromophenyl-phenylether 
Hexachlorobenzene 
Phenanthrene 
Anthracene 
Di-n-Butylphthalate 
Fluoranthene 
Pyrene 
Butylbenzylphthalate 
3,3'-Dichlorobenzidine 
Benzo(a)Anthracene 
bis(2-Et hylhexyl) Phthalate 
Chrysene 
Di-n-Octyl Phthalate 
Benzo(b)Fluoranthene 
Benzo(k)Fluoranthene 
Benzo(a)Pyrene 
Ideno(l,2,3-cd)Pyrene 
Dibenz(a, h)Anthracene 
Benzolg, h,i)Perylene 

U 
U 
U 
U 
U 
U 
U 
U 
u 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
1 
U 
U 
U 
U 
U 
U 
U 
U 

U: Compound analyzed for, but not detected 
above the reporting limits D-6-11 



Table D-6-12. Semi- Volatile Organics 
Method Blank Summary Report for Simulation Series #5 

Acids 

I 
Compound Name 
Phenol 
2-C h lorop henol 
Benzylalcohol 
2-methyl phenol 
4-Met h ylp henol 
2-Nitrophenol 
2,4-Dimet h yl phenol 
Benzoic Acid 
2,4-Dichlorophenol 
4-C hloro-3-Met h ylp henol 
2,4,6-Tricholorophenol 
2,4-Dinitrophenol 
4-Nitrophenol 
4,6-Dinitro-2-Methylphenol 
'entachlorophenol 
2,4,5-TrichlorophenoI 

Produced Water 
Concentration 

ug/L 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 
U 

U: Compound analyzed for, but not detected above the reporting limit 

D-6-12 



APPENDIX E 

W I S E D  ECONOMIC RESULTS 



Table E-1. Base Case Input Variables. 

Central Wyoming Plant Location 
1000 bbl/day Produced Water Feed Rate 
TDS Concentration of Produced Water is 14,700 mg/l 
TDS Concentration of Treated Water is 2000 mg/l 
TDS Concentration of Brine is 50,000 mg/l 
Conventional Evaporation Pond Design 
Maximum Pond Depth is 20 ft 
Slope of Pond Sidewall is 2 ft/ft 
Pond Freeboard is 3 ft 
Liner for Pond Berm and Anchor Trench is 6 ft 
Pan Coefficient is 0.80 

Table E-2. Base Case Plant Performance (Annual AveGaqe) . 

bbl /yr bbl /day 

Produced Water Rate 1000. 365000. 
245308. Avg. Treated Water Discharge Rate 672. 

Avg. Net Evaporation Rate 61. 223 65. 
Avg. Net Evap. Rt. when temp>32F 85. 
Avg. Brine Production Rate 267. 97327. 

Table E-3. Base Case Desian and Installed Cost Data for Ponds 
and Pads. 

Item .- 

Produced Water 
units Pond/Still 

Freezing 
Pad 

Base Dimension 
Surface pimension 
Max. fluid depth 
Evaporative area 

Max. liq. volume 

Max. Ice Volume 
Max. Ice Melt Volume 
Max: Height of Ice 
Liner required 
Inst. Liner Cost 
Total Installed Cost 

ft 
ft 
ft 

sqft 
acres 
cuft 
bbl 
cuft 
bbl 
ft 

sqf t 
$/sqft 

$ 

177. 
269. 
20. 

6583 6. 

947481. 
168764. 

1.51 

84927. 

81241. 
-96 

234. 
250. 
4. 

54798. 
1.26 

54798. 
9761. 

1721517. 
245308. 

40. 
73651. 

55238. 
.75 

Total Cost for Ponds and Pads $ 136479. 

E-1 



Table E-4. Base Case Desian and Installed Cost Data for Other 
Facilitv Requirements. 

Item 
Units Installed 

Units Required Size cost, $ 

Transfer/Circulation Pump 

Freezing Pad Sprinklers 
Freezing Pad Piping 
Piping for Ponds 
3-way Automatic Valves 
Temp/Pump Control Circuit 
TDS/Valve Control Circuit 
Brine Storage Tanks 
Services 
Buildings 
Working Capital 

ea 1. 163 .gpm 
10 .HP 

ea 
ft 
ft 
ea 
ea 
ea 
ea 

4. 
160. 
645. 
3. 
1. 
1. 

2. " dia. 
4." dia. 
4." dia. ------- 

2138. 

180. 
1720. 
9806. 
9278. 
945. 
1061. 
5000. 
3000. 
5000. 

0. 

Total Cost for Other Facility Requirements $ 38127. 

Total Installed Capital Cost = $ 174607, 

Table E-5. Base Case Economic Parameters Used 

Parameter Value 

Load Factor 1.0 
Plant Life 20. yr. 
Equity 50. % 
Bond Interest 10. % 
Return on Equity 15. % 
Tax Rate 35. % 
Construction Period negligible 
Salvage Value $ 0. 
Working Capital $ 0. 

Table E-6. Base Case Annual Operatinu Expenses. 

Expense $/yr 

Salaries 
Operator Vehicle/Fuel 
Electricity 

e Sample Analyses 
Maintenance 
Depreciation 
Property Tax and Insurance 

2784. 
1800. 
3559. 
1500. 
6984. 
8730. 
7857. 

Total Annual Expenses 33215. 



Table E-7. Base Case Economic Results. 

Parameter Value 

Loan 
Equity 
Loan Life 
Loan Payment 
Total Annual Expenses 
Pres. Worth of Rec. Cap. and Sal 
Present Worth Factor 
Required Annual Cash Flow 
Required Annual Net Profit 
Required Annual Gross Revenues 

$ 87303. 
$ 87303. 

20. yr 
.$ 10255. yr 
$ 43470./yr 
$ 0. 

.$ 13948./yr 
$ 5217. /yr 
.$ 51496./yr 

6.26 

Water Treatment/Disposal Cost = $ -21 per bbl 

E-3 



Table E-8. Simulation 1-1 Input Variables. 

Central Wyoming Plant Location . 
1000 bbl/day Produced Water Feed Rate 
TDS Concentration of Produced Water is 11,900 mg/l 
TDS Concentration of Treated Water is 780 mg/l 
TDS Concentration of Brine is 55,300 mg/l 
Enhanced Evaporation Pond Design 
Maximum Pond Depth is 20 ft 
Slope of Pond Sidewall is 2 ft/ft 
Pond Freeboard is 3 ft 
Liner for Pond Berm and Anchor Trench is 6 ft 
Pan Coefficient is 0.93 

Table E-9. Simulation 1-1 Plant Performance (Annual Averacre). 

bbl /day bbl /yr 

Produced Water Rate 1000. 365000. 
Avg. Treated Water Discharge Rate 654. 238598. 
Avg. Net Evaporation Rate 141. 51351. 
Avg. Net Evap. Rt. when temp>32F 194. 
Avg. Brine Production Rate 206. 75050. 

Table E-10. Simulation 1-1 Desiqn and Installed Cost Data for Ponds 
and Pads. 

Item 
Produced Water 

units Pond/Still 
Freezing 

Pad 

Base Dimension 
Surface Dimension 
Max. fluid depth 
Evaporative area 

Max. liq. volume 

Max. Ice Volume 
Max. Ice Melt Volume 
Max. Height of Ice 
Liner required 
Inst. Liner Cost 
Total Installed Cost 

ft 
ft 
ft 

sqft 
acres 
cuf t 
bbl 
cuf t 
bbl 
ft 

sqft 
$/sqft 

$ 

168. 
260. 
20. 

61282. 
1.41 

869285. 
15483 6. 

79728. 

75894. 
-95 

231. 
247. 
4. 

53299. 
1.22 

53299. 
9494. 

1674429. 
238598. 

40. 
71911. 

53934. 
-75 

Total Cost for Ponds and Pads $ 129828. 

E-4 



Table E-11. Simulation 1-1 Desiqn and Installed Cost Data for Other 
Facilitv Requirements. 

Item 
Units Installed 

Units Required Size cost, $ 

Transfer/Circulation Pump 

Freezing Pad Sprinklers 
Freezing Pad Piping 
Piping for Ponds 
3-way Automatic Valves 
Temp/Pump Control Circuit 
TDS/Valve Control Circuit 
Brine Storage Tanks 
Services 
Buildings 
Working Capital 

ea 

ea 
ft 
ft 
ea 
ea 
ea 
ea 

1. 150 .gpm 

4. 
9 .HP 

- - - - - - - 
160. 2. " dia. 
630. 4." dia. 

3. 4." dia. 

2025. 

180. 
1683. 
9365. 
9075. 
945. 
1061. 
5000. 
3000. 
5000. 

0. 

Total Cost for Other Facility Requirements $ 37334. 
~~ 

Total Installed Capital Cost = $ 167161. 

Table E-12. Simulation 1-1 Economic Parameters Used. 

Parameter Value 

Load Factor 
Plant Life 
Equity 
Bond Interest 
Return on Equity 
Tax Rate 
Construction Period 
Salvage Value 
Working Capital 

1.0 
20. yr. 
50. % 
10. 0 
15. % 
35. % 

negligible 
$ 0 -  
$ 0. 

Table E-13. Simulation 1-1 Annual ODeratinq Ekp enses . 

Expense $ /yr 

Salaries 
Operator Vehicle/Fuel 
Electricity 
Sample Analyses 
Maintenance 
Depreciation 
Property Tax and Insurance 

2784. 
1800. ,I 

3258. 
1500. 
6686. 
8358. 
7522. 

Total Annual Expenses 31909. 
- - 



Table E-14. Simulation 1-1 Economic Results. 

Parameter Value 

Loan 
Equity 
Loan Life 
Loan Payment 
Total Annual Expenses 
Pres. Worth of Rec. Cap. and Sal 
Present Worth Factor 
Required Annual Cash Flow 
Required Annual Net Profit 
Required Annual Gross Revenues 

83581. 
83581. 

20. yr 
9817. yr 
41726. /yr 

0. 
6.26 
13353. /yr 
4995. /yr 
49411. /yr 

Water Treatment/Disposal Cost = $ -21 per bbl 

E-6 



Table E-15. Simulation 1-2 Input Variables. 

Central Wyoming Plant Location 
1000 bbl/day Produced Water Feed Rate 
TDS Concentration of Produced Water is 11,900 mg/l 
TDS Concentration of Treated Water is 710 mg/l 
TDS Concentration of Brine is 31,000 mg/l 
Solar Distillation Pond Design 
Maximum Pond Depth is 10 ft 
Slope of Pond Sidewall is 3 ft/ft 
Pond Freeboard is 2 ft 
Liner for Pond Berm and Anchor Trench is 6 ft 
Pan Coefficient is 0.26 

Table E-16. Simulation 1-2 Plant Performance (Annual Averaae). 

bbl /day bbl/yr 

Produced Water Rate 1000. 365000. 
Avg. Treated Water Discharge Rate 534 * 194937. 
Avg. Net Evaporation Rate 96. 34958. 
Avg. Net Evap. Rt. when temp>32F 132. 
Avg. Brine Production Rate 370. 135105. 

Table E-17. Simulation 1-2 Desiqn and Installed Cost Data for Ponds 
and Pads. 

Item 
Produced Water 

units Pond/Still 
Freezing 

Pad 

Base Dimension 
Surface Dimension 
Max. fluid depth 
Evaporative area 

Max. liq. volume 

Max. Ice Volume 
Max. Ice Melt Volume 
Max. Height of Ice 
Liner required 
Inst. Liner Cost 
Total Installed Cost 

ft 
ft 
ft 

sqf t 
acres 
cuf t 
bbl 
cuf t 
bbl 
ft 

sqf t 
$/sqft 

$ 

272. 
344. 
10. 

110502. 

917098. 
163353. 

2.54 

129826. 

261056. 
2.01 

209. 
233. 
4. 

43546. 
1.00 

43546. 
7756. 

13 68027. 
194937. 

40. 
60503. 

45377. 
-75 

Total Cost for Ponds and Pads $ 306434. 
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Table E-18. Simulation 1-2 Desian and Installed Cost Data for Other 
Facility Requirements. 

Item 
Units Instal led 

Units Required Size cost, $ 

Transfer/Circulation Pump 

Freezing Pad Sprinklers 
Freezing Pad Piping 
Piping for Ponds 
3-way Automatic Valves 
Temp/Pump Control Circuit 
TDS/Valve Control Circuit 
Brine Storage Tanks 
Services 
Buildings 
Working Capital 

ea 

ea 
ft 
ft 
ea 
ea 
ea 
ea 

1. 

4. 
160. 
690. 
3. 
1. 
1. 

2089. 

180. 
1704. 
10390. 
9192. 
945. 
1061. 
5000. 
3000. 
5000. 

0. 

Total Cost for Other Facility Requirements $ 38561. 

Total Installed Capital Cost = $ 344995. 

Table E-19. Simulation 1-2 Economic Parameters Used. 

Parameter Value 
~~ - ~~~ 

Load Factor 
Plant Life 
Equity 
Bond Interest 
Return on Equity 
Tax Rate 
Construction Period 
Salvage Value 
Working Capital 

~ ~~ 

1.0 
20. yr. 
50. % 
10. % 
15. % 
35. % 

negligible 
$ 0. 
$ 0. 

Table E-20. Simulation 1-2 Annual Operatinu Expenses. 

Expense $/yr 

Salaries 
Operator Vehicle/Fuel 
Electricity 
Sample Analyses 
Maintenance 
Depreciation 
Property Tax and Insurance 

Total Annual Expenses 

2784. 
1800. 
3428. 
1500 f 
13800. 
17250. 
15525. 

56087. 
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Table E-21. Simulation 1-2 Economic Results. 

Parameter Value 

Loan 
Equity 
Loan Life 
Loan Payment 
Total Annual Expenses 
Pres. Worth of Rec. Cap. and Sal 
Present Worth Factor 
Required Annual Cash Flow 
Required Annual Net Profit 
Required Annual Gross Revenues 

$ 172497. 
$ 172497. 

20. yr 
$ 20261. yr 
$ 76348./yr 
$ 0. 

$ 27558./yr 
$ 10309./yr 
$ 92208./yr 

6.26 

Water Treatment/Disposal Cost = $ -47 per bbl 
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Table E-22. Simulation 1-3 InDut Variables. 

Central Wyoming Plant Location 
1000 bbl/day Produced Water Feed Rate 
TDS Concentration of Produced Water is 11,900 mg/l 
TDS Concentration of Treated Water is 1580 mg/l 
TDS Concentration of Brine is 42,000 mg/l 
Enhanced Evaporation Pond Design 
Maximum Pond Depth is 20 ft 
Slope of Pond Sidewall is 2 ft/ft 
Pond Freeboard is 3 ft 
Liner for Pond Berm and Anchor Trench is 6 ft 
Pan Coefficient is 1.02 

Table E-23. Simulation 1-3 Plant Performance (Annual Averaae). 

bbl/day bbl /yr 

Produced Water Rate 1000.- 365000. 
Avg. Treated Water Discharge Rate 584. 213320. 
Avg. Net Evaporation Rate 155. 56463. 
Avg. Net map. Rt. when temp>32F 214. 
Avg. Brine Production Rate 261. 95217. 

Table E-24. Simulation 1-3 Desian and Installed Cost Data for Ponds 
and Pads. 

Item 
Produced Water 

units Pond/Still 
Freezing 

Pad 

Base Dimension 
Surface Dimension 
Max. fluid depth 
Evaporative area 

Max. liq. volume 

Max. Ice Volume 
Max. Ice Melt Volume 
Max. Height of Ice 
Liner required 
Inst. Liner Cost 
Total Installed Cost 

ft 
ft 
ft 

sqf t 
acres 
cuf t 
bbl 
cuf t 
bbl 
ft 

sqf t 
$/sqft 

$ 

166. 
258. 
20. 

60310. 

852956. 
151928. 

1.38 

78618. 

74759. 
- 9 5  

218. 
234. 
4. 

47652. 
1.09 

47652. 
8488. 

1497032. 
213320. 

40. 
65327. 

48995. 
-75 

Total Cost for Ponds and Pads $ 123754. 
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Table E-25. Simulation 1-3 Desian and Installed Cost for Other 
Facilitv Requirements. 

Item 
Units Installed 

Units Required Size cost, $ 

Transfer/Circulation Pump 

Freezing Pad Sprinklers 
Freezing Pad Piping 
Piping for Ponds 
3-way Automatic Valves 
Temp/Pump Control Circuit 
TDS/Valve Control Circuit 
Brine Storage Tanks 
Services 
Buildings 
Working Capital 

ea 

ea 
ft 
ft 
ea 
ea 
ea 
ea 

1. 147 . g p m  

4. 
9 .HP ------- 

160. 2." dia. 
603. 4." dia. 
3. 4." dia. 
1. 
1. 

------- 
-----_- 

2005. 

180. 
1676. 
8925. 
9038. 
945. 
1061. 
5000. 
3000. 
5000. 

0. 

Total Cost for Other Facility Requirements $ 36830. 

Total Installed Capital Cost = $ 160584. 

Table E-26. Simulation 1-3 Economic Parameters Used. 

Parameter Value 

Load Factor 
Plant Life 
Equity 
Bond Interest 
Return on Equity 
Tax Rate 
Construction Period 
Salvage Value 
Working Capital 

1.0 
20. yr. 
50. % 
10. % 
15. % 
35. % 

negligible 
$ 0. 
$ 0. 

Table E-27. Simulation 1-3 Annual Operatinq ExPenses. 

Expense $ /yr 

Salaries 
Operator Vehicle/Fuel 
Electricity 
Sample Analyses 
Maintenance 
Depreciation 
Property Tax and Insurance 

Total Annual Expenses 

2784. 
1800. 
3205. 
1500. 
6423. 
8029. 
7226. 

30968. 
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Table E-28. Simulation 1-3 Economic Results. 

Parameter Value 

Loan 
Equity 
Loan Life 
Loan Payment 
Total Annual Expenses 
Pres. Worth of Rec. Cap. and Sal 
Present Worth Factor 
Required Annual Cash Flow 
Required Annual Net Profit 
Required Annual Gross Revenues 

80292. 
80292. 

20. yr 
9431. yr 
40399. /yr 

0. 
6.26 
12828. /yr 
4798. /yr 
47781. /yr 

Water Treatment/Disposal Cost = $ .22 per bbl 
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Table E-29. Simulation 1-4 Input Variables. 

Central Wyoming Plant Location 
1000 bbl/day Produced Water Feed Rate 
TDS Concentration of Produced Water is 11,900 mg/l 
TDS Concentration of Treated Water is 580 mg/l 
TDS Concentration of Brine is 44,000 mg/l 
Enhanced Evaporation Pond Design ~ 

Maximum Pond Depth is 20 ft 
Slope of Pond Sidewall is 2 ft/ft 
Pond Freeboard is 3 ft 
Liner for Pond,Berm and Anchor Trench is 6 ft 
Pan Coefficient is 0.87 

Table E-30. Simulation 1-4 Plant Performance (Annual Averaae). 

bbl/day bbl /yr 

Produced Water Rate 1000. 365000. 
Avg. Treated Water Discharge Rate 607. 221562. 
Avg. Net Evaporation Rate 131. 47810. 
Avg. Net Evap. Rt. when temp>32F 181. 
Avg. Brine Production Rate 262. 95628. 

Table E-31. Simulation 1-4 Desiqn and Installed Cost Data for Ponds 
and Pads. 

Item 
Produced Water 

units Pond/Still 
Freezing 

Pad 

Base Dimension 
Surface Dimension 
Max. fluid depth 
Evaporative area 

Max. liq. volume 

Max. Ice Volume 
Max. Ice Melt Volume 
Max. Height of Ice 
Liner required 

Total Installed Cost 
- Inst. Liner Cost 

ft 
ft 
ft 

sqf t 
acres 
cuft 
bbl 
cuf t 
bbl 
ft 

sqft 
$/sqft 

$ 

169. 
261. 
20. 

61876. 

880796. 
156887. 

1.42 

80421. 

76627. 
-95 

222. 
238. 

4. 
49493. 

1.14 
49493. 
8816. 

1554872. 
2215-62. 

40. 
67480. 

50610. 
-75 

Total Cost for Ponds and Pads $ 127236. 

E-13 



Table E-32. Simulation 1-4 Desiun and Installed Cost Data for Other 
Facility Requirements. 

Item 
Units Instal led 

Units Required Size cost, $ 

Transfer/Circulation Pump ea 1. 

Freezing Pad Sprinklers ea 4. 
Freezing Pad Piping ft 160.  
Piping for  Ponds ft 614. 
3-way Automatic Valves ea 3. 
Temp/Pump Control Circuit ea 1. 
TDS/Valve Control Circuit ea 1. 
Brine Storage Tanks ea 
Services 
Buildings 
Working Capital 

Total Cost for Other Facility Requirements $ 

2039. 

180. 
1687. 
9155. 
9101. 

945. 
1061. 
5000. 
3000. 
5000. 

0. 

37168. 

Total Installed Capital Cost = $ 164405. 

Table E-33. Simulation 1-4 Economic Parameters Used. 

Parameter Value 

Load Factor 
Plant Life 
Equity 
Bond Interest 
Return on Equity 
Tax Rate 
Construction Period 
Salvage Value 
Working Capital 

1.0 
20. yr. 
50. % 
10. % 
15. % 
35.  % 

negligible 
$ 0. 
$ 0. 

Table E-34. 

Expense $ /yr 

Simulation 1-4 Annual Operatinu Expenses. 

Salaries 
Operator Vehicle/Fuel 
Electricity 
Sample Analyses 
Maintenance 
Depreciation 
Property Tax and Insurance 

2784. 
1800. 
3295. 
1500. 
6576. 
8220. 
7398. 

Total Annual Expenses 31573. 
- 



Table E-35. Simulation 1-4 Economic Results. 

Parameter Value 

Loan $ 82202. 
Equity $ 82202. 
Loan Life 20. yr 
Loan Payment $ 9655. yr 
Total Annual Expenses $ 41229./yr 

Present Worth Factor 6.26 
$ 13133./yr Required Annual Cash Flow 

Required Annual Net Profit $ 4913. /yr 
Required Annual Gross Revenues $ 48787./yr 

Pres. Worth of Rec. Cap. and Sal $ 0. 

Water Treatment/Disposal Cost = -$ -22 per bbl 
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Table E-36. Simulation 1-5 Input Variables. 

Central Wyoming Plant Location 
1000 bbl/day Produced Water Feed Rate 
TDS Concentration of Produced Water is 11,900 mg/l 
TDS Concentration of Treated Water is 620 mg/l 
TDS Concentration of Brine is 25,400 mg/l 
Solar Distillation Pond Design 
Maximum Pond Depth is 10 ft 
Slope of Pond Sidewall is 3 ft/ft 
Pond Freeboard is 2 ft 
Liner for Pond Berm and Anchor Trench is 6 ft 
Pan Coefficient is 0.31 

Table E-37. Simulation 1-5 Plant Performance (Annual Averaae). 

bbl /day bbl/yr 

1000 * 365000. Produced Water Rate 
Avg. Treated Water Discharge Rate 432. 157839. 
Avg. Net Evaporation Rate 111. 40695. 
Avg. Net Evap. Rt. when temp>32F 154. 
Avg. Brine Production Rate 456. 166466. 

Table E-38. Simulation 1-5 Desiqn and Installed Cost Data for Ponds 
and Pads. 

Item 
Produced Water 

units Pond/Still 
Freezing 

Pad 

Base Dimension 
Surface Dimension 
Max. fluid depth 
Evaporative area 

M a x .  liq. volume 

Max. Ice Volume 
Max. Ice Melt Volume 
M a x .  Height of Ice 
Liner required 
Inst. Liner Cost 
Total Installed Cost 

ft 
ft 
ft 

sqf t 
acres 
cuf t 
bbl 
cuf t 
bbl 
ft 

sqf t 
$/sqft 

$ 

270. 
341. 
10. 

108516. 

887343. 
158053. 

2.49 

127666. 

256444. 
2.01 

188. 
212. 
4. 

35258. 

35258. 
6280. 

1107680. 
157839. 

40. 
50657. 

- 37993. 

-81 

-75 

Total Cost for Ponds and Pads $ 294437. 
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Table E-39. Simulation 1-5 Desian and Installed Cost Data for Other 
Facility Reuuirements. 

Item 
Units Installed 

Units Required Size cost, $ 

Transfer/Circulation Pump. ea 1. 

Freezing Pad Sprinklers ea 4. 
Freezing Pad Piping ft 160. 
Piping for Ponds ft 645. 
3-way Automatic Valves ea 3. 
Temp/Pump Control Circuit ea 1. 
TDS/Valve Control Circuit ea 1. 
Brine Storage Tanks ea 
Services 
Buildings 
Working Capital 

Total Cost for Other Facility Requirements $ 

2067 

180. 
1697. 
9674. 
9152. 
945. 
1061. 
5000. 
3000. 
5000. 

0. 

37775. 

Total Installed Capital Cost = $ 332211. 

Table E-40. Simulation 1-5 Economic Parameters Used. 

Parameter Value 

Load Factor 
Plant Life 
Equity 
Bond Interest 
Return on Equity 
Tax Rate 
Construction Period 
Salvage Value 
Working Capital 

1.0 
20. yr. 
50. % 
10. % 
15. % 
35. % 

negligible 
$ 0. 
$ 0. 

Table E-41. Simulation 1-5 Annual Operatina Expenses. 

Expense $ /yr 

Salaries 
Operator Vehicle/Fuel 
Electricity 
Sample Analyses 
Maintenance 
Depreciation 
Property Tax and Insurance 

2784. 
1800. 
3369. 
1500. 
13288. 
16611. 
14950. 

Total Annual Expenses 54301. 
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Table E-42. Simulation 1-5 Economic Results. 

Parameter Value 

Loan 

Loan Life 
Loan Payment 
Total Annual Expenses 
Pres. Worth of Rec. Cap. and Sal 
Present Worth Factor 
Required Annual Cash Flow 
Required Annual Net Profit 
Required Annual Gross Revenues 

. Equity 
166106. 
166106. 

20. yr 
19511. yr 
73812. /yr 

0. 
6.26 

26537. /yr 
9927. /yr 
89084. /yr 

Water Treatment/Disposal Cost = $ - 5 6  per bbl 

E-18 



Table E-43. Simulation 1-6 InDut Variables. 

Central Wyoming Plant Location 
1000 bbl/day Produced Water Feed Rate 
TDS Concentration of Produced Water is 11,900 mg/l 
TDS Concentration of Treated Water is 930 mg/l 
TDS Concentration of Brine is 32,300 mg/l 
Conventional Evaporation Pond Design 
Maximum Pond Depth is 20 ft 
Slope of Pond Sidewall is 2 ft/ft 
Pond Freeboard is 3 ft 
Liner for Pond Berm and Anchor Trench is 6 ft 
Pan Coefficient is 0.51 

Table E-44. Simulation 1-6 Plant Performance (Annual Averaae). 

bbl /day bbl /yr 

Produced Water Rate 1000. 365000. 
Avg. Treated Water Discharge Rate 622. 226960. 
Avg. Net maporation Rate 28. 10319. 

Avg. Brine Production Rate 350. 127721. 
Avg. Net Evap. Rt. when temp>32F 39. 

Table E-45. Simulation 1-6 Desian and Installed Cost Data for Ponds 
and Pads. 

Item 
Produced Water 

units Pond/Still 
Freezing 

Pad 

Base Dimension 
Surface Dimension 
Max. fluid depth 
Evaporative area 

Max. liq. volume 

Max. Ice Volume 
Max. Ice Melt Volume 
Max. Height of Ice 
Liner required 
Inst. Liner Cost 
Total Installed Cost 

ft 
ft 
ft 

sqf t 
acres 
cuf t 
bbl 
cuft 
bbl 
ft 

sqf t 
$/sqft 

$ 

Total Cost for Ponds and Pads 

182. 
274. 
20 * 

68416. 

991888. 
176674. 

1.57 

87863. 

84265. 
-96 

225. 
241. 
4. 

50699. 
1.16 

50699. 
9030. 

1592753. 
226960. 

40.  
68886. 

51665. 

$ 135930. 

-75 
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Table E-46. Simulation 1-6 Desiun and Installed Cost for Other 
Facility Requirements. 

Item 
Units Ins tal led 

Units Required Size cost, $ 

Transfer/Circulation Pump 

Freezing Pad Sprinklers 
Freezing Pad Piping 
Piping for Ponds 
3-way Automatic' Valves 
Temp/Pump Control Circuit 
TDS/Valve Control Circuit 
Brine Storage Tanks 
Services 
Buildings 
Working Capital 

ea 

ea 
ft 
ft 
ea 
ea 
ea 
ea 

1. 169 .gpm 

4. 
10 .HP 

- - - - - - - 
160. 2." dia. 
632. 4. 'I dia. 
3. 4." dia. 
1. 
1. 

------- 
------- 

2183. 

180. 
1735. 
9692. 
9359. 
945. 
1061. 
5000. 
3000. 
5000. 

0. 

Total Cost for Other Facility Requirements $ 38154. 

Total Installed Capital Cost = $ 174085. 

Table E-47. Simulation 1-6 Economic Parameters Used. 

Parameter Value 

Load Factor 1.0 
Plant Life 20. yr. 
Equity 50. % 
Bond Interest 10. % 
Return on Equity 15. % 
Tax Rate 35. % 
Construction Period negligible 
Salvage Value $ 0. 
Working Capital $ 0. 

Table E-48. Simulation 1-6 Annual Operatinu Expenses. 

Expense $ /yr 

Salaries 
Operator Vehicle/Fuel 
Electricity 
Sample Analyses 
Maintenance 
Depreciation 
Property Tax and Insurance 

2784. 
1800. 
3684. 
1500. 
6963. 
8704. 
7834. 

Total Annual Expenses 33270. 
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Table E-49. Simulation 1-6 Economic Results. 

Parameter Value 

Loan 
Equity 
Loan Life 
Loan Payment 
Total Annual Expenses 
Pres. Worth of Rec. Cap. and Sal 
Present Worth Factor 
Required Annual Cash Flow 
Required Annual Net Profit 
Required Annual Gross Revenues 

$ 
$ 

87042. 
87042. 

20. yr 
10224. yr 
43494. /yr 

0. 
6.26 

13906. /yr 
5202. /yr 
51496. /yr 

Water Treatment/Disposal Cost = $ -23 per bbl 
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Table E-50. Simulation 1-7 Input Variables. 

Central Wyoming Plant Location 
1000 bbl/day Produced Water Feed Rate 
TDS Concentration of Produced Water is 11,900 mg/l 
TDS Concentration of Treated Nater is 830 mg/l 
TDS Concentration of Brine is 33,000 mg/l 
Conventional Evaporation Pond Design 
Maximum Pond Depth is 20 ft 
Slope of Pond Sidewall is 2 ft/ft 
Pond Freeboard is 3 ft 
Liner for Pond Berm and Anchor Trench is 6 ft 
Pan Coefficient is 0.43 

Table E-51. Simulation 1-7 Plant Performance (Annual Averaae). 

bbl/day bbl /yr 

Produced Water Rate 1000. 365000. 
Avg. Treated Water Discharge Rate 637. 232586. 
Avg. Net Evaporation Rate 19. 6859 - 
Avg. Net map. Rt. when temp>32F 26. 
Avg. Brine Production Rate 344. 125554. 

Table E-52. Simulation 1-7 Desian and Installed Cost Data for Ponds 
and Pads. 

Item 
Produced Water 

units Pond/Still 
Freezing 

Pad 

Base Dimension 
Surface Dimension 
Max. fluid depth 
Evaporative area 

M a x .  liq. volume 

Max. Ice Volume 
Max. Ice Melt Volume 
M a x .  Height of Ice 
Liner required 
Inst. Liner Cost 
Total Installed Cost 

ft 
ft 
ft 

sqf t 
acres 
cuf t 
bbl 
cuf t 
bbl 
ft 

sqf t 
$/sqft 

$ 

184. 
275. 
20. 

69301. 
1.59 

1004595. 
178938. 

88845. 

85238. 
-96 

228. 
244. 
4. 

51956. 
1.19 
51956. 
9254. 

1632240. 
232586. 

40. 
70350. 

52763. 
-75 

Total Cost for Ponds and Pads $ 138000. 
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Table E-53. Simulation 1-7 Desian and Installed Cost Data for Other 
Facilitv Reauirements. 

Item 
Units Ins tal led 

Units Required Size cost, $ 

Transfer/Circulation Pump ea 1. 

Freezing Pad Sprinklers ea 
Freezing Pad Piping ft 
Piping for Ponds ft 
3-way Automatic Valves ea 
Temp/Pump Control Circuit ea 
TDS/Valve Control Circuit ea 
Brine Storage Tanks ea 
Services 
Buildings 
Working Capital 

4. 
160. 
639. 
3. 
1. 
1. 

Total Cost for Other Facility Requirements 

171 .gpm 
10 .HP 

2." dia. 
4." dia. 
4. " dia. ------- 

$ 

2196. 

180. 
1739. 
9831. 
9381. 
945. 
10 61. 
5000. 
3000. 
5000. 

0. 

38333. 

Total Installed Capital Cost = $ 176333. 

Table E-54. Simulation 1-7 Economic Parameters Used. 

Parameter Value 

Load Factor 
Plant Life 
Equity 
Bond Interest 
Return on Equity 
Tax Rate 
Construction Period 
Salvage Value 
Working Capital 

1.0 
20. yr. 
50. % 
10. % 
15. % 
35. % 

negligible 
$ 0. 
$ 0. 

Table E-55. Simulation 1-7 Annual Operatinu Expenses. 

Expense $ /yr 

Salaries 
Operator Vehicle/Fuel 
Electricity 
Sample Analyses 
Maintenance 
Depreciation 
Property Tax and Insurance 

2784. 
1800. 
3720. 
1500. 
7053. 
8817. 
7935. 

Total Annual Expenses 33609. 
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Table E-56. Simulation 1-7 Economic Results. 

Value Parameter 

Loan 
Equity 
Loan Life 
Loan Payment 
Total Annual Expenses 
Pres. Worth of Rec. Cap. and Sal 
Present Worth Factor 
Required Annual Cash Flow 
Required Annual Net Profit 
Required Annual Gross Revenues 

$ 88167. 
$ 88167. 

20. yr 
$ 10356. yr 
$ 43965./yr 
$ 0. 

$ 14086./yr 
$ 5269. /yr 
$ 52071./yr 

6.26 

Water Treatment/Disposal Cost = $ -22 per bbl 
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Table E-57. Simulation 1-8 Input Variables. 

Central Wyoming Plant Location 
1000 bbl/day Produced Water Feed Rate 
TDS Concentration of Produced Water is 11,900 mg/l 
TDS Concentration of Treated Water is 1140 mg/l 
TDS Concentration of Brine is 42,300 mg/l 
Solar Distillation Pond Design 
Maximum Pond Depth is 10 ft 
Slope of Pond Sidewall is 3 ft/ft 
Pond Freeboard is 2 ft 
Liner for Pond Berm and Anchor Trench is 6 ft 
Pan Coefficient is 0.35 

Table E-58. Simulation 1-8 Plant Performance (Annual Averaae). 

bbl /day bbl/yr 

Produced Water Rate 1000. 365000. 
Avg. Treated Water Discharge Rate 612. 223358. 
Avg. Net Evaporation Rate 124. 45405. 
Avg. Net Evap. Rt. when temp>32F 172. 
Avg. Brine Production Rate 264. 96237. 

Table E-59. Simulation 1-8 Desian and Installed Cost Data for Ponds 
and Pads. 

Item 
Produced Water 

units Pond/Still 
Freezing 

Pad 

Base Dimension 
Surface Dimension 
Max. fluid depth 
Evaporative area 

Max. liq. volume 

Max. Ice Volume 
Max. Ice Melt Volume 
Max. Height of Ice 
Liner required 
Inst. Liner Cost 
Total Installed Cost 

ft 
ft 
ft 

sqf t 
acres 
cuf t 
bbl 
cuft 
bbl 
ft 

sqf t 
$/sqft 

$ 

269. 
340. 
10. 

107495. 

871354. 
155205. 

2.47 

126540. 

254031. 
2.01 

223. 
247. 
4. 

49894. 
1.15 

49894. 
8887. 

1567478. 
223358. 

40. 
67948. 

. 50961. 
-75 

Total Cost for Ponds and Pads $ 304992. 
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Table E-60. Simulation 1-8 Desian and Installed Cost Data for Other 
Facility Requirements. 

Item 
Units Installed 

Units Required Size cost, $ 

Transfer/Circulation Pump 

Freezing Pad Sprinklers 
Freezing Pad Piping 
Piping for Ponds 
3-way Automatic Valves 
Temp/Pump Control Circuit 
TDS/Valve Control Circuit 
Brine Storage Tanks 
Services 
Buildings 
Working Capital 

ea 

ea 
ft 
ft 
ea 
ea 
ea 
ea 

1. 152 .gpm 

4. 
160. 2." dia. 
715. 4. " dia . 
3. 4." dia. 
1. 
1. 

9 .HP ------- 

------- 
---___- 

2049. 

180. 
1690. 
10688. 
9118. 
945. 
1061. 
5000. 
3000. 
5000. 

0. 

Total Cost for Other Facility Requirements $ 38731. 

Total Installed Capital Cost = $ 343723. 

Table E-61. Simulation 1-8 Economic Parameters Used. 

Parameter Value 

Load Factor 
Plant Life 
Equity 
Bond Interest 
Return on Equity 
Tax Rate 
Construction Period 
Salvage Value 
Working Capital 

1.0 
20. yr. 
50. 8 
10. 8 
15. 8 
35. 8 

negligible 
$ 0. 
$ 0. 

Table E-62. Simulation 1-8 Annual Operatinq Exp enses. 

Expense $ /yr 

Salaries 2784. 
Operator Vehicle/Fuel 1800. 
Electricity 3320. 

Maintenance 13749. 
Depreciation 17186. 
Property Tax and Insurance 15468. 

Sample Analyses 1500. 

Total Annual Expenses 55806. 

E-26 



Table E-63. Simulation 1-8 Economic Results. 

Par meter Value 

Loan 
Equity 
Loan Life 
Loan Payment 
Total Annual Expenses 
Pres. Worth of Rec. Cap. and Sal 
Present Worth Factor 
Required Annual Cash Flow 
Required Annual Net Profit 
Required Annual Gross Revenues 

$ 171861. 
$ 171861. 

20. yr 
$ 20187. yr 
$ 75993./yr 
$ 0. 

$ 27457./yr 
$ 10271./yr 
$ 91794./yr 

6 -26 

Water Treatment/Disposal Cost = $ -41 per bbl 
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Table E-64. Simulation 1-9 Input Variables. 

Central Wyoming Plant Location 
1000 bbl/day Produced Water Feed Rate 
TDS Concentration of Produced Water is 11,900 mg/l 
TDS Concentration of Treated Water is 1040 mg/l 
TDS Concentration of Brine is 53,300 mg/l 
Conventional Evaporation Pond Design 
Maximum Pond Depth is 20 ft 
Slope of Pond Sidewall is 2 ft/ft 
Pond Freeboard is 3 ft 
Liner for Pond Berm and Anchor Trench is 6 ft 
Pan Coefficient is 0.63 

Table E-65. Simulation 1-9 Plant Performance (Annual Averaae). 

bbl /day bbl /yr 

Produced Water Rate 1000. 365000. 
Avg. Treated Water Discharge Rate 749. 273532. 
Avg. Net Evaporation Rate 42. 15443. 
Avg. Net Evap. Rt. when temp32F 58. 
Avg. Brine Production Rate 208. 76025. 

Table E-66. Simulation 1-9 Desian and Installed Cost Data for Ponds 
and Pads. 

Produced Water Freezing 
Item units Pond/Still Pad 

Base Dimension 
Surface Dimension 
Max. fluid depth 
Evaporative area 

Max. liq. volume 

Max. Ice Volume 
Max. Ice Melt Volume 
Max. Height of Ice 
Liner required 
Inst. Liner Cost 
Total Installed Cost 

ft 
ft 
ft 

sqf t 
acres 
cuf t 
bbl 
cuf t 
bbl 
ft 

sqf t 
$/sqft 

$ 

180. 
272. 
20. 

67344. 

972885. 
173289. 

1.55 

86639. 

82996. 
-96 

247. 
263. 
4. 

61102. 
1.40 

61102. 
10883. 

1919584. 
273 532. 

40. 
80933. 

60699. 
-75 

Total Cost for Ponds and Pads $ 143695. 
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Table E-67. Simulation 1-9 Desian and Installed Cost Data for Other 
Facility Requirements. 

Units Ins tal led 
Item Units Required Size cost, $ 

Transfer/Circulation Pump 

Freezing Pad Sprinklers 
Freezing Pad Piping 
Piping for Ponds 
3-way Automatic Valves 
Temp/Pump Control Circuit 
TDS/Valve Control Circuit 
Brine Storage Tanks 
Services 
Buildings 
Working Capital 

ea 

ea 
ft 
ft 
ea 
ea 
ea 
ea 

1. 167 .gpm 

5. 
10 .HP - - - - - - - 

200. 2. 'I dia . 
674. 4." dia. 
3. 4. " dia . 
1. 
1. 

------- - - - - - - - 

2164. 

225. 
2044. 
10300. 
9325. 
945. 
1061. 
5000. 
3000. 
5000. 

0. 

Total Cost for Other Facility Requirements $ 39063. 

Total Installed Capital Cost = $ 182758. 

Table E-68. Simulation 1-9 Economic Parameters Used. 

Parameter Value 

Load Factor 
Plant Life 
Equity 
Bond Interest 
Return on Equity 
Tax Rate 
Construction Period 
Salvage Value 
Working Capital 

1.0 
20. yr. 
50. 8 
10. % 
15. % 
35. 8 

negligible 
$ 0. 
$ 0. 

Table E-69. Simulation 1-9 Annual Operatinq Expenses. 

Expense $ /yr 

Salaries 
Operator Vehicle/Fuel 
Electricity 
Sample Analyses 
Maintenance 
Depreciation 
Property Tax and Insurance 

2784. 
1800. 
3631. 
1500. 
7310. 
9138. 
8224. 

Total Annual Expenses 34387. 
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Table E-70. Simulation 1-9 Economic Results. 

Parameter Value 

Loan 
Equity 
Loan Life 
Loan Payment 
Total Annual Expenses 
Pres. Worth of Rec. Cap. and Sal 
Present Worth Factor 
Required Annual Cash Flow 
Required Annual Net Profit 
Required Annual Gross Revenues 

91379. 
91379. 

20. yr 
10733. yr 
45121. /yr 

0. 
6.26 
14599. /yr 
5461. /yr 
53522. /yr 

Water Treatment/Disposal Cost = $ -20 per bbl 
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Table E-71. Simulation 2-1 Input Variables. 

Northeastern Colorado Plant Location 
1000 bbl/day Produced Water Feed Rate 
TDS Concentration of Produced Water is 10,800 mg/l 
TDS Concentration of Treated Water is 386 mg/l 
TDS Concentration of Brine is 54,300 mg/l 
Conventional Evaporation Pond Design 
Maximum Pond Depth is 20 ft 
Slope of Pond Sidewall is 2 ft/ft 
Pond Freeboard is 3 ft 
Liner for Pond Berm and Anchor Trench is 6 ft 
Pan Coefficient is 1.67 

Table E-72. Simulation 2-1 Plant Performance (Annual Averaae). 

bbl/day bbl /yr 
~~ 

1000. 365000. Produced Water Rate 
Avg. Treated Water Discharge Rate 641. 233842. 
Avg. Net Evaporation Rate 165. 60224. 

Avg. Brine Production Rate 194. 70934. 
Avg. Net Evap. Rt. when temp>32F 202. 

Table E-73. Simulation 2-1 Desiqn and Installed Cost Data for Ponds 
and Pads. 

Item 
Produced Water 

units Pond/Still 
Freezing 

Pad 

Base Dimension 
Surface Dimension 
Max. fluid depth 
Evaporative area 

Max. liq. volume 

Max. Ice Volume 
Max. Ice Melt Volume 
Max. Height of Ice 
Liner required 
Inst. Liner Cost 
Total Installed Cost 

ft 
ft 
ft 

sqf t 
acres 
cuf t 
bbl 
cuf t 
bbl 
ft 

sqf t 
$/sqft 

$ 

178. 
269. 
20 * 

66245. 

953007. 
169749. 

1.52 

85381. 

81684. 
-96 

229. 
245. 
4. 

5223 6. 
1.20 

5223 6. 
9304. 

1641049. 
233842. 

40. 
70676. 

53007. 
-75 

Total Cost for Ponds and Pads $ 134692. 
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Table E-74. Simulation 2-1 Desian and Installed Cost Data for Other 
Facility Requirements. 

Item 
Units Installed 

Units Required Size cost, $ 

Transfer/Circulation Pump 

Freezing Pad Sprinklers 
Freezing Pad Piping 
Piping for Ponds 
3-way Automatic Valves 
Temp/Pump Control Circuit 
TDS/Valve Control Circuit 
Brine Storage Tanks 
Services 
Buildings 
Working Capital 

ea 1. 

ea 4. 
ft 160. 
ft 635. 
ea 3 .  
ea 1. 
ea 1. 
ea 

2567. 

180. 
1854. 
10404. 
10001. 
945. 
1061. 
5000. 
3000. 
5000. 

0. 

Total Cost for Other Facility Requirements $ 40011. 

Total Installed Capital Cost = $ 174703. 

Table E-75. Simulation 2-1 Economic Parameters Used. 

Parameter Value 

Load Factor 
Plant Life 
Equity 
Bond Interest 
Return on Equity 
Tax Rate 
Construction Period 
Salvage Value 
Working Capital 

1.0 
20. yr. 
50. % 
10. % 
15. % 
35. % 

negligible 
$ 0. 
$ 0. 

Table E-76. Simulation 2-1 Annual Operatina Expenses. 

Expense $ /yr 

Salaries 
Operator Vehicle/Fuel 
Electricity 
Sample Analyses 
Maintenance 
Depreciation 
Property Tax and Insurance 

Total Annual Expenses 

2320. 
1500. 
4804. 
1500. 
6988. 
8735. 
7862. 

33709. 
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Table E-77. Simulation 2-1 Economic Results. 

Parameter Value 

Loan 
Equity 
Loan Life 
Loan Payment 
Total Annual Expenses 
Pres. Worth of Rec. Cap. and Sal 
Present Worth Factor 
Required Annual Cash Flow 
Required Annual Net Profit 
Required Annual Gross Revenues 

$ 87352. 
$ 87352. 

20. yr 
$ 10260. yr 
$ 43970./yr 
$ 0. 

$ 13955./yr 
$ 5220. /yr 
$ 52001./yr 

6.26 

Water Treatment/Disposal Cost = $ -22 per bbl 
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Table E-78. Simulation 2-2 Inmt Variables. 

Northeastern Colorado Plant Location 
1000 bbl/day Produced Water Feed Rate 
TDS Concentration of Produced Water is 8,530 mg/l 
TDS Concentration of Treated Water is 484 mg/l 
TDS Concentration of Brine is 50,700 mg/l 
Conventional maporation Pond Design 
Maximum Pond Depth is 20 ft 
Slope of Pond Sidewall is 2 ft/ft 
Pond Freeboard is 3 ft 
Liner for Pond Berm and Anchor Trench is 6 ft 
Pan Coefficient is 1.70 

Table E-79. Simulation 2-2 Plant Performance (Annual Averaoe). 

bbl /day bbl/yr 
~~ 

Produced Water Rate 1000. 365000. 
670. 244521. Avg. Treated Water Discharge Rate 

Avg. Net Evaporation Rate 168. 61455. 
Avg. Net map. Rt. when temp>32F 206. 
Avg. Brine Production Rate 162. 59024 - 

Table E-80. Simulation 2-2 Desion and Installed Cost Data for Ponds 
and Pads. 

Item 
Produced Water 

units Pond/Still 
Free z ing 

Pad 

Base Dimension 
Surface Dimension 
Max. fluid depth 
Evaporative area - 
Max. liq. volume 

M a x .  Ice Volume 
Max. Ice Melt Volume 
Max. Height of Ice 
Liner required 
Inst. Liner Cost 
Total Installed Cost 

ft 
ft 
ft 

sqf t 
acres 
cuft 
bbl 
cuft 
bbl 
ft 

sqf t 
$/sqft 

$ 

177. 
269. 
20. 

65884. 

949055. 
169045. 

1.51 

84989. 

81317. 
-96 

234. 
250. 
4. 

54622. 
1.25 

54622. 
9729. 

1715993. 
244521. 

4 0 .  
73447. 

55085. 
-75 

Total Cost for  Ponds and Pads $ 136402. 
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Table E-81. Simulation 2-2 Desian and Installed Cost Data for Other 
Facility Requirements. 

Item 
Units Ins tal led 

Units Required Size cost, $ 

Transfer/Circulation Pump ea 1. 

Freezing Pad Sprinklers ea 4. 

3-way Automatic Valves ea 3. 
Temp/Pump Control Circuit ea 1. 
TDS/Valve Control Circuit ea 1. 
Brine Storage Tanks ea 
Services 
Buildings 
Working Capital 

Freezing Pad Piping ft 160. 
Piping for Ponds ft 644. 

Total Cost for Other Facility Requirements $ 

2561. 

180. 
1852. 
10546. 
9991 * 
945. 
100'1. 
5000. 
3000. 
5000. 

0. 

40136. 

Total Installed Capital Cost = $ 176538, 

J 

Table E-82. Simulation 2-2 Economic Parameters Used. 

Parameter Value 

Load Factor 1.0 
Plant Life 20. yr. 
Equity 50. % 
Bond Interest 10. % 
Return on Equity 15. % 
Tax Rate 35. 0 
Construction Period negligible 
Salvage Value $ 0. 
Working Capital $ 0. 

Table E-83. Simulation 2-2 Annual Operatina ExDenses. 

Expense $ /yr 

Salaries 
Operator Vehicle/Fuel 
Electricity ~ 

Sample Analyses 
Maintenance 
Depreciation 
Property Tax and Insurance 

2320. 
1500. 
4785. 
1500. 
7062. 
8827. 
7944. 

Total Annual Expenses 33938. 
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Table E-84. Simulation 2-2 Economic Results. 

Value Parameter 

Loan 
Equity 
Loan Life 
Loan Payment 
Total Annual Expenses 
Pres. Worth of Rec. Cap. and Sal 
Present Worth Factor 
Required Annual Cash Flow 
Required Annual Net Profit 
Required Annual Gross Revenues 

88269. 
88269. 

20. yr 
10368. yr 
443 0 6. /yr 

0. 
6.26 
14102. /yr 

527 5. /yr 
52421. /yr 

Water Treatment/Disposal Cost = $ -21 per bbl 
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Table E-85. Simulation 2-3 InDut Variables. 

Northeastern Colorado Plant Location 
1000 bbl/day Produced Water Feed Rate 
TDS Concentration of Produced Water is 2,680 mg/l 
TDS Concentration of Treated Water is 308 mg/l 
TDS Concentration of Brine is 42,300 mg/l 
Conventional Evaporation Pond Design 
Maximum Pond Depth is 20 ft 
Slope of Pond Sidewall is 2 ft/ft 
Pond Freeboard is 3 ft 
Liner for Pond Berm and Anchor Trench is 6 ft 
Pan Coefficient is 1.98 

Table E-86. Simulation 2-3 Plant Performance (Annual Averaae). 

bbl/day bbl/yr 

Produced Water Rate 1000. 365000. 
747 * 272486. Avg. Treated Water Discharge Rate 

Avg. Net Evaporation Rate 196. 71373. 
Avg. Net map. Rt. when temp>32F 239. 

58. 21141. Avg. Brine Production Rate 

Table E-87: Simulation 2-3 Desiqn and Installed Cost Data for Ponds 
and Pads. 

Item 
Produced Water 

units Pond/Still 
Freezing 

Pad 

Base Dimension 
Surface Dimension 
Max. fluid depth 
Evaporative area 

Max. liq. volume 

Max. Ice Volume 
Max. Ice Melt Volume 
Max. Height of Ice 
Liner required 
Inst. Liner Cost 
Total Installed Cost 

ft 
ft 
ft 

sqf t 
acres 
cuf t 
bbl 
cuf t 
bbl 
ft 

sqf t 
$/sqft 

$ 

173. 
264. 
20. 

63633. 
1.46 
907289. 
161606. 

82395. 

78598. 
-95 

247. 
263. 
4. 

60868. 
1.40 
60868. 
10842. 

1912244. 
272486. 

40. 
80664. 

60498. 
-75 

Total Cost for Ponds and Pads $ 139096. 
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Table E-88. Simulation 2-3 Desian and Installed Cost Data for Other 
Facilitv Requirements. 

Item 
Units Instal led 

Units Required Size cost, $ 

Transfer/Circulation Pump 

Freezing Pad Sprinklers 
Freezing Pad Piping 
Piping for Ponds 
3-way Automatic Valves 
Temp/Pump Control Circuit 
TDS/Valve Control Circuit 
Brine Storage Tanks 
Services 
Buildings 
Working Capital 

ea 

ea 
ft 
ft 
ea 
ea 
ea 
ea 

1. 213 .gpm 

5. 
13 .HP ------- 

200.  2 .  " dia. 
666. 5. 'I dia . 

3. 5." dia. 

2509.  

225.  
2172. 

10818.  
9908.  

945. 
1061.  
5000.  
3000. 
5000 .  

0. 

Total Cost for Other Facility Requirements $ 40638. 

Total Installed Capital Cost = $ 179733.  

Table E-89. Simulation 2-3 Economic Parameters Used. 

Value Parameter 

Load Factor 
Plant Life 
Equity 
Bond Interest 
Return on Equity 
Tax Rate 
Construction Period 
Salvage Value 
Working Capital 

1 . 0  
20 .  yr. 
50. % 
10. % 
1 5 .  % 
35 .  % 

negligible 
s 0. 
$ 0. 

Table E-90. Simulation 2-3 Annual Operatinq Expenses. 

Expense $ /yr 

Salaries 
Operator Vehicle/Fuel 
Electricity 
Sample Analyses 
Maintenance 
Depreciation 
Property Tax and Insurance 

2320.  
1500.  
4629. 
1500. 
7189.  
8987.  
8088.  

Total Annual Expenses -' 34213. 
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Table E-91. Simulation 2-3 Economic Results. 

Parameter 

~ 

Value 

Loan 
Equity 
Loan Life 
Loan Payment 
Total Annual Expenses 
Pres. Worth of Rec. Cap. and Sal 
Present Worth Factor 
Required Annual Cash Flow 
Required Annual Net Profit 
Required Annual Gross Revenues 

89867. 
89867. 

20. yr 
10556. yr 
44768. /yr 

0. 
6.26 
14357. /yr 
5371. /yr 
53031. /yr 

Water Treatment/Disposal Cost = $ -19 per bbl 
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Table E-92. Simulation 3-1 InDut Variables. 

Northwestern New Mexico Plant Location 
1000 bbl/day Produced Water Feed Rate 
TDS Concentration of Produced Water is 10,340 mg/l 
TDS Concentration of Treated Water is 1380 mg/l 
TDS Concentration of Brine is 41,200 mg/l 
Conventional Evaporation Pond Design 
Maximum Pond Depth is 20 ft 
Slope of Pond Sidewall is 2 ft/ft 
Pond Freeboard is 3 ft 
Liner for Pond Berm and Anchor Trench is 6 ft 
Pan Coefficient is 1.11 

Table E-93. Simulation 3-1 Plant Performance (Annual Averacre). 
~ ~~ 

bbl/day bbl /yr 

Produced Water Rate 1000. 365000. 
Avg. Treated Water Discharge Rate 604. 220518. 
Avg. Net Evaporation Rate 165. 60264. 
Avg. Net Evap. Rt. when temp>32F 193. 
Avg. Brine Production Rate 231. 84218. 

Table E-94. Simulation 3-1 Desicrn and Installed Cost Data for Ponds 
and Pads. 

Item 
Produced Water 

units Pond/Still 
Free zing 

Pad 

Base Dimension 
Surface Dimension 
Max. fluid depth 
Evaporative area 

Max. liq. volume 

Max. Ice Volume 
Max. Ice Melt Volume 
Max. Height of Ice 
Liner required 
Inst. Liner Cost 
Total Installed Cost 

ft 
ft 
ft 

sqf t 
acres 
cuf t 
bbl 
cuf t 
bbl 
ft 

sqf t 
$/sqft 

$ 

174 
266. 
20. 

64356. 

922812. 
164370. 

1.48 

83248. 

79525. 
.96 

222. 
238. 
4. 

49260. 
1.13 

49260. 
8774. 

1547547. 
220518. 

40. 
67207. 

50406. 
-75 

Total Cost for Ponds and Pads $ 129931. 
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Table E-95. Simulation 3-1 Desian and Installed Cost Data for Other 
Facility Requirements. 

Item 
Installed Units 

Units Required Size cost, $ 

Transfer/Circulation Pump 

Freezing Pad Sprinklers 
Freezing Pad Piping 
Piping for Ponds 
3-way Automatic Valves 
Temp/Pump Control Circuit 
TDS/Valve Control Circuit 
Brine Storage Tanks 
Services 
Buildings 
Working Capital 

ea 

ea 
ft 
ft 
ea 
ea 
ea 
ea 

1. 281 .gpm 

4. 
17 .HP ------- 

160. 3 . " dia. 
618. 5. " dia. 
3. 5." dia. 
1. 
1. 

------- 
------- 

2974. 

180. 
1969. 
10753. 
10622 * 
945. 
1061. 
5000. 
3000. 
5000. 

0. 

Total Cost for Other Facility Requirements $ 41503. 

Total Installed Capital Cost = $ 171434. 

Table E-96. Simulation 3-1 Economic Parameters Used. 

Parameter Value 

Load Factor 
Plant Life 
Equity 
Bond Interest 
Return on Equity 
Tax Rate 
Construction Period 
Salvage Value 
Working Capital 

1.0 
20. yr. 
50. If; 
10. 8 
15. % 
3s. % 

negligible 
$ 0. 
$ 0. 

Table E-97. Simulation 3-1 Annual Operatina Expenses. 

$ /yr Expense 

Salaries 
Operator Vehicle/Fuel 
Electricity 
Sample Analyses 
Maintenance 
Depreciation 
Property Tax and Insurance 

2320. 
1500. 
6115. 
1500. 
6857. 
8572. 
7715. 

Total Annual Expenses 34578. 

E-41 



Table E-98. Simulation 3-1 Economic Results. 

Parameter Value 

Loan 
Equity 
Loan Life 
Loan Payment 
Total Annual Expenses 
Pres. Worth of Rec. Cap. and Sal 
Present Worth Factor 
Required Annual Cash Flow 
Required Annual Net Profit 
Required Annual Gross Revenues 

85717. 
85717. 

20. yr 
10068. yr 
44646. /yr 

0. 
6.26 
13694./yr 
5123. /yr 
52527. /yr 

Water Treatment/Disposal Cost = $ -24 per bbl 
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Table E-99. Simulation 3-2 Input Variables. 

Northwestern New Mexico Plant Location 
1000 bbl/day Produced Water Feed Rate 
TDS Concentration of Produced Water is 8,180 mg/l 
TDS Concentration of Treated Water is 866 mg/l 
TDS Concentration of Brine is 27,900 mg/l 
Conventional Evaporation Pond Design 
Maximum Pond Depth is 20 ft 
Slope of Pond Sidewall is 2 ft/ft 
Pond Freeboard is 3 ft 
Liner for Pond Berm and Anchor Trench is 6 ft 
Pan Coefficient is 0.93 

Table E-100. Simulation 3-2 Plant Performance (Annual Averaae). 

bbl /day bbl/yr 

Produced Water Rate 1000. 365000. 
Avg. Treated Water Discharge Rate 585. 213433. 
Avg. Net Evaporation Rate 140. 51178. 
Avg. Net Evap. Rt. when temp>32F 164. 
Avg. Brine Production Rate 275. 100389. 

Table E-101. Simulation 3-2 Desian and Installed Cost Data for Ponds 
and Pads. 

Item 
Produced Water 

units Pond/Still 
Freezing 

Pad 

Base Dimension 
Surface Dimension 
Max. fluid depth 
Evaporative area 

Max. liq. volume 

Max. Ice Volume 
Max. Ice Melt Volume 
Max. Height of Ice 
Liner required 
Inst. Liner Cost 
Total Installed Cost 

ft 
ft 
ft 

sqf t 
acres 
cuft 
bbl 
cuf t 
bbl 
ft 

sqf t 
$/sqft 

$ 

179. 
271. 
20. 

66876. 

948886. 
169015. 

1.54 

86112. 

82156. 
-95 

218. 
234. 
4. 

47677. 
1-09 

47677. 
8492. 

1497827. 
213433. 

40. 
65357. 

49017. 
.75 

Total Cost for Ponds and Pads $ 131174. 
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Table E-102. Simulation 3-2 Desian and Installed Cost Data for Other 
Facilitv Requirements. 

Item 
Units Instal led 

Units Required Size cost, $ 

Transfer/Circulation Pump ea 1. 

Freezing Pad Sprinklers ea 4. 

3-way Automatic Valves ea 3. 
Temp/Pump Control Circuit ea 1. 
TDS/Valve Control Circuit ea 1. 
Brine Storage Tanks ea 
Services 
Buildings 
Working Capital 

Total Cost for Other Facility Requirements 

Freezing Pad Piping ft 160. 
Piping for Ponds ft 615. 

289 .gpm 
18 .HP 

3 e 'I dia . 
5. " dia. 
5. 'I dia. 

------- 

$ 

3028. 

180. 
1984. 
10791. 
10701. 
945. 
1061. 
5000. 
3000. 
5000. 

0. 

41689. 

Total Installed Capital Cost = $ 172862. 

Table E-103. Simulation 3-2 Economic Parameters Used. 

Pararne ter Value 

Load Factor 
Plant Life 
Equity 
Bond Interest 
Return on Equity 
Tax Rate 
Construction Period 
Salvage Value 
Working Capital 

1.0 
20. yr. 
50. % 
10. % 
15. % 
35. 0 

negligible 
$ 0. 
$ 0. 

Table E-104. Simulation 3-2 Annual Operatinu Expenses. 

Expens e $ /yr 

Salaries 
Operator Vehicle/Fuel 
Electricity 
Sample Analyses 
Maintenance 
Depreciation 
Property Tax and Insurance 

Total Annual Expenses 

2320. 
1500. 
6297. 
1500. 
6914. 
8643. 
7779. 

34953. 
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Table E-105. Simulation 3-2 Economic Results. 

Parameter Value 

Loan 
Equity 
Loan Life 
Loan Payment 
Total Annual Expenses 
Pres. Worth of Rec. Cap. and Sal 
Present Worth Factor 
Required Annual Cash Flow 
Required Annual Net Profit 
Required Annual Gross Revenues 

$ 86431. 
$ 86431. 

20. yr 
$ 10152. yr 
$ 45105./yr 
$ 0. 

$ 13808./yr 
$ 5165. /yr 
$ 53052./yr 

6.26 

Water Treatment/Disposal Cost = $ -25 per bbl 
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Table E-106. Simulation 3-3 Input Variables. 

Northwestern New Mexico Plant Location 
1000 bbl/day Produced Water Feed Rate 
TDS Concentration of Produced Water is 2,600 mg/l 
TDS Concentration of Treated Water is 240 mg/l 
TDS Concentration of Brine is 12,500 mg/l 
Conventional Evaporation Pond Design 
Maximum Pond Depth is 20 ft: 
Slope of Pond Sidewall is 2 ft/ft 
Pond Freeboard is 3 ft 
Liner for Pond Berm and Anchor Trench is 6 ft 
Pan Coefficient is 1.01 

Table E-107. Sirnulation 3-3 Plant Performance (Annual Averaqe). 
_ _ _ _ ~  

bbl /day bbl/yr 

Produced Water Rate 1000. 365000. 
Avg. Treated Water Discharge Rate 653. 238269. 
Avg. Net Evaporation Rate 152. 55387. 
Avg. Net Evap. Rt. when temp>32F 177. 
Avg. Brine Production Rate 195. 71344. 

Table E-108. Simulation 3-3 Desian and Installed Cost Data for Ponds 
and Pads. 

Item 
Produced Water 

units Pond/Still 
Freezing 

Pad 

Base Dimension 
Surface Dimension 
Max. fluid depth 
Evaporative area 

Max. liq. volume 

Max. Ice Volume 
Max. Ice Melt Volume 
Max. Height of Ice 
Liner required 
Inst. Liner Cost 
Total Installed Cost 

ft 
ft 
ft 

sqf t 
acres 
cuf t 
bbl 
cuf t 
bbl 
ft 

sqf t 
$/sqft 

$ 

Total Cost for Ponds and Pads 

177. 
268. 
20. 

65740. 

944414. 
168218. 

1.51 

84806. 

81093. 
-96 

231. 
247. 
4. 

53225. 
1.22 

53225. 
9480. 

1672119. 
238269. 

40. 
71826. 

53870. 
-75 

$ 134963. 
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Table E-109. Simulation 3-3 Desian and Installed Cost Data for Other 
Facilitv Requirements. 

Item 
Units Installed 

Units Required Size cost, $ 

Transfer/Circulation Pump 

Freezing Pad Sprinklers 
Freezing Pad Piping 
Piping for Ponds 
3-way Automatic Valves 
Temp/Pump Control Circuit 
TDS/Valve Control Circuit 
Brine Storage Tanks 
Services 
Buildings 
Working Capital 

ea 

ea 
ft ' 
ft 
ea 
ea 
ea 
ea 

1. 285 .gpm 3003. 
17 .HP 

180. 4. 
160. 3 . " dia. 1977. 
638. 5. " dia. 11153. 
3. 5. I' dia. 10664. 

945. 1. 
1061. 1. 
5000. 
3000. 
5000. 

0. 

------- 

------- 
---____ 

Total Cost for Other Facility Requirements $ 41983. 

Total Installed Capital Cost = $ 176945. 

Table E-110. Simulation 3-3 Economic Parameters Used. . 

Parameter Value 

Load Factor 
Plant Life 
Equity 
Bond Interest 
Return on Equity 
Tax Rate 
Construction Period 
Salvage Value 
Working Capital 

1.0 
20. yr. 
50. % 
10. % 
15. % 
35. % 

negligible 
$ 0. 
$ 0. 

Table E-111. Simulation 3-3 Annual Operatina EkDenses. 

Expense $/yr 

Salaries 
Operator Vehicle/Fuel 
Electricity 
Sample Analyses 
Maintenance 

. Depreciation 
Property Tax and Insurance 

2320. 
1500. 
6212. 
1500. 
7078. 
8847. 
7963. 

Total Annual Expenses 35420. 
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Table E-112. Simulation 3-3 Economic Results. 

Parameter Value 

Loan 
Equity 
Loan Life 
Loan Payment 
Total Annual Expenses 
Pres. Worth of Rec. Cap. and Sal 
Present Worth Factor 
Required Annual Cash Flow 
Required -Annual Net Profit 
Required Annual Gross Revenues 

$ 88473. 
$ 88473. 

20. yr 
$ 10392. yr 
$ 45812./yr 
$ 0. 

$ 14135./yr 
$ 5287. /yr 
$ 53946./yr 

6.26 

Water Treatment/Disposal Cost = $ -23 per bbl 
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Table E-113. Simulation 4-1 Input Variables. 

Central Wyoming Plant Location 
1000 bbl/day Produced Water Feed Rate 
TDS Concentration of Produced Water is 10,700 mg/l 
TDS Concentration of Treated Water is 430 mg/l 
TDS Concentration of Brine is 69,500 mg/l 
Conventional Evaporation Pond Design 
Maximum Pond Depth is 20 ft 
Slope of Pond Sidewall is 2 ft/ft 
Pond Freeboard is 3 ft 
Liner for Pond Berm and Anchor Trench is 6 ft 
Pan Coefficient is 1.44 

Table E-114. Simulation 4-1 Plant Performance (Annual Averaae). 

bbl/day bbl/yr 

Produced Water Rate 1000. . 365000. 
Avg. Treated Water Discharge Rate 725. 264444. 
Avg. Net Evaporation Rate 126. 46084. 
Avg. Net Evap. Rt. when temp>32F 174. 
Avg. Brine Production Rate 149. 54472 - 

Table E-115. Simulation 4-1 Desian and Installed Cost Data for Ponds 
and Pads. 

Freezing Produced Water 
Item units Pond/Still Pad 

Base Dimension ft 168. 
Surface Dimension ft 259. 

Evaporative area sqf t 60996. 
acres 1.40 

Max. liq. volume cuf t 860430 - 
bbl 153259. 

Max. Ice Volume cuf t 
Max. Ice Melt Volume bbl 
Max. Height of Ice ft 
Liner required sqf t 79363. 
Inst. Liner Cost $/sqft -95 
Total Installed Cost $ 75456. 

Total Cost for Ponds and Pads 

Max. fluid depth ft 20. 

243. 
259. 
4. 

59072. 
1.36 

59072. 
10522. 

1855807. 
264444. 

40. 
78594. 

58945. 
-75 

$ 134401. 
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Table E-116. Simulation 4-1 Desian and Installed Cost Data for Other 
Facilitv Remirements. 

Item 
Units Installed 

Units Required Size cost, $ 

Transfer/Circulation Pump 

Freezing Pad Sprinklers 
Freezing Pad Piping 
Piping for Ponds 
3-way Automatic Valves 
Temp/Pump Control Circuit 
TDS/Valve Control Circuit 
Brine Storage Tanks 
Services 
Buildings 
Working Capital 

ea 

ea 
ft 
ft 
ea 
ea 
ea 
ea 

1. 

4. 
160. 
654. 

3 .  
1. 
1. 

152 .gpm 
9 .HP 

2." dia. 
4." dia. 
4." dia. 

------- 
2046. 

180. 
1690. 
9768. 
9113. 
945. 
1061. 
5000. 
3000. 
5000. 

0. 

Total Cost for Other Facility Requirements $ 37802. 

Total Installed Capital Cost = $ 172203. 

Table E-117. Simulation 4-1 Economic Parameters Used. 

Parameter Value 

Load Factor 
Plant Life 
Equity 
Bond Interest 
Return on Equity 
Tax Rate 
Construction Period 
Salvage Value 
Working Capital 

1.0 
20. yr. 
50. % ' 

10. % 
15. % 
35. % 

negligible 
$ 0. 
$ 0. 

Table E-118. Simulation 4-1 Annual Operatinq Expenses. 

Expense $/yr 

Salaries 
Operator Vehicle/Fuel 
Electricity 
Sample Analyses 
Maintenance 
Depreciation 
Property Tax and Insurance 

2784. 
1800. 
3313.  
1500. 
6888. 
8610. 
7749. 

Total Annual Expenses 32644. 
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Table E-119. Simulation 4-1 Economic Results. 

Parameter Value 

Loan 
Equity 
Loan Life 
Loan Payment 
Total Annual Expenses 
Pres. Worth of Rec. Cap. and Sal 
Present Worth Factor 
Required Annual Cash Flow 
Required Annual Net Profit 
Required Annual Gross Revenues 

86102. 
86102. 

20. yr 
10113. yr 
42758. /yr 

0. 
6 -26 
13756. /yr 
5146. /yr 
50674. /yr 

Water Treatment/Disposal Cost = $ .19 per bbl 
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Table E-120. Simulation 4-2 Input Variables. 

Central Wyoming Plant Location 
1000 bbl/day Produced Water Feed Rate 
TDS Concentration of Produced Water is 8,690 mg/l 
TDS Concentration of Treated Water is 410 mg/l 
TDS Concentration of Brine is 47,900 mg/l 
Conventional Evaporation Pond Design 
Maximum Pond Depth is 20 ft 
Slope of Pond Sidewall is 2 ft/ft 
Pond Freeboard is 3 ft 
Liner for Pond Berm and Anchor Trench is 6 ft 
Pan Coefficient is 1.48 

Table E-121. Simulation 4-2 Plant Performance (Annual Averaae). 

bbl /day bbl /yr 

Produced Water Rate 1000. 365000. 
696. 253952. Avg. Treated Water Discharge Rate 

Avg. Net Evaporation Rate 129. 47104. 
Avg. Net Evap. Rt. when temp>32F 178. 
Avg. Brine Production Rate 175. 63944. 

Table E-122. Simulation 4-2 Desian and Installed Cost Data for Ponds 
and Pads. 

Produced Water Freezing 
Item units Pond/Still Pad 

Base Dimension ft 166. 
Surface Dimension ft 258. 

Evaporative area sqf t 60443. 

Max. liq. vo+ume cuf t 857035. 
bbl 152654. 

Max. Ice Volume cuft 
Max. Ice Melt Volume bbl 
Max. Height of Ice ft 
Liner required sqf t 78788. 
Inst. Liner Cost $/sqft -95 
Total Installed Cost $ 74962. 

Max. fluid depth ft 20. 

acres 1.39 

238. 
254. 
4. 

56728. 
1.30 
56728. 
10104. 

1782181. 
253952. 

40. 
75887. 

56915. 
-75 

Total Cost for Ponds and Pads $ 131877. 
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Table E-123. Simulation 4-2 Desian and Installed Cost Data for Other 
Facility Reauirements. 

Units Instal led 
Item Units Required Size cost, $ 

Transfer/Circulation Pump ea 1. 

Freezing Pad Sprinklers ea 4. 
Freezing Pad Piping ft 160. 
Piping for Ponds ft 642. 
3-way Automatic Valves ea 3 .  
Temp/Pump Control Circuit ea 1. 
TDS/Valve Control Circuit ea 1. 
Brine Storage Tanks ea 
Services 
Buildings 
Working Capital 

Total Cost for Other Facility Requirements $ 

2042. 

180. 
1688. 
9585. 
9106. 
945. 
1061. 
5000. 
3000. 
5000. 

0. 

37607 

Total Installed Capital Cost = $ 169484. 

Table E-124. Simulation 4-2 Economic Parameters Used. 

Parameter Value 

Load Factor 
Plant Life 
Equity 
Bond Interest 
Return on Equity 
Tax Rate 
Construction Period 
Salvage Value 
Working Capital 

1.0 
20. yr. 
50. % 
10. % 
15. % 
35. % 

negligible 
$ 0. 
$ 0. 

Table E-125. Sirnulation 4-2 Annual Operatinu Expenses. 

Expense ' 

Salaries 
Operator Vehicle/Fuel 
Electricity 
Sample Analyses 
Maintenance 
Depreciation 
Property Tax and Insurance 

Total Annual Expenses 

2784. 
1800. 
3302. 
1500. 
6779. 
8474. 
7627. 
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Table E-126. Simulation 4-2 Economic Results. 

Parameter Value 

Loan 
Equity 
Loan Life 
Loan Payment 
Total Annual Expenses 
Pres. Worth of Rec. Cap. and Sal 
Present Worth Factor 
Required Annual Cash Flow 
Required Annual Net Profit 
Required Annual Gross Revenues 

$ 84742. 
$ 84742. 

20. yr 
$ 9954. yr 
$ 42220./yr 
$ 0. 

$ 13539./yr 
$ 5064. /yr 
$ 50012./yr 

6.26 

Water Treatment/Disposal Cost = $ -20 per bbl 

E-54 



Table E-127. Simulation 4-3 Input Variables. 

I 

Central Wyoming Plant Location 
1000 bbl/day Produced Water Feed Rate 
TDS Concentration of Produced Water is 2,705 mg/l 
TDS Concentration of Treated Water is 240 mg/l 
TDS Concentration of Brine is 37,800 mg/l 
Conventional Evaporation Pond Design 
Maximum Pond Depth is 20 ft 
Slope of Pond Sidewall is 2 ft/ft 
Pond Freeboard is 3 ft 
Liner for Pond Berm and Anchor Trench is 6 ft 
Pan Coefficient is 1.59 

Table E-128. Simulation 4-3 Plant Performance (Annual Averaae). 
-~ ~, 

bbl/day bbl /yr 

Produced Water Rate 1000. 365000. 
Avg. Treated Water Discharge Rate 794. 289875. 
Avg. Net Evaporation Rate 139. 50886. 
Avg. Net map. Rt. when temp>32F 193. 
Avg. Brine Production Rate 66. 24239. 

Table E-129. Simulation 4-3 Desisn and Installed Cost Data for Ponds 
and Pads. 

Item 
Produced Water 

units Pond/Still 
Freezing 

Pad 

Base Dimension 
Surface Dimension 
Max. fluid depth 
Evaporative area 

Max. liq. volume 

Max. Ice Volume 
Max. Ice Melt Volume 
Max. Height of Ice 
Liner required 
Inst. Liner Cost 
Total Installed Cost 

ft 
ft 
ft 

sqf t 
acres 
cuf t 
bbl 

cuf t 
bbl 
ft 

sqft 
$/sqft 

$ 

Total Cost for Ponds and Pads 

165. 
256. 
20. 

59772. 
1.37 
843171. 
150185. 

77996. 

74111. 
-95 

254. 
270. 
4. 

64753. 
1.49 
64753. 
11534. 

2034275. 
289875. 

40. 
85126. 

63845. 
-75 

$ 137956. 
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Table E-130. Simulation 4-3 Desian and Installed Cost Data for Other 
Facilitv Requirements. 

Units Installed 
Item Units Required Size cost, $ 

Transfer/Circulation Pump ea 1. 

Freezing Pad Sprinklers ea 5. 
Freezing Pad Piping ft 200 * 
Piping for Ponds ft 674. 
3-way Automatic Valves ea 3. 
Temp/Pump Control Circuit ea 1. 
TDS/Valve Control Circuit ea 1. 
Brine Storage Tanks ea 
Services 
Buildings 
Working Capital 

Total Cost for Other Facility Requirements 

2027. 

225. 
1990. 
10027. 
9079. 
945. 
1061. 
5000. 
3000. 
5000. 

0. 

$ 38353. 
~~ ~~~ 

Total Installed Capital Cost = $ 176309. 

Table E-131. Simulation 4-3 Economic Parameters Used. 

Parameter Value 

Load Factor 
Plant Life 
Equity 
Bond Interest 
Return on Equity 
Tax Rate 
Construction Period 
Salvage Value 
Working Capital 

1.0 
20. yr. 
50. % 
10. % 
15. % 
35. % 

negligible 
$ 0 -  
$ 0. 

Table E-132. Simulation 4-3 Annual Operatina Emenses. 

Expense $ /yr 

Salaries 
Operator Vehicle/Fuel 
Electricity 
Sample Analyses 
Maintenance 
Depreciation 
Property Tax and Insurance 

Total Annual Expenses 

2784. 
1800. 
3263 
1500. 
7052. 
8815. 
7934. 

33149. 
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Table E-133. Simulation 4-3 Economic Results. 

Parameter 

Loan 
Equity 
Loan Life 
Loan Payment 
Total Annual Expenses 
Pres. Worth of Rec. Cap. and Sal 
Present Worth Factor 
Required Annual Cash Flow 
Required Annual Net Profit 
Required Annual Gross Revenues 

Value 

88155. 
88155. 

20. yr 
10355. yr 
43503. /yr 

0. 
6.26 
14086. /yr 
5268. /yr 
51608. /yr 

Water Treatment/Disposal Cost = $ -18 per bbl 
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Table E-134. Simulation 5-1 Input Variables. 

Central Wyoming Plant Location 
1000 bbl/day Produced Water Feed Rate 
TDS Concentration of Produced Water is 10,900 mg/l 
TDS Concentration of Treated Water is 286 mg/l 
TDS Concentration of Brine is 76,417 mg/l 
Conventional Evaporation Pond Design 
Maximum Pond Depth is 20 ft 
Slope of Pond Sidewall is 2 ft/ft 
Pond Freeboard is 3 ft 
Liner for Pond Berm and Anchor Trench is 6 ft 
Pan Coefficient is 1.52 

Table E-135. Simulation 5-1 Plant Performance (Annual Averaae). 

bbl/day bbl /yr 

Produced Water Rate 1000. 365000. 
Avg. Treated Water Discharge Rate 727. 265446. 
Avg. Net Evaporation Rate 133. 48562. 
Avg. Net Evap. Rt. when temp>32F 184. 
Avg. Brine Production Rate 140. 50991. 

Table E-136. Simulation 5-1 Desian and Installed Cost Data for Ponds 
and Pads. 

Item 
Produced Water 

units Pond/Still 
Freezing 

Pad 

Base Dimension 
Surface Dimension 
Max. fluid depth 
Evaporative area 

Max. liq. volume 

Max. Ice Voiume 
Max. Ice Melt Volume 
Max. Height of Ice 
Liner required 
Inst. Liner Cost 
Total Installed Cost 

ft 166. 
ft 257. 
ft 20. 

sqft * 60266. 
acres 1.38 
cuf t 851584. 
bbl 151683. 
cuf t 
bbl 
ft 

sqf t 78561. 

$ 74691. 
$/sqft -95 

Total Cost for Ponds and Pads 

244. 
260. 

4 .  
59296. 

1.36 
59296. 
10562. 

1862844. 
265446. 

4 0 .  
78852. 

59139. 
-75 

$ 133830. 
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Table E-137. Simulation 5-1 Desian and Installed Cost Data for Other 
Facility Rewirements. 

Item 
Units Installed 

Units Required Size cost, $ 

Transfer/Circulation Pump ea 1. 

Freezing Pad Sprinklers ea 4 .  

3-way Automatic Valves ea 3. 
Temp/Pump Control Circuit ea 1. 
TDS/Valve Control Circuit ea 1. 
Brine Storage Tanks ea 
Services 
Buildings 
Working Capital 

Total Cost for Other Facility Requirements 

Freezing Pad Piping ft 160. 
Piping for Ponds ft 653. 

151 .gpm 
9 .HP ------- 

2. la dia. 
4 .  " dia. 
4 . "  dia. 

2036. 

180. 
1686. 
9733. 
9095. 
945. 
1061. 
5000. 
3000. 
5000. 

0. 

37737. 

Total Installed Capital Cost = $ 171567. 

Table E-138. Simulation 5-1 Economic Parameters Used. 

Parameter Value 

Load Factor 
Plant Life 
Equity 
'Bond Interest 
Return on Equity 
Tax Rate 
Construction Period 
Salvage Value 
Working Capital 

1.0 
20. yr. 
50. % 
10. % 
15. % 
35. % 

negligible 
S 0. 
$ 0. 

Table E-139. Simulation 5-1 Annual Operatina Expenses. 

Expense $ /yr 

Salaries 
Operator Vehicle/Fuel 
Electricity 
Sample Analyses 
Maintenance 
Depreciation 
Property Tax and Insurance 

Total Annual Expenses 

2784. 
1800. 
3287. 
1500. 
6863. 
8578. 
7721. 

32533. 
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Table E-140. Simulation 5-1 Economic Results. 

Parameter Value 

Loan 
Equity 
Loan Life 
Loan Payment 
Total Annual Expenses 
Pres. Worth of Rec. Cap. and Sal 
Present Worth Factor 
Required Annual Cash Flow 
Required Annual Net Profit 
Required Annual Gross Revenues 

$ 
$ 

85783. 
85783. 

20. yr 
10076. yr 
42609. /yr 

0. 
6.26 
13705. /yr 
5127. /yr 
50496. /yr 

Water Treatment/Disposal Cost = $ -19 per bbl 
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Table E-141. Simulation 5-2 Inlsut Variables. 

Central Wyoming Plant Location 
1000 bbl/day Produced Water Feed Rate 
TDS Concentration of Produced Water is 8,360 mg/l 
TDS Concentration of Treated Water is 206 mg/l 
TDS Concentration of Brine is 49,500 mg/l 
Conventional Evaporation Pond Design 
Maximum Pond Depth is 20 ft 
Slope of Pond Sidewall is 2 ft/ft 
Pond Freeboard is 3 ft 
Liner for Pond Berm and Anchor Trench is 6 ft 
Pan Coefficient is 1.58 

Table E-142. Simulation 5-2 Plant Performance (Annual Averacre). 

bbl /day bbl /yr 

Produced Water Rate 1000. 365000. 
Avg. Treated Water Discharge Rate 683. 249214. 
Avg. Net Evaporation Rate 138. 50527. 
Avg. Net Evap. Rt. when temp>32F 191 f 
Avg. Brine Production Rate 179. 65259. 

Table E-143. Simulation 5-2 Desian and Installed Cost Data for Ponds 
and Pads. 

Item 
Produced Water 

units Pond/Still 
Freezing 

Pad 

Base Dimension ft 
Surface Dimension ft 
Max. fluid depth ft 
Evaporative area sqft 

acres 
Max. liq. volume cuft 

bbl 
Max. Ice Volume cuf t 
Max. Ice Melt Volume bbl 
Max. Height of Ice ft 
Liner required sqf t 
Inst. Liner Cost $/sqft 
Total Installed Cost $ 

165. 
257. 
20. 

59817. 

844527. 
150426. 

1.37 

78053. 

74179. 
-95 

236. 
252. 
4. 

55670. 
1.28 

55670. 
9916. 

1748930. 
249214. 

40. 
74662. 

55996. 
.75 

Total Cost for Ponds and Pads $ 130175. 
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Table E-144. Simulation 5-2 Desian and Installed Cost Data for Other 
Facility Requirements. 

Item 
Units Installed 

Units Required Size Cost, $ 

Transfer/Circulation Pump 

Freezing Pad Sprinklers 
Freezing Pad Piping 
Piping for Ponds 
3-way Automatic Valves 
Temp/Pump Control Circuit 
TDS/Valve Control Circuit 
Brine Storage Tanks 
Services 
Buildings 
Working Capital 

ea 

ea 
ft 
ft 
ea 
ea 
ea 
ea 

1. 150 .gpm 

4. 
9 .HP ------- 

160. 2. " dia. 
637. 4. " dia. 
3. 4. " dia. 
1. 
1. 

- - - - - - - 
------- 

2029. 

180. 
1684. 
9479. 
9081. 
945 
1061. 
5000. 
3000. 
5000. 

0. 

Total Cost for Other Facility Requirements $ 37458. 

Total Installed.Capita1 Cost = $ 167633. 

Table E-145. Simulation 5-2 Economic Parameters Used. 

Parameter Value 

Load Factor 
Plant Life 
Equity 
Bond Interest 
Return on Equity 
Tax Rate 
Construction Period 
Salvage Value 
Working Capital 

1.0 
20. yr. 
50. % 
10. % 
15. % 
35. % 

negligible 
$ 0. 
$ 0. 

Table E-146. Simulation 5-2 Annual Operatinu Expenses. 

Expense $ /yr 

Salaries 
Operator Vehicle/Fuel 
Electricity 
Sample Analyses 
Maintenance 
Depreciation 
Property Tax and Insurance 

2784. 
1800. 
3267. 
1500. 
6705. 
8382. 
7543. 

Total Annual Expenses 31981. 
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Table E-147. Simulation 5-2 Economic Results. 

Parameter Value 

Loan 
Equity 
Loan Life 
Loan Payment 

Pres. Worth of Rec. Cap. 
Present Worth Factor 

. Total Annual Expenses 
and Sal 

Required Annual Cash Flow 
Required Annual Net Profit 
Required Annual Gross Revenues 

$ 83817. 
$ 83817. 

20. yr 
$ 9845. yr 
$ 41826./yr 
$ 0. 

$ 13391./yr 
$ 5009. /yr 
$ 49532./yr 

6.26 

Water Treatment/Disposal Cost = $ -20 per bbl 
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Table E-148. Simulation 5-3 Input Variables. 
~ ~~ ~ ~ 

Central Wyoming Plant Location - 
1000 bbl/day Produced Water Feed Rate 
TDS' Concentration of Produced Water is 2,640 mg/l 
TDS Concentration of Treated Water is 200 mg/l 
TDS Concentration of Brine is 46,620 mg/l 
Conventional Evaporation Pond Design 
Maximum Pond Depth is 20 ft 
Slope of Pond Sidewall is 2 ft/ft 
Pond Freeboard is 3 ft 
Liner for Pond Berm and Anchor Trench is 6 ft 
Pan Coefficient is 1.75 

Table E-149. Simulation 5-3 Plant Performance (Annual Averaae). 

bbl/day bbl/yr 

Produced Water Rate 1000. 365000. 
Avg. Treated Water Discharge Rate 794. 289794. 
Avg. Net Evaporation Rate 153. 55811. 
Avg. Net Evap. Rt. when temp>32F 211. 
Avg. Brine Production Rate 53. 19394. 

Table E-150. Simulation 5-3 Desian and Installed Cost Data for Ponds 
and Pads. 

Item 
Produced Water 

units Pond/Still 
Freezing 

Pad 

Base Dimension 
' Surface Dimension 

Max. fluid depth 
Evaporative area 

Max. liq. volume 

Max. Ice Volume 
Max. Ice Melt Volume 
Max. Height of Ice 
Liner required 
Inst. Liner Cost 
Total Installed Cost 

ft 
ft 
ft 

sqf t 
acres 
cuf t 
bbl 
cuf t 
bbl 
ft 

sqft 
$/sqft 

$ 

162. 
254. 
20. 

58545. 

825464. 
147031. 

1.34 

76620. 

72751. 
f 95 

254. 
270. 
4. 

64735. 
1.49 

64735. 
11531. 

2033713. 
289794. 

40. 
85106. 

63829. 
-75 

$ 136581. Total Cost for Ponds and Pads 
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Table E-151. Simulation 5-3 Desian and Installed Cost Data for Other 
Facility Requirements. 

Item 
Units Ins tal led 

Units Required Size cost, $ 

Transfer/Circulation Pump 

Freezing Pad Sprinklers 
Freezing Pad Piping 
Piping for Ponds 
3-way Automatic Valves 
Temp/Pump Control Circuit 
TDS/Valve Control Circuit 
Brine Storage Tanks 
Services 
Buildings 
Working Capital 

ea 

ea 
ft 
ft 
ea 
ea 
ea 
ea 

1. 148 .gpm 

5. 
9 .HP - - - - - - - 

200. 2." dia. 
671. 4.'' dia. 
3. 4. '' dia. 

' 1. 
1. 

- - - - - - - 
------- 

2008. 

225. 
1982. 
9943. 
9043. 
945. 
1061. 
5000. 
3000. 
5000. 

0. 

Total Cost for Other Facility Requirements $ 38206. 

Total Installed Capital Cost = $ 174787. 

Table E-152. Simulation 5-3 Economic Parameters Used. 

Parameter Value 

Load Factor 1.0 
Plant Life 20. yr. 
Equity 50. 0 
Bond Interest 10. 8 
Return on Equity 15. 0 
Tax Rate 35. 8 
Construction Period negligible 
Salvage Value $ 0. 
Working Capital $ 0. 

Table E-153. Simulation 5-3 Annual Operatina ExDenses. 

Expense $ /yr 

Salaries 
Operator Vehicle/Fuel 
Electricity 
Sample Analyses 
Maintenance 
Depreciation 
Property Tax and Insurance 

2784. 
1800. 
3212. 
1500. 
5991. 
8739. 
7865. 

Total Annual Expenses 32892. 
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Table E-154. Simulation 5-3 Economic Results. 

Parameter Value 

Loan 
Equity 
Loan Life 
Loan Payment 
Total Annual Expenses 
Pres. Worth of Rec. Cap. and Sal 
Present Worth Factor 
Required Annual Cash Flow 
Required Annual Net Profit 
Required Annual Gross Revenues 

$ 87393. 
$ 87393. 

20. yr 
$ 10265. yr 
$ 43157./yr 
$ 0. 

$ 13962./yr 
$ 5223. /yr 
$ 51192./yr 

6.26 

Water Treatment/Disposal Cost = $ .18 per bbl 
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