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ABSTRACT

The Colorado School of Mines (CSM) was awarded a grant by the National Energy
Technology Laboratory (NETL), Department of Energy (DOE) to conduct a research project en-
titled GIS- and Web-based Water Resource Geospatial Infrastructure for Oil Shale Development
in October of 2008. The ultimate goal of this research project is to develop a water resource geo-
spatial infrastructure that serves as “baseline data” for creating solutions on water resource man-
agement and for supporting decisions making on oil shale resource development.

The project came to the end on September 30, 2012. This final project report will report
the key findings from the project activity, major accomplishments, and expected impacts of the
research. At meantime, the gamma version (also known as Version 4.0) of the geodatabase as
well as other various deliverables stored on digital storage media will be send to the program
manager at NETL, DOE via express mail.

The key findings from the project activity include the quantitative spatial and temporal
distribution of the water resource throughout the Piceance Basin, water consumption with respect
to oil shale production, and data gaps identified. Major accomplishments of this project include
the creation of a relational geodatabase, automated data processing scripts (Matlab) for database
link with surface water and geological model, ArcGIS Model for hydrogeologic data processing
for groundwater model input, a 3D geological model, surface water/groundwater models, energy
resource development systems model, as well as a web-based geo-spatial infrastructure for data
exploration, visualization and dissemination. This research will have broad impacts of the devel-
opment of the oil shale resources in the US. The geodatabase provides a “baseline” data for fur-
ther study of the oil shale development and identification of further data collection needs. The
3D geological model provides better understanding through data interpolation and visualization
techniques of the Piceance Basin structure spatial distribution of the oil shale resources. The sur-
face water/groundwater models quantify the water shortage and better understanding the spatial
distribution of the available water resources. The energy resource development systems model
reveals the phase shift of water usage and the oil shale production, which will facilitate better
planning for oil shale development. Detailed descriptions about the key findings from the project
activity, major accomplishments, and expected impacts of the research will be given in the sec-
tion of “ACCOMPLISHMENTS, RESULTS, AND DISCUSSION” of this report.
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ACCOMPLISHMENTS, RESULTS, AND DISCUSSION

This section will start with a detailed summary on the key findings from the project activ-
ity, major accomplishments, and expected impacts of the research, and then will describe the
specific accomplishments task by task.

The key findings from the project activity are as followings:

® Spatial and temporal water distribution is highly variable in the Piceance Basin
e Surface water is limited within Piceance Basin, with largest discharge (Q) being Par-
achute and Roan Creek at ~20, 000 acre-ft/yr and ~30, 000 acre-ft/yr, respectively.
¢ Basin wide groundwater recharge is ~39,422 acre-ft/yr, balanced by spring Q and
base flow of ~18,862 and 20,791 acre-ft/yr, respectively.
e Part of this flow could be utilized by building storing flow during spring runoff and
peak flow events
e Alternative water sources have to be considered
o Groundwater Pumping and Storage
o Storage of unallocated spring runoff from the Colorado, White, and Yampa
Rivers
¢ The versatile system dynamic modeling reveal that water consumption is not linearly
related to oil shale production.
e Site construction and oil shale production have an overall water production and site
remediation is the major water consumption phase
e Data Gaps
o Fischer Assay Data
o Characterization of Hydrogeologic Parameters, including
® Fracture Network
= Porosity and Permeability
Stream Flow
Potientmetric Surface Data for Upper and Lower Greenriver Aquifers
o Comprehensive Water Quality
= Both Surface and Groundwater
= Understanding of Aquifer Baseline conditions
= Characterization of Groundwater Mixing
Stream Flow Gains and Loss with Groundwater
Groundwater Quality (High TDS) is questionable for industrial use
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Major accomplishments of the project include:

¢ An relational geodatabases, including all of the data collected, such as surface water,
groundwater, geological, geomorphologic, oil shale (Fisher assays), surface water,
ground water, and climate data sets

* Automated data processing scripts (Matlab) for database link with Surface water and
Geological Model

®  ArcGIS Model for Hydrogeologic Data processing for Groundwater Model Input

¢ Final models including the 3D Geological Model, Surface Water/Groundwater Mod-
eling, Energy Resource Development Systems Modeling.

e Web-based geo-spatial infrastructure for data exploration, visualization and dissemi-
nation.

Expected impacts of the research are as followings:

e The geodatabase provides a “baseline” data for further study of the oil shale devel-
opment and identification of further data collection needs.

¢ 3D geological model provides better understanding through data interpolation and
visualization techniques of the Piceance Basin structure spatial distribution of the oil
shale resources.

¢ Quantify the water shortage and better understanding the spatial distribution of the
available water resources.

e Reveal the phase shift of water usage and the oil shale production, which will facili-
tate better planning for oil shale development.

Task 1.0 — Project Management Plan

During the month of October 2008 and the one third month of the November 2008, the PI
revised and resubmitted the Project Management Plan (PMP), incorporating comments from the
NETL Project Officer. This plan outlines the research to be performed during the entire three-
year project. In addition, the PI wrote and submitted a statement of project objectives (SOPO), a
two-page Project Summary, and the Technology Status Assessment.

Task 2.0 GIS-based Water Resource Geospatial Infrastructure
This task involves building a GIS-based water resource geospatial infrastructure for stor-

ing, managing, analyzing and displaying the data, and building a web-based GIS and a web-
based data warehouse for storing and disseminating data. The sub-tasks within Task 2 are closely
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related and dependent on one another. We have considered the connections between these sub-
tasks before we defined the database schema during this quarter. Detailed descriptions about the
progress on these subtasks are as followings.

Subtask 2.1 Regional “baseline” data collection and compiling

This subtask involves compiling data from various sources for the study area. Ta-

ble 1 summaries the identified datasets, data sources, and geodatabase features. A brief
descriptions of the dataset is also given in the table.

Table 1. Summary of datasets identified, collected, and compiled in the project geodatabase

NAME SOURCE DESCRIPTION GEODATA-
BASE FEA-
TURE
Water- NHDplus Watershed polygons at various scales Basin Feature
sheds from the National Hydrologic Dataset Class
(HUCS)
Elevation NED Digital Elevation Models 90m, 30m, GeoRasters
and 10m from the National Elevation
Dataset
Catch- NHDplus Lowest level of surface water divisions Catchment
ments defined by the Stream Networks from Feature Class
the National Hydrologic Dataset
Stream NHDplus Stream line data networked in a reach Hydroline
Networks and nodal system from the National Feature Class
Hydrologic Dataset
Flow Ac- NHDplus Flow network and direction data linked Related Table
cumulation to the Stream Network from the Na-
tional Hydrologic Dataset
Flow Gages CDSS, USGS Flow Gage Point Locations Monitoring
NWIS Point Feature
Class
Flow Data NWIS Time Series Stream Flow Data linked to Time Series
Flow Gage ID Table
Daymet Centroid Points calculated at centroids of Custom Point
Extraction of WARMF model catchments for Daymet Feature Class
Points WARMF data extraction
model
catch-
ments
Precipita- Daymet Time Series Precipitation Data from Time Series
tion Data Daymet linked to monitoring stations, Table
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processed yearly, and monthly precipi-

(Time Se-
ries) tation data trends for watersheds
Meteoro- Daymet Time Series Temperature Data and Time Series
logical Da- processed Temperature Datasets from Table
ta (Time Daymet
Series)
Climate NOAA, Point locations for Climate Monitoring Monitoring
Monitoring CDSS Stations in and around the Piceance Point Feature
Stations Basin Class
Climate NOAA Downloaded time series for up to 55 Time Series
Monitoring climate/weather parameters Table
Stations
Surface NWIS, Water Quality Data linked to monitor- Monitoring
Water EPA STO- ing locations Point Feature
Quality RET Class
Aerial Im- USGS, Color Aerial Imagery at varying resolu- Raster Catalog
agery NAIP, tions
ESRI Ser-
vices
Geologic CGS, Images of geologic maps at various GeoRasters
Maps USGS scales, georeferenced, from the CGS and GeoArea
and USGS feature class
Subsurface USGS, Borehole data from exploration wells GeoVolume
Geology CSM Da- including geophysical data, formation Multipatch
tabase tops, oil shale richness data Input for Feature Class
3D Geologic Model
Wells NWIS Water Wells with production and Well Point
source data Feature Class
Water Lev- NWIS Time Series Data of Water Level Meas- Time Series
el Data urements for Wells Table
Ground NWIS Water Quality Data Associated with Time Series
Water Wells Tables
Quality
Hydrogeo- CGS, Hydrologic Parameter data derived Tables
logic Data USGS from cores and pumptests
Land Cover NLCD Vegetation and Barren Land Data from Raster Fea-
the National Land Cover Dataset ture Set
Land BLM Land Use and Ownership Data Custom Poly-
Use/Owne gon Feature
rship Class
Base Map USGS, General map data including roads, ESRI Services
Layers ESRI Ser- towns, population, site names, USGS not Included
vices topographic maps in Geodata-
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base
Springs CDSS Point Data for Locations and Time Se- HydroPoint
ries Tables for Flow Feature Class
Spring CDSS Time Series Data of Water Flow from Time Series
Flow Spings Tables
Diversions CDSS Irrigation Ditchs, Stock Ponds, Reservi- WaterDis-
ors, Stream Pumping Locations and charge and
Wells WaterWith-
draw Point
Feature Clas-
ses
Diversion CDSS Time Series Data of Water Flow and Time Series
Flow Usage Tables
Pumping TEOSR Testes conducted by various institu- Point Feature
Tests tions throughout the years compiled Class
from non-digital documents
Surficial Digitized surface expression of faults in Piceance Polyline Fea-
Geological from Basin ture Class
Structure USGS
Geologic
Map
Surficial Digitized surficial alluvial deposits that make up Polygon Fea-
Alluvial from the stream valleys in the Piceance Ba- ture Class
Deposits USGS sin
Geologic
Map
Geother- Colorado Bottom Hole Temperature Data from Point Feature
mal Geologic Oil and Gas Wells Class
Survey

It is worth mention that we have created several digital products after existing
digital maps and tabular data ran out. These digital products include the pumping testing
maps from tests conducted by various institutions throughout the years compiled from
non-digital documents (Figure 1), the surface expression of faults in Piceance Basin was
digitized from USGS geologic maps (Figure 2), the surficial alluvial deposits that make
up the stream valleys in the Piceance Basin digitized and added to the database (Figure
3). It is important to define the extent and volume of the surficial alluvial aquifers in the
Piceance Basin system. Alluvial valleys are in direct connection with the shallow
groundwater table and surface water. Quantifying the storage capacity of the alluvial ag-
uifers is an important step in characterizing available water sources and potential shallow
groundwater injection storage opportunities.
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Figure 1. Pumping tests map of Piceance generated from non-digital documents which shows testes
conducted by various institutions throughout the years.
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Figure 2. Faults digitized from USGS 100k Geologic Maps of the North and South Piceance Basin.
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Figure 3. Extent of Alluvial deposits digitized from the USGS 100k Geologic Maps of North and
South Piceance Basin.
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The final version of the project database is named as gamma version (also known
as Version 4.0 by the CSM research team). Figure 4 shows visual UML (Unified Model-
ing Language) data model diagram of the gamma version geodatabase. This has become a
GIS industry standard in data model documentation and was first developed on the
ArcGIS Hydro Model.

Thef===
geodatabase %
structurel =SS
=

="

Figure 4. ArcGIS data model UML diagram documentation for the ArcHydro data model.
A similar format is being constructed for the final documentation of the Piceance Qil Shale
project database.
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Subtask 2.2 Regional “baseline” data integration, storing, and managing

The current industry standard relational database for water resource analysis on
the ArcGIS platform, Arc Hydro and Arc Hydro Ground Water, was chosen as the data-
base schema for the prototype database framework at this point. Arc Hydro is a desktop
geodatabase that provides a schema to store analyze water resource related data. Current-
ly Arc Hydro has two separate geodatabase schemas, one to support surface water da-
tasets and one to support groundwater datasets. The Arc Hydro framework supports a
custom tool bar in ArcGIS for analytical analysis of the data. At this time we have left
the databases separate and will be breaking them down into their basic components and
rebuilding them into one geodatabase. The Arc Hydro schema provides an adequate
starting point but is not sufficient to support all the goals of the project. The schema will
be customized to include support for the surface water output WARMF and output from
the systems dynamic model once these requirements have become clear. Once the final
geodatabase is perfected and populated with all the available data we have gathered it
will be migrated to SQL Server 2008 to be the support for the Arc Server web site.

Arc Hydro Data Model (AHDM) Framework

The definition of the database schema was accomplished by selecting a “data
model” on which to base the project geodatabase. A model is a simplified representation
of a real world phenomenon or system. Models are used to help us better understand the
phenomenon or system by retaining its features and relationships. A “data model” is the
representation of a real world phenomenon or system within a database having a concep-
tually logical framework. When designing a data model the main features of the system
must be defined using geographic features, tabular data and relationships between those
features as cardinality or topological relationships. A well designed model or data model
allows for efficient analysis of the system behavior. The Arc Hydro Data Model
(AHDM) was selected as the database schema for this project because it supports the
fundamental data that must be used in this project; while being extensible, flexible, and
adaptable to our modeling and web-based applications.

Water resources data are often managed differently for a surface water system
versus a groundwater system; we elected to build separate databases in this stage of the
project: an Arc Hydro Surface Water (AHSW) geodatabase, and an Arc Hydro Ground
Water (AHGW) geodatabase. We are maintaining two separate databases at this stage
because it allows us to better manage the subtasks and avoid duplication of effort. The
basic framework of the AHGW Geodatabase is represented in Figure 5, which shows the
relationship between the database features/objects and the real world.
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Figure 5. Arc Hydro Data Model (AHDM) Framework

Wells, boreholes, aquifers, and hydrogeologic units are some of the main features
commonly used in groundwater studies; thus, are represented in the AHGW geodatabase.
The AHDM (Figure 5) was built in ArcGIS™ and is dependent on the objects available
in ArcGIS; therefore, objects such as points, lines, and polygons are used to represent the
main features of a groundwater system (wells, boreholes, aquifers). These objects are re-
lated to tabular data that represent a 3" dimension (depth or elevation) and/or a 4™ di-
mension (time).

Three-dimensional (3D) Geologic Modeling

3D geologic modeling, visualization and volume calculation are essential for in-
place nature resource evaluation. A fully attributed 3D geologic model of the Piceance
Basin is developed for this project to support groundwater modeling, and spatial referenc-
ing of the dynamic systems model. The 3D geologic model was built based mainly on
the USGS Fischer Assay, Geologic Tops data, and 10 meter DEM.

In order to make a reliable 3D geologic model, a lengthy process of model QA/QC was
conduct to correct issues in the model. The process involved signaling out each interpo-
lated surface and verifying data distribution and resulting structure representation. The
final top surface for the Mahogany Zone of the Green River formation is shown in Figure
6. The digitized structure information from USGS geologic maps is overlain on the sur-
face interpolation to verify consistency in the layers. This was done for all twenty-two
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surfaces currently in the model. Approximately 50 to a 100 data points were added to
each surface based on keeping consistency in the structure and average layer thickness to
fill out missing sections of the original data. From these layers then a full basin scale
model was reconstructed at various grid resolutions (Figure 7). Once this was completed
then cross sections could be extracted from the model and exported to a 3-D geospatial
dataset in the project database. These layers and cross sections than can be served out via
ArcGIS service and accessed through ArcExplorer (Figure 8).

Figure 6. Image of the top of Mahogany surface in the Green River Formation colored by
elevation which reveals the layer structure which is then verified via the USGS structural
interpretations.
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Figure 7. Output of a basin wide model post QA/QC with a vertical exaggeration of 10
times.

Figure 8. A fence diagram in ArcGIS stored in a 3-D dataset in the project database
exported from the 3D geologic framework.
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As part of the 3D geologic framework output and input file generation for the retort
systems model an initial retort-distribution grid was created to generate individual retort
cells for detailed data interpolation (Figure 9). Each grid cell than can be input into the 3-
D geologic framework to create a retort block (Figure 10). Other datasets then can be in-
terpolated into the 3D retort framework including fisher assay resource assessments, wa-
ter content, fracture distribution and hydrogeologic parameters (Figure 11). The intention
of the generating the individual retort cells is then to produce data input files for the Sys-
tems Dynamic Model. This will then facilitate specific spatial locations for water use
curves needed to process each retort or grid within the model.

A il Miles

Figure 9. Map of initial grid used to generate spatially tied retort cells within the 3-D
geologic framework.
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Figure 10. Single retort cell within the Green River formation. Cells size is 3000 x 3000 x
2300 ft XYZ.

Figure 11. Image of Fischer Assay data, oil shale resource gallons/ton, interpolated into
extracted retort framework.
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Subtask 2.3 Regional “baseline’ data manipulation and customized GIS analytical tool
development

Data processing is frequently needed before data were integrated into geodata-
bases. Customized tools in the format of MATLAB scripts and ArcToolBox model were
developed around this project. We have been developed (not necessarily in this quarter)
five MATLAB scripts for this project during the past quarters.

e MatLab script that reads raw climate data files and populates Arc Hydro for-
mat tables.

e MatLab script that reads data exported from an Arc Hydro format database
query and generates climate input files of met stations and DayMet data for
the surface water model WARMEF.

e MatLab script that reads data exported from an Arc Hydro format database
query and generates flow input files of stream gauges and diversions for the
surface water model WARMEF.

e MatLab Scripts for Processing USGS Tops Data into an MVS input file

e MatLab script for automatic generation of WARMEF diversion .FLO files.

e MatLab script that post-processes the results from WARMF model

In addition to MatLab scripts, Several GIS analytical tools (i.e., ModelBuilder
models) were developed to process hydrogeologic data directly from the AHGW Geoda-
tabase. The goals of the collective analytical tools were to build a three-dimensional
(3D) hydrogeologic framework model that could be used as the foundation for a ground-
water flow model.

ArcGIS ModelBuilder models were stored in a GroundWaterToolbox and tested
in the first two years of the project performance period. Analytical tools included:

e ComputeRasterSurfaces Tool — designed to compute raster surfaces for the top
of geologic zones based on borehole x, y, z input or from contour input

e ComputeMultipatch Tool — designed to build vector-based multipatch feature
classes that represent geologic volumes

¢ VolumeCalculation Tool — designed to calculate the volume of geologic zones
by computing the difference between a user-specified top zone and bottom
zone.

A series of rasters, tins, and multipatches were constructed using ModelBuilder
tools and data in the groundwater geodatabase. Rasters of saturated thickness were com-
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puted by taking the difference between the elevations of the tops of successive layers.
Modeled saturated thickness of the Mahogany zone ranged from 13 to 249 feet, with a
mean thickness of 137 feet. Modeled thicknesses for other layers were highly variable
and in some cases very unrealistic. It was desirable to produce reasonable saturated
thickness values directly from the raw data in the groundwater geodatabase; however,
prior attempts to use Fisher Assay data points yielded even more unrealistic outputs. The
difficulty in producing a reasonable hydrogeologic framework was likely due to the basin
shape and sparseness of data, particularly around the basin perimeter.

After considerable effort to automate construction of a GIS-based 3D hydrogeo-
logic framework with ArcGIS ModelBuilder, the output datasets were inconsistent with
the conceptual model. For example, layers that were lower in the stratigraphic column
(i.e., Lower Aquifer) were computed to be higher elevation than overlying layers (i.e.,
Mahogany). These erroneous results were observed at the perimeter of the basin where
the “dip” of the stratigraphic units was greatest due to the basin shape. Therefore, the an-
alytical tools were of little value to the project and deleted from the geodatabase. Top
and bottom elevations of the Upper Aquifer (UA), Mahogany Zone, and Lower Aquifer
(LA) were manually manipulated as part of Task 5.0 and stored in the Layl_node,
Lay2_node, and Lay3_node feature classes of the MODFLOW _input feature dataset.

Subtask 2.4 Web-based GIS development

A Dell R710 GIS server has been set up to house the databases on SQL Server
and host an ArcGIS Server website. The server appliance (known as Capricab by the
CSM team) is installed in a secure environmentally controlled data center on the CSM
campus.

The project team selected the Adobe Flex API to develop custom map interface
for the rich internet application. The Adobe Flex API provides high level ArcGIS func-
tionality with a modern Web 2.0 graphical user interface, GUL. An Adobe Flex 2.2 cod-
ing platform was installed on the project server which includes the Adobe Flash Builder 4
interactive development environment, IDE. The development environment was config-
ured for the Piceance basin ArcServer project to include a ESRI ArcGIS Server for Flex
coding library. Currently the web mapping interface is being developed to run within the
Adobe Air runtime environment and will be migrated to a full internet application to be
deployed via an IIS service using the development server. Version one of the Flex appli-
cation is expected to be up and running by the end of the first quarter in 2011 to replace
the current out-of-box ESRI mapping application that provides the current web mapping
interface.
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Flex 3D Viewer Development

A method is being researched for displaying 3D GIS files via the Arc Server and
the web mapping interface. Currently ESRI does not have an “out of box” application for
3D isometric viewing in the Flex API. One option is to create an Arc Explorer data ser-
vice to use in the free Arc Explorer viewer which is similar to Google Earth. This is an
acceptable and easy option to implement. Though it requires the user to have Arc Ex-
plorer installed and is not optimum to view 3D multipatch files that represent subsurface
objects. Another potential option was found in an opensource code library called Pa-
pervision3D to render 3D multipatch files in Flash isometric viewer window. This is still
in a development phase but a general work flow has been established. Workflow for 3D
Viewer Development is as followings:

1. Export ArcGIS Multipatch File to a Collada (.dae) file using ArcToolbox. A
Collada file is an opensource XML format for creating 3D files.

2. Open Collada file in Maya 2011 an Autodesk 3D development program.

3. Export file from Maya using a OpenCollada plugin. This step formats the
XML based .dae file with the proper options and headers for consumption in
the PaperVision3D Flex plugin.

4. Import new Collada file into a Flash Builder project file and link to viewer
code (Figure 12).

5. Compile and run Flash 3D viewer to display 3D GIS object (Figure 13).

Development Issues to Overcome:

1. Addition of Colors and Textures to 3D files in Flash viewer
2. Performance of rendering and caching through remote web viewer.
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package {
import flash.events.Event;
import org.papervision3d.events.FileLoadEvent;
import org.papervision3d.objects.parsers.DAE;
import org.papervision3d.view.BasicView;
[SWF (width="800", height="600", backgroundColor="0x223344", frameRate="30")]
public class DAE2 extends BasicView
{
public var dae:DAE;
public function DAE2()
{
super(800, 600, false);
dae = new DAE();
dae.load("assets/OpenCOIl_Maya_Test.dae");
//dae.load("assets/torusknotbaked.dae");
scene.addChild(dae);
dae.scale=1;
camera.fov = 40;
camera.z = -200;
addEventListener(Event.ENTER_FRAME, enterFrame);
}
public function enterFrame(e:Event) : void
{
dae.yaw((400-mouseX)*0.03);
dae.pitch((300-mouseY)*0.03);
singleRender();
}
1
}

Figure 12. Code for implementation of 3D isometric viewer in a Flex API using the Papervi-
son3D open source library.
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public var dae:DAE;

public function DLEZ ()
{
super (800, 600, false):

dae = new DAE():
dae.load("assets/OpenCOL Maya Test.dae'|:
/rldae. load ("assets/ torusknotbhaked. dae") ;

scene.addChild(dae);

dae.scale = 17

camera.fov = 20;

camera.z = -200;

addEventListener (Event.ENTER_FRAME, enterFrame):

i

public function enterFrame{e:Event) : woid

{

lems | ©5 DatajServices ‘E Mebwork Monitar [ B console 52 }G’ Progress ‘ ?&Debug‘ [u] Asooc|
les o display at this time.

s : T T T
7 I | v

Figure 13. Screenshot of development level isometric 3D Flash Player rendering of ArcGIS mul-
tipatch object.

Data Downloading

The server server (known as Capricab by the CSM team) is installed in a secure
environmentally controlled data center on the CSM campus. It is not a good choice for
Capricab to host data download due to CSM firewall and data access restrictions. Never
the less, the data downloads format would be for zip files for the entire geodatabase or
multiple portions of the geodatabase, and documentation.

Task 3.0 Web-based Geospatial Infrastructure and data dissemination
Task 3.0 and subtask 2.4 are closely related. With the development of the project, the
project team has decided that subtask 2.4 is a better way to disseminate data. The web-mapping

site *subtask 2.4) has built to a level, such that it serves as a portal of the web-based geospatial
infrastructure for this project and has the capacity for data dissemination.
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Task 4.0 Energy Resource Development Systems Models: A Framework for Decision Sup-
port

As part of this project, researchers at Idaho National Laboratory (INL) constructed a sys-
tem dynamic model to evaluate the water balance for in-situ oil shale conversion. The model is
based on a systems dynamics approach and uses the Powersim Studio 9™ software package.
Three phases of an in-situ retort were consider; a construction phase primarily accounts for water
needed for drilling and water produced during dewatering, an operation phase includes the pro-
duction of water from the retorting process, and a remediation phase water to remove heat and
solutes from the subsurface as well as return the ground surface to its natural state. Throughout
these three phases, the water is consumed and produced. Consumption is account for through the
drill process, dust control, returning the ground water to its initial level and make up water losses
during the remedial flushing of the retort zone. Production of water is through the dewatering of
the retort zone, and during chemical pyrolysis reaction of the kerogen conversion. The major
water consumption was during the remediation of the in-situ retorting zone.

A detailed description of the System Dynamic Model is given below. The complete Wa-
ter System Dynamic Model Report by INL (INL/EXT-12-27365 Revision 1) can be found in
Appendix A of this report.

Systems Dynamics Model

The water usage model is based on three phases of in the overall development of the re-
source: construction, operation, and remediation. In each of these development stages, water us-
age is very different. During the construction phase water is primarily used for drilling and for
dewatering the reservoir prior to heating. During the operation phase, water will be produced
from the reservoir as a result of the heating and subsequent conversion of organic matter and de-
hydration of minerals. During the remediation phase, water will largely be used to flush the res-
ervoir to remove heat and potential contaminants. In addition, water will likely be used to re-
establish native plant growth at the surface. These interacting processes are simulated using a
systems dynamics model that solves first-order differential equations in time to simulate the evo-
lution of a system.

The model is constructed using the Powersim Studio™ (version 9.01), however, the energy
and mass balance modules in the Operations phase were first simulated in the Stella computer
code then transferred to PowerSim. Both system dynamic software packages consist of four key
objects: levels (stocks), flows, auxiliaries (converters), and links (connectors) where the object
names in parentheses used in Stella. Complex systems can be described by assembling these ob-
jects with proper descriptions of system characteristics.

e [evels (Stocks) —a reservoir that holds mass or heat.
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¢ Flows —describe mass transfer between levels (stocks), or between the system and the
surrounding environment.

e Auxiliary (Converters) —provide the parameters and equations used to calculate the flows
or to summarize information.

¢ Links (Connectors) —show the flow of information through the system. What converters
control what flows and how flows depend on the values of levels (stocks).

Using these four objects, a model of an in-situ retort was built.

Construction Phase

The three key uses/production of water during the construction phase are for drilling, reservoir
dewatering and dust control. The modules used to describe water consumption/production during
these activities are provided in the following sections.

Well Drilling

There are four types of wells that must be drilled to implement the oil shale development:
1) freeze wells, 2) heater wells 3) production/dewatering wells, and 4) and monitoring wells. To
determine water usage we first calculate the number of required wells, then the time to complete
the drilling, and finally the amount of water required for the activity.

Number of wells calculations

The number of wells is calculated from the input desired retort dimensions, and well
spacing. Freeze wells are a fairly simple calculation of the calculated perimeter divided by the
sum of the desired freezer well spacing and the freeze well diameter. Figure 14 illustrates the
linking of the necessary variables to the calculation. This figure also uses the buffer zone dis-
tance to calculate the heater area, width and length. These values are used to calculate the num-
ber of heater wells (Figure 15) which is the products of the truncated value of 4*(heated area
length)*(heated area width)/(heater well diameter + (2)">*heater well spacing). The number of
monitoring wells is set to a fixed value (currently 3).
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Figure 14. Calculation of the number of freeze wells, heated area width, length and area based on
the inputted width and length of the site.
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Figure 15. Calculation of the number of heater wells that are needed based on heated area calcula-
tions.
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Time to complete well drilling calculations

Individual well drilling time is determined from the total depth of the retort below land
surface divided by the estimated well drilling speed (Figure 16). In this case, the well drilling
speed of 8 feet per hour calculated from the Shell’s plan of operation statement that it required 2
months to complete 157 wells with two rigs. At this time, all wells are considered equal to the
depth of the site, but the program was designed to easily change that assumption. It is also as-
sumed that all wells have the same drilling speed regardless of use or the specific drilling rig
used.

The sequence and timing of the drilling is calculated in a sequential fashion with the assumed or-
der of that the freeze walls are first followed by the production/dewatering wells, heater wells, and finally
the ground water monitoring wells. Variables used to calculate the total drilling time (Figure 17) are the
number of drilling rigs and the time it takes to drill each well. All rigs are assumed to be working on the
same set of wells at any time.

2

DEPTHOF ™.
UgmE

DEPTH OF DEPTH OF

monitoring well  production_dew reeze well
drilling spe drill speed atr well drilling /drilling speed

WELL
DRILLING
SPEED

Figure 16. Calculation of the time it takes to complete each of the required wells.
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Figure 17. Calculation of the time it takes to complete all of the required wells.

Water usage calculation

Now that the number of wells needed and the time spent on each well is calculated, the amount of
water required to construct these wells and the rate of water use can be determined. Drilling water use rate
is calculated from the “drill lube and removal water requirement” (which can be thought as the volume of
drilling fluids needed to fill the hole as the bit advances) multiplied by the drilling speed, plus the mud
and seepage loss all multiplied by the recycle efficiency (Figure 18). In our case, the “drill lube and re-
moval water requirement” is assumed to be 10 gallons per foot of drill advancement, mud loss and seep-
age loss. In our case, the mud loss makes up the greatest portion of the water use (about 5 times the

amount of the seepage and drill bit advance combined).
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Figure 18. Calculation of drilling water rate.

Reservoir Dewatering

Prior to heating of the oil shale, water contained in the pore space of the oil shale retort
volume will be removed by pumping. The volume of water to be removed is calculated from the
volume of oil shale within the freeze wall and the effective porosity of the oil shale. A logic vari-
able “dewater start” is used to initiate the dewatering of the retort volume once the freeze wells
are in place. The rate of water extraction is a function of the user defined pumping rate for each
well multiplied by the number of water production wells. At this time, the pumping rate is set as
a constant but could be modified at a later date to be a more realistic function. The amount of
water to be pumped from the retort is determined from the effective porosity multiplied by the
retort volume.
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Figure 19. Calculation of water extraction rate.

Dust Mitigation

Dust mitigation is assumed to be a constant rate of water use based on delivery of one
10,000 gallon truck delivered to the site each day (equivalent to 3 gpm). To determine the total
amount of water during drilling, the dust mitigation rate is added to the drill water use rate for
the time required to drill the wells. Total water usage during construction was 0.16 Mbarrels for
this example. Main water uses were for dust mitigation and drill. Dust mitigation resulted in
0.09 Mbarrels of water required. Drilling water requirements were slight less at 0.07 Mbarrels.

-0.09 Mbarrels
) = &b

Water Requirement For Dust Mitigatio #
dust mitigation rate

WATERING RATE

Total Well Drilling
Water Req

Figure 20. Calculation of dust mitigation rate.
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Operation Phase

The second phase of oil shale development is the operation of the retort. A simple model
is used to calculate the temperature increase in the retort. In-situ retort heaters are often designed
in terms of their power output in kilowatts (kW). Therefore we will input heat into the retort and
calculate the temperature of the retort. The temperature will be used to update the heat capacity,
phase change and reaction kinetics. The operation model will be composed of 5 components; a
temperature/pressure model to update properties, a heat model, a rock model, a water model and
an oil/kerogen model. The energy and mass balance modules in the were first simulated in the
Stella computer code then transferred to PowerSim.

Temperature / Pressure model

The retort is assumed to start off in equilibrium with the natural geothermal gradient and
the natural hydrostatic pressure head. Using the geothermal gradient of 34 °C km™ (Blackett
2004) and an overburden thickness of 330 m, and a retort zone thickness of 330 m gives a medi-
an retort initial temperature of about 25 °C. Hydrostatic head calculated for the same depth is
3000 kPa.

The relation between temperature and heat is important for the retorting operation. There
is a causal loop relation between temperature and heat through the specific heat of the compo-
nents of the retort. The specific heat is a function of temperature, and the relation between tem-
perature and heat depends on the specific heat. The relation between heat and temperature for a
system is given by:

0, =Zm[(siT+vi) (1)
where:
Q; = total heat in the system (J)
m; = mass of componenti (kg)
s; = specific heat of componenti (J kg' K)
T = temperature of system (K)
vi = heat associated with any phase changes (J kg")

Equation 1 can be solved for T, and used to calculate temperature from the total heat and
the masses of components in the retort. Thus, heat is the independent variable, and temperature is
the dependent variable.
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The properties of water and steam as a function of temperature and pressure have been
extensively studied and very comprehensive, and complicated, equations defining the properties
of water as a function of these two state
variables have been developed (Haar,

Gallagher, and Kell 1984). For our pur- Specific heat caleulations
poses, simple relations were determined

by fitting equations to data using a non-

linear, least squares fitting program. The

equations are given in the text, and plots Temp output

are shown that illustrate the fit of the

equations to the data. Teimp pass c
Temp input

The component’s specific heat in et e

the model are functions of temperature.

Therefore, a feedback loop is included in Figure 21. Stella routine to pass temperature

the model (see Figure 21) that saves the between time steps.

current retort temperature, and allows it to

be used in the next time step to calculate

the specific heats for the next time step.

Temperature variable specific heat is included in the model for water, steam, rock, and kerogen.
Temperature-dependent specific heat of vaporization of water is also included. Pyrolysis is endo-
thermic, and some heat will be consumed in the reaction. This consumption of heat for pyrolysis
is not included in the model.

Specific heat of water and steam

The specific heat of water is relatively constant from 0 to about 300 °C (

Figure 22). Above that temperature, it rises sharply reaching a peak at the critical point.
In this model, the equation for specific heat is extrapolated to as high in temperature as needed.
This is not an important issue for water as water has all boiled off to steam long before the
critical point is reached. The equation used for the specific heat of water is:

] _ 4163.773-0.02363-T"
Y 1-7.1383x107°-T?

(2)

where temperature is in °C.
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Figure 22. Specific heat of water as a function of temperature below the critical point.

The specific heat of steam increases gradually as a function of temperature. Data from the
NIST chemistry web book were fit to a polynomial:

s, =1831.27+0.476158- T +3.3172x10™ - T* —=1.6206x107 - T* 3)

This equation is continuous through the critical point of water, and so is used for all tem-
peratures.
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Figure 23. Specific heat of steam as a function of temperature.
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The heat of vaporization of water is also a function of temperature (Figure 24). The heat
of vaporization is not continuous through the critical point, as the heat of vaporization looses
meaning above the critical point. As almost all phase changes between water and steam take
place well below the critical point, this should not be a problem. A linear equation (dashed
brown line) was fit to the heat of vaporization data below a temperature of 200 °C to prevent
negative values of heat of vaporization. The polynomial used is given by:

v, =2.5x10°—2649.8-T &)

Heat of vaporization (J/kg)

0 100 200 300 400

Temperature (C)

Figure 24. Heat of vaporization of water as a function of temperature.

Specific heat of rocks and kerogen

Data on the specific heat for a wide range of rocks and minerals was analyzed by Waples
and Waples (2004). These authors found that the specific heat data as a function of temperature
(°C) were fit well by normalizing the data to the specific heat at 200 °C. The polynomial used to
fit the reduced data is plotted in Figure 25 and is given by:

s, =0.716+1.720x107 - T =2.13x10° - T* +8.95x107" - T° (5)
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Figure 25. Reduced specific heat referenced to 200 °C as a function of temperature.

This equation fits both the mineral matter in the Green River formation, and the kerogen
content. The specific heat at 200 °C for the kerogen is 1965 J kg™ K™ and for the shale is 1113 J
kg' K (Waples and Waples 2004).

Heat model

The primary objective of this exercise is to quantify the energy balance for an oil shale
retort. We therefore need a model for the flow of energy into the retort, between the different
components within the retort, losses of energy to the surrounding environment, and finally, the
amount of energy extracted from the retort. This balance will drive the economics of the retorting
process. Heat or energy is the proper variable to use in the retorting model, not temperature.
Temperature is an intensive state variable that will depend on the heat in the system, but is not a
conserved component. The relation between temperature and heat is given by equation 1.

The primary object of the heat model is a stock identified as retort heat (

Figure 26). This stock contains all the heat that is present in the reservoir. This heat is
distributed among a number of different phases within the reservoir, but the sum total of heat is
recorded in this one stock. The units for the stock retort heat are joules (J).

The initial condition for the amount of heat in this stock depends on the ambient tempera-
ture in the reservoir, the mass of other components in the reservoir, and the heat capacity of those
components. For initial conditions, an ambient temperature was determined using the geothermal
gradient of 34 °C km! (Blackett 2004). From the Shell EIS, the overburden is about 330 m thick,
and the retort zone is about 330 m thick. The median depth of the retort is then about 500 m. Sur-
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face temperature is set at 8 °C. This gives a retort initial temperature of about 25 °C. Using Equa-
tion 1, an initial temperature of 25 °C, the masses of other components in the retort, and the spe-
cific heat of those components at 25 °C, the initial retort heat is calculated by the model.

sz of recoverad m rt temperature

Recovered heat
Specific heat of
recowvered matenal

@%ﬁmn heat ﬁ

ﬁnvimnmem
Extemal heating Conduction

Figure 26. Heat model.

Two other stocks are included in the heat model, a stock for heat lost to the environment
(i.e., the formation outside the retort), and a stock for heat recovered at the surface in produced
products (steam, oil, and gas). These stocks sum the heat removed from the retort, and are initial-
ly 0 J.

There are three flows associated with retort heat: external heating, conduction to the envi-
ronment, and heat extracted to the surface. As energy flows, the units are J day™. External heat-
ing represents the energy added to the retort to raise the temperature to induce pyrolysis of the
kerogen. This is assumed to be a constant flux boundary condition. Two parameters are used to
describe this heating; a heating rate in J day'l, and a duration in days of total heating. The dura-
tion is used in a STEP function to turn off heating after the heating duration has elapsed. From
the EGL EIS and the Shell EIS, heating durations on the order of several years are indicated.
EGL provides a heating rate in their EIS of 2.1x10"" Btu yr'! (6.1x10"' J day™). Heats of retorting
are also given by EGL and by Rajeshwar et al. (1979) that give the amount of heat required to
retort 1 kg of oil shale. These numbers range from 4.4x10° J kg to 1.7x10° J kg depending on
the grade of the oil shale involved. Given some estimates of the mass of kerogen in the retort
(~2xlO9 kg, discussed below), and the heat of retorting, the total amount of heat needed to com-
plete the retort can be estimated to be between 4x10'* and 1.6x10" J. For heating rates on the
order of 6x10"" J day'l, the heating duration ranges from 1.8 to about 7 years. These calculations
give us a range of heating rates and durations to serve as a starting point for defining the energy
input to the retort, and are generally consistent with estimates provided by the energy companies.
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Heat added to the retort will be lost by thermal conduction to the surrounding country rock.
Thermal conduction is described by Fourier’s law of heat conduction:

AT
O0=-Ak- Ay (6)
where
Q = heat transfer (J day'l)
A = areaacross which heat is conducted (m?)
k = thermal conductivity (J m" day” K™
AT = temperature difference (K)
AX

distance between retort and environment (m)

The thermal conductivity of Green River oil shale ranges from 6x10* to 1.6x10° J m™
day™ °K™ (Rajeshwar et al. 1979). From geometry of the retorts given by Shell and EGL, the sur-
face area of the retort is calculated to be 60,000 m>. From the Shell EIS, which gives a distance
of 75 m from the retort edge to the freeze wall, a distance to the environment is set at 75 m. The
temperature difference is calculated from the difference between the retort temperature, and the
temperature of the environment, 25 °C. This is therefore a constant temperature boundary condi-
tion. Once the retort is up to temperature, the conductive heat loss will be on the order of 1x10"
J day'. We will assume that heat conduction is in steady state at all times. This is a large simpli-
fication as there will be a significant temperature transient during heating. For this model, we
assume a linear temperature drop between the retort and the environment is maintained at all
times and that the distance to the constant temperature boundary conditions does not change.

Once retort operations start, steam, oil, and gas will be produced from the retort. As these
components are removed from the reservoir, they will carry a certain amount of heat with them.
The amount of heat extracted from the reservoir will depend on the mass extracted, the tempera-
ture of the extracted component, the specific heat of the component, and any heat consumed by
phase changes. Equation 1 is used to calculate the heat extracted from the retort by removing
steam, oil, and gas. For steam, an extra term is added that accounts for the heat of vaporization of
the steam. No heat of reaction or vaporization is included for oil or gas. For calculation of the
heat extraction, the mass of extracted components is obtained from other calculations in the
model. How these masses are calculated is discussed later. The equation used to calculate the
flow of heat to the surface is:

Q=M (s, T+v,)+M s, T+M 5T 7
where:
Q = heat flow to the surface (J day'l)
M, = mass of steam extracted (kg day™)
M,i= mass of oil extracted (kg day'l)
M, = massof gas extracted (kg day™)
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s« = specific heat of steam (J kg'1 K™")

o = specific heat of oil (J kg' K™)

Sqas = specific heat of gas (J kg'l K™")

vq¢ = heat of vaporization of steam (J kg'l)
T = temperature of retort (K)

The heat extracted from the retort can be used on the surface in plant operations. However,
no credit in the model is taken for this recovery of energy. Operations that do recover some of
the heat from the retort would increase the overall efficiency of the operation.

Rock model

The rock model consists of two objects. There is a single stock that represents the mineral
grains of the Green River shale formation. The second object is used to calculate the kerogen
mass associated with the retort rock mass. We assume no geochemical reactions with regard to
the mineral grains at the temperatures achieved by in situ retorting, so there are no changes in the
rock model. The purpose of the rock model is to include the mass of inorganic solids into the
calculation of the amount of heat needed to bring the reservoir to the desired temperature for py-
rolysis. The mass of rock is calculated from the volume of the retort and the bulk density of
Green River shale. The retort volume is calculated to be 6.37x10° m’>. At a bulk density of 2500
kg m™, there is a total rock mass of 1.59x10° kg. There are no flows to or from this stock.

A second component of the rock model is to calculate the mass of kerogen in the retort.
This mass is then passed as an initial condition to the oil model. The kerogen model takes as in-
put the grade of the oil shale in gal ton™, because this is the number most often used to describe
how rich the formation is. The grade is determined from a Fischer assay of the oil shale. For this
model, we assume the Fischer assay extracts all of the kerogen from a sample. The laboratory
yield in gal ton™ is converted to m’ kg™, then multiplied by the oil density. This gives kg of oil
generated. Not all kerogen is converted to oil, some remains as char and some is lost to gases.
From the stoichiometry of the pyrolysis reaction (Campbell et al. 1980), we estimate that 69.5%
of the kerogen is converted. Therefore, the kg of oil is divided by 0.695 to convert the oil to total
kerogen. For an oil shale with a grade of 25 gal ton™, the grade is 1.04x10™ m® kg™, Assuming
an oil specific gravity of 35 °API (850 kg m™), the kerogen content of the rock is 0.127 kg kero-
gen per kg of oil shale. This is a typical number from the published literature. For the total rock
mass in the retort, the total kerogen is calculated to be 2.0x10® kg. The expected oil yield from
pyrolysis is calculated to be 1.4x10® kg or 1x10° barrels. The kerogen model takes as input the
grade in gal ton™, and calculates the kg of kerogen associated with the kg of oil shale in the re-
tort. This is passed to the oil model as an initial condition.
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Water model

The water model in the oil shale retort model is very important for the energy balance
calculations. Water has very high specific heat, and the heat of vaporization of water to steam is
also very high. Therefore, the heating and vaporization of water in the retort will play a very im-
portant role in heating of the retort. The water model consists of three stocks, one for water, a
second for steam, and third for steam produced to the surface (Figure 27). These water and steam
stocks are connected by a two directional flow representing boiling and condensation. Mass
transfer through this flow will depend on the temperature and pressure of the reservoir. Connect-
ed to the steam stock is a flow from the retort to the surface that represents steam extraction. We
assume no pumping of water from the retort to draw-down water in the system prior to heating.
Because this activity would precede heating, it could be incorporated by changing the initial
conditions in the water stock.

The steam stock is initially set to O kg. The
water stock is initialized assuming the oil shale is
P i condense Aem @2 | water saturated. The initial mass of water in the
stock is calculated form the volume of the retort
(6.37)(1'5 m3), the porosity of the retort (0.057),
e ety e i and the density of water (1000 kg m™). The initial
water mass calculated in this way is 3.61x10’ kg.
The flow that represents boiling and condensation
of water is based on the pressure and temperature
at which water boils or steam condenses in the retort. These calculations depend on the tempera-

Extract steam

Figure 27. Water model used in Stella.

ture and pressure of the retort. A very simplified model of the thermal properties of water and
steam is included in the model. We assume that the system is constrained to the water - steam
equilibrium curve. Retort pressure is equal to the saturated steam - water curve plus hydrostatic
pressure. When, during heating, the vapor pressure of steam exceeds the hydrostatic pressure,
water begins to boil. When cooling, when the pressure drops below hydrostatic pressure, water
begins to condense.

Hydrostatic pressure is calculated from the mass of water above the retort, and is given by

pgh = 1000 kg m™ * 9.8 m sec™ * 300 m = 3000 kPa (8)
where

p

g
h

density of water (kg m’)
acceleration of gravity (m sec™)
depth of retort (m)
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The equation for steam pressure (Py) in the retort in kPa as a function of temperature (°C) is giv-
en by:

P =ex ©))

v

—0.534487+0.72-T
P15 0.00443 - T
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Figure 28. Vapor pressure of steam as a function of temperature used in retort model.

We can also solve this equation to calculate the boiling temperature (Ty °C) of the reservoir from
the hydrostatic confining pressure (P, kPa):

7 _ 700766 +14.00823 - In(P,)

10
b 1-0.06127 - In(P.) (10)
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Figure 29. Function and curve to calculate boiling temperature from the hydrostatic confining
pressure on the reservoir.

In the model, heat is added to the water raising the temperature. When the temperature of
the retort exceeds the boiling temperature based on the hydrostatic pressure, then water begins to
turn into steam. The logic of the calculation must allow for flow in both directions, that is both
boiling and condensation. The equation used for the flow is:

If (confine_temp > retort_temp) then

y_ = LoT)M, s, (1a)
VY

else

Mw_>s _ (Tr _7:,) Mw Sw
1%

(11b)

When the retort temperature either exceeds the boiling temperature or drops below the
boiling temperature, there is a temperature difference that has to be corrected. Multiplying this
temperature difference by the specific heat of the phase and the mass of phase defines the num-
ber of joules needed to bring the temperature back into equilibrium. Dividing by the number of
joules kg' consumed or liberated by the phase transformation reaction, gives the mass of phase
transfer needed to bring the temperature back into equilibrium. Note that T,—T. changes sign giv-
ing positive and negative flows through this flow object.
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The final component of the water model is a flow from the steam stock to the surface that
represents extraction of steam from the retort. Flow to the surface is assumed to be a function of
the amount of steam with a constant fraction of the remaining steam removed per unit time. This
gives the mass of steam extracted to the surface (M) used in equation 7.

Kerogen / Oil model

Pyrolysis occurs in the absence of oxygen, so that the organic matter is broken down into
less complex (shorter chain) organic molecules. Light, hydrogen-rich products are driven off,
leaving behind a carbon-rich char. Formation of oil occurs at temperatures between about 400
and 500 °C. Kerogen, with an initial C/H mole ratio of about 0.67 undergoes three pyrolysis reac-
tions (Campbell et al. 1980; Huss and Burnham 1982):

1) Primary pyrolysis occurs between 350 and 500 °C, oil is driven off generating a residual
char with a C/H ratio in the range of 1 to 1.6;

2) Secondary char pyrolysis occurs between 500 and 650 °C, hydrogen gas and methane gas
are driven off, the residual char has a C/H ratio between 1.6 and 4.3.

3) above 650 °C, hydrogen gas, ammonia, and hydrogen sulfide are driven off, leaving the
char with little hydrogen.

Writing out the stoichiometry of the primary pyrolysis reaction, we get the following
generalized (and much simplified) reaction for pyrolysis (Huss and Burnham 1982):

C1H1_5O().()5 — 0.014 COz(g) +0.015 Hz(g) +0.012 C3Hg (g) +0.018 Hzo
+ 0.72 C{H; 7 (oil) + 0.228 CHg 43 (char) (12)

Temperatures during in-situ retorting will be constrained to less than 500 °C, unless com-
bustion is induced in the retort by introducing air. In writing this simplified reaction, we assume
all O in carboxyl groups forms carbon dioxide, and that hydrogen is combined in hydrocarbon
products with a C/H ratio of about 0.5 representing paraffins, olefins, and naphthenes. This indi-
cates that about 20% of the initial carbon will end up in char. Converting the reactants and prod-
ucts in Equation 12 back to weights, we get that for each kg of kerogen pyrolyzed, the yield will
be 0.043 kg of COy(g), 0.695 kg of liquid hydrocarbons, 0.037 kg of hydrocarbon gases, and
0.202 kg of char. The mass of hydrocarbons, or the lengths of the hydrocarbon chains, will range
from methane to much more complex molecules. This range of molecules will result in a wide
range of boiling points for the reaction products. As result, there will be a mix of volatile and
liquid hydrocarbons, and the mix will vary as the retort temperature varies relative to the boiling
points of the hydrocarbons.
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The reaction kinetics of kerogen pyrolysis have been extensively investigated (Campbell and
Burnham 1980; Braun and Burnham 1986; Bar et al. 1986; Skala et al. 1990). Experimental
conditions have mainly covered the very high heating rates and atmospheric pressure conditions
of surface retorts. Kerogen is a complex organic molecule, and is broken down into a wide range
of product molecules during pyrolysis. The composition of the products will depend on
temperature, pressure, and the heating rate. Therefore, a single, or even a series, of kinetic
reactions can not readily describe the kinetics of kerogen pyrolysis. Most thermogravimetric
analyses of oil shale response to heating, however, indicate that kerogen breakdown occurs in a
single peak around 400 °C (

Figure 30). An additional reaction occurs at a temperature of about 700 °C, but this is higher than
temperatures expected for in situ retorting. Because the thermal gravimetric response shows a
single peak, a number of authors have used simple one component models of kerogen pyrolysis.

CREEN RIVER SHALE - ¥h o 30.03 mg  SCAN RATE: 1008 degfuin
s » DERIVATIVE

X WEIGHT

5000
4000 14000 24000 4000 44000 54000 SAD00 74000 | 84000  S40.0C  1040.00

TEMPERATURE (L)

Figure 30. Thermal gravimetric and differential thermal gravimetric curves for a Green River oil
shale specimen (Earnest 1982).

For systems that are too complex to be characterized in a fundamental way, it is common to de-
scribe the reaction in terms of a lumped pseudo species (Burnham and Braun 1999). A first order
lumped parameter kinetic model was fit to kerogen decomposition by Campbell et al. (1978) and
is adopted for this model. It is a single reaction model that describes the overall reaction of kero-
gen to oil. Combining this kinetic model with the stoichiometric model in equation 12, provides
a means to model the retort. For a single first order pyrolysis reaction taking place under a con-
stant heating rate (dT/dt =C,), the rate of product evolution is given by (Burnham and Braun
1999):
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dM A, E, 2RT )\ [ ART? -E,
——=——ceXp| ——%— 1- . - - €Xp
dT  C, RT E, CE, RT

where
E, = Activation energy (J mol™)
A; = Preexponential frequency factor (day )

M = Mass of kerogen (kg)
Gas constant (J mol” °K™")

. = Constant heating rate (°’K day™)

R
T = Temperature (°K)
C
t

= time (day)

(13)

Temperature and time are related by the heating rate so that the change is mass with re-

spect to temperature can also be related to the change in mass with respect to time.

M _dv dr
dt dT dt

(14)

Several studies have been conducted to measure the activation energy and frequency fac-
tor for oil shale pyrolysis. These have been conducted at both constant temperature increase and

at constant temperature. Results of a few of these studies are summarized in Table 2.

Table 2. Compilation of Kinetic rate parameters for oil shales.

Source Rock

Frequency Factor

Activation energy

(day™) (J mol™)
Spanish® 1.8x10" 150
Anvil Points® 7.3x10%° 247
Clear Creek® 2.4x107! 254
Israel’ 8.0x10™ 118
Anvil Points® 2.6x10™ 220

a. Torrente and Galan (2001)
b. Bar et al. (1986)
c. Campbell et al. (1978)

The temperature of maximum pyrolysis yield for kerogen falls within a narrow range of
about 420 to 440 °C (Huss and Burnham 1982; Clayton et al. 1992), but only for high heating

rates; on the order of 2880 °K day'1 2°C min'l). At lower heating rates, the conversion of

kerogen occurs at lower temperatures (Figure 31). At the lower heating rates expected for an in-
situ retort, the conversion should occur at lower temperatures.
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Figure 31 shows that kerogen conversion can be expected to happen relatively quickly
once temperatures reach the vicinity of 400 °C.
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Figure 31. Mass reaction rate of kerogen as a function of retort temperature at different heating
rates. Highest rates are representative of surface retorts. Lowest rate is more representative of in
situ heating rates.

Surface retorting takes place at atmospheric pressures, so little work has been done on the
effects of pressure on kerogen conversion. Burnham and Singleton (1983) investigated pyrolysis
of Green River oil shale at pressures to 2.74 MPa (Figure 32). The experiments were kinetic ex-
periments carried out at constant heating rate. They found a small decrease in oil yield with in-
creasing pressure for the same heating rate. There are insufficient data to parameterize a pressure
effect on pyrolysis of oil shale, so pressure was not included in the Stella model.
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Figure 32. Effect of heating rate and pressure on oil yield (Burnham and Singleton 1983).

The kinetic model used to simulate kerogen pyrolysis is given by:

-F
AM =M, _ A, -ex <At 15
14y P[R TJ (15)

The oil model calculates the mass of kerogen pyrolyzed in a time step using equation 15,
then uses the mass fractions of products calculated from equation 12 to distribute mass to the

product stocks (
Figure 33).

&

i Oil to surface
coz t@urface ‘Jolatiles to surface
ﬂ % k-hlatile%
C02 gas il Char
“olatile generation 0il genaration
ﬁ kerogen ﬁ

C02 generation :
Char genearation

COZ2 fraction ort pressure

Figure 33. Model used to calculate the pyrolysis of kerogen to products in the retort. Calculation of
flows is illustrated for CO,. The other flows are calculated in the same fashion.
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The initial kerogen content is calculated from the oil shale grade in the rock model. The
other stocks are set to 0 as an initial condition.

Converters and Accumulators

There are a number of accumulators that keep track of the total masses of components ex-
tracted at the land surface. The amount of energy recovered in joules is calculated from the mass
of oil and gas extracted at the surface. The Carbon Trust gives an energy content of oil of 12,751
kW hr ton™. This converts to a conversion factor of 4.6x10" J kg'1 for liquid hydrocarbons. For
hydrocarbon gas, the energy content is 11 kW hr m™ according to the Carbon Trust. Because we
generate kg of gas, the volumetric energy content must be converted to a mass based energy con-
tent. We assume that the gas is methane with a mass of 10 g mol" and use the ideal gas law to
convert a volume of gas to kg of gas. The energy content of the gas hydrocarbons is calculated to
be 9.7x10" T kg™

The model also accumulates carbon dioxide at the surface so that the generation of
greenhouse gases from in situ retorting can be evaluated.

The model was run using a 1-day time step for a period of 4,000 days. The Runge-Kutta
4 integration method was used. A time step of 5 days gave results that differed by 0.2% from the
1-day time step. A time step of 0.5 days gave the same results as the 1-day time step. One day
was selected for modeling runs.

Base Case Results

The model was simulated using the parameters discussed above. The grade of the oil
shale was set at 25 gal ton”. As heat is added to the retort, the pressure and temperature increase
until the vapor pressure of steam exceeds the confining hydrostatic pressure. This occurs at a
temperature of 232 °C at 860 days (

Figure 34). The temperature profile flattens while boiling occurs as heat added to the
retort is consumed by boiling. The pressure increases during boiling, and so the boiling
temperature increases slightly and is not constant as it would be for atmospheric conditions.
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Figure 34. Increase in temperature and pressure with heating of the retort.

The rate of kerogen pyrolysis reaches a critical point at about 1100 days (

Figure 35) and kerogen is rapidly converted to products. This rate of conversion is based
on very small scale laboratory experiments, and may not be realistic for application to retort
scale simulation. Measurements of the frequency factor and activation energy for the kerogen

pyrolysis reaction show a wide range of values (Table 2), so there may be some uncertainty in
this transformation rate. The laboratory rates predict complete conversion of the kerogen in about
200 days. Gas volatiles in the model are extracted rapidly and have been recovered at the surface

by 1550 days.
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Figure 35. Distribution of kerogen and kerogen pyrolysis products as a function of time.

Most of the heat added to the retort goes to heating up the rock matrix (Figure 36). Water
and kerogen also heat up. At day 860, boiling of the water releases all the energy contained in

Final Report —October 2008-September 2012

51

Colorado School of Mines



water and transfers the energy to steam. There is more energy in the steam than in the water
because the steam contains the heat of vaporization. About day 1100, the heat in kerogen is
released as kerogen is pyrolyzed to gas and liquid hydrocarbons. As soon as the retort
temperature rises above ambient, conduction to the surrounding environment serves as a heat
loss. When heating stops on day 1500, heat in the retort begins to decline by conduction to the
environment.
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Figure 36. Distribution of energy (heat) in the retort during the first 1500 days.

The simulation indicates that the in-sifu retorting produces much more energy than
consumed to drive the pyrolysis reaction (Figure 37). A total of 9.4x10' joules of energy are
needed to bring the retort up to 400 °C. The energy contained in the oil and gas withdrawn from
the retort amounts to 7.3x10" joules, or about 8 times the energy expended. Oil recovered from
the retort (Figure 38) are 1.0x10° barrels. Based on the initial estimate of 25 gal ton-' as the
grade of oil shale, the predicted recovery is 1.05x10° barrels. To recover 1 million barrels of oil,
8700 tonnes of carbon dioxide are generated. This oil recovery is probably optimistic. There are
only about 7400 barrels of oil left in the retort. It is unlikely that the oil would drain from the
pores so completely. The factor of 8 energy recovery factor is probably optimistic by a factor of
2. This would suggest that something like 500,000 barrels of oil could be recovered from this
retort.

Final Report —October 2008-September 2012 52 Colorado School of Mines



Q 1: Energy recovered 2: Energy expended
8e+015. =

2: 1e+015.
S —
1—
¢ T
¢ T
./2 //*f
// /!
1: 464015, 7
2 5e+014. s I
/A / :
L o 1=
0.00 1000.00 2000.00 3000.00 4000.00
Page 1 Days 5:40 PM Wed, Feb 28, 2007
N a=i ? Untitled

Figure 37. Energy expended and energy recovered from the retort (joules).
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Figure 38. Barrels of oil and kg of CO2 recovered from the retort.

Sensitivity studies

Evaluating the parameters in the model that have the most uncertainty leads to identifica-
tion of the following parameters:

¢ The rate of kerogen conversion
e [Initial water content
e Heat conduction out of the retort

A wide range of kinetic parameters are reported in the literature. If the rate of conversion
is much slower than predicted, then the heating time may not be sufficient to convert all of the
kerogen to oil. The longer the heating time, the more energy needed to start the reaction. The
frequency factor and activation energy cannot be varied independently. Therefore, values for the
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two Anvil Points samples shown in Table 2 were simulated. The base case was the Anvil Point
values from Campbell et al. (1978). It turns out that the number of barrels recovered is not very
sensitive to the reaction kinetics over a wide range of values. As can be seen from Figure 35, the
pyrolysis reaction is very rapid. Slowing the reaction to some extent delays the conversion a little
bit, but does not prevent conversion. Only when extreme values are used for the kinetic
parameters does the reaction rate slow to the point that conversion is not complete. Therefore,
kinetic factors are not likely to be an important consideration for in situ retorting.

The initial water content can increase the heat capacity of the retort, diverting heat from
the raising the temperature, and impacting the conversion of kerogen. The water content of the
retort was doubled. This may have the effect of including water bound to minerals, which will be
driven off the minerals when boiling occurs, and so does need to be included in the water model.
When this simulation is run, the peak retort temperature drops, and the amount of heat bound up
in steam increases. However, the temperature drops only to 367 °C from about 400 °C. The py-
rolysis reaction is still fast enough to convert all the kerogen to oil, and the oil yield is relatively
unaffected.

The final simulation evaluates heat conduction out of the retort. Thermal conductivity for
oil shale reported by Rejeshwar et al. (1979) range from 6x10* to 1.5x10° J m™ day™ °K™". The
base case uses the lower number; the upper number would allow more heat to be lost to the sur-
rounding rocks. When a thermal conductivity of 1.6x10° J m™ day™ °K™ is used, the retort takes
longer to heat up. The retort still hits a maximum temperature of 393 °C, which is sufficient to
drive pyrolysis, but it doesn’t reach this temperature until day 1492. Pyrolysis occurs about day
1180 versus day 1100 under the base case. This is not significant. Oil generation does occur
somewhat later, but there is generally complete conversion of the kerogen.

Operation summary

The above analysis is necessary to determine the approximate length of time needed to
operate the retort and remove the gas and oil products. Over this time, a small amount of water
is produced via the kerogen conversion during heating (Equation 12). Most of the produced wa-
ter is from the conversion of water entrapped in the isolated pores (and residual water in effective
pores) as steam. A small amount of water consumption would be necessary during daily opera-
tions. Water used for cooling of surface equipment is not included in these calculations. The op-
eration time is also used to establish the beginning of the site remediation stage.

Remediation Phase

Once the operation stage is completed, the site must be remediated. As part of this reme-
diation effort, the retort zone may be flushed with water to remove excess heat and mobile con-
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Figure 39. Retort cooling as a function of injected pore volumes.

taminants. A calculation was performed to examine the number of pore volumes of water inject-
ed into an expired retort to evaluate the cooling rate due to the heat extraction of the injected wa-
ter. Input water was assumed to be 25°C and the system was assumed to be a well mixed reac-
tor. The final porosity was assumed to be 10% and therefore a pore volume is equilvent to 10%
of the total volume. During the first few injected pore volumes heat is removed from the reser-
voir via heating of the water to its boiling point, vaporization of the water, and heating the steam
to the retort temperature. Within 3 pore volumes, the temperature drops from 350°C to 100°C.
Below this temperature, the rate of cooling significantly decreases because the only heat removal
mechanism is the sensible heating of the water injected water. At this time, each pore volume of
injected water will decrease the retort temperature approximately 5° to 10°C (depending on the
initial retort temperature) and ambient temperature is achieved in less than 10 pore volumes.
Although these calculations do not take into account actual transport or pressure changes within
the retort, it does provide enough information to suggest that the flushing to reduce contaminant
concentrations will determine the number of pore volumes that need to be flushed through the
system.

Modeling results for Shell’s Oil Shale Test Project (Shell, 2006) suggest that a 20 pore
volume flush will be necessary for reduce contaminants down to an acceptable level. In their
simulations they thought this would be achievable in 2 years of flushing. We used a similar ap-
proach for the remediation phase in the system dynamic model. Since flushing of contaminants
takes more pore volumes than the cooling of the retort, we will assume that 20 pore volumes is
the volume of water that needs to be handled. We will also assume that the water will be treated
at the surface and reused during subsequent flushes.
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Figure 40. Remediation of the retort through subsurface flushing.

Figure 40 illustrates the system dynamic module for the remediation system. The total
remediation water required is a function of the total porosity, retort volume and the required
number of pore volumes needed to be flushed through the system. The total porosity is a user
defined value typically higher than the initial effective porosity, due to the removal of kerogen
during the retort process. The actual water needed is less than the total remediation water re-
quired due to recycling of the water. The first pore volume is needed to refill the retort volume
with water. After that initial filling, water will be recycled from the injection wells to the pro-
duction wells and any water losses will be accounted for in the recycle water percentage. At this
time the recycle water percent is set as a constant, and would account for water loss through the
freeze wall, and makeup water needed for the water treatment on the surface.

The time necessary to complete the remediation is determined by the injection rate and the total
amount of water required. We used a one dimensional form of Darcy’s Law to describe the in-
jection rate. The area was determined from retort length parameters. The hydraulic conductivity
was from the initial site information that can be multiplied by a factor to account for any increas-
es in the hydraulic conductivity due to the retorting process. The pressure gradient is currently
based on the lithostatic pressure (via the overburden depth) and 1/10™ the width of the site.
These values are used to calculate the time to pump 20 pore volumes of water and to develop the
water requirement values as a function of time.
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Task 5.0 Surface Water and Groundwater Modeling

Surface Water Modeling

Introduction

Oil shale development has diverse water quality and water quantity impacts. Develop-
ment of Western oil shale resources will require significant quantities of water for mine and plant
operations, reclamation, and associated economic growth. Department of Energy (DOE) report
indicates that current estimates based on updated oil shale industry water budgets for new retort-
ing methods will be 1 to 3 barrels of water per barrel of oil. For an oil shale industry producing
2.5 MMBDbl/d, this equates to between 105 and 315 million gallons of water per day (MGD).
These numbers include water requirements for power generation for in-situ heating processes,
retorting, refining, reclamation, dust control and on-site worker demands.

According to this DOE fact sheet report, municipal and other water requirements related
to population growth and industry development will require an additional 58 million gallons per
day. In areas where exists oil shale (in the West), water will be drawn from local and regional
sources. The major water source would be rivers, which have to support the water demands from
municipal, industrial, and agricultural activities in addition to baseline environmental flows.
Stream flow levels will be affected as a result of water demand from the oil shale industry. Thus,
there will be tremendous impacts to aquatic habitat. Watershed analyses are needed to develop
resource management strategies to manage the impacts of oil shale operations while maintaining
stream flows and other water needs.

In addition to water quantity issues, there are water quality issues. There is a possibility
of oil spills because of large amounts of shale oil produced, processed, and transported. If they
cannot be contained or removed, detrimental impacts would occur to aquatic biota. Oil and
grease in public water supplies cause an objectionable taste and odor, and might ultimately en-
danger public health. Sedimentation problems will be increased because large amounts of land
will be disturbed, which will increase the area’s susceptibility to erosion. Erosion from disturbed
areas is an order of magnitude higher than pristine undisturbed areas. Impacts of open-cast min-
ing can be environmentally detrimental. For example, mining-related stream sediment levels
have been found to be much higher than those associated with other land-use changes, such as
deforestation, agricultural intensification, road-building, and urbanization. Aquatic habitat is af-
fected by turbidity levels. Thus, enhanced sediment following the initiation of mining is a source
of concern. Stream temperature could also be altered due to a warm wastewater discharge from
power plants, by consuming cool water, or by lowering the ground water table. An oil shale in-
dustry will use land for access to sites, for facilities, for mining, for retorting, for oil upgrading,
and for waste disposal. Large area is disrupted by mining activities and waste disposal opera-
tions. The disturbed sites should be reclaimed through revegetation. Chemical fertilizers are

Final Report —October 2008-September 2012 57 Colorado School of Mines



used for reclaiming land, which could be potential sources of nitrogen, and phosphorous in
ground water discharge, runoff from raw and spent shale, and municipal wastes. Toxic trace el-
ements and organic chemicals from stack emissions from processing operations, chemicals used
in upgrading and gas processing, leachates from raw and retorted shale, and associated industrial
and municipal wastes are also a concern because of their potential impact on aquatic life, and on
human health through drinking water supplies and irrigation. However, water quality issues are
beyond the scope of this study.

Model Selection and Development: Piceance basin, Colorado

Several GIS based watershed models such as Hydrologic Simulation Program-Fortran
(HSPF), Soil and Water Assessment Tool (SWAT), Storm Water Management Mode (SWMM),
and Watershed Analysis Risk Management Framework (WARMF) have been reviewed before
implementing the watershed analysis. Most of these models have the capacity to simulate both
water quality and water quantity. The model selected is preferred to be able simulate all relevant
compartments of the hydrologic system. This includes precipitation, snowmelt, evapotranspira-
tion, infiltration and runoff, stream flow, reservoir operation, ground-water flow, and chemical
transport if water quality is considered. Typically, no single model is capable of simulating all
relevant processes. WARMEF has been selected for this study. The model is capable of simulating
surface water hydrology including the impact of water use on stream flow and pollutant transport
and reactions. A river basin is divided into a network of land catchments, stream segments, and
lakes for hydrologic and water-quality simulations. Stream flow is calculated based on water bal-
ance.

The WARMF model

WARMEF uses daily time steps and requires daily precipitation, minimum and maximum
temperature, cloud cover, dew point temperature, air pressure and wind speed. WARMEF calcu-
lates daily runoff, shallow groundwater flow, and water quality of a basin that is divided into
catchments, stream segments, lakes and reservoirs. A water-balance approach is used to calculate
the hydrologic budget for each catchment resulting in runoff and groundwater flow to river seg-
ments (Chen et al., 2001). An impervious surface will produce immediate runoff. On pervious
surfaces the water may infiltrate, flow as surface runoff or remain as storage on surface.

Several land use types can be defined in each catchment in WARMEF. Each catchment
can be divided into five soil layers. Each layer is assigned a thickness, initial soil moisture con-
tent, horizontal and vertical hydraulic conductivities, field capacity, and saturated moisture con-
tent. Lateral flow from a layer is based on Darcy’s Law, where the head gradient is approximated
as the slope of the land surface. The water balance is used to compute moisture content of each
layer based on infiltration into the layer, percolation out of the layer, lateral inflow and outflow,
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and evapotranspiration (ET). Darcy’s Law is used for groundwater flow between catchments or
from catchments to streams (i.e. base flow).

The model considers both total free surface water evaporation and soil transpiration in the
computation of potential evapotranspiration. The model simulates snow accumulation and
snowmelt by air and/or rain under open conditions and those under canopy cover. It has capabil-
ity to simulate reservoir operations and requires reservoir bathymetric data in the form of stage-
area relationship for simulation. The reservoir flow balance is predicated on conservation of
mass.

A mass-balance approach is used for calculating chemical transport. The mass balance
approach accounts for sources and losses including atmospheric deposition, and reactions.
Stream water quality data collection is in progress. We will run the WARMF model for contami-
nants relevant to oil shale production. WARMEF also accepts point sources discharging directly to
stream and diversions from stream.

Model Development

The total drainage area included in this study is about 1600 square miles. The northern
portion, the Piceance-Yellow (14050006) is about 900 sq. mi. and drains into the white river.
The southern portion, Parachute-Roan (14010006) is about 700 sq. mi. and discharges into Colo-
rado River. Based on the USGS Land Use Land Cover data (LULC) data, the land use classifica-
tion in the watershed includes residential, commercial, forest, shrub land, pasture, and limited
agricultural areas. More than 50 % of the watershed classified as forested or shrub land.

WARMF model requires GIS data layers, namely digital elevation model (DEM), and
land use/ land cover. It also requires time series data, which includes weather data and stream
flow data for hydrologic calibration. Point sources, stream diversion and pumping data and also
air quality data can also be added to the model.

The DEM data for the basin was obtained from the USGS database, which offers a seam-
less DEM coverage of the entire United States (Figure 41). The land cover layer was derived
from the National Land Cover Dataset (NLCD) (Figure 42). The U.S. EPA BASINS system or
other sources can be used to download basic input coverages on DEM, land use and streams.

The watershed delineation for WARMEF for Piceance basin was done using BASINS
(Better Assessment Science Integrating point & Non-point Sources). The watershed is divided
into several catchments. The catchments are grouped into four major sub watersheds based flow
outlets (Figure 43). The watershed has four independent outlets corresponding to each of these 4
sub watersheds. Each major sub watershed is divided into several catchments. Thus, the entire
watershed was divided into 90 catchments. Model calibration was done using gage data for each
of these outlets (discussed later). Two of the sub watersheds make the Southern Piceance basin.

Final Report —October 2008-September 2012 59 Colorado School of Mines



The remaining two are in the Northern Piceance basin. BASINS provides several tools for wa-
tershed delineation including an automatic delineation tool. WARMEF doesn’t have provisions to
do the delineations; hence, BASINS automatic delineation tool was used to do the watershed de-
lineation. After the catchment, land use and stream layers were processed in BASINS, they were
imported into WARMEF. The DEM, land use and stream coverages were processed to make

them compatible with WARMEF data input requirements.
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Figure 41. Digital Elevation Model of Study area
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Figure 42. Land Cover Classification for the study area
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Figure 43. Watershed delineation and subdivisions for study area

Climate data

We had initially planned to use the Daymet climate data. The Daymet climate data is
available from 1983-2003. Daymet is a model that generates daily values of temperature, precipi-
tation, humidity, and radiation over large regions. Daymet provides a fine resolution, spatially
continuous daily meteorological data. The Daymet has a better spatial resolution. The data is also
currently available free of charge. Using the daymet, we extracted meteorological data for the
centroid of each catchment. Thus, 90 station data has been generated one for each catchment.
The expectation was the Daymet data will improve our predictions because of its spatial resolu-
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tion. However, we observed that Daymet overestimated precipitation especially during low rain-
fall conditions. Our initial simulation using WARMF model showed that the model calibration
would not produce realistic parameter values if daymet were used. Thus, climate station data has
been used. The station data is from National Climatic Data center ,NCDC, (NCDC, 2007).
NCDC is freely available data, which contain daily records of precipitation, minimum and max-
imum temperature, wind speed, dew point temperature, cloud cover and air pressure. We ob-
tained climate data from Grand Valley, Grand Junction stations, Rifle and Meeker stations.

Stream flow data

Daily time series stream gage data has been obtained from USGS gage stations in the wa-
tershed. The data was organized in to a format suitable to import it to WARMEF for calibration.
Few of the stream gage stations are shown in Figure 44. The watershed consists of two hydro-
logic units as described earlier. The northern portion, the Piceance-Yellow (14050006) discharg-
es into the white river. The southern portion, Parachute-Roan (14010006) discharges into Colo-
rado River. Most of the USGS gage data stations in the southern Piceance are relatively old da-
ting back to year 1983. The watershed consists of two hydrologic units. The northern portion
consists of the Piceance and Yellow creeks discharging into the white river. The southern portion
consists of Parachute and Roan creeks discharges into Colorado River. The four major sub
catchments are Piceance and Yellow creeks in the north and Parachute and Roan in the south.
Each of the subbasins were calibrated independently. The gage station on each of the sub water-
sheds has data from different periods. The northern sub watersheds; the Piceance and Yellow
have recent stream gage data up to year 2008. The gage stations in the southern sub watersheds;
Parachute and Roan, are relatively old. Thus, we set the simulation period for Northern basins
from year 1996 to 2008, a period of 13 years. The first 3 years are used as spin-up period for pa-
rameter initialization. The remaining 10 years are used as calibration period. The southern basins
have to be calibrated for a different time period than the northern subbasins. The simulation peri-
od for Roan Creek was set from 1971 to 1981 and the simulation period for the Parachute Creek
was set from 1973 to 1986. The first 3 years were used as spin up period in each case.
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Figure 44. Piceance basin —Subbasins and stream flow gage stations

Hydrologic parameter sensitivity for WARMF model

We implemented an auto calibration tool (UCODE) for model-sensitivity analysis and
parameter estimation using WARMEF. It is not practical to use all parameters in calibration espe-
cially for a distributed model with a large number of parameters. Thus, it is necessary to identify
sensitive model parameters that could be reasonably estimated, and hence reduce the number of
parameters to be determined via calibration. A strategy for reducing the number of parameters is
to use sensitivity analysis on the model output to identify parameters that do not have a major
influence on model response (i.e., stream flow). In this study, UCODE (Poeter et al., 2005) was
used for sensitivity analysis. Details about sensitivity and auto calibration using UCODE can be
obtained from Poeter et al. (2005) and a brief summary of the method of sensitivity analysis is
presented below.

Composite scale sensitivities (CSS) are used in UCODE to indicate the importance of an
observation to the estimation of a parameter. CSS is the average value of the sensitivities associ-
ated with a parameter calculated at each observation point, and reflects the overall sensitivity of
simulated values to a parameter (Hill and Tiedeman, 2007). Parameters with larger CSS are
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more readily, and more precisely, estimated. To compare the relative sensitivity of parameters
another relative measure (CSS ratio) is used. The CSS ratio is useful for identifying parameters
that can be estimated because it reflects the sensitivity of a parameter relative to the parameter
with the highest sensitivity. It is the ratio of the CSS of a parameter to the maximum CSS and
varies between 0 and 1. The parameter with maximum CSS will have a CSS ratio of 1.0. Pa-
rameters with CSS less than 0.01 are insensitive, difficult to estimate and are associated with
larger uncertainty (Hill and Tiedeman, 2007).

A sensitivity analysis was done for each of the four subwatersheds independently. Pa-
rameters included in the sensitivity analysis and sensitivity results for each of the subwatersheds
are listed in Figures 45 to 48 below. Climate related parameters such as precipitation weighting
factor, average temperature lapse rate, evaporation magnitude, evaporation skewness, snow melt-
ing rates for forest areas and open areas and soil related parameters such as porosity, filed capac-
ity and hydraulic conductivity were all important parameters in all the of the four subwatersheds.
WARMEF uses a water balance approach to estimate runoff, and these parameters are particularly
relevant to water balance. The climate parameters directly control the available water, while the
remaining soil parameters dominate the run-off term. Thus it is reasonable that stream flow is
sensitive to these parameters. Stream flow output was generally sensitive to identical set of pa-
rameters in all of the four subwatersheds although there are some differences in parameter rela-
tive sensitivities. For instance the snowmelt rates and temperature lapse rate were more im-
portant in Parachute —Roan than in Piceance- Yellow. This is reasonable because of the relative
differences in altitude and topography.

Parameter Sensitivity: CSS ratio
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Figure 45. Parameter Sensitivity results for Roan Sub watershed.
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Figure 46. Parameter Sensitivity results for Parachute Sub watershed.
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Figure 47. Parameter Sensitivity results for Piceance Sub watershed.
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Figure 48. Parameter Sensitivity results for Yellow Sub watershed.

Model calibration

The sensitivity analysis described above was done to identify sensitive model parameters
that could be reasonably estimated, and hence reduce the number of parameters to be determined
via calibration. It was determined through the sensitivity analysis that climate related parameters
such as precipitation weighting factor, average temperature lapse rate, evaporation magnitude,
evaporation skewness, snow melting rates for forest areas and open areas and soil related pa-
rameters such as porosity, filed capacity and hydraulic conductivity were all important parame-
ters in all the of the four subwatersheds.

After sensitivity analysis, we implemented the auto calibration tool, UCODE (Poeter et
al., 2005) for calibration. WARMEF simulation results were compared against measured stream
flow data. UCODE minimizes the sum of weighted-squared-residuals with respect to the parame-
ter values using a modified Gauss-Newton method. UCODE facilitates evaluation of data short-
comings by identifying low sensitivities and high parameter correlations (indicators of non-
unique solutions). This improves understanding of the system and can lead to an improved con-
ceptual model, which in turn results in a better mathematical representation of the model.

During calibration, UCODE executes WARMEF repeatedly; comparing the simulated and ob-
served values and adjusting selected input parameter values to obtain the best fit (achieve the
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minimum sum of weighted squared residuals). When parameter values changed less than 1% be-
tween iterations, the calibration was considered converged and the set of parameter values that
yielded the best fit was designated as the optimal values.

Most of the parameters were fixed and only a few were adjusted during automatic cali-
bration process. Parameters that were adjusted during calibration include climate related param-
eters (precipitation weighting factor and average temperature lapse rate) and soil property related
parameter (hydraulic conductivity). It is observed that improving the match between observed
and simulated flows during low-flow conditions degraded the match during high-flow condi-
tions. The fit between simulated and observed values were relatively better during low flow
conditions. This is a common situation in watershed-scale modeling where changes in input pa-
rameters that are required to improve the match of simulated and observed high flows result in a
degraded match to observed low flows, and vice versa because all aspects of the relevant pro-
cesses are not included in the modeling codes (Geza et al, 2010). The modeler may choose to
improve the model performance for either high or low flows at the expense of a poorer model
performance for the alternate flow condition depending on the intended use of the model (e.g.
flood versus base flow prediction). Parameter values for each sub watershed are shown in Table
3 and calibration results are shown in Figures 49 to 52.

Table 3. Hydrologic parameters included in the sensitivity analysis

Parameter values Units
Parameter Parachute Roan Yellow Piceance
Fraction impervious; Res. area 0.8 0.8 0.8 0.8 -
Fraction impervious; Com. area 0.3 0.3 0.3 0.3 -
Evaporation magnitude 0.6 0.6 1.0 1.0 --
Evaporation skewness 1.4 1.6 1.0 1.0 --
Snow formation temperature 0.0 0.0 0.0 0.0 degc
Snowmelt temperature 0.0 0.0 0.0 0.0 degc
Snowmelt rates (open area) 0.1 0.1 0.1 0.1 cm/°c/day
Snowmelt rates (forest area) 0.1 0.1 0.1 0.1 cm/°c/day
Sublimation rates (open area) 0.0 0.0 0.0 0.0 cm/day
Sublimation rates (forest area) 0.0 0.0 0.0 0.0 cm/day
Detention storage 1.00 1.00 1.00 1.00 %
Manning’s n for catchment s 0.01 0.02 0.02 0.02 --
Precipitation weighting factor 1.20 1.18 1.00 0.75 --
Temperature lapse rate 10.0 10.0 3.82 5.50 degc
Altitude lapse rate 0.003 0.009 0.009 0.009 deg c/m
Initial moisture 0.20 0.20 0.20 0.20 m’/m’
Field capacity 0.15 0.15 0.15 0.15 m’/m’
Saturation moisture 0.30 0.30 0.30 0.30 m’/m’
Horizontal conductivity 1.07 23.47 0.354 0.072 m/day
Vertical conductivity (derived) 0.53 0.5 0.15 0.03 m/day
Manning’s n for river 0.03 0.03 0.03 0.02 --
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Each sub watershed was calibrated independently. In the northern portion of the basin,
the Piceance and Yellow (14050006) discharge into the white river. In the southern portion of
the basin, Parachute and Roan (14010006) discharge into Colorado River. The southern sub wa-
tersheds produce relatively more flow than the Northern sub watersheds. Northern Subwater-
sheds don’t produce flow significant enough for diversion and use. Thus, more focus was given
to the southern subbasin during calibration. The northern subwatersheds; the Piceance and Yel-
low have recent stream gage data up to year 2008. The gage stations in the southern subwater-
sheds; Parachute and Roan, are relatively old. Thus, we set the simulation period for Northern
basins from year 1996 to 2008, a period of 13 years. The first 3 years are used as spin-up period
for parameter initialization. The remaining 10 years are used as calibration period. The southern
basins have to be calibrated for a different time period than the northern subbasins. The simula-
tion period for Roan Creek was set from 1971 to 1981 and the simulation period for the Para-
chute Creek was set from 1973 to 1986. The first 3 years were used as spin up period in each
case. Calibration results are shown in figures 9 to 12 below. The calibrated model can be used
for scenario analysis to evaluate effect of diversion for oil shale production on stream flow.
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Figure 49. Calibration results for Parachute Creek near Parachute, CO (see Figure 44).
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Figure 50. Calibration results for Roan Creek near De BeQue, CO (see Figure 44).
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Figure 51. Calibration results for Yellow Creek near White River, CO (see Figure 44).
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Figure 52. Calibration results for Piceance Creek at White River, CO (see Figure 44).

Ground water modeling

This task involved building a groundwater flow model (MODFLOW) that was based on
data contained in the AHGW Geodatabase. The MODFLOW effort was undertaken with the un-
derstanding that existing groundwater data (e.g., hydrostratigraphic, hydraulic property, and po-
tentiometric) were limited. The resulting model is viewed as a tool for understanding data limi-
tations and guiding future groundwater research.

Because the AHDM was selected as a framework for managing all project data, we eval-
uated “MODFLOW Analyst” as a means of interfacing between MODFLOW and the AHDM.
MODFLOW Analyst is a commercial extension to ArcGIS that is available for purchase from
Aquaveo ™ software and installed as an individual seat. During the course of the project, the ge-
odatabase structure became increasingly specific to the Piceance Basin and deviated from the
original AHDM. Though some of the tools are attractive, it is unclear how or if the MODFLOW
Analyst extension will be adapted to new versions of ArcGIS or new versions of MODFLOW,
and if MODFLOW Analyst tools will function on an ArcServer platform. For these reasons, we
elected to build a MODFLOW model that was loosely coupled to the project geodatabase. The
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desired goal was a functional MODFLOW model, but a pre- and post-processor was used to con-
struct the model.

Groundwater model data compilation:

Hydrogeologic and potentiometric surface data were compiled from previous studies of
the Piceance Basin [Glover et al., 1998; Taylor, 1982]. Feature classes representing the model
grid and boundary conditions used in the Taylor (1982) mathematical model were digitized and
added to the AHGW Geodatabase. This was used as a historic record of the previous modeling
effort, and to conceptualize flow patterns and boundary conditions of the groundwater system.
Based on the previous studies, groundwater generally flows from south to north in the basin and
crosses the major surface water divide that separates the northern Piceance Basin from the south-
ern Piceance Basin.

Preliminary groundwater flow model:

The framework for a preliminary numerical groundwater flow model (MODFLOW?2000)
was built using the MFI2K program [Harbaugh, 2002]. The model consisted of 7 layers that
were patterned after the Taylor (1982) hydrogeologic units, with an additional layer above (Lay-
er 1) and an underlying aquitard (Layer 7). Elevations of the tops and bottoms of the layers were
derived from a combination of structure contours [USGS, 2006], Fisher Assay well data [Mercier
et al., 2009], and geologic map data [Hail and Smith, 1994; 1997]. Layer 1 (~50 ft thick) com-
prised of alluvial deposits, Layer 2 (~360 ft thick) comprised of the Uinta Formation, Layer 3
(~350 ft thick) comprised of the Parachute Creek member of the Green River Formation down to
the base of the A groove, Layer 4 (~141 ft thick) comprised of the Mahogany, Layer 5 (~174 ft
thick) comprised of the B groove and R-6, Layer 6 (~435 ft thick) comprised of L-5 to the base
of R-2, and Layer 7 comprised of the Garden Gulch member of the Green River Formation
(comprised of L-1, R-1, L-0, and R-0) that forms the lower confining unit. Land-surface eleva-
tions for each cell were calculated from a 90 ft by 90 ft resolution USGS NED raster. Elevations
ranged from 5,725 ft along the White River to about 9,280 ft in the drainage divide between
Roan Creek and Parachute Creek. Streams (Yellow Creek and Piceance Creek) and springs were
represented using constant-head nodes, similarly to the Taylor (1982) model.

The preliminary MODFLOW model setup and conditions were:
¢ (Grid orientation: x-axis N75E, y-axis NI5W

e Rows: 100 cells that are 3,000 ft wide
e Columns: 80 cells that are 3,000 ft wide
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e Layers: 7
e Nodes: 8000 cells per layer for a total of 56,000 nodes

The preliminary groundwater flow model was designed in conjunction with the 3D
hydrogeologic framework described in Subtask 2.3. As was seen in Subtask 2.3, the
hydrogeologic framework was inconsistent with the conceptual model. Primarily, layers that
were lower in the stratigraphic column (i.e., lower aquifer) were computed to be higher elevation
than overlying layers (i.e., Mahogany). In addition, it was cumbersome to transfer data from
ArcGIS to MODFLOW using the MFI2K processing tool. A simplified hydrogeologic
framework was planned for the next phase of modeling, and a processing tool that allowed for
more efficient transfer of data from ArcGIS to MODFLOW was needed.

Final groundwater flow model (MODFLOW):

The final phase of modeling focused on building a functional groundwater flow model of
the Piceance Basin. In the preliminary versions of the groundwater flow model, seven hydrogeo-
logic units were defined; however, in this phase of model development the conceptual frame-
work was simplified to three hydrogeologic units (i.e., model layers). Layers 1, 2, and 3 corre-
sponded with the Upper Aquifer (UA), Mahogany, and Lower Aquifer (LA), respectively similar
to the conceptual framework (Figure 53) used by Glover et al. (1998).

A pre-processor and post-processor, Processing MODFLOW for Windows (PMWIN)
version 8.0.28, was purchased and adopted to setup the MODFLOW model. The final MOD-
FLOW model setup and conditions were:

¢ (Grid orientation: x-axis N75E, y-axis NI15W

e Rows: 100 cells that are 3,000 ft wide

e Columns: 80 cells that are 3,000 ft wide

e Layers: 3

e Nodes: 8000 cells per layer for a total of 24,000 nodes

This model configuration allowed for hydrogeologic characteristics from Taylor (1982)
and hydraulic heads from Glover et al. (1998) to be used as model inputs. The model grid,
shown in Figure 4, contains 4201 active cells (white) and 3799 inactive cells (gray) in the model
domain. Within the active domain, 195 cells were designated as river (blue) cells and 294 cells
were designated as springs or drain (yellow) cells. Layer 1 was modeled as unconfined, Layer 2
confined and Layer 3 confined. Each layer had the same horizontal extent in the model domain,
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so Layer 1 was always present above Layer 2, and Layer 3 was always present above Layer 3.
Top elevation and bottom elevation of the model layers was based on USGS (2006), while hori-
zontal hydraulic conductivity, vertical hydraulic conductivity, and initial head were based on
Glover et al. (1998). These model input values were computed at the nodes of each active cell
and stored as ArcGIS point feature classes for model Layers 1 — 3.

Input parameters for each model layer were exported from ArcGIS feature classes, passed
through Microsoft Access, and then imported to PMWIN to populate the corresponding matrix.
The simulation was run as a steady-state solution with one time-step of 91250 days (i.e., 250
years). Wetting capability was set to -1, which allowed for dry cells to rewet from the bottom in
successive iterations. PCG2 solver was used for numerical approximation with convergence cri-
teria of 0.1 ft.

Hydraulic head measurements from seventeen observation wells (OWs) were available in
the CDSS database to serve as potential calibration targets. Twelve of these OWs were screened
within the Lower Aquifer (Layer 3), two were screened in the Mahogany and Lower Aquifer
(Layers 2 and 3), two were screened in the Upper Aquifer and the Mahogany (Layers 1 and 2),
and one OW was screened in the Upper Aquifer (Layer 1). Simulated heads were compared to
observed (i.e., steady state) heads at these 17 OWs, while river and drain cell hydraulic conduct-
ances ONLY were manually adjusted to achieve a reasonable water balance and the lowest RMS
Error. A water balance of -0.33% and RMS Error of 333 ft was achieved after the hydraulic
conductances were set to 2 for each river cell, and 18 for each drain cell. A comparison of simu-
lated head versus observed head for the adjusted model is shown in Figure 54.

Using the input parameters summarized above, approximately 300 active cells in the
northern part of Layer 1 were dry at the end of the simulation period. Simulated heads are
shown for Layer 1 (Figure 55), Layer 2 (Figure 56), and Layer 3 (Figure 57) along with repre-
sentations of the simulated heads from the AHGW Geodatabase as Figures 58, 59 and 60, re-
spectively. Simulated heads that are shown in Figures 58, 59 and 60 were stored in the MOD-
FLOW _output feature dataset of the AHGW Geodatabase.
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Flow Model
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Figure 55: Simulated Head Contours for Layer 1 of Model with Cells - Active as white, Inactive as
gray, River as blue, and Drain as yellow
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Figure 57: Simulated Head Contours for Layer 3 of Model with Cells - Active as white, Inactive as
gray
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Groundwater data for the GIS-based water resource geospatial infrastructure were com-
piled, stored, and managed into a groundwater geodatabase (Figure 61), which was a modified
version of the Arc Hydro Data Model framework. Baseline data were organized into feature da-
tasets (e.g., Framework or Taylor_1982) while groundwater flow model related inputs and re-
sults were organized into customized feature datasets (i.e., MODFLOW_input and MOD-
FLOW _results). A simplified hydrogeologic framework consisting of Upper Aquifer (Layer 1),
Mahogany (Layer 2), and Lower Aquifer (Layer 3) was used to represent the Piceance Basin
groundwater system. The final groundwater flow model was manually adjusted to achieve a rea-
sonable RMS error. Rigorous calibration was not possible due to sparse hydraulic head and hy-
draulic parameter data. The groundwater flow model could be enhanced and further refined by:

e (ollecting additional hydrostratigraphic contact and hydraulic parameter data around
the perimeter of the Piceance Basin

¢ Improving basin-wide water budget parameters for estimating groundwater recharge
and evapotranspiration.

® Adding additional observation well locations that contain water level measurements
from recent years (such as 2005 through 2012).

e Using parameter estimation procedures to improve predictive ability of model.

¢ (Conducting sensitivity analyses and defining ranges of uncertainties for simulation of
hydraulic heads.

Task 6.0: Technology Transfer

The project closeout meeting was conducted on November 19, 2012. An hour long
presentation was given by the project team to the NETL participants during the meeting. The
Presentation was followed by geodatabase and model demonstration and a brief Q&A section.

CONCLUSION

A water resource geospatial infrastructure has been developed in this project which cre-
ates a repository for large volumes of geological, hydro-geological, topological, water resource
and oil shale data. The geodatabase in the geospatial infrastructure will allow for collaborative
regional/basin assessments for future oil shale development based on the same “baseline”. This
type of collaboration provides an ideal atmosphere for the development of new, generically use-
ful approaches to the use of new technology, and procedures that promote the best and most
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widespread use of our enormous data holdings despite their disparate locations and heterogene-

ous formats.

The components of this geospatial infrastructure including data frame, databases custom-

ized tools and models, are designed to be interlinked. These interlinks allow for “synchronized”

updating. The final results of this project shall support decision makers to answer such questions

as, the amount of oil shale resource, water availability, and potential environmental impacts un-

der various development scenarios. The procedures/tools/models developed in this research are

designed to be general. These procedures/tools/models are readily adapted to other study areas.

MILESTONES
Table 4. Milestones
MILE- | DESCRIPTION | RELATED | COMPLE- | UPDATE/COMMENTS
STONE TASK/SUB | TION
NO. TASK DATE

1 the initial proto- | 2.1 09/30 The initial prototypes have completed. A beta
types of the inte- | 2.2 /2009 version geodatabase prototype was delivered
grated geodata- to NETL on June 30", 2011. New geothermal
base data has been integrated into the gamma ver-

sion of geodatabase.

2 the initial prod- 23 09/30 Completed, the tools and models are for data
ucts of custom- /2009 I/O automation and data processing. New
ized macros, tools were developed on a need basis.
tools, or models

3 prototype of the | 2.2 09/30 The 3D geologic model has completed. Inter-
3D geodatabase /2010 faces between the 3D geologic model and

other models are developed on need basis.

4 prototype of the | 2.4 09/30 The initial prototype of the integrated geoda-
web-based GIS /2010 tabase, which is the deliverable from Mile-

stone No. 1, has been migrated to a GIS serv-
er. Adobe Flex API development envi-
ronment for ArcGIS Server has been es-
tablished. The mapping web site is running.

5 the web-based 3.0 09/30 Task 3.0 and subtask 2.4 are closely re-
geo-portal /2011 lated. With the development of the pro-

ject, the project team has decided that
subtask 2.4 is a better way to disseminate
data. The initial prototype of the web-
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mapping site has finished.
6 the results of the | 4.0 09/30 Model has completed.
Energy Resource /2012
Development
Systems
7 the GUIandre- | 5.0 09/30 Watershed surface water WARMF model
sults of the Sur- 12012 has completed. A three-layer MOD-
face water and FLOW ground water model has complet-
Groundwater d
ed.
Modeling
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APPENDIX A

Water System Dynamic Model Report by INL
(INL/EXT-12-27365 Revision 1)
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EXECUTIVE SUMMARY

A systemn dymarme model was construction to evaluate the water balance for sn-ziruw il shale conversion.
The model 15 based on a systems dynamues approach and nses the Powersim Studio 5™ softorare
package. Three phaszes of an insitu refort were consider; a constmetion phase primanly accounts for water
needed for dnllng and water produced dunng dewatenng, an operation phase includes the production of
water from the retorting process, and a remediation phase water to remove heat and zolutes from the
subsurface as well as retum the ground surface to 1t= natural state. Throughout these three phases, the
water 1= consumed and produced. Consumpteon 15 account for through the dnll process, dust contral,
retwrming the sround water to it= mifial level and make up water losses dunng the remedial flushing of the
retort zone. Production of water 15 through the dewratering of the retort zone, and dunng chemeal
pyrolvsis reachon of the kerogen conversion, The major water conmumption was dunng the remedizton
of the imsitu retorting zone.
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Water Usage for In-Situ Qil Shale Retorting —
A Systems Dynamics Model

1. Introduction and Background

The United States has been a net importer of oil for more most of the 20" century and the first few yvears
of the 21* century. Eecent rise in domestic production has resulted in a decrezse net il miports from a
high of 50% of domestic consumption in 2003 to 45% m 2011 Memarkar, 2012, Monetheless, the U5,
still mmperted 11.4 Mb'd of oal mn 2011, This dependence on foreipn o1l contirmes to have sigmificant
stratezic and econcrmic implications.

.5, conswmphon of petroleum and other howds 1= expected to 1ncrease by 0.7 mallion barrels per day
betwean 2010 and 2035, (ELA, 2012). while other countries, such as China, are expected to sigmficantly
mereass ther demarnd. Comrentional souwrces of pefroleum byvdrocarbons have been extensively
developed. so sigmificant new developments are not expected There are uncopventional domestic
supplies of solid hydrocarbons such as coal. o1l sand. and il shale that could be converted to hqumds.
There are an estimated 2.0 trilhion barrels of o1l contained 1n ol shale in the United States (Jobnson et al.
2004y, However, achieving the benefits of these o1l shale resomces will requure sizmuficant mvestment by
the private sector. With oil prices climbing above 390 bamrel”’, there has been renewed interest in oil
shale. Three companies have leased parcels from the U 5. Burean of Land Management m the Pioeance
Cresk Basin in Colorado to develop new technologies for cil shale development
(hitp:wrmer.co.blm povmma WEEFQ Chl shale him). Exnconbdobil has been developing 1ts
methodoloses on prrvate land.

(1l shale has long been emploved as 2 souwrce of energy 1n Estoma and Australiz has recently begun
development of oul shale resources. There have been several ol shale development booms in the Tnted
States includme 1920, 1944 1972, and 1981, In sach case, technolosy demonstrations were min, bat a
collzpse 1 oil prices caused the developers to lose interest. Previous attempts to develop o1l shale fomsed
on maming the shale deposits, and extrzchng the o1l from the shale on the surface. This approach allows
close contral of process parameters, but results in larpe scale land distwbance, penerates large quanhties
of carbon diomide, and requures large voluimes of water. Recent proposals to develop oil shale imvolve
converting the cil shale to hydrocarbons m the subsurface, then extracting the bvdrocarbons in the form of
gases and hqmds through production wells. The water requirensents for such fn-sinn development are of
concern in the semm-a11d reprons where oul shale ocours which 15 near the head waters of the Colorzde
Faver.

The purpose of thes report 15 to evaluate the water balance for in-situ cil shale conversion. A model that
zccounts the constuchion, operation and remediation phases of fr-sire ol chale development has been
constructed. The model 15 based on an svstems dyvnamies approach and uses the Powersim Studio 5T
software packape. The construchon phaze prmanly accounts for water needed for dnlling and water
produced dunng dewatening. The operation phase includes the produchon of water from the retorting
process. Dhmng the remediztion phase water will be required to remove heat and solutes from the
subsurface as well as retumn the ground surface fo 1fs patwral state. In thas report, we provide backsround
informztion on oil shale, explain the concepfual basis for the -z retorting model, descnbe the key
components of the systeme dvnamics model, compare results from the model wath 2 pilot fisld test, and
provide preliminary results from application of the model to a hypothetical full-scale in-situ retoring
operation.
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2.,  Description of Qil Shale and Retorting

[hnng the Eocene epock {34-36 My BF), the arez around the junchon of Wyoming, Colorzde, and Utah
was covered by shallow lakes. Seasconal algae depeston m these lakes bmlt up thick beds of crzamicrich
siltstones and carbonate rocks (Roehler 1993). Subsidence mn the basin resulted 1n acoummulztion of
lakebed deposits up to 300 m thick and transformation of the orgame matter into a Tvpe-1 kerogen.

(1l 1= formed when the orgame matter in source rocks 15 buned to great depth, raising the temperature,
causmng the kerogen to brezkdown mnto hydrocarbons gradually over mullions of vears. Bacause the cl
shale in Wwomnng, Titah, and Colorado has not been subjected to these elevated temperatures, the kerogen
remains 1o the rock. However, if the rock 15 arifically beated if can result mn the comversion of kerogen to
gasecus and haquid hydrocarbons that can be extracted from the subsurface. As the ol 15 distilled from the
rock by heat, i1t can be exfracted in a gaseous form and converted to hgwd petroleum products by
condensation. The process of thermochemucal decompeosition of organic matter 1n the absence of oxygen
15 called pyrolvsis. The organic matter 15 broken down b dming off less complex (shorter cham) orgamic
malecules. Light, kvdrogen-rich products are drven off, leaving behind a carbon-nch char. Pyrolwsis of
ol shale 15 often performeed at temperatmes between about 33 and 300 °C. These temperatures are lugh
enough for the corversion to ocour on time scales of interest. vet low encugh to avold unnecessary
cracking of the hydrocarbon melecules (whick would reduce o1l vislds) and caleimng of the carbonates m
the rocks. Pyroly=is 15 an endothermic reaction, 1.2, if consumes heat to diive the reachon.

Earher cul shale extraction technology focused on mmming ol shale, and retorting the shale in surface
facilities. These facilifies allowed pood confrol of the retorhing paramseters, but penerated large quantities
of waste products. Much of the Green Rrver formation lies at depths too deep to economuically nune.
Fecent developments 1o oil shale extraction are focusing on in situ retorting. The costs of nunng are
avoided, larpe sinface waste piles are not created. and much more of the resource 15 available for
extraction. because in sifu retorfing can be camed out m nmck deepar deposits.

I_.. Tegh reabir predfon i bebiks

EECTION VIEW

A B
Figure 1. Two concepts of in situ oil shale retorting. A. Traditional in situ il shale retert where the
retort is first fractured, then oxygen is imtroduced into the formation to induce burning. Heat from the
fire pyrolyses the oil shale driving off gaseous and ligquid hydrocarbons. B. 5hell process where heat is
applied to the unfractured retort but combustion is not induced.

Harvesting the zones of carbon-rich kerogen from between the heterogeneonus assemblage of rock lavers,
mztrx poresity and larger vugs making up the oil shale 15 the target of fe-situ retort processes that have
been proposed by Chevron, Shell, EGL, and Exxonhobal. As enginally proposed, Chevron process
mvolves zdding air to the retort and 1pnifing the cil shale Heat from bwming the ol shale spreads through
the retort, pyvrolvzing the swrounding shale and generating bvdrocarbons. The Shell, EGL and
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ExonMohl processe= provide an exdermal source of beat to the refort over a penod of several vears, and
do not mdoce combustion. The gradual heating wall allow chermeal pyroly=s to take place, comrerting the
orgamc matter info petroleum-hke hiqmds and gasses that can be brought to land suwrface and obsequently
refined.

3. Conceptual Model for In-Situ Oil Shale Retorting
{hitp-"www oo blm sovermaWEFD (hl shale him) was vsed to develop a mode] of an fn-sfin shale cal
retort. A= designed by the produchon compame=, the rock masses will be heated to tenyperatmes
approaching 400 °C (Figore 1). To date, the target depth range 1= 300 to 1000 m below land sinface.
Eaismg the temperature fo 400 *C will result in relatnely low viscomity haud= and oph pressme gasses

ShellmiiEELandemﬁmmhmmﬂuﬂm of ther proposed m situ retort=. The Shell reteort 15 planned
to be 46 m by 46 m 1n area amd to extract cal from the enfive fhickness of the Green Brver formation,
which is about 330 m thick The EGL retort is planned to cover an area of $000 m” and to extract from a
thickness of 100 m Both retorts will have a volume of about 7x10° m’

4. Systems Dynamics Model

The water usage model 1= based on three phases of In the cverall development of the resouree:
constrochon operabon, and remediation. In each of these development stages, water w=age 15 very
mrmlnimtnlmﬁng. Ihm'ngﬂmupﬂatinn[ﬂn_.e mwﬂlheyﬂmdhﬂum-niraﬂa
remediztion phase water will largely be used to flush the reservor to remsove beat and potential
contanunants. In addibon water will hkely be wsed to re-estabhish natme plant growth at the surface.
These miterachng processes are simmlated using a systenys dynannes meodel that sohves first-order
differential equabons m fime to smlate the evohihon of a system.

The mxodel 1= constructed wsimg the Powersom Studio™ (version .01}, bowever, the enerey and mass
balance modules m the Operations phase were first sirmlated 1n the Stella computer code then fransferrad
to PowerSmmn. Both sy=tem dynammc software packages conmist of foor key objects: levels (stocks), flows,
ambames (comverters), and hinks {(commectors) where the object names m parentheses used m Stella.

: -

+ Levels (Stocks) —a reservorr that holds mass or heat.

s Flows —desenbe mass transfer betoveen levels (stocks), or betoreen the system and the
surrcundmg encIronnent.

+ Awmhary (Comverters) —provide the parameters and equations nsed to caleulate the flows or fo
e inf :

+ Links {Connector=) —how the flowr of mfrmation through the systermn What converters control
what flow= and how flows depend on the values of levels (stocks]).
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Uszsing the=s four objects, a model of an fn-site retort was balt.

4.1 Construction Phase

The three kev usesproduction of water dunng the construchon phaze are for dnling, reservonr
dewatennyg and dust control. The modules uzed to desenbe water copsumption ' producton during these
activities are provided in the following sechons.
4.1.1 Well Drilling

There are four tvpes of wells that must be drlled fo 1mplement the ol shale development: 1) freezs
well=, 2 heater wells 3} production'dewatening wells, and 4) and momtonng wells. To determuane water
uzage we first caleulate the mumaber of requred wells, then the time to complete the drilling, and fimally
the amount of water requared for the activity.

4.1.1.9 MNumber of wealls calculations

The number of wells 15 caleulated from the input desired retort dimersions, and well spacing. Freeze
well: are a fanrly zimple caleulanion of the caleulated penmeter draded by the sum of the desired freezer
well spacing and the freere well diameter. Figure XError! Reference source not found. illnstrates the
hnking of the pecassary variables to the caleulation, Thas figure also uses the buffer rone distance to
caleulate the heater area, width and length. These values are used to caleulate the mimber of heater walls
(Figure 3) which 15 the products of the truncated value of 4*(heated area length)*(heated area
width)/(heater well diameater + {2)"**heater well spacing). The number of monitoring wells is set to a

heal=r ares
W

YOLUME &F
SME

FREEZR WELL FREEZE WELL
SPATING O

Figure 2. Calculation of the number of freeze wells, heated area width, length and area based on the
inputted width and length of the site.
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HEATER WELL
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HEATER WELL

D
| 200 wels |
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monkoring wels
RATIC OF required
MCHTORING
WELLS
REGUIRED

Figure 3. Caleulation of the number of beater wells that are needed based on heated arez calenlztions.

4.1.1.2 Time to complete weall drilling calcwlations

Indridual well dnlling time 15 determined from the total depth of the retort below land swrface divided by
the estimated well drilling speed (Fizure 4). In this case. the well dnlling speed of § feet par howr
caloulated from the Shell’s plan of operation statement that it required 2 months to complate 157 wells
with twro nigs. At this fime all wells are considered equal to the depth of the =ite. but the program was
designed to easzily change that assumphon. It 15 also assumed that all wells have the same dnlhing speed
regardless of use or the specific dnlling ng used.

The zequence and timing of the drilling 15 calculated in a sequential fazhion with the assumed crder of
that the freeze walls are first followed by the production’dewatering wellz, heater walls, and finallv the
ground water monitoring wells. Vanables used to caleulate the total dnlling time (Fizure 53 are the
number of dnlhng rigs and the tume it takes to dnll each well. All ngs are azsumed to be working on the
same set of wells at anv time.
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WELL
CRILLING
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Figure 4. Caleulation of the time 1t takes to complete each of the requred wells.

--_\_\__““‘" ::: = e
4 o _.-"'?:q:-'-_\\'ll .-\,.u-l-:.l-l =
o/ ) 7
.-_____-

Fieure 5. Calculaton of the time 1t takes to complete all of the required wells.
4.1.1.3 Water usage calcwlation

Mowr that the mumber of wealls needed and the fime spent on aach wall 1z calculated, the amount of
water required to construet these walls and the rate of water use can ba determmned. Dinlhng water use rate
15 caleulated from the “dnll lube and remencal water requirensent™ (which can be thought a= the velume of
dnlling flmd: peeded to fill the hole as the but advances) multiplied by the dnlling spead. plus the rmd
and seepage loss all mmltplied by the recyele efficiency (Figure 8). In our casa, the “dnll lube and
remorval water requirement” 1= assumed to be 10 zallons per foot of dnll advancement, nmd loss and
seepage loss. In our caze, the wmd loss makes up the greatest portion of the water use (about 5 times the
amnount of the zeepage and dnll kit advance combinad).
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| D07 Mharrsle |

Drilling Water

DRILL LUBE AMD
REMOAAL
WATER
REQUIREMENT

MILD Drvilling Loss

SEEPAGE LOSS
Fipore 6. Caleolation of dnlbmg water rate.
4.1.2 Reservoir Dewatering

Il Hecycle

Poor to heating of the ol shale water contamed m the pore space of the o1l shale refort vohome wall
be removed by pumping. The vohme of water to be removed 15 caloulated from the volume of ol shale
withm the freeze wall and the effectne porosity of the ol shale. A logic vanable “dewater start™ 15 used to
15 a fimrtion of the user defined pumping rate for each well multphed by the mowmber of water production
wells. At fhus fime. the pumping rate 15 set a5 a constant but conld be modified at a later date to be 2 more
reahstic function The amonnt of water to be punped from the reteat 1= deternuned from the effective

A4 v hJ |
- ! e ‘.7“___-— - _-:
R e T e Dewater volums
A o Dzwatér rate - _—
Fume =tz - 4
- ' T
| e =
I.--{_N::I H II' _.-" SHMEH L H HlEC]
' production_dew
L - d ! aler well drill
NUMEER OF py e
FRODUCTOMN_D o F B
EWATERING r - -
WELL REQUIRED ¢ #arer avaiable T
frerm eatar area L

for watar well
axlraclian

E*f Parasy

Fipare 7. Caleulation of water extrachon rate.
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4.1.3 Dust Mitigation

Dhist pmtigation 15 assumed to be a constant rate of water use based on delivery of cne 10,000 zallon
truck deliverad to the site each dav (equrvalent to 3 gpm). To determmine the total amount of water dunng
drlling, the dust sutization rate 15 added to the dnll water use rate for the fime requred to drll the wells.
Total water usage dunng constructon was 0,16 Moamrels for thas example. Main water uses were for dust
nutizgation and drll. Dhest motigation resulted m 0.09 Mbarrels of water required. Dmlling water
requiremeants were shight less at (.07 Mbarrels.

, o)

Water Reguiremant For Dust MEkgatke) #
Sust mEkgation rate

WATERING RATE

Tatal Well Diilling
Water g

Figure 8. Caleulaton of dust mitigation rate.

4.2 Operation Phase

The second phase of o1l shale development 15 the operation of the retoat. A simple model 15 used to
caleulate the temperature increase m the retort. In-sifu retort heaters are often desipned m terms of their
power outpart 1n kilowatts (kW) Therefore we will input heat into the retort and caleulate the temperature
of the retort. The temperahre will be used to update the heat capacaity, phase change and reaction kinetics.
The operation mode] will be composzed of 3 components; a temperature pressure model to update
properties, a heat model, a rock model, a water mode] and an o1l kerozen model. The energy and mass
balance modules in the were first simmalated m the Stella computer code then transfarred to PowerSim.

4.2.1 Temperature / Pressure model

The retort 15 assumed to start off m equilibrivm with the natwral geothermazl gradient and the natwal
bydrostatic pressure head. Using the geothermal sradient of 34 °C k™ (Blackett 2004) and an
overburden thickness of 330 m and a retort zone thickness of 230 m mives 2 median retort initial
temperatme of about 25 °C. Hydrostatic head caloulated for the same depth ps 3000 kPa.

The relation between temperature and heat 15 important for the retorting operation. There 15 3 causal loop
relation between temperature and heat through the specific heat of the components of the retoit. The
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specific heat 15 a fonchon of temperature, and the relation between termperature and heat depends on the
specific heat. The relation betoreen heat and tempeature for a system 15 grven by

Zm} €7 |1=r'_

L0

(. = total heat in the system (T}
oy = massof component 1 (kg)
% = specific heat of component i (T k' K™
T = temperature of system (K}
v. = heat associated with any phase changes (Tkg™)
Equation 1 can be solved for T, and used to calculate temperature from the fotal heat and the masses of

i

e T

TEvy rew b::f
Figure 9. 5tella routine to pass
temperature between time
steps.

Fow lergnt

components mn the retoat. Thus, heat 15 the independont vanable  and temperature 1= the dependent
arable.

The properties of water and steam a= a fimchon of temperature amd
pres=ure hane been exten-mely stodied and very comprehensive. and
comphcated. equations defimmg the properiies of water as a fimctiom of
these two state vanables have been developed (Haar, Gallagher, and
E=ell 1984}, For our parposes, simple relatons were deterrmmed by
fithng equatons to data usmg a non-lmear, least squares fittmg
program. The equations are prven m the text, and plots are shown that
illestrate the fit of the equations to the data.

The component”s specific heat m the naodel are fimetions of
temperature. Therefore, a feadback loop 1= mehuded 1n the neodel (zee
Fizure ¥) that saves the cunrent retort femperature. and allows it to be
wsed in the nend tme step to caleulate the specific heats for the next
e step. Temperature vamable specific heat 15 mcluded m the modal
for water, steam rock. and keropen . Temperatre-dependent specfic
beat of vaporization of water s also included. Pyrolysis is
endothermme, and some heat wall be consmmeed n the reachon. Thi=
consumphon of heat for pyvroly=ss 15 not mchaded m the naodel.

4.21.1 Specific aat of water and steam

The specific heat of water 1= relatively constant from 0 to about 300 °C (Figure 10). Above that
temperature. 1t nses sharply reachimg a peak at the cnfical peamt. In the= nende] . the equation for specific
heat 15 extrapolated fo as lngh m temperature a5 needed . This 15 not an maportant 15=ue for water as water
has all bmled off to steam long before the entical pont 15 reached . The equation used for the specific heat

of water 15:

4163.773 - 0.02363-T"

1. 71383210° T

where temperatore 15 1 °C.

(]

Final Report —October 2008-September 2012 111 Colorado School of Mines



L5 =
b |'
2 |'
e 110°
&5 .-'?
E M e s— T M
=
g
o
"o 100 2 300 400
Temperatme ()

Fgure 10. Spedfic heat of water as a function of temperature below the critical point.

The specific heat of steam mereases pradually a5 a fimction of temperature. Data from the NIST
cherm=iry web book were fit to a polynonal-

s, 183127 04761587 13317210 *.T* 16206x10°.T° (k)]

Thos equation 15 contmous through the crfyeal point of water, and o 15 used for all temperatores.
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Fgure 11. Specific heat of steam as a function of temperature.

The heat of vaponzation of water 1= also a fimehion of temmperature (Figure 1), The heat of vaponzation 1=
not contimuouws through the enfical poant, as the heat of vaponzation looses meammyg above the enfical
should not be a problem A linear equation (dashed brown bme) was fit to the heat of vaponzation data
below a temperature of 200 °C to prevent negative values of heat of vapenzaton. The polynommal nsed 15
grven by

v.=25:10° 26498.T @
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Figure 12. Heat of vaporization of water as a function of ternperature.

4.2.1.2 Specific eat of rocks and Kerogen

Data on the specific heat for 2 wide range of rodks and mmerals was analyzed by Waples and Waples
(2004). These authors found that the specific heat data as a fimethon of temperatore (°C) were fit well by
nomahzmg the data to the specific heat at 200 °C. The pobmonmal used to fit the reduced data 15 plotted
m Figure 13 and 15 given by:

5. 0716 1.720-10* T 213-10¢%.T* 1895..10™.T° (3}
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Fgure 13. Reduced specific heat referenced to 200 2C as a function of temperature.
specific heat at 200 °C for the kerogen is 1965 Tkg™' E' and for the shale 35 1113 Tkg™" K (Waples and
Waples 2004).

4.2.2 Heat model
The primary ohjectne of this exercise 15 to quantify the energy balamee for an il shale retort. We
therefore need a mode] for the flow of enerey info the retort, between the different components within the
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retort, losses of energy to the smrounding epvironment, and finzlly, the amount of energy extracted from
the retort. This balance will dive the ecoponuces of the retorting process. Heat or energy 1= the proper
variable to use mn the retorting model, not temperzhure. Temperature 15 2o mntensive state vanzhle that wall
depand on the heat in the system but 1= not a conserved component. The ralahon betnreen temperature
and heat 15 mven by equation L

The primary object of the beat model 1= 2 stock 1dentfied as retort heat (Fimure 14). This stock contams
all the heat that 1= present m the reservorr. This heat 15 distibuted among a number of different phazas
within the reservoir, but the sum total of beat 15 recorded 1 this one stock. The units for the stock retort
heat are joules (7).

The 1mtal condition for the ameount of heat m this stock depend= on the ambient temperature 1o the
resarvodr, the mass of other components mn the reservoir, and the heat capacity of those components. For
mitial conditions, an ambient temperature was determined using the geothermal mzdient of 34 °C km'
(Blackett 2004). From the Shell EIS, the overburden i= about 330 m thick, and the retort zone 15 about 330
m thick . The median depth of the retoat 15 then zbout 300 m Surface temperature 15 set at 3 °C. Thus grves
a retort 1mhal temperature of about 25 °C. Using Equation 1, an imitial temperahare of 23 °C, the maszes of
other components 1o the refort, and the specific beat of those components at 25 °C, the imfizl retort heat 15
caleulated by the model.

(Ch £

Mass of m:#mﬂ'fﬁm@] Hmr.t.terrptrlture

e,

¢ W

- Fecovered heat
Specific heat of
recowened matenal

[ E |
@%:{}%‘tn‘t hez\=§=gmmnment
VR | B |

BEatemal heating Conduction
Figure 14. Heat model.

Twro other stocks are included 1n the heat model, a stock for heat lost to the esvironmeent (1.6, the
formation cutzide the retort), and a stock for heat recovered at the swfzce mn produced products (steam,
o1l, and gas). These stocks sum the heat removed from the retort, and are mmanizllv 0 1.

There are three flows associated wath retort beat: external heating. conduction to the environment. and
heat extrzctad to the swface. As enerpy flows, the umts are T day™ . External heating represents the enerzy
zdded to the retort to raize the temperature to induce pyvrolyas of the kerogen, This 15 assumed to be a
constant fiux boundary condiion. Two parameters are used to desenbe this heating; a heating rate 1n J
day”, and a duration in davs of total beating. The duration 1= used m a STEP function to turn off heating
after the heating duration has elapsed. From the EGL EIS and the Shell EIS. heating durafions on the
order of several vears are indicated. EGL provides a beating rate m thewr EIS of 2.1x10" Btu w'
(6.1x10"" T day™"). Heats of retcrting are also given by EGL and by Rajeshwar et al (1979) that zive the
amount of heat required to retort 1 kg of oil shale. These nurbers range from 4.4x10° Tkg' to 1.7x10° ]
kg ng on the srade of the oil zhale myvalved. (iven some estimates of the mass of kerogen m the
retort (~2x10° kg, discussed below), and the heat of retorting, the totzl amount of heat needed to compleate
the retort can be estimated to be between 4x10'* and 1.6x10'° J. For heating rates on the order of 6x10"' J
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day'. the heating duration ranges from 1.8 to about 7 years. These calculations gihve us a range of heating
rates and dwrationes to serve as a starting pomt for defimng the ensrey input to the retort, and are penerally
consistent with estimates proided by the enersy compames.

Heat added to the retort wall be lost by therma] conduction to the somoundme coumtry rock. Thermal
conduchon 15 desemibed by Foumer's lawe of heat conduction-

AT
L _‘“:'E (6)

v

heat transfer (7 day™)
area across which heat is conducted (m’)
thermal conductivity (T m™' day” E™)

temperature difference (K}

Ax = distance betwreen refort and enviromment (o)

The thermal conductivity of Green River oil shale ranges from 6x10° to 16x10° Tm day' “E*
(Bajeshwar et al. lﬂm-mmdhm@mhMﬂﬂhmmdh
retort 15 calculated to be 60,000 m”. From the Shell EIS, which gives a distance of 75 m from the retort
edge to the freere wall, a distance to the emaromment 15 set at 73 m The temperature difference 15
caleulated from the difference between the retort temperature, and the temmperature of the emaromment 25
L. Thas 1= therefore a constant temperature boumdary condibion. Onee the retort 15 up to temperature., the
conductive heat loss will be on the onder of 1x10" T day”'. We will assume that heat conduction is in
steady state at all tomes. Thas 15 a large sypmphification as there wall be a sgmficant temperature transient
dorng heating. For thi= model. we assume 2 near temperature drop between the refort and the
emronment 1= mandained at all tmes and that the distance o the comstant temperature boundary
condibons does not change

-r
A w=
o

Onre retort operations start, steam. oal, and gas will be prodoced from the refot. As these components are
removed from the reservorr, they will carry a certam amoumt of beat with them. The amoumt of heat
component, the sperific heat of the component. and any heat consumeed by phase changes. Equation 1 1=
used to calculate the heat extracted fiom the retort by remoimg steans. o1l and gas. For steam am extra
term 1= added that accounts for the heat of vaponzaton of the stearm Mo heat of reachion or vaporization
15 inchided for cal or pas. For caleulaton of the heat extrachon. the mass of extracted components 15
obtamed from other caleulafions n the model How these masses are caleulated 15 discnssed later. The
equation used to calmlaie the flow of beat to the swface 15

O-M €T-v, +M s T-M_s5 T M
where:
Q = heat flow to the sorface (T day ™)
= mass of steam extracted (kg day™)
M= mass of oil extracted (kg day™)
M, = massofgasextracted (kg day')
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5. = specific heat of steam (Tkg' K
s = specific heatof oil (JTks' K

5., = specific heatof gas (Tkg' K

v, = heat of vaponzation of steam (T kg')
T = temperature of retort (K)

The heat extracted from the retort can be used on the surface in plant operations. However, no credit in
the model 15 tzken for thi= recovery of enerzyv. Operztions that do recover some of the heat from the retort
would increase the overzll efficiency of the operation.

4.2.3 Rock model

The rock model consists of tero objects. Thers 15 a single stock that represents the muneral prains of the
reen Erver shale formation. The second object 1= used to caleulate the kerogen mass associated with the
retort rock mass. We assume no peochemical reactions with regard to the maneral prains at the
temperatmes achieved by m situ retorting, o there are no changes in the rock model. The purpose of the
rock model 15 to mehide the mass of iInorganic solids mnto the caloulation of the amount of beat needead to
bring the reservoir to the desired temperature for prrolvsiz. The mass of rock 15 calculated from the
volume of the retoat and the bulk density of Green Frver shale The retert volume 15 caleulated to ba
6.37x10° m'. At a bulk density of 2500 kg o, there is a total rock mass of 1.59x10" kg. There are no
flowes to or from thas stock.

A zacond component of the rock model 15 to calculate the mass of kerogen m the retort. Thiz mass= 15 then
paszed as an iwtial condion to the o1l model. The kerogen model takes as imput the made of the o1l zhale
mn gzal ton™, because this is the number most often used to describe bow rich the formation is. The srade is
deteromned from a Fischer assav of the cal shale For thiz modsl, we azsume the Fischer assay extracts all
of the kerogen from a sample. The laboratory vield in gal ton™ is converted to m’ kg, then multiplied by
the cul density. This grves ke of o1l generated. Mot all kerogen 1= convertad to cal, some remains as char
and some 15 lost to gases. From the stoichiometry of the pyrolyzis reaction (Campbell at al. 198070, wa
estimate that §%.5% of the kerogen 15 converted. Therefore, the kg of o1l 1= drnded by 0.655 to convert the
oil to total kerogen. For an oil shale with a grade of 25 zal ton”, the prade is 1. 04x10" m' kg, Assuming
an oil specific gravity of 35 *APT (850 ke m™"), the kerogen content of the rock is 0.127 kg kerogen per
kg of 0il shale. This 15 a typical number from the published Iiterature. For the total rock mass in the retort,
the total kerogen i calculated to be 2.0x10" kg, The expected cil yield from pyrolysis is caleulated to be
1.4x10° kg or 1x10° barrels. The kerogen model takes as input the grade mn zal ton”, and caleulates the kg
of kerogen associated with the kg of 01l shale 1n the retort. This 15 passed to the ol model as an mmtal
condition.

4.2.4 Water model

The water model i the o1l shale retort model 15 very nmportant for the enersy balance caleulahons. Water
has very lugh specific beat, and the heat of vaponzation of water to steam 15 also very high Therefore. the
hezting and vaponzaton of water in the retost wall plav 2 very mmportant rele 1n heating of the retort. The
water model consists of three stocks, one for water, a second for steam. and third for steam produced to
the surface (Figure 13). These water and steam stocks are connected by a two directionazl flow
represenfing boiling and condensation. Mass trapsfer through this flow will depend on the temmperature
and pressure of the rezervoir. Conpected to the steam stock 15 a flow from the retort to the swface that
represents steam extraction. We aszume no pumping of water from the retort to draw-down water in the
svstem prier to heating. Because thiz activity would precede heating. it could be incorporated b changing
the 11zl conditions 1n the water stock.
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Figure 15. Water model used in Stella.

The steam stock 15 mitially set to 0 ke The water stock
15 imitialized assmming the oil shale is water satorated.
The imitial mass of water in the stock is calculated form
the volume of the retort (6 37x1” m"), the porosity of
the retort (0.057), and the density of water (1000

kg m ). The initial water mass caleulated in this way is
3.61x10" kg The flow that represent= boiling and
condensation of water 1= based on the pres=ore and
temperature at which water boils or steam condenses m
and pressure of the retort. A very simplhified model of

the thermal properties of water and steam 15 meluded m the model. We assume that the system 1=
constramed to the water - steam equlibrium curve. Retort pressure 15 equal to the satwrated steam - water
hydrostatic pressure, water begins to boil. When cooling, when the pressure drops below hvdrostatic
pressure, water bepms to condensa.

Hydrostatic pressure 15 calmlated from the mos=s of water above the retort. and 1= grven by

regh=1000 ke ™ * 9.8 m sec™ * 300 m = 3000 kPa

where

p = density of water (kg m')

g = acceleration of gravity (msec™)
b = depth of retort (m)

The equation for steam pressure (P, ) m the retort m kPa as a fonchon of temperatore (°C) 15 grven by-

P

s

Vapor presaune (kPa)

0534487 +0.72-T |
e B YT e

Temperatwe (L)

Fgure 16. Vapor pressure of steam as a function of temperature used in retort moded.
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We ean al=o solve thas equation to calenlate the boaling termperature (T, "C) of the reservomr from the

700766 1400823 h @
I" — L .
¢ 1-0.06127 -;k{P) 1o

T emmpengure (C)

Vaper Pressare (kFa)

Fegure 17. Function and curve to calculate boiling temperature from the hydrostatic confining pressure
on the reseroir.

In the model, heat 15 added to the water rasing the temperature. When the temperature of the refort

The logc of the caloalation noest allow for flow m both dovechons, that 15 both boalmg and condensation
The equaton used for the flow 1=

I {confine temp = retort_tenip)) then

H‘ . {'r _'T:- .:H:"'Ir {113}
vx
alse
HH —_ {'r ‘T:- ..‘HH 5'I'
IFI'
(11b)

When the retort temperatore esther exceads the boiling temperature or drops below the boahing
temperature, there 15 2 termperatore difference that has to be comected. Multiphing thes temperature
difference by the specific heat of the phase and the mas= of phaze define~ ﬂl!nuﬂ]u’ufjnllﬁmeﬂtu

bring the temperature back into equlibriom . Dividing by the umber of joules kg™’ conmmmed or liberated
by the phase tranfermation reaction, grves the mass of phase transfor needed to bong the temperature
back mto eqmlhibrium Note that T—T. changes sign prving postince and negative flows through thas flow
object.
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The final component of the water model 15 a flow from the steam stock to the sorface that represents
extraction of steam firom the retort. Flow to the sorface 15 assumed to be a finction of the amoomt of steany
with a constant fiachion of the remaming steam removed per vt tme. Thys prves the mass of steam
extracted to the surface (ML, weed in equation 7.

4.2.5 Kerogen ! Ol model

Pyrohysis ocowrs i the absence of oxyeen, so that the crgamc matter 1= broken down mto less complex
{shorter chan) crgame molernles. Light byvdropen-nich products are daven off. leavmg bebmd a carbon-
nch char. Formation of o1l occurs at temperatures betereen about 400 and 500 *C. Eerogen. with an matal
C/H mole ratio of about 0067 undergoes three pyrolysis meachons (Campbell ef al. 19530; Huss and
Bumbham 1987
1} Primary pyrolysis occms between 350 and 5300 °C, o1l 15 doven off penevating a residual char with
a UH mato in the range of 1 to 1.6;
2} Secondary char pyrolysis ocomrs between 500 and 630 °C, hvdrogen pas and methane gas are
drmven off, the resadual char has a CH ratio betoeen 1.6 and 4.3,
3} above 650 °C, bydrogen gas, ammoma and bydmogen sulfide are domven off, leaving the char wath
hittle hydrogen

mmch simphfied) reachon for pyrobysis (Huss and Bournham 1982):

C,H, O s — 0.014 COL(E) + 0.015 Hy(g) + 0.012 C,H, () + 0.018 H,O
+0.72 CyH, 7 (oal) + 0.228 C Ho 3 (char) (12}

Temperatures durmg in-situ reterting will be constramed fo dess than 500 *C, umless combushon 1=
mduced mn the retort by mfrodocme air. In wnihng ths somphified reacton, we assumee all O m carboocoyl
groups formr: carbon dieende. and that ydrogen 15 combined in bydrocarbon products with a2 OH mbho of
about 0.5 representmg paraffins, clefins, and naphthenes. Thes indicates that about 20%% of the mtal
carbon wall end up 1n char. Comvertmg the reactants and products m FEquahon 12 back to weight=. we get
that for each ke of kevozen pyrohzed | the vield wall be 0043 kg of COu(g), 0.6935 kg of liqmd
hydrocarbons, 0.037 kg of hydrocarbon gases, and 0202 kg of char. The mass of lvdrocarbons, or the
lengile of the hydrocarbon chains, wall ranpe from methane to rmch more conplex molerules. This range
of molecules wall result i 3 wide range of boahing pomnts for the reaction prodocts. As result. there wall be
a mix of volatile and haqund hyvdrocarbons, and the mux wall vary as the retort temperature vanes relative to

1980; Braun and Bunham 1986; Bar et al. 1986; Skala et al. 1994}, Expenmental condrfyons have mamby
covered the very high heating rates and atmosphenc pressme conditions of surface retorts. Eerogen 1s a
TEnmmﬁlhmnfﬂnmeEmﬂhmdmmlnﬁmmdﬁehdmgm Therefore, a
smgle. or even a senes, of kinetic reachons can not readily desenbe the kinetics of keroren pyroly=s.
hlo=t thermwopravimetne anahyses of ol shale response to heating, however, indicate that kerogen
breakdonm ocours mn a single peak arcomd 400 °C (Figure 18). An addiional reaction ocomrs at 2
ﬂmﬂmulm:mjmwsamghpukamﬁuufmﬂnshntmadmlem
component models of keroren pyrobyas.
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Rgure 18. Thermal mmaﬂﬁfﬁmlﬂﬂmﬂ gravimetric curves for a Green River oil shale
specimen [Earmest 19%82).

For systems that are too complex to be charactenzed m a fondamental way, 1f 15 common to desenbe the
reaction mn terns of 2 hmped pseudo species (Bumham and Braun 1999). A first order homped parameter
lonehie model was fit to kerogen decomposihon by Campbell et al. (1978) and 15 adopted for this model.
It 15 a single reaction model that descnbes the overall reaction of keropen to ol Combimmg this lonetic
maodel with the stoichiometric model mn equation 12, provides a means to model the refort. For 2 single
fir<t order pyrolysic reachon taking place under a constant heating yate (d1/dt =C.), the rate of product
evolotion 15 grven by (Bomham and Braun 1999

dd -4 E ¢ 2RT 7ART*} | E
T T | 2= - ' : a 3
ar - ¢ PR, E | _CE, “"l‘ . ()

A

1

Activation energy (7 mol™")
Preexponential frequency factor (day ™)
Mass of kerogen (kg)

Gas constant (7 mol” “E-)
Temperature (K}

Constant heating rate (K day ™)

time (day)

Temperature and tinoe are related by the heatmy rate so that the change 1= mass with respect to
temperature can also be related to the change in mass with respect to tme.

T nHAREE M
|

SE
B Ry

dMd
dt

(14
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Several studhes have been conducted to measure the activation energy and frequency factor for ol shale
pyrolvsis. These have been conducted at both constant temperature increase and at constant temperatire,
Results of a few of these studies are summanzed in Table 1.

Table 1. Comipilation of kinetic rate parameters for oil shales.

Source Rock Fl‘eqH:H.‘}' Factor Actrvation epergy

(day™) (7 mol ™)
Spamizh* 1.8x10" 150
Anvil Points* 7 3x10™ 247
Clear Creek* 2 4x10M 254
Israel” 8.0nc10™ 118
Amvil Points* 2 610 230

a Tomente and Galan (2001)
b. Bar et al (1938)

c. Camphell ef al. (1978)

The temperahme of maxinmm parolysis vield for kevogen falls within 2 narrow rangze of about 420 to

440 °C (Huss and Bumham 1982; Clayton et al. 1992). but only for kagh heating rates; on the crder of
2880 K dav' (2 °C min'"). At lower heating rates, the conversion of kerogen ocows at lower temperatures
iFigure 19%. At the lower heating rates expected for an in-situ retort. the comrersion should oceur at lower
temperatures. Figure 19 showes that kerogen conversion can be expected to happen relatively quckly once
temperatures reach the viemty of 400 °C.
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Figure 19. Mass reaction rate of kerogen as a function of retort temperature at different heating
rates. Highest rates are representative of surface retorts. Lowest rate is more representative of in situ
heating rates.

surface retorting tzkes place at atmeosphenc pressures, so little work has been done on the effacts of
pressure on kerogen conversion. Bumham and Singleton (1983} mveshgated pyrolyas of Green Faver ol
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shale at pressures to 2. 74 MPa (Figure 1), The expermments were kanehic expeninsents camed out at
constant beatmye rate. They found a small decrease m o1l vield with mereasimge pressure for the same
heating rate. There are mfficient data fo parametenze a pressure effect on pyroby=is of ml shale, so
pressure was not mehided 1n the Stella mode]

oy
=" .
- * '
‘_:—f 501, . - e
i
18- PT':!JE“*':: " rﬂ[‘; i_l:1|-':_l___|_1
_\_?;D-—\__ I Iﬂﬁﬁ ]I-ﬂ} H:g‘lﬂ_:__,-l"-“

Figure 2. Effect of heating rate and pressure on oil yield [Burmham and Singleton 1983).
The lanetic model used o smlate kevogen pyrohysis 15 grven by

I_E

AM =M, A exp ——=| At (15)
'uR' A

The o1l myodel calmlates the mass of kerogen pyrohzed m a tiee step nsing equation 13, then uses the

mass fractioms of products calculated from equation 12 to distribute mass to the product stocks (Figure

21).
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Figure Y. Model used to calculate the pyrolysis of kerogen to products in the retort. Caloulation of
flows is illustrated for OO, The other flows are calculated in the same fashion.

The mtial kerogen content 15 caleolated from the cal shale grade in the rock model. The other stocks are
setto 0 as an muhial condibion.
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4.2.6 Converters and Accumulators

Thers are a pumber of acoumulators that keen track of the tofal masses of components extracted at the
land swface. The amount of energy recovered 1n joules 15 caleulated from the mass of 01l and zas
extracted at the swrface. The Carbon Trast mives an energy content of oal of 12,751 kKW br ton”'. This
converts to 2 comversion factor of 4.86x10° Tks™ for hqwd hydrocarbons. For hyvdrocarbon zas, the energy
content is 11 kW hr ™ according to the Carbon Trust. Because we generate kg of zas, the volumetric
energy content must be converted to a mass based enerzy content. We assume that the zas 15 methane
with 2 mass of 10 g mol™ and use the ideal gas law to convert a volume of gas to kg of gas. The energy
content of the gas hydrocarbons is caleulated to be 9.7x10" Tk

The model al=o acoummlates carbon diomde at the swface so that the peneration of greechouse gases from
m sifu retorfing can be evaluated.

The model was run using 2 1-day time step for a period of 4.000 days. The Eunge-Eutta 4 integration
method wasz used. A tme step of 3 days gave results that differed by 0.2% from the 1-dav time step. A
time step of 0.5 days gave the same results a= the 1-day time step. One day was selected for modeling
ms.

4.2.7 Base Case Results

The model was simulated using the parameters dizoussed above. The grade of the o1l shale was set at 23
zal ton”. As heat is added to the retort, the pressure and temperature increase until the vapor pressure of
steam exceads the confiming hvdrastatic pressure. Ths oceurs at a temperature of 232 °C at 860 dayvs
iFizure 22}, The temperature profile flattens wihale boaling occurs as beat added to the retort 15 consumed
by botlinz. The pressure increases dunng boiling, and so the boiling temperature mereaszes shighthy and 1=
not constant as it would be for atmesphenc conditions.
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Figure 22, Increase in temperature and pressure with heating of the retort.

The rate of keropen pyrolvsis reaches a critieal point at about 1100 days (Fimure 237 and kerogen 1=
rapidly converted to products. This rate of conversion 15 based on very small scale laboratory
expenments. and mav not be realistie for application to retort scale simmlzton. Measurements of the
frequency factor and achvahon energy for the kerogen pyrohrsis reaction showr 2 nide ranpe of vales
iTzble 1}, so there may be some wncertamty o ths trensformation rate. The Izboratory rates predict
complete conversion of the kerogen m about 200 davs. Gas volatles 1o the model are extracted rapidly
znd have been recovered at the swface by 1350 days.
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Figure 23. Distribution of kerogen and kerogen pyrolysis products as a function of time.

Mot of the heat added to the retort goes to heating up the rock matrix (Fizure 24). Water and kerogen
alzo heat up. At day 360, boiing of the water releazas all the energy contained in water and transfars the
energy to steam. Thers 15 more energy m the steam than in the water because the steam contains the heat
of vaponzation. About day 1100, the heat in kerogen 1= released as kerogen 1= pvrolyzed to gas and hamd
bydrocarbons. As zoon as the retort temperature nses above ambient, conduchon to the surounding
emvironment serves as a beat loss. When beating stops on dav 1 300, heat in the retoit begins to decline by
conduction to the emvironment.
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Figure 24, Distribution of energy [heat) in the retort during the first 1500 days.
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The sirmilation indicates that the fn-sitn retorting produces mmach meore energy than consumed to dove the
pyrolysis reaction (Figure 25). A total of 9 4x10" joules of energy are needed to bring the retort up to 400
g o ThemerwmnmmedmdmmlandgbnﬂdlmﬁﬂmdnmmnmﬁmTixlﬂ' joules, or
zbout & fimes the energy expended. Chl recovered from the retort (Figure 26) are 1 0x 10 barrels. Based
on the mitial estimate of 25 zal ton-' as the grade of oil shale, the predicted recovery is 1.05x10° barels.
To recover 1 pullion barrels of @l, $700 tomnes of carbon dioxide are generated. This ol recovery 13
probably optinistie. There are onky about 7400 barrels of o1l left m the vetort. It 15 unlikely that the ol
would dram from the pores zo completelv. The factor of & energy recovery factor 1= probably optinm=tic
by a factor of 2. This would suggest that something like 300,000 bamrel: of ol could be recovered from
thi= refort.

i)
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Figure 25. Energy expended and energy recovered from the retort (joules).
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Fgure 26. Barmels of oil and kg of C0O2 recovered from the retort.
428 Sensitivity studies
Eﬁlud:mgﬂrpannﬂns i the mendel that have the most umcertamiy leads to identficabon of the
followmy parameters:
a  The rate of keropen comrersion
*  Imtal water comtent
¢+ Heat conducton out of the retort

A mide range of kinetic parameters are reporied m the hitevatore. If the rate of comersion 15 nooch slower
tham predicted . then the heatm e time may ot be sufficent to comeert all of the kerogen to cml. The longer
cannot be vaned mdependently. Therefore. valnes for the two Amil Pomts samples shown m Table 1
were simmlated The base case was the Amal Pomt valoes from Camphell et al {1978). I turms oot that
the mamber of bamrels recovered 15 Dot very sereine to the reachion kmefics over a wide range of vahies.
A= can be seen from Figore 23, the pyroby=is reaction 1= very rapd. Slowmg the reachion to some extent
delays the comveraon a hifle bat, ot does not prevent comrersion. Only when extreme valoes are vsed for

3
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the kinetic parameters does the reachion rate slow to the poant that comversion 1= not complete. Therefore,
kipefic factors are not hikely to be an important consideration for in situ retorting.

The imitial water content can increase the heat capaaty of the retort, diverting beat from the ra1sing the
temperahme, and mmpacting the conversion of kerogen. The water content of the retort was doubled. Thas
mav have the effect of including water bound to muinerals, which wall be dnven off the mmnerzls when
boiling cccurs, and so does need to be included 1o the water mods]l. When this simulation 15 run, the peak
retort temperature drops, and the amount of keat bound up 1n steam increases. However, the temperature
drops only to 367 *C from about 400 °C. The pyrolvsis reachon 1= still fast encugh to comvert all the
kerogen to o1l znd the il vield 15 relatively unaffacted.

The final sinmlation evaluates heat conduction cut of the retort. Thernmal conductiaty for ol shale
reported by Rejeshwar et al. (1979 range from &x10* to 1.5x10° Tm™ day”' *E'. The base case uses the
lower number; the upper number wuﬂd allow more baat to be lost to the sumounding rocks. When 2
thermal conductivity of 1.6x10° T m™' day”' "K' is used. the retort takes longer to heat up. The retort still
hits 3 maxmen temeperature of 393 °C, which is sufficient to drive ptmhﬂ:m but 1t doesn't reach this
temperahms untl day 1492, Pyrolysis ocowrs about dav 1180 versus day 1100 under the baze caze This 1=
not sigmeficant. Thl generation does ocour somewhat later, but there 15 generally complete comersion of
the kerogen.

4.2.9 Operation summary

The above znaly=is 1= necessary to determune the approsimate length of time needed to operate the
retort and remsove the gas and ol products. Cheer this time, a small amount of water 1= produced via the
kerogen conversion dumng heating (Equation 12). Most of the produced water 15 from the conversion of
water epfizpped 1n the 1solated pores (and residuzl water in effective pores) as steam. A =mall amount of
water consumption would be necessary duning daly operations. Water used for cocling of swrface
equipment 15 not meluded 1n these caleulzhons. The operation time 15 alse wsed fo establizh the bepmning
of the sife remsediation stage.

4.3 Remediation Phase

Omee the operation stage 15 completed. the site must be remediated. A= part of thiz remedizthon effort, the
retort zone may be fushed with water fo remove excess heat and mobils contaminants. A calculafion was
performed fo examine the number of pore volumes of water injected info 2o expired retort to evaluate the
cooling rate due to the heat extraction of the injected water. Input water was assumed to be 23°C and the
svstems was assumed to be 2 well mixed reactor. The final porosity was assumed to be 10% and therefore
a pore volums 15 equlvent to 10% of the tofal volume. Dhinng the first few imjected pore volumes heat 1=
removed from the reservomr via heating of the water to itz boiling point. vaponzation of the water, and
heating the steam to the retort temperature. Within 3 pore volumes, the temperature drops from 3307 fo
100", Below this temperature, the rate of coching sigmficantly decreases because the only heat removal
mechanizm 1= the senzible heating of the water injected water. At this time. ezch pore volume of 1yected
water will decrease the retort temperature spproxmataly 57 to 10°C {depending on the mutial retort
temperahme} and ambient temperature 15 achieved 1n less than 10 pore volumes, Although these
caloulafions do not take mnto account actual ransport or pressure changes within the retort, 1t does provide
encurch information to suggest that the flushing to reduce contapmnant concentrations will determime the
number of pore volumes that need fo be flusked through the system.

pJ1
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Figure 27. Retort cooling as a function of injected pore volumes,

Modeling resulis for Shell's Oil Shale Test Project (Shell, 2006} suggest that a 20 pore volumse flush wall
be necessary for reduce confammmants down to an acceptzble level In thew symmlations they thought thas
would be achievable in 2 vears of flushing. We used a simlar approach for the remediation phase in the
svstemn dynamic model. Sinece flushing of contaminants takes more pore volumes than the coolng of the
retort, we wall asswme that 20 pore velumes 1= the volume of water that needs to be handled We will also
assune that the water will be treated at the surface and reused dunng subsequent flushes.

Figure 28 illustrates the system dyvnamie moedule for the remediation svstem The total remediation water
required 1= a funchon of the total poresity, retort volume and the required rmumber of pore volimes needad
to be flushed through the svsters The total poresity 15 a user defined value typrcally higher than the imtal
effective porosity, due to the removal of kerogen dunng the retort process. The actuzl water needed 15
less than the totzl remediation water required due to recyeling of the water. The first pore vohuma 12
needed to refill the retort volume with water. After that mmutial filling, water will be recveled from the
myection wells to the production wells and amy water losses will be accounted for mn the recvele water
percentage. At this time the recvele water percent 15 et as a constant, and would account for water loss
through the freeze wall, and makeup water needed for the water treatment on the surface.

The time peceszary to complete the remediation 15 determined by the imjection rate and the total
amount of water requred. We used a one dimersional form of Darey’'s Law to deseribe the mpechon rate.
The area was deterrumed from retort length paramaters. The bvdraulie conduetivity was from the imtal
site information that can be mltiphed by a factor to account for any increzses in the hydraulic
conductrvity due to the retorting process. The prassure gradient 15 cwrenthy based on the hithostatie
pressure {via the overburden depth) and 1/10"™ the width of the site. These values are used to calculate the
time to pump 20 pore volumes of water and to develop the water requirensent values as a fimction of tume.
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Figure 28, Eemediation of the retort through subsurface flushing,

5. Comparison to Shell Patent Example

Shell conducted 3 small scale fleld sxpenment and presented some of the results in their patent
application (Vinegar et al., 20100, The objective of their test was to substantiate laboratory experimental
razults, however, there 15 encugh information to test portions the systemn dynamie model. The fiald
expenment consisted of an unconfined hexagonzl seven spot pattern drlled at & foot spacing (Figure 293,
Six heater wells (mangles) were diilled to 2 depth of 40 meters and contained 1 7-meter beater elements.
A zingles producer well (hexazon) was placed af the center to caphure hiquds and zases. Four monitonng
well: (pentagons) were mstalled along wath a 6 dewatening wells (sguares) suwrrounding the heaters. There
15 oo freeze wall system in thas field test. There are 17 total wells in the confimuration.
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Figure 29. Shell field expermment lavout. A) plan wview, B) cross section [no scale] (modified from
Vinegar et al. 2010)

Char curvent svstemn dynamme model assumes a rectangular retort area. Therefore assuming there 15 some
overlzp in the heating well arez, the effective radius of the Shell retort zone would be approcamately 4
meters in radms. A sguare with an equrvalent area would have sides of approscimately 3.5 meters, with a
heater well spacing of approsamately 1.25 meters (azsuming a § spot pattern) (Figare 307,

S LA
f 2\
[ 1

O N
|
LA
N J.

3148 mt approximately 3.5 m?
Figure 20, Equrvalent lavout for the svstem dyvnamme model

The heater wells were powered for 216 davs and the temperature wathin the retort reached approcamately
480 degrees (Figure 31}. The momtoring walls were spaced approvamately 1 to 1.5 meters from the heatar
wells and assunung 1adial conduction from the beater well, it 15 likely that the heater wells were mmich
hotter. (il and gases were collected in the production wells with the first initiation of production at 80 to
90 days (Fizure 327, At this time, the measwred temperature at the monrtonne well was approsamately
260°C (a temperzhure with hittle kerogen conversion) suggesting that the area near the heater well was

I
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Figure 31. Temperatire verses time plot of the masinmnm temmperature 1o the intenior momtonng wells.

rezponsible for the production of product. Char svstem dynanue model zssumes unifonn heating of the
retort and thus we expect a delay 1n product production. The mamimum production rate was at
approcamztely day 130 whach comresponds to 2 monitoring well retort temperature of approsamately

360°C (Figure 33).

Water production was also momtored duning the ftest (Figure 343, For the simulzhon, we assume all
water production 15 from the production well and not from the dewatenng well=. Fizwe 34 and Figure 35
thiztrate the production of water 25 a fimetion of MW -brs and the retort temperature, respectrialy.
Azsumang that the apphed power 1= constant dunng the test, we can relate water producton to
temperahme. Water 15 produced prior to 100°C measured at the momitoring wells hikely dus to radial beat
transport from the heater well=. Water reaches an imtial loeal masomuwm then drops only to inerease to a
fairly constant recovery rate of appromimately 1.5 bamrels por dav. After the heaters are tumed off, the
rate of water recovery moreases possibly due to adjustments to the dewatenng wells.

g
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Figure 22. Temperature verses time plot for the retort simmalation,
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The cumulative water extracted as a finchon of the momtoning well temperature (Fizure 357 was
calrulated by dipthizmg Figure 32 and Figure 34 to capture the dynammes of the water extrachon rate vs
mput energy and the monitoring well temperature as a function of tme. We assumed that the apphed
power to the beaters was constant (calculated to be 83 kW) to change energy info time. Next we
calmulated the cumulative water extracted from the water exbraction rate and time values. Fmally, we
mterpolated the temperatire and curmilative water extract on a dadly time step for plothng purposes.
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Figzure 35 illustrates that the water extracted 15 mostly a linear function of temperature up to
approxmately 400°C { 0.43T-19, R* 0.97) then nises sharply as the temperature reaches S00°C. The total
data better matches an exponential fit (13.2e0.0065T, B 0.93).

DChinng the beating stage, 300 bamrels of water were extracted. Ilass balance caleulafions suggest that
all water = hkelv derived from the refort area and not from the swrounding o1l shale. The approsimate
volume of the retort 15 apprommately 362 cubie meters (2. 4°2%3 14%*20). Assunung 10 percent total
poroaty this could produce approxmately 220 barrels of water. Addinonal water would come from
morgame hydrates (ez. nacolite), zcid-base reactions of ron compounds (eg. ron carbonates), organic
oxveen (hkely a manor amount], and equbbrzted water (arater shaft reaction zbove 330°C) {Colwrn et al,
1989, Thew data suggests that the bulk of the water 15 released between 1307 and 450°C and that 1t 15
from these chemical reactions for Colorado shales.

Water 15 being produced at the production well prior to 100°C (the assumed bothng point of water) at
the momtonng wells. Simnce the production well 1= further displaced from the heater well than the
momtonng wells, 1t 15 hikely that the production well 1= also less than 100°C. Therefore the extracted
water 1= likely =]l mn the liqud phase and 15 being transported to the production well v1a pressre
gradients from steam generation near the heating wells.
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Fizure 35, Cummlative water exiracted verses temperature of an mtenor monitoring well,

In companszon, the caleculated water extracted predicted by the svstem dynamme model (Figure 36),
suzgests 2 different shape of the curmmilztrve production of water n an oul shale retort. In thas case, oo
water 1= produced untl after 100°C, then a rapid production followed by 2 leveling off by 300°C. The
rapid production after 100°C 1= due bolling of the water at this hvdrostatic pressure 1= slighthy above
100°C. Sinee zll the retoat volume 15 assumed be beated to the same tempershure. amy enerzy Input into
the sy=tem will continue to tun water inte stezm untl 211 the hqwd water 1= evaporated. The temperature

30
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will then confinue to nise heating the chale and steam in the svstem. The curvature of the graph in Figure
36 1z dependent on the rate of vapor extrzction from the retort fo the surface.

kg
40,0004

30,0004

20,0004

10,0004

a f ; f

Fizure 36. Cunmlative water exiracted verses temperature for test case,

Although the shape of the tero water extraction curves (Figure 25 and Fizumre 38) are not the same the
overzll mass of water 15 nearly 1dentical. The svstem dynamme model appears to under pradict the
mifiation of water production and then over predict the water production between 100° and 400°C. Ths 15
believed to be dus to the well muixed asswmphon m the svstem dynanue meodel 25 compared to transient
radial heat conduction m field test. The total amount of water extracted appears to be sipular n both the
mdel and the field test suggesting that the processes being measured (heating the water 1n the shale pores
to stearm) 1= correct. The overall amount of extracted water 15 small as compared to the water nesded for
site preparztion znd énlling and therefore the inaceuracy of the rate of production 1n not 2 major concerm

€. Application to Large-Scale Hypothetical /n-5itu Oil Shale Retort

A large-scale hypothetical 1 sii 01l shale retort was simmlated with the Powersim systemn dynarme
mdel in the Ficeance Basin. The site location was southwest of the Shell demonstration sites #1 and #3
(zee Figure 27) and was asmumed to have an aeral dimension of 2000 by 3000 feet. At this locaton was
Imuted subsurface information from well C0213 that was assessable 1o the GIS data base (see Table 2.
Bazed on this information 1t was assumed that o4l shale from the A Groove through the L0 umit would be
retorted (398 feat to 1476 feef). The total volume of the retort 15 360 mllion culbie meters.

il
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Figure 37. Location map from the &I5 data base for the simmalated retot.
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Tzhls 2. Subsurface infoomation froms the IS5 data base.

Hydraulic ilGPT

Thickness Conducti  (Average) Waterln
Layer Average Porosity  wity K Based on MatrixGP Oil valume
Marne ft Vol [cf) n % (ftf/day) C0D213 T gal
UpperGra 398 3520000000 10 12 na na
A Groowve 12 114000000 10 1z 6.2 113 44104320
FMahogan 119 1020000000 1 0.01 25.4 375 1711756800
B Groowe 24 216000000 10 12 5.7 1 TEE26EE0
RE& 118 1070000000 1 0.01 199 338 1328683200
LS a1 F37000000 10 0e 117 5.4 S3B0EESGE0
RS 131 1540000000 15 0.4 28.9 ) 2957510400
L 64 LO3000000 20 2 21.8 7.1 g0a6aeaTae0
R4 70 G3E000000 15 0.4 333 4.75 13215857120
L3 a7 323000000 g 0.4 113 4.5 270060960
R3 75 SE0000000 1 0.01 24.5 4.23 1035534000
L2 25 249000000 5 0.2 15.3 4.8 237FALIE0O
R2 a0 T2 2000000 1 0.01 26.9 6.35 1211920320
L1 31 281000000 3 0.2 5.4 10.54 G685 760
Rl 111 100000000 0.5 0.01 19.4 5.13 1210560000
La 47 A2E000000 3 0.2 L5 T.78 145860000
RO 144 1300000000 0.5 0.01 na na

The construction mode] paranseters are fairly sammlar to that desenbed in the previous section with the
exception that the retort site 15 mwch larger. Freezer well spacing 15 set at 12 fest. the buffer zone 1=
assumed to be 7.6 feat. 10 dnll 1ngs are to be working at amy one time, drlling speed 15 B foet per hour
(~173 hours per well). A fotal of 2628 wells are needed (893 fieeze wells, 5 momtonng wells, 100
procuction wells, and 1641 heating wells). Time to dill thess wells will fake approximately 5 vears.

Water copsumption dunng dnlling 1= fairky small at a total volume of 0,16 Mbarrels (Figure 38). An
additional .19 Mbarrel: would be needed for dust control (assumung one 10,000 zallon truck per shaft).
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Figure 38. Water consumphon for drilling operations.
The volume of dewatening of the retort volume 1= based on the retort volune multiplied by the
effective poresity. For this scenano, we caleulated the effechve porosity based on the data from the GIS.
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Figure 39 illostrates the porostty as a function of depth and an average effective porosity of 6.7 percent.
The model caleulates a dewatenng vohume of 106 Mbarrels (Figure 403, We assume that dewatenng
begins as zoon as the freeze wall wells have been complated. This value may overestimate the produced
water as it assumes that all water 1n contzined n the pore space can be extracted by dewatenng via
pumping.
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Figure 39, (Ol shale prade. porosity. hydraulic conduetivity and produced water as fimchion of depth and
weighted averape values for the Piceance Basin bvpothetical simmlation.
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Fimwe 40. Water production for dewatering operations.

Additional water 15 produced (and conswmed) during the operation phase of the retort. Dhuning the
operztion phase 2 constant mput of energy of 1300 MWatts are uzad over a penod of 4 vears. Ths wall
bnng the average temperature of the retort to 330 C. Although we have assume a constant energy input,
the temperature ramping rate does have 2 small rate change 2t 111.4 C (Figure 42) due to the evaporation
of residual water 1in the retort volume The residual volume 1= caleulated as the tofz] porosity mams the

effective porosity nmltphed by the retort volume.
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Fimuwe 41. Fetort temperature as 2 funehon of tiume.,
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Figzure 42, Steam az howd barrels of water 2= a fimction of retort temperature.,

The remediation phaze has the largest water consumption of zll the phases. DThinng remediztion the
pore space 1o the retort volume will first have to refilled. We assumed that retort porosity 1= the fotal
porosity (due to the removal of kerogen). For this example, the approsamately 1.6 Moamels of water are
needed to mitally All this pore space. As indicated 1o Figure 27 the first 3 pore volumes will produce
stearn and will have to be re-condensated at the swrface prior to remyection. We have also assumed a 13%
lozz of each imected volume and that 20 pore volumes wall be needed  Totzl fime of remediation 15
approximately 4 vears at an overall imection rate of 72 thousand gallons per munute. Figure 43 illustrates
the water consumption as a funchon of remedizhon time.
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Fizure 43, Femediation water requured for filling and flushing the retort volonss,

The three models 1un independently from one another and therefore water production/consumphion of
the three phazes must be sequentially added. Figure 26 illustrates the cumsulztive water consumphion for
all phases of the hypothetical retort. Positive slopes represent water production whils negatrve slopes
represent water consumption. As ssen m Fizure 44, zlthoush some water 15 consumed during dnlling and
dust control, water 15 penerally produced 1 the first kalf of 3 retort operation dus to dewatenng of the

i
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retort volume and steam production of residual water during heating, whereas water 1= consumed in the
finzl remedizhon phasze.
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Fimuwe 44. Cunmlative water extracted verses temperature from hvpotheteal simlation.

Cheerall. approsamately 300 Mbarrels of water 15 consumed (Joss) for thas Inpothetical retort.
However, the retort 1= caleulated to produce 341 Mbarrels of cal. The ratio of water to o1l 1= 1.47 and 121
the range of what the mndustry has claimed as the expected water use rate.

Data uzed to create Figure 44 can be easily exported to a comma delineated text file and impeortad mio
the (715 dzta basze for subsequent analy=1s of the retcrt on the basin water,

7. Summary

A systemn dyparme model was constructon to evaluate the water balance for im-zitw o1l shale conversion.
The modsl 15 based on a svstems dynamues approach and uses the Powersim Studio 5™ software
package. Three phazes of an 1nsitu retoat were consider; a constuction phase primarily aceounts for water
needed for dnlling and water produced dunng dewatening, an operation phase includes the production of
water from the retorting process, and 2 remediztion phase water to remsove heat and solutes from the
subsurface as well as retumn the ground surface to its patwal state. Throughout these three phaszes, the
water 1= consumed and produced. Consumption 15 account for through the dnll process, dust control.
returming the ground water to it mitial level and make up water losses dunng the remedial flushing of the
retort zone. Production of water 15 through the dewatening of the retort zone, and dunny chemieal
pyrolyvsis reachon of the keropen conversion. The major water consumphion was during the remedizhion
of the ins1tu retorting zone.

In this report, we provide background informaton on cul shale. explamn the conceptual basis for the in-sit
retorting meodel. describe the kew components of the systems dynamies model, compare results from the

mdel with a milet field test, and provide prelimmary results from zpplication of the model to a
hypothetical full-scale in-sim retorbing operation.

7
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