April 11, 1994

Ronald D. Powell, MR 3D-C

KINGSTON FOSSIL PLANT - LEACHATE CONTAINMENT ANALYSIS FOR ﬂRY
ASH STACK

We understand that Gilbert/Commonwealth has submitted a proposal to you to prepare the
solid waste disposal permit package associated with a dry ash disposal area at Kingston Fossil
Plant (KIF). One component of the permit package involves a leachate containment analysis
using the HELP code. Since we have recently performed a leachate analysis for a proposed
FGD waste area at KIF for Technology Advancements (Attachment 1), we may be able to
provide a similar analysis for the dry ash area at a competitive price.

The analysis will follow that described in Attachment 1, and will include a complete water
budget analysis for alternative surface cap and bottom-liner/collection-system designs. Daily
meteorological data for the HELP simulations will be obtained from historical records for a
first-order weather station in Oak Ridge. The physical and hydraulic properties of the ash
will be based on previous data for KIF fly ash reported in Attachment 2 unless there is
reason to expect there might be significant differences between the two ashes (i.e, different
coal sources or burn processes). Our analysis will also account for the changes in dry stack
area and thickness that will occur over the operational life of the stack.

The leachate containment analysis and a report describing the methods and results will be
completed within one month of our receiving complete design specifications for the dry ash
stack. The direct cost for analysis will be $5,000. If you have questions regarding the
proposed workscope or budget, please contact Steve Young (632-1893).

OQMK;LVW

J. Mark Boggs
Hydraulic Engineering
Engineering Laboratory
LAB 1A-N

JMB:CP

Attachments

cc: Vahid Alavian, LAB 1A-N
Steve Young, LAB 1A-N
Files, LAB 1A-N
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EXECUTIVE SUMMARY

The HELP2 model was used to compare the alternatives for dry stacking Flue-Gas
Desulfurization (FGD) by-product at the Kingston Fossil Plant over a 20-year period. Annual
water budget components were predicted for the following FGD dry stack designs: (a) no bottom
liner and no closure cap; (b) no bottom liner with a closure cap; (c) a bottom liner and no
closure cap; and, (d) a bottom liner with a closure cap. The 20-year meteorological data set was
created based on 20 years of temperature and rainfall data from a National Oceanographic and
Atmospheric Administration station located approximately 15 miles from the Kingston Fossil
Plant. A maximum stack height of 70 feet and a stacking rate of 14 feet/year for the dry stack
were used in the simulations. Hydraulic properties of the FGD by-product were determined
from laboratory tests on FGD samples from the Shawnee Fossil Plant. The FGD by-product had
a hydraulic conductivity of 1.7 x 10 cm/s. The hydraulic conductivity for the closure cap and
the bottom liner was 1 x 107 and 1 x 10 cm/s, respectively. Simulation of the closure cap
began in the sixth year.

For the four dry stack designs, the average leachate rate varied between 4.9 and
9.8 inches/year. With no closure cap, the average annual leachate was 9.8 and 8.9 inches/year
for no soil liner and with a soil liner, respectively. With a closure cap, the leachate was 5.6 and
4.9 inches/year for no soil liner and with a soil liner, respectively. The stack design feature
most effective in minimizing leachate was the clay cap, which acts to reduce leachate generation
by approximately 50 percent whether or not a clay liner was present. Since the analysis shows
that the bottom liner provides little additional leachate reduction when a surface cap is present,
it may be feasible to obtain a variance on the bottom liner requirement from the state. For
example, bottom liner variances have recently been granted for new dry ash and gypsum disposal
facilities at Shawnee and Cumberland based on similar leachate containment engineering
analyses. The cost savings associated with such a variance can be expected to be substantial,
considering that bottom liner costs generally range from $1.7 million to $2.0 million for a 3-ft
liner covering a 50-acre area.
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FGD BY-PRODUCT LEACHATE CONTAINMENT STUDIES FOR THE
KINGSTON FOSSIL PLANT

1.0 INTRODUCTION

1.1 Background

Based on successful pilot plant studies of Flue-Gas Desulfurization (FGD) at the Shawnee
Fossil Plant, a full-scale FGD system is being considered for the Kingston Fossil Plant. An
FGD system includes spraying the flue gas from coal combustion with a fine mist of calcium
hydroxide solution to remove sulfur dioxide. The FGD system proposed for the Kingston Fossil
Plant includes adding chlorine to the calcium hydroxide mist to enhance the removal of
atmospheric sulfur. A by-product of the FGD process is a mixture of calcium/sulfur precipitate
and coal ash that requires land disposal.

During the last several years, TVA has been dry-stacking coal-combustion wastes at
several of its fossil plants. One advantage of dry-stacking compared to sluicing by-products into
ponds is less leachate production. The generation and management of leachate are important
environmental concerns to both TVA and regulatory agencies. With regard to permit
“applications for solid waste disposal facilities, the state of Tennessee recommends using the
HELP?2 code (Schroeder et al., 1988) to predict leachate amounts.

1.2 Objective and Scope of Work

This report describes the application of the HELP2 model to quantify the effect of a clay
bottom liner and a surface closure cap on the water budget of a proposed Kingston FGD dry
stack. Major tasks include: (1) assembling meteorological data for the vicinity of Kingston,
TN; (2) measuring the hydraulic and physical properties of FGD by-product from the Shawnee
Fossil Plant; and, (3) performing the HELP2 simulations. Simulations were conducted for the ‘
following stack design cases: (a) no bottom liner and no closure cap; (b) no bottom liner with
a closure cap; (c) a bottom liner with no closure cap; and, (d) a bottom liner with a closure cap. ‘

2.0 KINGSTON FOSSIL PLANT

2.1 Site Description

The Kingston Fossil Plant began operations in 1955 and has a generating capacity of
1,700 megawatts. The plant is located on a peninsula formed by the Clinch and Emory Rivers
at Clinch River Mile 2.6. Topography ranges from approximately 920 ft MSL to approximately
740 ft MSL at the shores of the peninsula. The plant is in the Valley and Ridge physiographic
province of the Appalachian Highlands. This region is characterized by parallel ridges and
valleys striking northeast-southwest. Bensiger and Kellberg (1951), Milligan and Ruane (1980), |

I
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Harris and Foxx (1982) describe the site geology. Carpenter and Bohac (undated) and Velasco 1
and Bohac (1991) provide useful soil, bedrock and geophysical logs.

Overburden at the plant site ranges from 10 to 50 feet. Most of the overburden consists
of clays ranging from fat to silty with colors of dark brown, red, and light yellow. Soil cores
from drilling reveals occasional layers of silty clay chert and of sandy clay. An average
saturated hydraulic conductivity for the overburden is estimated at 2 x 10° cm/s (Velasco and
Bohac, 1991). The overburden primarily overlays limestone bedrock.

Bedrock at the site is primarily deformed, but unmetamorphosed, sedimentary rock
consisting mostly of limestones, dolomites, and shales. A large thrust fault in the vicinity of the
plant has placed older bedrock from the southeast on top of younger rocks. Dips vary from
vertical to 10 but averages 45 to 40 degrees toward the southeast. The most prevalent bedrocks
are from the Conasauga and Knox Group of Ordovician and Cambrian age. The Knox Group
primarily includes the Cooper Ridge Formation. The Conasauga Group includes the
Nolichucky, Maryville, Rogersville, Rutledge, and Pumpkin Valley Formations. Across the
plant sites, lenses of pure limestone range from one inch to several feet (TVA, 1965). Over
time, some of the pure limestone zones have dissolved creating solution conduits and sinkholes.

2.2 FGD By-Product and FGD Dry Stack

The proposed FGD dry stacking area is located southeast of the Kingston Fossil Plant. |
Representative FGD by-products were taken from the Shawnee Pilot Plant and sent to Daniel B. *
Stephens & Associates for analysis. Analysis included: dry bulk density, porosity, saturated
hydraulic conductivity, moisture retention curves, particle size analysis, Q and R shear strength,
particle density, and proctor compaction (see Daniel B. Stephens & Associates, 1993).

Results from the Proctor compaction tests indicate an optimum gravimetric moisture
content of 39.5 percent and a maximum dry bulk density of 1.17 g/cm®. Most of the existing
TVA. dry stacks have been designed with the criterion of compacting coal combustion by-
products to 90 percent of their maximum density. The density of the FGD samples used for the
hydraulic testing were 1.04 g/cm3. Test results needed -for the HELP2 model are presented in
Section 4.1, %

Because of the large areal extent (> 10 acres) of the proposed Kingston dry-stack, the
infiltration of precipitation will be essentially vertical. As a result, the quasi-two-dimensional
HELP2 model is appropriate for predicting the dry stack water budget. The maximum height
of the dry stack is estimated at 70 feet and a stacking rate of 14 feet/year is assumed.
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3.0 HELP2 WATER BUDGET MODEL

3.1 Model Description and Requirements

The Hydrogeologic Evaluation of Landfill Performance (HELP) Model-Version 2 is a
quasi-two-dimensional, deterministic water budget model (Schroeder et al., 1988). The model
was developed and adapted from the U.S. Environmental Protection Agency’s (EPA) Hydrologic
Simulation Model for Estimating Percolation at Solid Waste Disposal Sites (HSSWDS) and from
the U.S. Department of Agriculture’'s Chemical Runoff and Erosion from Agricultural
Management Systems (CREAMS) Model.

. HELP2 routes infiltration through three layer types: vertical percolation, lateral
percolation, and barrier soil. In a vertical percolation layer, flow can be downward due to
gravity or upward due to evapotranspiration. Capillary forces are neglected and a downward
hydraulic gradient of unity is assumed. In a lateral percolation layer, both lateral drainage and
vertical percolation can occur. Lateral drainage can occur only if a drain plane is specified by
the user. In a barrier soil layer, which is assigned a permeability low enough to restrict vertical
flow in the layers above it, only vertical percolation can occur but the downward hydraulic
gradient can exceed unity when a saturated mound forms (see Section 3.2.5).

HELP2 does not account for lateral inflow or surface run-on. Requirements of the
model include meteorological data, soil characteristics, landfill design specifications, a leaf area !
index value, an evaporative depth, and a Soil Conservation Service (SCS) curve number for [
runoff estimates. The soil requirements include porosity, field capacity, wilting point, saturated
hydraulic conductivity, and initial moisture content. The landfill design specifications include
number, type and thickness of layers, and slope of the landfill.

3.2 Major Subroutmes in the HELP2 Model

The primary subroutmes in HELP?2 can be divided into five categories: (1) unsaturated
hydraulic conductivity, (2) potential evaporation; (3) runoff, (4) evaporation, and
(5) groundwater flow.

3.2.1 Unsaturated Hydraulic Conductivity--Porosity, field capacity, wilting point, and
saturated hydraulic conductivity are soil properties required by HELP2. Porosity is the
volumetric water content at saturation. Field capacity is the volumetric water content at 1/3 bar.
Wilting point is the volumetric water content at 15 bars. HELP2 estimates the unsaturated
hydraulic conductivity with a two-step process. In the first step, the pore-size distribution index
for the Brooks-Corey equation (Brooks and Corey, 1964) is calculated. In the second step, the
distribution index and the power function of Campbell (1974) i is used to calculate the unsaturated
hydraulic conductivity. Equations 3.2.1 through 3.2.4 are used to calculate unsaturated i
hydraulic conductivity Equation 3.2.1 estimates the residual moisture from the wilting point.
Equation 3.2.2 is a form of the Brooks- Corey equation. Equation 3.2.3 is a form of the 1
Campbell power function. :

|
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3.2.2 Potential Evaporation--Meteorological requirements include daily precipitation,
mean daily temperature, and total daily solar radiation. The meteorological data may be inputted
by the user or generated by HELP2 algorithms. The potential evaporation is calculated using
Equations 3.2.5 through 3.2.7, which are based on the Penman method used in CREAMS
(Knisel, 1980). ’

_ 128 X 4, X K, 325
@ +G) x 5.4
(21.255-5304/T%, )
4= 20 — 3.2.6
TX;
4

|
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_A-DK 3.2.7
! 58.3

where: PET = Potential evapotranspiration
A; = Slope of the saturation vapor pressure curve
H; = Net solar radiation
G = Psychometric constant, assumed to equal 0.68
TK; = Mean temperature in degrees Kelvin on day i
L = Albedo for solar radiation (assumed to remain constant at 0.23)
R; = Solar radiation on day i, Langleys

3.2.3 Runoff--HELP? uses the Soil Conservation Service (SCS) curve number method
(USDA, 1972) to calculate runoff. The method permits runoff to occur only when the rainfall
rate is greater than the infiltration rate and only when the initial demands of interception,
infiltration, and surface storage have been satisfied. The empirical SCS relationships are given
in Equations 3.2.8 and 3.2.9. The user is required to supply the value for the SCS curve

number.
g P-02x5? 3.2.8
P+08 XS
_ 1000 _ 10 3.2.9
CN
where: R = Runoff (inches) ‘
P = Rainfall (inches) ;
S = Potefitial Maximum Retention (inches)
CN = SCS curve number (-)

3.2.4 Evaporation—-In the HELP2 model, the rate of evaporation depends on the
potential evaporation, surface wetness, vegetative growth, soil moisture conditions, and the soil’s
hydraulic properties. Ponded or stored precipitation on the landfill are the first sources used to
satisfy the potential evaporation. Once the surface wetness is depleted, HELP2 evaporates water
from an evaporative depth selected by the user. Evaporation from the landfill occurs in two
stages. In Stage I, evaporation occurs at a rate equal to the potential evaporation. In Stage II,
evaporation is less than the potential evaporation and controlled by the soil’s hydraulic i
properties.

HELP?2 uses Equation 3.2.10 to determine the upper limit of the Stage I evaporation,

which is designated by U. Stage I evaporation occurs when the cumulative evaporation minus
the cumulative infiltration is less than U. When the difference between the cumulative

H

i

5 |
!

H
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evaporation and infiltration is greater than U, Stage II evaporation occurs. Stage IT evaporation
is calculated with Equation 3.2.11. ‘

U - 9 (Ol - 3) X 0.42 3.2.10
25.4

a5 X 0.5 - @ - 1) x 0.5)

ES2. = 3.2.11
! 25.4
where: U = Upper limit of Stage I evaporation (inches)
ES2; = Stage II evaporation for day i (inches)
t; = Time since Stage I evaporation ended (days)
o = Evaporation coefficient (mm/day®)

HELP? calculates o based on the empirical relations given in Table 3.2.1, which Schroeder et
al. (1988) developed from the results of Ritchie (1972).

TABLE 3.2.1

Calculation of the Evaporation Coefficient o as a Function of K1 bar

For K1 par® . «

K|y, <.05 33
05 <Ky <15 | 244 + 179X K 4y, J

K par > .15 5.1 |

*K | par = hydraulic conductivity (cm/s) at a suction of 0.1 bar

3.2.5 Groundwater Flow--HELP?2 ignores hydraulic gradients caused by capillary forces
and assumes the vertical hydraulic gradient in the water layers is unity. This assumption sets
the vertical groundwater flow to the unsaturated hydraulic conductivity value in each waste layer.
Vertical hydraulic greater than one can only occur in a layer designated as a barrier soil.
HELP? assumes that the barrier layer is saturated at all times and permits the thickness of the
saturated zone on top of the barrier soil to increase the vertical hydraulic gradient across the
barrier layer beyond unity according to Equation 3.2.12. In the barrier layer, vertical
groundwater flow equals the product of the saturated hydraulic conductivity, K, and the
vertical hydraulic gradient, dh/dl.
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@ _ (TH + T§) 3.2.12
dl s
where: dh/dl = Vertical hydraulic gradient
TH = Thickness of saturated material above the barrier soil
TS = Thickness of the barrier soil

4.0 HELP2 WATER BUDGET SIMULATIONS FOR THE FGD DRY STACK

4.1 Moadel Scenarios

4.1.1 Dry Stack Design--In order to investigate the impact of a clay liner and a closure
cap on the water budget for the proposed FGD dry stack, HELP2 was run for the four cases in
Figure 4.1.1. The thicknesses of the clay liner, clay cap, and overlying soil are 3 feet, 1 foot,
and 1 foot, respectively, as specified by the Tennessee Division of Solid Waste Management.
Implicit in the design is a 1 to 2 percent slope on the clay cap toward the sides of the dry stack
to promote runoff. Table 4.1.1 lists the hydraulic properties required by HELP2 for each soil
type shown in Figure 4.1.1. The properties for the FGD by-product are based on Daniel B.
Stephens & Associates (1993). The properties for the Kingston soils and depth to groundwater
were obtained from Velasco and Bohac (1991). The field capacity, wilting point, and porosity
for the clay cap and clay liner are those given by Schroeder et al. (1988) for a soil liner. The
values for the top soils are those given by Schroeder et al., for a soil loam. For the HELP2
simulations, the top soil and the FGD material are designated as vertical percolation layers, and
the clay cap and clay liner are designated as barrier soil layers (see Section 3.2.5).

TABLE 4.1.1

)

Material Properties Used in the HELP2 Simulations

Field Wilting | Initial Moisture Hydraulic
Soil Type Porosity. | Capacity Point Content Conductivity
(%) (cm/s)
Top Soil’ 463 232 116 232 3.7x 104
[Clay Cap 430 .366 .280 430 1.0 x 107
[FGD By-Product| 582 571 582 420 1.68 x 10°
lctay Liner 430 366 280 430 1.0 x 10°
[Kingston Soil 471 340 210 270 2.0 x 10°
*Evaporation coefficient o is 5.1 mm/day *°
N 7
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In addition to the properties in Table 4.1.1, HELP2 requires an SCS curve number and
an evaporation depth. Both laboratory and numerical simulations with fly ash from Kingston
and Colbert Fossil Plants demonstrate that the evaporation depth can approach several feet (Foust
and Young, 1993). For the simulation, a conservative value of 24 inches is used for the FGD
by-product. For the top soil, the evaporation depth equals the soil thickness of 12 inches.
Using information given by Schroeder et al. (1988), the curve number for the top soil is
calculated as 70. The curve number for the FGD by-product is set to 75 — the value calculated
from measured runoff from the Bull Run Fossil Plant fly ash dry stack (Young, 1989).

4.1.2 Meteorological Conditions--Meteorological data was compiled from a National
Oceanographic and Atmospheric Administration (NOAA) station located in Oak Ridge,
Tennessee. The NOAA station is approximately 15 miles from the Kingston Fossil Plant and
was selected because of high quality data for a continuous 20-year period. The NOAA data
includes daily rainfalls and mean daily temperatures from 1967 to 1987. Daily solar radiation
was not available and was generated using a HELP2 subroutine that incorporates several factors
including latitude and daily rainfall. Figure 4.1.2 summarizes the variability among the yearly
averages for rainfall, temperature, and solar radiation.

4.2 Model Application

The construction of the FGD dry stack consists of a 5-year build-up and a 15-year closure
interval. In any HELP? application, there is uncertainty in how best to apply the model during
the early years of a landfill. Because it assumes a constant landfill height, the HELP2 model
has no provisions for modeling a build-up period during the construction of the landfill.
Rationale for this approach is that over a landfill’s life, leachate generated during the first
several years of construction are minor. However, this assumption may not be valid for all
modeling scenarios. As part of a sensitivity analysis of HELP2 simulations for a fly ash dry
stack at Bull Run Fossil Plant, Young and Velasco (1991) showed that using a constant landfill
height has no effect on runoff or evaporation amounts, but leads to lower leachate and higher
storage amounts than if some type of build-up is considered. This result appears reasonable
because if the dry stack’s thickness is relatively thin during the first several years then rainfall
has Jess distance to travel to become leachate and there is less storage capacity in the landfill.

Field data from Velasco and Bohac (1991) indicate that the bottom of the FGD dry stack
will be approximately 10 feet above the average water table. Hence, any leachate must travel
through a zone of unsaturated overburden before mixing with the groundwater. Water budget
predictions with the unsaturated Kingston overburden indicate that this zone does not reduce
leachate production. Because inclusion of this overburden zone prevents an assessment of the
changes in the storage in the FGD dry stack, this overburden was excluded in the final HELP2
simulations. . .

In order to simulate the 5-year build-up period of the FGD dry stack, a procedure similar
to that of Young and Velasco (1991) was followed. For the first year, the initial conditions
included a 14-foot FGD layer with a possible clay liner. The initial moisture content for the
different layers are listed in Table 4.1.1. For the second year, the initial conditions included
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Figure 4.1.2.  Annual Means for Rainfall, Daily Mean Temperature, and Daily Total Solar
Radiation for the 20-Year Meteorological Data Used With the HELP2 Model
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the final water contents from the year 1 simulation for each layer and a new 14-foot FGD layer
with a 42 percent moisture content. The method used to create the initial conditions for the
third, fourth, fifth, and sixth years were similar to those for the second year.

4.3 Model Results

Figure 4.3.1 shows the HELP2 predictions based on a 5-year averaging interval.
Figures 4.3.2 and 4.3.3 show the effect of the dry stack design on the annual water budget
components. As shown in Figure 4.3.2, runoff and evapotranspiration were unaffected by the
presence of the clay liner. The closure cap had a significant effect on runoff but little effect on
evaporation. For the four dry stack designs, the average leachate rate varied between 4.9 and
9.8 inches/year (Figure 4.3.3). With no closure cap, the average annual leachate was 9.8 and
8.9 inches/year for no soil liner and with a soil liner, respectively. With a closure cap, the
leachate was 5.6 and 4.9 inches/year for no soil liner and with a soil liner, respectively. The
stack design feature most effective in minimizing leachate was the clay cap, which acted to
reduce leachate generation by approximately 50 percent relative to the uncapped scenarios for
conditions of both a soil liner and no soil liner (Figure 4.3.3).

11
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Figure 4.3.2.  Annual Water Budgets Predicted by HELP2 for Runoff and

Evapotranspiration for the Four FGD Dry Stack Designs
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Figure 4.3.3.  Annual Water Budgets Predicted by HELP2 for Storage and
Estimated Leachate for the Four FGD Dry Stack Designs
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Figure 3-5. Comparison of Methods for Calculating Saturated Hydraulic Conductivity from
Particle-Size Distribution for Non-Fly Ash Coal-Combustion By-Products
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