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1. Introduction

The objective of this document is to present a model to calculate the cost and life-cycle inventory (LCI) for the
burial of one ton of municipal solid waste (MSW) or combustion ash in a landfill. The model is designed to
calculate the cost and LCI for one ton of waste in consideration of user input and default values for each of three
types of landfills: a traditional landfill (synonymous with a conventional landfill), a bioreactor landfill, and an ash
landfill. While the term "model™ is used throughout this document, there are actually three models, one for each
type of landfill. The formats of each of the three models are similar, and areas of divergence are addressed
throughout this document.

The spreadsheet model for landfills is one element of a decision support tool (DST) for integrated solid waste
management planning, which includes models for waste generation, collection and transfer, separation (material
recovery facilities), and treatment (composting, combustion, or refuse-derived fuel production), as well as disposal
in a landfill. The integrated model is used to calculate the combination of waste management options that would
best meet user-identified objectives such as cost minimization, specified recycling fractions, or minimization of an
environmental emission or energy consumption.

The equations for calculation of cost are presented in section 2 of this document, followed by the equations for the
LCI in remaining sections 3 through 7. Within these sections, equations that appear in the landfill spreadsheet are
numbered. Intermediate calculations that are not included in the spreadsheet are not numbered. Definitions of
model parameters precede each series of related equations and include units of measure in parentheses. Although
actual values of parameters are not part of the definitions, default values appear at the end of each section. This
document also includes five appendices. Appendices A through D offer additional information on depth of liner
and leachate collection systems (A), discount factors (B), soil utilization (C), and emission factors (D). Appendix E
is an alphabetical listing of all parameters presented in this document.

1.1  Facility Construction

There is one issue regarding the landfill LCI that must be addressed up front. The LCI for the construction phase of
the landfill was not included in the landfill LCI. Originally, this system boundary was adopted for all process
models. Much later, questions arose as to whether this was the appropriate boundary for the landfill. The EREF
Landfill LCI model was used to evaluate the significance of the construction phase of a landfill to the overall
landfill LCI. This evaluation was conducted for landfills with and without energy recovery, and the results are
presented in Tables 1 and 2, respectively. When landfill gas is recovered, the effect of construction is generally
small. However, when landfill gas is not recovered for energy, the effect of construction on the landfill LCI is more
significant for some LCI parameters. To further evaluate the significance of construction, the results for the landfill
LCI (for a landfill that does not recover energy) were compared to the total LCI for a solid waste system that
includes 25% recycling and burial of the residual waste in a landfill. As presented in Table 3, the landfill
construction LCI is very small relative to the overall system LCI. The landfill construction LCI becomes slightly
more significant when the contribution of remanufacturing to the total LCI is removed. However, in no case does
landfill construction represent even 10% of the overall LCI without remanufacturing.
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Table 1: Landfill LCI: Landfill Gas is Recovered for Energya

% of Construction

Component Unit Total  Construction Operation Closure Post-Closure Landfill Gas Leachate to Total

Air Emissions

CO, fossil Ib -203.7 2.830 7.468 3.417 0.342 -218.380 0.6 -1.39
CO3 biomass Ib 503.7 0 0.000 0 0 501.940 1.8 0.00
Methane Ib 16.3 1.81E-03 0.004 1.73E-03 1.73E-04 16.253 1.24E-03 0.01
CO Ib 2.3 1.82E-02 0.047 3.35E-02 3.44E-03 2.234  2.33E-04 0.78
NOXx Ib 0.3 5.09E-02 0.106 9.05E-02 8.97E-03 0.034 1.74E-03 17.42
SOx Ib -1.2 9.32E-03  1.51E-02 1.30E-02 1.29E-03 -1.222  2.47E-03 -0.79
Total particulate Ib -0.8 8.09E-03  1.15E-02 8.04E-03 8.05E-04 -0.843  2.02E-03 -1.00
Hydrogen chloride Ib -1.72E-02 5.32E-05 3.65E-05 4.72E-05 4.69E-06 -1.74E-02  7.33E-05 -0.31
Hydrogen sulfide Ib 2.20E-03 7.09E-06 1.63E-05 7.15E-06 7.16E-07 2.17E-03  4.51E-07 0.32
Water Emissions

BOD Ib 4.45E-02 3.47E-04  8.34E-04 3.64E-04 3.65E-05 -8.28E-04  4.37E-02 0.78
COoD Ib 0.166 2.81E-03  7.05E-03 2.99E-03 3.00E-04 -6.98E-03 0.1599158 1.69
TSS Ib 3.83E-03 1.55E-03 3.83E-03 1.65E-03 1.65E-04 -3.77E-03  4.07E-04 40.38
NH3 Ib 2.13E-02 5.00E-05 1.23E-04 5.26E-05 5.27E-06 -1.97E-04  2.12E-02 0.23
POy Ib 5.28E-04 8.55E-07 1.26E-09 8.32E-07 8.23E-08 -8.81E-11  5.26E-04 0.16
Water Metals

Arsenic Ib 3.96E-07 0 0 0 0 0 3.96E-07 0
Barium Ib 9.28E-06 0 0 0 0 0 9.28E-06 0
Cadmium Ib 3.42E-08 0 0 0 0 0 3.42E-08 0
Chromium Ib 7.16E-07 8.14E-10  7.87E-09 3.28E-10 3.25E-11 -3.50E-09  7.11E-07 0.11
Lead Ib 7.79E-08 0 0 0 0 0 7.79E-08 0
Mercury Ib 1.37E-09 0 0 0 0 0 1.37E-09 0
Selenium Ib 3.42E-08 0 0 0 0 0 3.42E-08 0
Silver Ib 1.71E-07 0 0 0 0 0 1.71E-07 0
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®Results are for the behavior of one ton of MSW for 100 years.
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Table 2: Landfill LCI: Landfill Gas is Burned in a Flare®

% of Construction
Component Unit Total Construction Operation Closure Post-Closure Landfill Gas Leachate to Total
Air Emissions
CO, fossil Ib 14.65 2.83 7.47 3.42 0.34 0.00 0.59 19.32
CO> biomass Ib 503.72 0.00 0.00 0.00 0.00 501.96 1.76 0.00
Methane Ib 16.886 1.81E-03  3.71E-03 1.73E-03 1.73E-04 16.877 1.24E-03 0.01
Cco Ib 3.164 1.82E-02 0.047 3.35E-02 3.44E-03 3.062 2.33E-04 0.58
NOx Ib 0.421 5.09E-02 0.106 9.05E-02 8.97E-03 0.163 1.74E-03 12.09
SOx Ib  6.53E-02 9.32E-03 1.51E-02 1.30E-02 1.29E-03 2.42E-02 2.47E-03 14.27
Total particulate Ib  3.05E-02 8.09E-03  1.15E-02 8.04E-03 8.05E-04 0 2.02E-03 26.52
Hydrogen chloride Ib  2.26E-02 5.32E-05 3.65E-05 4.72E-05 4.69E-06 2.24E-02 7.33E-05 0.24
Hydrogen sulfide Ib  2.22E-03 7.09E-06 1.63E-05 7.15E-06 7.16E-07 2.19E-03 4.51E-07 0.32
Water Emissions
BOD Ib  4.53E-02 3.47E-04  8.34E-04 3.64E-04 3.65E-05 0 4.37E-02 0.77
CoD Ib 0.173074 2.81E-03  7.05E-03 2.99E-03 3.00E-04 0 0.159916 1.63
TSS Ib  7.60E-03 1.55E-03  3.83E-03 1.65E-03 1.65E-04 0 4.07E-04 20.36
NH3 Ib  2.15E-02 5.00E-05 1.23E-04 5.26E-05 5.27E-06 0 2.12E-02 0.23
POy Ib  5.28E-04 8.55E-07 1.26E-09 8.32E-07 8.23E-08 0 5.26E-04 0.16
Water Metals
Arsenic Ib  3.96E-07 0 0 0 0 0 3.96E-07 0
Barium Ib  9.28E-06 0 0 0 0 0 9.28E-06 0
Cadmium Ib  3.42E-08 0 0 0 0 0 3.42E-08 0
Chromium Ib  7.20E-07 8.14E-10  7.87E-09 3.28E-10 3.25E-11 0 7.11E-07 0.11
Lead Ib  7.79E-08 0 0 0 0 0 7.79E-08 0
Mercury Ib  1.37E-09 0 0 0 0 0 1.37E-09 0
Selenium Ib  3.42E-08 0 0 0 0 0 3.42E-08 0
Silver Ib  1.71E-07 0 0 0 0 0 1.71E-07 0
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Table 3: Significance of Landfill Construction to Total MSW System LCc1?

Landfill
Construction

Landfill as a Percentage
U.S. EPA Construction of Total System LCI

Region 5 Landfill as a Percentage (Without
LCI Parameter (Ib/year) Construction of Total System LCI  Remanufacturing)
Energy consumption (MBTU/year) 9767.42 0.130% 3.330%
Total particulate matter 2856.47 0.197% 8.842%
Nitrogen oxides 19900.82 0.329% 4.028%
Sulfur oxides 3591.58 0.044% 1.823%
Carbon monoxide 7112.40 0.042% 6.742%
Carbon dioxide biomass 0.00 0.000% 0.000%
Carbon dioxide fossil 1026106.66 1.664% 3.028%
Hydrocarbons (non CHy) 3847.40 0.866% 2.980%
Methane (CHy) 648.47 0.001% 0.001%
BOD 120.92 0.010% 0.458%
COD 972.35 0.020% 1.291%
Ammonia (water) 17.37 0.079% 0.407%
Arsenic 0.00 0.000% 0.000%
Mercury 0.00 0.000% 0.000%
Phosphate 0.37 0.029% 0.407%
Selenium 0.00 0.000% 0.000%
Chromium 0.00 0.001% 0.005%




2. Cost of Waste Disposal in Traditional, Bioreactor, and Ash Landfills

Landfill costs fall into one of four categories: (1) initial construction, (2) cell construction (also applicable to each
subsequent individual cell), (3) operations, and (4) closure as modeled in sections 2.1-2.4, respectively. The
revenue generated from landfill gas is considered in section 2.5. Initial construction costs consist of those activities
that would be completed prior to operation of the facility, which would not be repeated for each individual cell.
These costs are amortized over the facility life. Cell construction costs include all engineering design and
construction completed for each individual cell of the facility and are amortized over the life of the cell. Operation
costs include all costs incurred annually to run the facility. Closure costs include all one-time activities conducted
after all cells in the facility are completed, as well as post-closure monitoring and other long-term activities related
to site maintenance after closure. The post-closure costs are amortized over the life of the facility so that these costs
are reflected in the cost of waste disposal. Landfill gas can be used directly or to generate electricity or steam. The
associated revenues can be sold to offset some of the costs associated with building, operating, and maintaining a
landfill.

To develop the cost function for a landfill, its size is needed. However, this size is specified by the DST solution.
Thus, to use the landfill process model, the landfill size is based on user input values for the facility life and the
daily waste flow. As input by the user, these parameters are used only to provide a rough "order-of-magnitude" size
estimate for the landfill for estimation of the cost function. The actual mass of waste to be buried and the life of the
facility will depend upon the model solution. To capture the economies of scale associated with building a large
landfill, it is assumed that a facility will be built only if it receives a reasonable waste flow. For example, a landfill
would not be built for a mass flow of 25 tons/day. Since the mass flow is a model solution, the user should evaluate
whether building a landfill with the mass flow specified in the model solution is actually feasible. A plot of inlet
mass flow versus cost ($/ton) is included in the landfill process model for each landfill type. A sample plot is
shown in Figure 1.

Landfill Cost

$50.00
$45.00 -
$40.00 A
$35.00 -
$30.00 -
$25.00 A
$20.00 -
$15.00 -
$10.00
$5.00 A
$0.00

$/ton

0 500 1000 1500 2000 2500
ton / day

|—A—CURRENT COST |

Figure 1.  Landfill Cost Curve (The triangle [ A] represents the calculated cost based on current defaults.)
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This curve was developed by holding the user input parameters constant and varying the expected mass flow. If the
amount of mass that flows to a landfill is on the flat part of this curve, then the landfill is sufficiently large to realize
some economy of scale during construction. If the model solution falls on the steeply sloped section of the curve,
then it is likely that construction of a landfill for this model scenario is not economically efficient. In this case, the
user may want to evaluate other alternatives such as construction of a transfer station to ship waste to a regional
landfill. 1If the user wishes simply to input the landfill tipping fee, this may be done through the DST. However, the
default data used to estimate the landfill cost are also used in part for estimation of the landfill LCI. Based on the
current default settings, a landfill with an expected life of 20 years and a waste acceptance rate of 1,350 ton/day will
have a cost of 23.83 $/ton.

Landfills represent a unique problem relative to other solid waste unit operations. All other unit operations have a
useful life, and it is assumed that these unit operations can be replaced at the same cost and adjusted for inflation.
The same assumption with respect to replacement cost is made for landfills.

2.1 Initial Construction Costs

2.1.1 Land Acquisition Costs

This section documents the development of a cost function for required land area. A model of a typical landfill is
used to estimate land costs. The required acreage is dependent on the following factors:

o buffer zone requirements between the landfill and the site boundary;
e capacity of the landfill;
e geometry of the site, including waste depth and surface area; and

e land required for support facilities (scales, offices, gas, and leachate control). (These are assumed to be located
within the buffer zone, so no additional land requirements are calculated.)

If a landfill site is not yet chosen, then the user will not have information to specify a complex geometry. Thus, a
model is developed for a rectangular waste disposal volume with sloped sides. Figure 2 is a schematic showing
important features of the generic landfill for the purpose of estimating land requirement.

The following user input parameters and calculated parameters are required to develop the land acquisition cost
function.

¢ User Input Parameters:
e 1, Unit cost of land ($/acre)
o Dg, depth of excavation (ft)
e Dpmsw, average density of waste after burial (Ib/ydg)
e Hg, height of waste above grade (ft)
e Ly, buffer zone distance (ft)

e My, expected mass flow (ton/day)
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e Ny, expected useful life of landfill (years)

e Pcyr1, percent of total landfill volume occupied by cover (%)

e Rya, slope of the grade of the disposal volume above site grade as rise over run
® Ryp, slope of the grade of the disposal volume below site grade as rise over run

e R, length-to-width ratio

Calculated Parameters:

o A, area of land required for landfill and buffer zone (acres)
e Cy, cost function for land ($)

e Djs, depth of liner and leachate collection system (ft)

e Hp, height of waste below grade (ft)

e Ly, length of disposal volume (ft)

e V/,, available volume for the disposal site (yd3)

eV, required landfill capacity for waste (yd3)

o Wy, width of disposal volume (ft)

BUFFER ZOMNE
L »l A
dv
DISPOSAL VOLUME
de
Lb
Y

SITE GRADE *

7///

Figure 2.  MSW Landfill Geometry for Land Requirement Calculation
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The cost function for land is a function of the unit land cost and the area of the site. The disposal volume depth
below site grade is the excavation depth, adjusted for 1) the thickness of the liner, 2) the thickness of the leachate
collection system, and 3) the thickness of the protective soil placed over the liner system. These parameters are
combined to give a single liner thickness as developed in Appendix A (Depth of Liner and Leachate Collection
Systems). The resulting equation for the below-grade depth of the permitted capacity is

Hp =D — Dy (1)
The required waste capacity is determined from the waste mass, waste density, and expected useful facility life:

VW _ M wl X (2000 I%on )(365 da%ear)>< N y (2)

D msw

The available volume must accommodate both the volume of waste and the cover soil:

100+P
V. =V YT ol 3
Ve 0

Values for the length and width of the disposal volume must be indirectly determined from the available disposal
volume, the depth and height of the disposal volume, the length-to-width ratio, and the slopes of the sides above and
below grade. Because of the sloping sides, the actual length and width vary as a function of height, as follows.

Above-site grade:

L(z) = Ly -5 2
da
2
W(z) = Wy, — 52
da
Below-site grade:
2
L(z) = Ly 52
db
2
W(z) = W, —R 2
db

The available volume can then be calculated by integrating the disposal volume cross-sectional area over the height
and depth of the volume:

Ha Hb
V, = (Ldv—izj(wdv— 2 zjdz+ (Ldv—izj(wdv—iz)dz
Roa Raa Rap Rap
0 0
H2 4H3 H2 4H}
Vi, = Loy Wy, Ha == (Lgy +Wey ) + 2+ Lay W Hy __b(Ldv +de)+—2b
Roa 3R Rap db
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The length and width are related by the length-to-width ratio, as follows:

Lav =Wy xRw

Substituting in the expression for V5 and solving for W, using the quadratic formula:

H2 HZ) 4(H® H &
V, =| W2 R w(H, +Hp ) - Wy, (R +1) =2+ —2 [+ 2| 2+ —2 ||x| ¥
a [ dv LW( a b) dv( LW {Rda Rdbj 3[R§a Rgb 27ft3

2 2 2 2 \2 3 3 Q)
(RLW+1)[ Ha +Hb)+ (RLW+1)2[ Ha +Hb] +4R w(H, +H, 27xVa—4( H; +H2b}
We - da  Rab da  Rab 3{R& R
v 2RLW(Ha + Hb)
2 2 2 2\2 3 3
(Ruw +1 Ha | Hb |, (Ruw +17 Ha , Hb +4R yw(H, +Hy ) 27xV, _AHe  Hy
R R 2 * 3|R2 R?
da db da db da db
Ly = Q)

2(Ha + Hb)

The site area is the product of the total length (including the buffer zone length at each end) and the total width (also
including the buffer zone length at each end):

A =(Lgy +2Ly )x(Wy, +2Lb)x(ac%sse3ﬁ2) (6)
The cost function for land acquisition is then simply the site area multiplied by the cost per acre:

CL =¢y xA, 0]

2.1.2  Site Fencing

This section documents the development of a cost function for enclosing the site with industrial-grade security
fencing.

The entire site boundary is fenced to prevent unauthorized access during construction and operation, as required by
40 CFR 258.25. The access gate is addressed in the construction of the gatehouse (section 2.1.3). Figure 3isa
schematic showing the layout dimensions of the site fence.

The required parameters follow.

¢ User Input Parameters:
e  Cs, unit cost of industrial fencing, material and installation ($/linear ft)

e R, length-to-width ratio

¢ Calculated Parameters:
o A, area of land required for landfill and buffer zone (acres)

e Cp, cost function of site fencing ($)
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o L, total site length (ft)

o Pg, site perimeter (ft)

o W, total site width (ft)
The site fencing cost is a function of the unit cost and the total site perimeter. The total site perimeter is derived
from the calculated total site area and the length-to-width ratio for the waste disposal volume (since an equal length

buffer zone distance is applied around the disposal volume, the length-to-width ratio for the site is the same as that
of the disposal volume):

P, =2x(Ls +W,)
Ly =W, xR w
A X(43563ﬂ2 acre): Lo x W = W52 xR w

43563 ft?
W, = \/ﬂR——/) Lo = YA X (L R Ly
LW

Py = ZX(\/AS ><(43563ﬂyacre)xR'—W " - ]
Riw

Py =2x \/As X (43563ﬁ7acre)>< Riw X(l"' L J ®
R LW

The calculation for parameter Ag is provided in equation 6 (section 2.1.1).

Making all substitutions into the cost function gives the final equation:

Cr =C5 x P, )

A
\ 4
>

BUFFER ZONE

DISPOSAL VOLUME wW

\4

: FENCING

Figure3. MSW Landfill Geometry for Fencing Calculation
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2.1.3  Site Buildings and Structures

This section documents the development of a cost function for construction of structures required to support the
operation of the landfill and for a flare required for landfill gas treatment. The types of buildings and the cost per sq
ft are used to calculate the costs. Gatehouse costs are considered to include the access gate. The cost of an enclosed
flare includes the capital and maintenance cost of the flare and blower. The required parameters follow.

¢ User Input Parameters:
e (g, cost of construction of a maintenance and equipment storage building ($/ft2)
e Cjp, cost of a gatehouse/personnel support building and flare ($)
e 11, cost of a public drop-off station ($)

e My, expected mass flow (ton/day)

¢ Calculated Parameters:
o Ap, floor area of equipment storage building (ft2)

e CgTR, cost function of site buildings and structures ($)

In evaluating an appropriate size of the equipment storage structure, an approximate number of pieces of heavy
equipment per unit capacity of the site was estimated at about one piece of heavy equipment per 50 tons per day. A
parking space of 25 ft by 40 ft was assumed, so the area of the building is determined as follows:

2
A _[Lo00f7)
50 to%ay

The cost function for site buildings and structures is derived as
Csrr =(Cg XA )+Cig +Cpg (10)

Note that the cost of minor items such as signs, sidewalks, and parking areas were not considered explicitly.
However, the factors may be considered by adjusting the cost of cg, ¢1g, and ¢11.

2.14 Platform Scales

This section documents the development of a cost function for platform weigh scales required for the operation of
the landfill. The default value assumes there is no scale at an ash landfill.

The cost of the scales is a function of the number and unit costs, which will vary depending upon the sophistication
of the device. The required parameters follow.

¢ User Input Parameters:
e C1o, installed cost of industrial truck scale, capacity 50 tons ($)

e N, the number of scales required

11
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¢ Calculated Parameters:

e Cg, cost of site scales ($)

The cost function for site scales is

Cs=Ngxcp amn

2.1.5 Site Utilities Installation

This section documents the development of a cost function for installation of site utilities (including electric service,
potable water, sewer, and gas) required for operation of support buildings and equipment.

The wiring and plumbing of individual structures are covered in the cost function for buildings and structures. This
cost function addresses the required interconnection of the site structures to the utility (i.e., connection to the electric
grid, public sewer and water mains, gas lines, etc.). Due to the possibility of a remote location of a landfill site,
access to public water and sewer lines may be unavailable, so the cost function allows for the installation of a well
and septic system as an alternative. The required parameters follow.

¢ User Input Parameters:
e 13, unit cost of electrical connection to utility grid ($)
e C14, Unit cost of sanitary sewer connections and piping ($/linear ft)
e 15, UNit cost of septic system ($)
e  C1g, Unit cost of potable water connection (3$)
e 17, unit cost of potable water well installation and connection ($)
e  C1g, Unit cost of gas connection ($)
o L, total site length (ft)
e 79, logical input, = +1 if septic system is used instead of public sewer, 0 otherwise
e 7o, logical input, = +1 if on-site well water is used instead of public water, 0 otherwise

e 73, logical input, = +1 if gas is used on site, 0 otherwise

¢ Calculated Parameters:
e Cy, cost of site utilities installation ($)

In making the calculation for site utilities, the user will specify a selected option for water supply and wastewater
disposal, as well as determine if gas will be used on site. A logical parameter is used in the following cost function
equation to determine if certain costs are applicable based on the user input.

Cuy=Cy +(°14 xLg X(l_zl))+(C15 X21)+(Cle X(l_zz))Jf(Cﬂ X22)+((318 Xza) 12)

2.1.6 Site Access Roads

This section documents the development of a cost function for the construction of on-site permanent roadways and

12
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the upgrade of access roads required for heavy-truck access to the landfill site.

Permanent roads are required for the entrance to the facility, a site service road is required to access gas and
leachate control equipment, and an all-weather access road is required around the disposal volume. It is assumed
that a permanent road is built around the perimeter of the landfill. Grading of less permanent roads to permit access
to the operating face is accounted for in annual operating costs. Upgrade of public roads may be required
depending upon the site location. Costs of road construction include grading and bed preparation and asphalt
installation and surfacing. Figure 4 is a diagram showing the layout of site roads. The required parameters follow.

¢ User Input Parameters:
e  Cpo, unit cost of road construction suitable for heavy-vehicle traffic ($/linear ft)
e Cp3, unit cost of road construction for upgrade of existing roads ($/linear ft)
e Ly, distance of required off-site roads to be upgraded (mi)

e L, distance of required roads for site entrance and for access to on-site facilities (ft)

¢ Calculated Parameters:
e CR, cost function of site access roads (3$)
e Lgy, length of disposal volume (ft)

o Wy, width of disposal volume (ft)

This cost function is simply the length of a road multiplied by the cost of construction:
CR = (C22 X (Lsr + (2 X (Ldv + de ))+ 2I—b ))+ (C23 X Lor x (5280%0) (13)

The calculations for parameters Wqy and Lgy are provided in equations 4 and 5, respectively (section 2.1.1).

L
FACILITIES ACCESS ROAD b\L

v
—>

Ly

\'%

DISPOSAL VOLUME \4

R

\) L, ALL WEATHER ACCESS ROAD

SITE ENTRANCE ROAD

Figure 4.  Site Roads Layout for MSW Landfill
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2.1.7 Monitoring Wells
This section documents the development of a cost function for installation of wells to monitor groundwater.

Regulations (40 CFR 258.51) require groundwater monitoring by a sufficient number of wells to achieve the
capability for monitoring background water quality and the "relevant point of compliance" water quality. This
determination is site specific. The distance between wells around the site perimeter is the parameter used to
calculate the number of installed wells. The required parameters follow.

¢ User Input Parameters:
e Cy4, unit cost of well drilling and installation ($/linear ft of well depth)
e L, distance between monitoring wells around perimeter of disposal volume (ft)

o L, depth of typical well (ft) (For well clusters, increase the depth proportionately.)

¢ Calculated Parameters:
e Cmw, cost of monitoring wells ($)
e Ly, length of disposal volume (ft)
e Npw, humber of monitoring wells

e Wy, width of disposal volume (ft)

The cost of wells for groundwater monitoring is a function of the calculated number of wells and the unit cost. The
number of wells is determined by the perimeter of the disposal volume and the distance between wells and by using
the CEILING function that returns the next highest integer (format CEILING(N,1)):

25 (Lgy + W
Ny =CE|L|NG(M,1J (14)

w

The calculations for parameters Wy, and Lgy are provided in equations 4 and 5, respectively (section 2.1.1).
The cost function is then derived:

Cmw =Cas xNyw xLyg as)

2.1.8 Initial Landscaping (Buffer Zone)
This section documents the development of a cost function for landscaping the buffer zone.

Landscaping a portion of the buffer zone and areas around the site entrance and administration building are modeled
to occur prior to initial operations (this may be conservative if some part of the buffer zone is landscaped during the
final closure). Only the fraction of the buffer zone required to be cleared is assumed to require landscaping. Low-
level landscaping, expected to consist only of preparing and seeding bare soil with grass, is applied to the buffer
zone, while more extensive landscaping may be applied to the buildings and site entrance. These costs are input as
fixed costs, while the buffer zone landscaping is input as a per acre cost. The required parameters follow.

14
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¢ User Input Parameters:
e 5, unit cost of low-level landscaping ($/acre)
e  Cyg, cost of high-level landscaping around buildings and site entrance ($)

e f3, fraction of buffer zone to be cleared and landscaped prior to operating landfill

¢ Calculated Parameters:
o A, area of land required for landfill and buffer zone (acres)
e CjL, cost function of initial landscaping ($)
e  Lgy, length of disposal volume (ft)

o Wy, width of disposal volume (ft)

The cost function can be derived as
Ciu =Cop +(Cos x Ty x (A — Ly x Wy, x e . ))) (16)

The calculations for parameters Wy, Lgy, and Ag are provided in equations 4, 5, and 6, respectively (section 2.1.1).

2.1.9 Leachate Pump and Storage

This section documents the development of a cost function for installing leachate pumps and the associated storage
system for the entire landfill.

Federal regulations (40 CFR 258.40) require that MSW landfills be designed to maintain contaminant levels in the
uppermost aquifer within specified limits. In approved states on a site-specific basis, a state director may approve
landfill designs that have neither liners nor leachate collection systems or may approve leachate collection systems
that are not designed as stringently as specified in the federal regulations. Otherwise, the federal regulations specify
a minimum liner and leachate collection system design.

The requirements for the leachate collection system in the regulations specify that the system must be able to
maintain a maximum depth of less than 30 cm of leachate over the liner. This is assumed to be accomplished by
providing slotted polyvinyl chloride (PVC) piping runs in a sand layer above the liner. The liner is also sloped to
maximize leachate flow to the collection piping. Once collected in the piping, the leachate is assumed to be directed
to a holding tank or pond for eventual transport off site to a treatment facility. Other options are available for on-
site treatment, ranging from leachate spraying, evaporation in a lagoon, leachate recycling, or dedicated wastewater
treatment facilities. All systems have in common the basic collection system and a pump to remove the leachate and
to transfer it to either a storage tank or lagoon. At most sites, on-site wastewater processing is considered to be too
expensive and is not considered a viable treatment option. If leachate recycle is used, facilities for storage of excess
leachate would still be required. A storage tank is typically used, and since the difference in cost between a storage
tank and a lagoon is not significant, a storage tank is assumed. Because it is assumed that the leachate collection
piping is installed in stages with the liner, this section documents only the pump and storage portion of the system.

The required parameters follow.

¢ User Input Parameters:

15
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e C3y4, cost to procure and install leachate pump and associated piping and electrical ($)

e  C35, cost of leachate storage tank ($)

¢ Calculated Parameters:

e Cpc, cost function of leachate pumping and storage system ($)

The cost function is simply

Clc=Cy +Cs35 a7

2.1.10 Site Suitability Study, Planning, and Licensing

This section documents the development of a cost function for all preoperational suitability studies, planning and
licensing activities, and any other initial costs for the facility. As described below, this cost represents funds
expended prior to detailed engineering design of the facility and a particular site. Costs for similar studies
applicable only to individual cells are handled in a separate function because of differences in amortization periods.

Typically, several sites are investigated and preliminary engineering studies are conducted. Public hearings may be
conducted, and administrative costs are incurred in the site characterization and selection process. Once a site is
selected, more detailed studies may be required to determine the suitability of a particular site for a MSW landfill.
Once the decision is made to locate the facility at a particular site, detailed engineering is completed (this is covered
in the engineering costs function), and administrative and technical resources are expended for reviews and
licensing. Licensing fees may also be applicable.

Many of the costs associated with selection of a site are driven less by the landfill design features and more by the
specific state and local requirements and the local political environment. However, these costs may represent a
significant portion of the total development costs of a facility, and therefore it is appropriate to provide a means of
accounting for them. A lump-sum parameter is used to include costs for identifying acceptable sites, suitability
studies, public forums and hearings, licensing costs, and any other costs incurred before site selection. The required
parameters follow.

¢ User Input Parameter:

e Cy41, total cost of site preoperational studies and activities ($)
¢ Calculated Parameter:

e Cp, cost function of preoperational studies and activities ($)

The cost function is straightforward:

CpL=Cyy (8)
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2.1.11 Total Initial Construction Cost Function

The total initial construction cost is the sum of each of the individual site development costs as presented in the
previous sections. All costs are considered to require an engineering design, so a multiplier is applied to the initial
construction cost to account for engineering costs. The total cost is amortized over the operating period of the
facility and normalized to the annual volume of waste received. Appendix B (Discount Factors) provides a
summary of the capital recovery factors used in the analysis. The required parameters follow.

¢ User Input Parameters:
e f5, engineering design multiplier for capital investment
o i, effective annual interest rate

e Ny, expected useful life of landfill (years)

¢ Calculated Parameters:
e Cic, cost function for initial construction ($/yd*)
o fgrq, capital recovery factor for initial construction

oV, required landfill capacity for waste (yd3)
The capital recovery factor is the amortization factor over the facility life:

i (L+i)y
_ 19
@+i)" -1 a

crl

The cost of initial construction per unit volume of waste buried is developed as

Co. = (1+f5)xfcr1x(CF +Cgrr +Cg+Cy +Cr +Cpyw +Cy +Cy ¢ +CPL) 20
IC — VW ( )
"N,

The calculation for parameter V,y is provided in equation 2 (section 2.1.1).

2.2 Cell Construction Costs

Section 2.2 documents costs applicable to the development and preparation of each individual cell of the landfill.

2.2.1 Site Clearing and Excavation

This section documents the development of a cost function for site clearing and excavation. It is assumed that 100%
of the landfill site is cleared and excavated prior to opening the landfill and that only a portion of the buffer zone
requires clearing for access to the site. The required parameters follow.

¢ User Input Parameters:
e  Cp, Unit cost of clearing land ($/acre)

e C3, Unit cost of standard excavation ($/yd3)
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2. Cost of Waste Disposal in Traditional, Bioreactor, and Ash Landfills

e g4, Unit cost of difficult excavation (i.e., muck, rock, etc.) ($/yd3)

e Cg, cost of on-site earth hauling ($/yd3-mi)

e Cyg, cost of off-site hauling of soil ($/yd3-mi)

e D, depth of excavation (ft)

o fq, fraction of below-grade volume required to be excavated

o fy, fraction of excavated volume considered difficult to excavate

o f3, fraction of buffer zone to be cleared and landscaped prior to operating landfill
e Ly, distance to area for excess soil disposal (mi)

e N, number of distinct regions of the landfill developed over the life of the facility

® Ryp, slope of the grade of the disposal volume below site grade as rise over run

¢ Calculated Parameters:

e A, area of land required for landfill and buffer zone (acres)

C., total cost of site clearing ($)

e Ccg, cost function of site clearing and excavation ($)

e Cg, total cost of site excavation (3$)

e Djs, depth of the liner and leachate collection system (ft)
e Ly, length of disposal volume (ft)

o Vg, excavated volume (yd3)

o Vg, volume of soil to be hauled off site (yd3)

o Wyy, width of disposal volume (ft)

The site clearing cost is a function of the unit cost, the total landfill area, the cell-one area, and a fraction of the
buffer zone:

L W acre
[ av dvx[ A3563ft2j] rore
C.=Cyx N +|| Ag =] Lgy x Wy, x A3563ﬂ2 xf,

The calculations for parameters Wy, Lgy, and Ag are provided in equations 4, 5, and 6, respectively (section 2.1.1).
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The excavated volume is a rectangular parallelogram with sloped sides, length and width equal to those of the
disposal volume but increased to allow for installation of the liner and the leachate control system. As developed in
section 2.1.1, the volume is calculated by integrating the cross-sectional area over the depth of the excavated
volume, and the result is multiplied by the fraction required to be excavated:

De

V, =f, x J.((Ldv + DHS)—RLZI(WW + D,ls)—Rindz

0 db db

V, =f, | Ly, +Dys (W, + Dy D D (Lgy + W, +2D )+4Dg x yd7 @1
e =M dv Ils dv s )Me Ry dv dv Ils SRﬁb 271t3

The calculations for parameters Wy and Lgy are provided in equations 4 and 5, respectively (section 2.1.1).

The site excavation cost is a function of the unit costs for normal and difficult excavation activities, the total volume
that is required to be excavated for cell one, and the fraction of the excavation that is considered to be difficult to
excavate (muck, rock, or other difficult substance). The user must account for hauling costs to stockpile the soil and
to build the site berm (section 2.2.2) using an average haul distance of one-half the sum of the disposal volume
length and width. Excess excavated soil that is not usable or not required must be hauled from the site. Therefore,
the excavation cost is

Ly +W . vV v
o [(CS +[08 X%X(m%ﬂmft))jxl\l_ix(l_fz)J*’((Cz; +(C49 x Ly ))XN_eszj

r

The cost function is then calculated as the sum of the site clearing and excavation costs:

Cee =Cc+C (22)

2.2.2 Site Berm Construction

This section documents the development of a cost function for constructing the earthen berm enclosing the above-
grade disposal volume. The berm is modeled as a volume of earth with a trapezoid cross section around the
perimeter of the disposal volume. The entire site berm is assumed to be constructed prior to commencement of site
operations. Excavated earth, if available, is used to construct the berm; otherwise, soil must be purchased and
brought to the site. Refer to Appendix C (Site Soil Utilization) for calculations to account for soil use for berm
construction, liner construction, and daily and final cover. Figure 5 is a schematic showing the dimensions of the
berm.

The required parameters follow.

¢ User Input Parameters:
e  Cg, Unit cost of earthen berm construction ($/yd3)
e C7, unit cost of procurement and delivery of earth adequate for berm construction ($/yd3)
e  Hpm, height of berm (ft)

e Ny, number of distinct regions of the landfill developed over the life of the facility
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e Ry, slope of the grade of the berm as rise over run

o Wy, width of the top of the berm (ft)

Calculated Parameters:

e Ay, area of berm cross section (ft2)

Cpg, cost function of earthen berm (3$)

e Lgy, length of disposal volume (ft)

e  Pgy, disposal volume perimeter (ft)

¢ Vpm, volume of the berm (yd3)

*  Vgpp, volume of soil required to be purchased for berm construction (yd3)
o Wy, width of the bottom of the berm (ft)

e Wy, width of disposal volume (ft)

EARTHEN BERM
/\ N

DISPOSAL VOLUME

Figure 5. MSW Landfill Geometry for Earthen Berm Calculation
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2. Cost of Waste Disposal in Traditional, Bioreactor, and Ash Landfills

The earthen berm construction cost has two components: the labor that is a function of the unit cost and the volume
of the berm and the soil cost if excavated soil is not adequate and purchased soil is required. The soil utilization is
developed in Appendix C.

The soil requirements for the berm construction are approximately equal to the product of the disposal volume
perimeter and the trapezoidal cross section area of the berm:

Ab — Hbm x Wbu +Wb|
2xH
Wy =Wy, +R—bm
b
Ap =Hpn x%(wbu +(Wbu +2XRﬁD
b

h,, _[zwij
Rb

H
= Hbm X (Wbu + Rb:J

I:’dv = 2><(Ldv +de)

Vom = Pay < Ap x [/ ]

H
Vim = 2% (Lgy + Wy, )xHpp, x(wbu + Rbm jx(yd327ﬁ3) (23)
b

The calculations for parameters Wqy and Lgy are provided in equations 4 and 5, respectively (section 2.1.1).

Now, the cost function for berm construction can be developed as the sum of construction costs and soil volume
purchased as calculated in Appendix C:

(C6 X me)+(c7 X Vsbp)
Cg = N

249

r

2.2.3  Liner Systems
This section documents the development of a cost function for installation of a liner.

Federal regulations (40 CFR 258.40) require that MSW landfills be designed to maintain contaminant levels in the
uppermost aquifer within specified limits. In approved states on a site-specific basis, a state director may approve
landfill designs that have neither liners nor leachate control systems or may approve leachate collection systems that
are not designed as stringently as specified in the federal regulations. Otherwise, the federal regulations specify a
minimum liner and leachate control system design.

There are a number of liner designs that are adequate either to comply with or exceed the federal regulations. The
minimum liner design meeting regulations consists of a 2-ft layer of compacted soil that has a permeability of
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1x 107" cmisec and a flexible membrane installed in direct and uniform contact with the compacted soil that has a
minimum thickness of 30 mils or 60 mils if high-density polyethylene (HDPE) is used. For cost-estimating
purposes, this will be referred to as the primary liner. The construction of the primary liner will consist of a user-
specified thickness of compacted soil and a flexible membrane. The user will input the unit cost of the membrane
and the desired thickness. A secondary liner may be specified, which would also consist of a compacted soil liner
and a flexible membrane. If a secondary liner is specified, then a leachate detection system would typically be
installed between the liners with a 1-ft layer of sand for drainage. Figure 6 shows the possible options for liner
construction. The user may specify the liner design by altering the default values for the thickness and cost of each
layer of the liner. While it is recognized that there are other alternatives for liners, including the use of geotextiles
in combination with bentonite, they have not been included here.

The construction of the liner is assumed to take place in stages as the landfill is operated; this helps to reduce
development costs by deferring expenditures.

The required parameters follow.

¢ User Input Parameters:
e  C»7, Unit cost of procurement and installation of flexible membrane liner ($/ft2)
e Cog, Unit cost of procurement and delivery of soil suitable for liner construction ($/yd3)
e C3p, unit cost of procurement and delivery of soil additive to decrease permeability ($/yd3)

e C31, Unit cost of procurement, delivery, and installation of drainage material for leachate detection and
cover (sand) ($/yd3)

e C3p, Unit cost of installation of compacted soil liner, including soil preparation ($/yd3)

e Dgp, depth of compacted soil in the primary liner (ft)

o Dgg, depth of compacted soil in the secondary liner (ft)

o fy, fraction of soil additive to mix with native or purchased soil to achieve required permeability
e Hpm, height of berm (ft)

e N, number of distinct regions of the landfill developed over the life of the facility

e Ry, slope of the grade of the berm as rise over run

e Ry, slope of the grade of the disposal volume below site grade as rise over run

e 74, logical input, = +1 if a liner is used, 0 otherwise

e 75, logical input, = +1 if a double composite liner is used, 0 otherwise (single composite)

¢ Calculated Parameters:
e Ay, area over which liner is installed (ft2/cell)
e C_s, cost function of liner system ($)
e Hy, height of waste below grade (ft)

e Lgy, length of disposal volume (ft)
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e Vg, volume of soil additive required (yd3)
e V), volume of soil for liner construction (yd3/cell)
e Vgp, volume of soil required to be purchased for liner construction (yd3)

o Wy, width of disposal volume (ft)

The sides of the landfill are sloped and the liner system would be continued to the top of the berm. Therefore, the
area over which the liner will be installed is

[2x(|_dv +de)><KF\|:|b1/R§b +1+|_F|{ﬂ1/Rﬁ Jrler(Ldv x Wy, )
db b
N

r

A = (25)

The calculations for parameters Hy, Wy, and Lgy are provided in equations 1, 4, and 5, respectively (section 2.1.1).

The total soil requirements for the liner system are determined from the liner area, the liner design, and soil additive
requirements. This parameter is then used in Appendix C to calculate purchased soil requirements for the liner
system. A factor of 0.9 is used to account for soil compaction. The soil requirements for the liner are determined as
follows:

A x(l—f )x((z x Dy )+(Z xZgxDg )) 3

FHL

CLAY 3
FHL
LEACHATE DETECTION
FHL
CLAY CLAY
SINGLE COMPOSITE LINER DOUBLE COMPOSITE LINER
CLAY AND FML PRIMARY: CLAY AND FML

SECONDARY: CLAY AND FML

Figure 6. MSW Landfill Liner Options
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The volume of the soil additive is similarly calculated as

Ve = {A| X[ljz jx((z4 *Dgpi )+ (24 %26 xDgq ))}X (yd727ft3) @7

The cost of the liner is then the sum of costs for installation of the compacted soil, cost of purchased soil and soil
additive (if required to achieve permeability limits, including blending costs), the cost of procurement and
installation of flexible membranes, and the cost of procurement and installation of a leachate detection layer:

(CZQXVst)
)+—+
Nr

3
(027 x Ay Xyd&ft‘? x(24 x(l+ 26))]

2.24 Leachate Collection Materials for Traditional and Ash Landfills

Cis = (Csz X (Vl + Vg ))+ (Cso + Vg
(28)

This section documents the development of a cost function for installation of leachate collection piping for
traditional and ash landfills. Traditional, bioreactor, and ash landfills have the common collection configuration
shown in Figure 7. However, since bioreactor landfills have the added cost of leachate recirculation materials, the
cost function for bioreactor landfills is developed separately in section 2.2.5.

The required parameters follow.

¢ User Input Parameters:
e cC33, unit cost of purchase, delivery, and installation of leachate collection layer (gravel) ($/yd3)
e  C3g, Cost to procure and install PVC piping ($/ft)
e Dy, depth of leachate collection system (ft)
e Hpm, height of berm (ft)
e L4, distance between leachate collection pipes (ft)
o Ny, number of distinct regions of the landfill developed over the life of the facility
o Ry, slope of the grade of the berm as rise over run

e 74, logical input, = +1 if a liner is used, 0 otherwise

¢ Calculated Parameters:
e Cpcp, cost function of leachate collection piping ($)
e Hp, height of waste below grade (ft)
e Lgy, length of disposal volume (ft)
* Ly, length of PVC piping installed for leachate collection (ft)

*  Vgc, volume of sand or gravel in leachate collection trenches (yd3)
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o Wy, width of disposal volume (ft)

The linear ft of PVVC piping must be calculated as a function of the disposal volume geometry and the distance

between collection pipes, using the CEILING function which returns the next highest integer (format
CEILING(N2)):

L
Lpic = Way xCEILING( LdV

,lJ +Lgy 29)
4

The volume of required sand or gravel is taken as the depth of the layer over the surface area of the permitted
capacity below the top of the berm:

H H 3
Vegic :Ds|c><[Ldv+Hb +% R +1]x(de+Hb + Rbm JRE +1jx(yd4ﬁ3j (30)

b b

The calculations for parameters Wg,, and Lgy are provided in equations 4 and 5, respectively (section 2.1.1).

The cost function assumes that the leachate collection piping is constructed in stages with the liner, so only a
fraction of the total system is constructed prior to initial operations. The cost function for traditional and ash
landfills is developed as

(036 x Lplc)+ (nglc x C33)
N

Ciep =24 % 3D

r
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Horange Tank

Leachate Pump

COWER S0IL ORWA GTE

- SLOTTED PYG FIFING
s AT B TYRIGAL Bmrh s

TOF OF LIMER

Figure 7.  Leachate Collection System for MSW Landfill
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No allowance is made for the cost of collection piping in a leachate detection layer. This could be addressed by
proportionately increasing an input parameter such as the distance between collection pipes.

2.2.5 Leachate Collection and Recirculation Materials for Bioreactor Landfills

This section documents the development of a cost function for installation of the leachate collection and
recirculation systems in bioreactor landfills. Leachate recirculation piping is a combination of horizontal trenches
and vertical injection wells. Horizontal trenches are placed in each layer of refuse. The number of horizontal
trenches is calculated with a user-enterable distance of influence (Igth4). The number of vertical injection wells is a
function of the user-defined area of influence (Ajnf).

The required parameters for this cost function follow. These parameters do not specifically include the cost of some
items associated with leachate pumping such as valves, pumps, and pressure gauges. To address this, the user could
artificially increase the length of vertical injection wells (Igth8).

¢ User Input Parameters:
e cC33, unit cost of purchase, delivery, and installation of leachate collection layer (gravel) ($/yd3)
e  C3g, Cost to procure and install PVC piping ($/ft)
®  Cgy, Unit cost of concrete ($/yd3)
o Dy, depth of protective soil over the liner and leachate collection system (ft)
e Dy, depth of leachate collection system (ft)
e |4, distance between leachate collection pipes (ft)
e Lgths, average length of horizontal trench for leachate recirculation (ft)
e |gth8, length of PVC pipe in each vertical injection well (ft)
e N, number of distinct regions of the landfill developed over the life of the facility

o 74, logical input, = +1 if a liner is used, 0 otherwise

¢ Calculated Parameters:
e Cycp, cost function of leachate collection piping (3$)
e Hj, height of waste above grade (ft)
e Hp, height of waste below grade (ft)
e Lgy, length of disposal volume (ft)
e Ly, length of PVC piping installed for leachate collection (ft)
e Ny, number of horizontal trenches
e Ny, number of vertical lifts
e Nyell, number of vertical injection wells

e V., volume of concrete in vertical injection wells (yd3)
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e V3, volume of concrete per vertical injection well (ft*/well)
e Vggc, volume of sand or gravel in leachate collection trenches (yd3)

e Wy, width of disposal volume (ft)

The vertical injection wells are assumed to be constructed from perforated concrete and PVVC and are filled with
gravel. The horizontal trenches contain a perforated PVC pipe and are filled with sand. The sand and gravel costs
are not calculated because they were found to be less than one tenth of one percent of the landfill capital cost. It
should also be noted that shredded tires are an alternative high-permeable material, which has been used at some
bioreactor landfills. The linear ft of PVVC piping in the collection system is a function of the disposal volume
geometry and the distance between collection pipes. The linear ft is calculated using the CEILING function that
returns the next highest integer (format CEILING(N,1)). The linear ft of PVC piping in the leachate recirculation
system is a function of the average length of a horizontal trench, the number of horizontal trenches per layer, the
number of layers, and the length of vertical injection wells (refer to section 7). The following function combines the
cost of PVC in the collection system and the recirculation system.

Lp.c=[(wdvxcauwe[tdv, judv]}«mmaxwv. N+ (N g 178) @)
4

The volume of required sand or gravel for the collection system is taken as the depth of the layer over the surface
area of the permitted capacity below the top of the berm.

3
nglc = DsIcX(Ldv +Hy +Ha)X(de +H, +Ha)><(y%ﬂ3

] (33)

The calculations for parameters Wgy and Lgy are provided in equations 4 and 5, respectively (section 2.1.1).

The volume of concrete required for each vertical injection well is calculated as

d3
Ve = Vg X Ny x (YA ftsJ (34)

The cost function assumes that the leachate collection piping is constructed in stages with the liner, so only a
fraction of the total system is constructed prior to initial operations. The cost function for leachate collection and
recirculation in the bioreactor landfill is

Crop = 24 % (Cse X Lplc)+ (ng:\cl XCss)"' (Vc X C54) 5

r

2.2.6  Cell Preoperational Costs

This section documents the development of a cost function for all preoperational costs for an individual cell. This
one time, fixed cost represents funds expended for detailed engineering design of the facility, hydrogeology studies,
and any other cell-one studies or analyses. The required parameters follow.
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¢ User Input Parameter:
e 50, total cost of cell-one preoperational studies and activities ($)
¢ Calculated Parameter:
e Cco, cost function of cell-one preoperational studies and activities ($)

The cost function is straightforward:

Cco =Csp (36)

2.2.7 Total Cell Construction Cost Function

The total cell construction cost is the sum of all individual costs for clearing and excavation (Ccg), berm
construction (Ccp), liner installation (C|_s), leachate collection piping (C_cp), and preoperational activities (Ccp),
amortized over the operating period of the cell and normalized to the annual volume of waste received. A perimeter
road is included as described in section 2.1.6. Although a stormwater pond was not explicitly included, the cost is
likely negligible given the extent of soil excavation activity associated with site excavation. Appendix B provides a
summary of the capital recovery factors used in the analysis. The required parameters follow.
¢ User Input Parameters:

e f5, engineering design multiplier for capital investment

o i, effective annual interest rate

e Ny, the number of distinct regions of the landfill developed over the life of the facility

e Ny, expected useful life of landfill (years)

¢ Calculated Parameters:
e Ccc, cost function for cell one construction ($-year/cell-yd®)
o f¢ro, capital recovery factor for staged construction

eV, required landfill capacity for waste (yd3)

The capital recovery factor is the amortization factor for the life of that portion of the facility initially lined:

N
(L)
fero :N—V (37
(L+i) M -1
The cost of initial construction per unit volume of waste buried is developed as
Cec :(1+f5)Xfcr2><(CCE+CB+CLS+CLCP+CCO) 38)

Vw
Ny

The calculation for parameter V,y is provided in equation 2 (section 2.1.1).
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23 Operating Costs

2.3.1 Daily Operations
This section documents the development of a cost function for daily landfill operations.

The individual components of the cost of daily operations include the following: equipment procurement and
maintenance, personnel, utilities, and leachate treatment. Equipment costs are input as a cost per unit volume of
waste handled. Personnel costs are calculated based on the expected rate of waste disposal. The annual labor cost
is based on the assumption that eight personnel (scale attendant, two equipment operators, traffic controller, recycle
coordinator, manger, and mechanic) are needed to process the expected 1,350 ton/day MSW. These personnel are
also expected to handle gas management, the options for which are described in section 6.4. As some gas
management programs may be relatively more intense, the user can adjust input parameters C43 and Cyg4 if
appropriate. Bioreactor landfills are expected to have an additional employee whose duty it is to oversee leachate
recirculation. Recirculation activities can include operating a water truck to reapply leachate or supervising the
pumping of leachate from a lagoon to the recirculation system. Ultilities are calculated as a fraction of the personnel
costs. Leachate treatment is determined as a function of the area of the site at the operating face and the expected
leachate production rate.

The required parameters follow.

¢ User Input Parameters:

e  C43, minimum annual labor costs ($/year)

%
yr
D

S
e (45, cost of equipment procurement and maintenance per mass of waste handled (—y)
on,
day

e  Cy4, incremental labor costs for each increase in landfill tonnage above Myym (

)

e 47, leachate treatment and disposal cost including transport to publicly owned
treatment works (POTW) ($/gal)

e dicht, density of leachate (Ib/gal)

e fy, labor fringe rate

e fg, utilities costs fraction (of personnel costs)

e My, expected mass flow (ton/day)

o  Mym, maximum daily tonnage handled by labor costs of c43 (ton/day)

* Rygo, rate of leachate generated (active cell)(gal/acre-day)

¢ Calculated Parameters:
e Cpo, cost function of daily operations ($/year)
e Cgq, annual cost of equipment ($/year)

e Cj, annual cost of labor ($/year)

30



2. Cost of Waste Disposal in Traditional, Bioreactor, and Ash Landfills

e Cy, annual cost of leachate treatment ($/year)

e Cy, annual cost of utilities ($/year)

e LCHTpoTW, total leachate sent to POTW (Ib/ton waste)
e Lgy, length of disposal volume (ft)

o Wy, width of disposal volume (ft)

The annual labor costs can be determined from the expected daily tonnage. A step function is applied: a minimum
cost is applied up to a daily tonnage specified; then for each daily tonnage increment, an increment in labor costs is
assumed. The final cost is adjusted for overhead costs. Overhead costs for labor are calculated as a fraction of
labor wages. Overhead costs include overtime, office supplies, insurance, social security, vacation, sick leave, and
other services. The user can define overhead to include a different set of values and can modify the overhead rate
accordingly.

CI = IF(M wl > M wm ((l+ f7 )(C43 +Cyy (M wl — M wm ))1 (l+ f7 )>< C3 )) (39)
The annual equipment costs are also determined based on the daily tonnage:

Leachate disposal costs depend upon the volume of leachate produced. The total leachate sent to the POTW
(LCHTpoTW Ib/ton waste) is calculated in section 7 of the LCI model. To calculate the cost of leachate disposal,
this number is converted to gal per ton waste and multiplied by the unit cost of leachate treatment and disposal:

Cit = Ca7 x LCHTpomy x My x (%Ichtj X (365 da)%ear) (41)

The annual utility costs are a fraction of labor costs:
C, =1y xC 42)
Total operating costs are the sum of the individual costs, which gives the cost function for daily operations:

Cpo =€, +Ceq +Ci +C, 43)

2.3.2  Daily Cover Material
This section documents the development of a cost function for cover material.

The cost function developed here includes the cost to purchase and deliver soil, HDPE, or revenue-generating cover
to the working face. An example of revenue-generating cover is contaminated soil. Soil excavated on site that is
suitable for cover would be used in its entirety prior to the purchase of off-site soil. The volume of cover soil
required to be purchased is derived in Appendix C. To maintain the simplicity of this model, it is assumed that the
required purchased cover soil is spread over the operating life of the facility. Revenue-generating cover is treated as
having a negative cost.
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There is a trend towards minimizing the use of any type of daily cover. This can be addressed in the input
parameter Pgyr. This allows the user to specify the fraction of the total disposal volume occupied by daily cover. In
addition, while HDPE is specified above, the user may actually specify whether this is a one-use or multi-use HDPE
sheet by proper adjustment of the input parameters. The controlling input parameter Ayppeg, the area of HDPE
used per acre, can be used to adjust for single-use and multi-use tarps. For a thin single-use tarp, the value 43,560
ft?/acre should be multiplied by the user’s estimate of the number of daily lifts in the landfill to obtain Ajppg. For
a multi-use tarp, the value 43,560 ft?/acre should be multiplied by the user’s estimate of the number of daily lifts and
divided by the number of uses expected for each tarp. Based on this calculation, Ayppg will be higher for a daily-
use tarp; whereas, cs5o will be higher and Apppg lower for a multi-use tarp. Of course, if a material other than
HDPE is used, then its cost may be considered by using parameter Csp.

Labor requirements to place daily cover are addressed in the cost function for daily operations. The labor to place a
protective soil cover over the liner is considered part of the daily operations cost function.

The required parameters follow.

¢ User Input Parameters:
e  AnHpPpE, area of HDPE per acre (ft*/acre)
e Cy4p, unit cost of procurement and delivery of soil suitable for daily cover ($/yd®)
e Csq, unit cost of procurement of on-site daily cover soil ($/yd®)
e Cs, UNit cost of procurement and installation of HDPE ($/ft?)
e Cg3, revenue-generating cover ($/yd®)
e My, expected mass flow (ton/day)
e Ny, expected useful life of landfill (years)
e  Puppe1, percent of daily cover that is HDPE (%)
e  Peyr1, percent of total landfill volume occupied by cover (%)

e Prevgen, percent of daily cover that is revenue-generating cover (%)

¢ Calculated Parameters:
e Acwma, area of HDPE cover (ft*/acre)
e  Ccm, the total cost of daily cover ($/year)
e  Ccmai, cost of off-site soil for daily cover ($/year)
e  Ccmp, cost of on-site soil for daily cover ($/year)
e  Ccms, cost of HDPE for daily cover ($/year)
e Ccma, revenue from revenue-generating cover ($/year)

e Lgy, length of disposal volume (ft)
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o  Posfsite, percent of daily cover that is off-site soil (%)

o Ponsite; percent of daily cover soil volume that can be obtained on site as calculated in the soil budget (%)
e V.1, volume of soil required for daily cover (yd®)

e Vw1, volume of off-site soil used for daily cover (yd®)

e Vcma, volume of on-site soil used for daily cover (yd®)

e Vcma, volume of revenue-generating cover (yd®)

e Wy, width of disposal volume (ft)
The area of HDPE daily cover is a function of the surface area and the percent of daily cover that is HDPE.

The volume of off-site soil for daily cover is a function of the percent of daily cover that is off-site soil and the total
volume of soil required.

PHppE1
Acmz = X Anppe X Lay X Way X/

100 43560 (44)

P
\V/ _ _ offsite NaY/ 45
oML="00 < Vel 45)

The volume of on-site soil for daily cover is a function of the percent of daily cover that is on-site soil and the total
volume of soil required.

P .
V, _ _ onsite xV
CM2 100 cl (46)

The volume of revenue-generating cover is a function of the total volume of waste generated, the percent of the
waste stream that is daily cover, and the percent of daily cover comprised of revenue-generating cover.

X Pourt X 1 X Prevgen 47
100 Dy 100

VCM4 :Va

The cost of off-site soil used for daily cover is calculated as

V x C
Com = —H—= (48)
y

The cost of on-site soil used for daily cover is calculated as

V x C
Comy = —HME— 49)
y

This default value for c5q is zero because the soil for on-site daily cover is obtained from excavation during landfill
construction.

The cost of HDPE used for daily cover is calculated as
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V X C
Coms = —CMN3 = (50)
y

The revenue obtained from using revenue-generating cover is calculated as a negative cost:

\Y/ X C
Coms = —CMI\AI = (51
y

The total cost of the daily cover is the sum of the cost of HDPE, on-site soil, and off-site soil, minus the money
obtained from revenue-generating cover. Note that Ccg is a negative number.

Cem =Ccmi +Ceomz +Ceoms + Coma (52)

2.3.3  Total Operating Cost Function

The total operating cost is the sum of daily operations and cover material cost. No amortization of annual costs is
required for the annual, recurring costs. The required parameters follow.

¢ User Input Parameters:
o fg, engineering design multiplier for landfill operations

* Ny, expected useful life of landfill (years)
¢ Calculated Parameters:

e Cp, cost function for operations ($/yd3)
oV, required landfill capacity for waste (yd3)

The cost of operations per unit volume of waste buried is developed as

Co =Mx(l+f6) (53)

Vy
Ny
The calculation for parameter V,y is provided in equation 2 (section 2.1.1).

2.4 Closure Costs

24.1 Gas Extraction

This section documents the development of a cost function for installation of a gas extraction system. Itis
recognized that gas extraction systems are installed incrementally during the operating period of a landfill. For
purposes of this estimate, the extraction system is installed at closure. However, as explained in section 6 on
landfill gas, significant gas recovery can occur prior to site closure based on user-specified inputs.

Federal regulations (40 CFR 258.23) require that MSW landfills be designed to maintain methane gas
concentrations within prescribed limits to prevent potential explosions. No specific design requirements are
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established as is the case for the leachate collection system. Typically, new landfill designs provide for an active
methane extraction system using extraction wells or trenches or both. The extracted methane is piped to a vent and
either burned under controlled conditions (flared) or used as an energy source. Landfill gas treatment and energy
recovery is discussed in the description of life cycle inventory parameters. The gas recovery system based on the
default parameters is typical and is expected to represent a landfill in compliance with the New Source Performance
Standards of the Clean Air Act.

Vertical gas extraction wells consisting of a perforated PVC or HDPE pipe installed in a gravel bed are assumed to
be used. Figure 8 shows a schematic of the gas extraction system. The default values for HDPE in the gas
collection system and for PVC in the gas collection and monitoring system are based on data obtained from an
Environmental Industry Associations (EIA) survey [Environmental Research and Education Foundation, 1997].
The survey revealed that P\VC and HDPE use varied greatly among the sites. The default value chosen for HDPE in
a gas collection system is 1.6E-2 Ib/ton MSW with values in the survey ranging from 1.3E-6 Ib/ton to 3.9E-2 Ib/ton.
For comparison, one can make assumptions about the amount of piping and waste per landfill area. For example,
one can assume that ten 8-in.-diameter, 76-ft-tall gas collection wells and 1,850 ft of 12-in. gas header pipe are
needed for a 10-acre area. The surface area of an 8-in.- and 12-in.-diameter pipe is 11.12 in.? and 25.05 in.?,
respectively. The density of HDPE is 59.6 Ib HDPE/ft®. If one uses the current default parameters, there are 1.37E6
tons waste per acre. The amount of HDPE per acre is calculated below. Note that the surface area of an 8-in.-
diameter (4-in.-radius) well with a wall thickness of 0.47 in. is

SA = n[(4)2 —(4- 0.47)2}

~11.15in.2
2 2
LOwells 761 1115in? x 1|4 [ 1801 a5 05inzx T ||« 596 I2HDPE_ 5568 x 107 12 HDPE
10 acre  well 144 in. 10 acre 144 in. ft acre
9268 Ib HDPE N i\cre _ 33x10°2 Ib HDPE
acre 6.85x10" tons MSW ton MSW
Gas Vent
vent to atmosphere
o0 0000
®@ ®© 0 @ @ 0 ¢ [l ]
@ ® 0 @ @ 0 ¢ -
® © 6 ¢ ¢ 0 O Perforated PVC in gravel bed
000000 g
00 0000 :
@ ®© 0 0 0 00
GAS VENT (TYPICAL)

Figure 8.  Gas Extraction System for MSW Landfill
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This calculated value is based on a site that uses HDPE only, and as expected it is at the upper range of survey
values.

The required parameters follow.

¢ User Input Parameters:
e (3, Cost to procure and install PVC piping ($/ft)
e DyppE, density of HDPE used for daily cover (Ib/ft°)
e D, average density of waste after burial (Ib/yd®)
e Dpyc, density of PVC (Ib/ft®)
e  GChppg, amount of HDPE in gas collection system (Ib/ton waste)
e  GCpyc, amount of PVC in gas collection system (lb/ton waste)

e  GMpyc, amount of PVC in gas monitoring system (Ib/ton waste)

¢ Calculated Parameters:
e  Cgg, cost of gas collection system ($)
e LyppE, total HDPE in gas collection system (ft)
e Lpyco, total PVC in gas collection system (ft)

e Vi, required landfill capacity for waste (yd®)

The length of HDPE pipe used to collect landfill gas is calculated as

1
Lpre =GCrppe X Viy X Dpgy % D X (lto%OOOIbI%0014ﬁ2) (54)
HDPE :

The length of PVC pipe used to collect landfill gas is calculated as
Lpvez =(GCpyc + GMpyc )x V,, xD xLx(ltoy (55)
PVC2 PVvC PVC w msw Dpvc 2000 Ib O.OOl4ft2

The calculation for parameter V,y is provided in equation 2 in section 2.2.1. The cost of the gas collection system is
Coe =(Lrpre + Lpvea)x Ca (56)

In using equation 56, the cost for installation of gas collection wells is not explicitly included. However, this cost,
when expressed per ton of waste, is not significant as illustrated by the following calculation in which it is assumed
that one gas collection well is used per acre of landfill footprint.

ft $ i i
1well x 76 Avellx 100 f for installation x 2.5 allowance for valves, gauges

10° ton MSW
acre

- 0.014 $t0n
1.37 x
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2.4.2  Final Cover
This section documents the development of a cost function for installation of the final cover for the entire landfill.

The final cover can include layers of soil, geotextile, sand, HDPE, and clay as specified by the user. A layer of
topsoil can also be spread, fertilized, and planted. This cost function includes the final cover material costs plus
landscaping and seeding. Setting the default value for layer thickness to zero can eliminate final cover layers.
Figure 9 is a representation of the final cover profile.

Top Soil and Vegetation Support Cover (3 ft)

Geotextile (120 mils)

Sand Drainage Layer (1 ft)

HDPE Liner (40 mils)

Clay Liner (2 ft)

Sand Drainage Layer (1 ft)

Waste

Figure 9. Final Cover Cross Section (default values are given in parentheses)

The required parameters follow.

¢ User Input Parameters:
e ¢, unit cost of procurement and delivery of soil adequate for berm construction ($/yd)
e  Cy5, unit cost of low-level landscaping ($/acre)
e  Cog, Unit cost of procurement and delivery of soil suitable for liner construction ($/yd3)
e C3p, Unit cost of procurement and delivery of soil additive to decrease permeability ($/yd3)

e  C31, Unit cost of procurement, delivery, and installation of drainage material for leachate detection and
cover (sand) ($/yd3)

e  C3p, Unit cost of installation of compacted soil liner, including soil preparation ($/yd3)
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e  Cgo, Unit cost of procurement and installation of HDPE ($/ft2)
e  Cgg, cost of procurement of geotextile ($/ft2)

e g7, cost of installing geotextile for final cover ($/ft2)

e Dgp, depth of compacted soil in the primary liner (ft)

o Ty, fraction of soil additive to mix with native or purchased soil to achieve required permeability
e Hj, height of waste above grade (ft)

e Hpm, height of berm (ft)

e tgix, thickness of geotextile (mils)

e typpe2, thickness of HDPE (mils)

e  tsand1, thickness of the first sand layer in final cover (ft)

e tsand2, thickness of second sand layer in final cover (ft)

e tgil, depth of top soil and vegetation support soil (ft)

e 74, logical input, = +1 if any liner is used, 0 otherwise

Calculated Parameters:

o Ay, area of top of final cover (ftz)

e CcL, cost of clay for final cover ($)

e Cgc, final cover cost ($)

e CgTx, cost of geotextile liner ($)

e  CHpPE, cost of HDPE liner (3)

e C.p, cost of low-level landscaping ($)

o  Cpmc, cost of mixing and compaction clay for final cover ($)

e Cgp, cost of procurement and delivery of soil additive ($)

e Cg|, cost of soil suitable for vegetative support soil and topsoil (3$)
e Cgnpy, cost of first layer of sand ($)

e  Cgnp2, cost of second layer of sand ($)

e Lgy, length of disposal volume (ft)

e scvrl, volume of soil for topsoil and vegetative support cover (yd®)
®  Vstcp, Volume of soil purchased for final cover (yd3)

e Vgng, volume of sand in the first layer (yd3)

e Vgpg2, Volume of sand in the second layer (yd3)

*  Vgqp, volume of soil required to be purchased for cover construction (yd3)
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e Vs, Volume of soil additive to decrease permeability of liner and final cover (yd3)

o Wy, width of disposal volume (ft)
The liner covers the area of the top of the permitted capacity:

[2X(Ldv +WdV)XKF';'b,/R§b +1+1ﬂ,/Rﬁ +1)D+(Ldv x Wy, )
db b

A, = 57
tl N, (57)

The calculations for parameters Wgy and Lgy are presented in equations 4 and 5, respectively (section 2.1.1).

The soil requirements for the cover liner can be determined from the liner area and the liner depth, and accounting
for the soil additive required. This parameter is then used in Appendix C to calculate the purchased soil
requirements for the liner system. A factor of 0.9 is used to account for soil and clay compaction.

The volume of soil required for the topsoil and vegetative support layer is determined in equations 58—61.

The volume of the soil additive is calculated as
()
SCVIy = (tsoil X tl)X . (58)

Vi, = Ay X (:_‘}J % (24 x D gy ) (yd3 / ﬁz) (59)

The volume of sand for the first drainage layer is a function of the area of the top liner and the thickness of the sand
layer:

3
Vond = Ay X Tegngr X (ydé ﬂs) (60)
The volume of sand for the second drainage layer is similarly calculated:
b
Vind2 = Ag X tsandz X 471'13 (61)

The cost of each layer of final cover is the volume or area of the layer multiplied by the unit cost. The cost of
procurement and delivery of soil suitable for vegetative support soil and topsoil is

CsL = Vaup XCy (62)

The cost of procurement and delivery of a soil additive to decrease permeability is

Csa = Visa XCqo (63)

The cost of procurement and delivery of clay suitable for final cover construction is

CerL = Vstep X Cog (64)
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The cost of mixing and compacting clay for final cover is a function of the volume of soil for the topsoil and
vegetative support cover and the volume of soil additive to decrease permeability:

Cuc =Scvrlx Vi, xCqp (65)

The cost of procurement and delivery of the first layer of sand is a function of the sand volume and the unit cost:
Csnor = Vsnar X Ca1 (66)
The cost of procurement and delivery of the second layer of sand is similarly calculated:

Csno2 = Vsndz X Ca1 (67)

If a HDPE liner is used in the final cover, the cost is a function of the area of the top of the liner and the unit cost of
HDPE:

Crpre = IF{tuopez > 0,Cs; x Ay 0 ) (68)

If a geotextile is used in the final cover, the cost is a function of the area of the top of the liner and the cost of
procurement and installation of geotextile liner.

Corx = IF(tgtx >0,(Css +C57)XAtI, 0) (69)

The cost of low-level landscaping is a function of the area of the liner and the unit cost of landscaping:

Cip = Ay X Cps X (ac%3560 ﬁzj (70

The final cover cost function is the sum of costs of the soil, clay, sand, HDPE, and geotextile layers:

CFC = (CSL + CSA + CCL + CMC + CSNDl + CSNDZ + CHDPE + CGTX + CLD) (71)

2.4.3  Cost of Replacing Final Cover

A certain percentage of the final cover is assumed to be replaced during the post-closure period. This section
documents the material cost of replacing a percentage of the final cover.

The required parameters follow.

¢ User Input Parameter:

e  Pcyro, percent of final cover to be replaced over the entire post-closure period (%)

¢ Calculated Parameters:
e Cgc, final cover cost ($)
o CRc, cost of replacing final cover ($/ton waste)

The cost function for replacing the final cover is
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P
Cpre = Cpe x -2 (72)

This cost is amortized over the operating period of the facility and normalized to the annual volume of waste
received in section 2.4.5.

2.4.4  Perpetual Care

This section documents the development of a cost function for long-term monitoring and repairs. Long-term care
involves routine environmental monitoring, maintenance of the leachate and gas collection systems, and
contingency funding for repairs due to settling and erosion. Other costs are point estimated as annual costs.

The required parameters follow.

¢ User Input Parameters:
®  Cy4p, annual cost of well monitoring ($/well-year)
e Cyg, annual perpetual care cost ($/year)
o i, effective annual interest rate

® Ny, number of years of perpetual care (years)

¢ Calculated Parameters:
e Cpc, cost function of perpetual care ($/year)
o fgr3, capital recovery factor for perpetual care costs

e Npmw, humber of monitoring wells

The amortization function for perpetual care costs that converts annual repetitive costs to a present value is given
below. The resulting cost can then be added to fixed closure costs and amortized over the operating life of the
facility.

i) 2

- 73
i (L) o

cr3

The cost function for perpetual care can then be derived as the sum of well monitoring and other contingency costs:

Coc =Ferg % (Cag + (N X Cus)) (74)

2.4.5 Total Closure Cost Function

The total closure cost is the sum of the individual costs. This total is amortized over the operating period of the
facility and normalized to the annual volume of waste received. Appendix B provides a summary of the capital
recovery factors used in the analysis. The required parameters follow.

¢ User Input Parameters:
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e f5, engineering design multiplier for capital investment

e |, effective annual interest rate

e Ny, expected useful life of landfill (years)

¢ Calculated Parameters:

e Cc, cost function for initial construction ($/yd3)

o  fcp4, capital recovery factor for closure costs

eV, required landfill capacity for waste (yd3)

The capital recovery factor is the amortization factor over the facility life:

fog= (75)
i)Y -1
The cost of closure per unit volume of waste buried is developed as
C.— fora X ((L+ f5)x (Coe +Cre +Coo +Ce1))+ (Coc +Cre)) (76)
c=

VV
Ny

The calculation for parameter V,y is provided in equation 2 (section 2.1.1).

2.5 Landfill Gas Revenue

To calculate the revenue derived from landfill gas, the volume produced and recovered must first be determined.
The landfill gas model is discussed in detail in section 6, and only the critical concepts are presented here.

2.5.1  Quantity of Landfill Gas Produced

Cumulative gas production is a function of the first order decay rate constant, first order rise phase constant, lag
time, year of gas treatment, and total landfill gas potential. The landfill gas potential (L) is discussed in section 6.

The following parameters determine the quantity of landfill gas produced.

¢ User Input Parameters:

k, first order decay rate constant (year™)

lag, time between placement and start of gas generation (year)
Lo, total landfill gas yield potential (ft¥/ton waste)

s, first order rise phase constant (year™)

t, year of gas treatment (year)
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¢ Calculated Parameters:
e gas_totaly, cumulative landfill gas production at time t (ft*/ton waste)
e gasy, landfill gas produced during year t (ft}/ton waste)

The calculation for cumulative gas production is

(1) (k +s)xexp((=1)x k x (t —lag))+ k x exp((~1)x (k +5)x (t - lag))+s)x L,

gas_ total, = 77
s
Therefore, the yearly gas production is calculated as
gas; = gas_total(t) —gas_ total(t,l) (78)

2.5.2 Gas Treatment

This section documents the development of a cost function for landfill gas treatment. Three landfill gas collection
periods are defined in the model. The user defines these periods and allows for different gas collection and
treatment plans over time. The operational costs for this system are discussed in section 2.3.1.

In each of the landfill gas collection periods, the user has five options for landfill gas treatment: vent, flare, turbine,
direct use, and internal combustion engine. The cost of a vent or flare is included in the cost of the landfill gas
collection system. It is assumed that the proximity of an existing boiler is a requirement for selection of direct use
as a gas treatment. Therefore, the capital cost of the boiler is not considered in the cost for landfill gas treatment. If
the user selects either a turbine or an internal combustion engine to treat landfill gas, the capital cost of the
equipment includes associated gas treatment costs. The following parameters are used to determine the gas
treatment option.

¢ User Input Parameters:
e  Csg, capital cost of turbine ($)
e  Cgg, capital cost of internal combustion engine ($)
e  Qasljce, use of ICE during first landfill gas treatment period (%)
e (Qas2jce, Use of ICE during second landfill gas treatment period (%)
e Qas3jce, Use of ICE during third landfill gas treatment period (%)
e gasliypn, use of turbine during first landfill gas treatment period (%)
®  gas2ipn, use of turbine during second landfill gas treatment period (%)

e 0as3ipn, Use of turbine during third landfill gas treatment period (%)

¢ Calculated Parameters:
e  Cgo, cost if turbine is used in gas treatment ($)
e  Cgy, cost if internal combustion engine is used in gas treatment ($)

e 770, logical input, = +1 if the turbine used for primary landfill gas treatment, 0 otherwise
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e 713, logical input, = +1 if the turbine used for secondary landfill gas treatment, 0 otherwise
e 714, logical input, = +1 if the turbine used for the third landfill gas treatment, O otherwise

e 715, logical input, = +1 if the internal combustion engine used for the primary landfill gas treatment, 0
otherwise

e 71, logical input, = +1 if the internal combustion engine used for the secondary landfill gas treatment, O
otherwise

e 717, logical input, = +1 if the internal combustion engine used for the third landfill gas treatment, O other
wise

If the user selects a turbine as the means of treatment in the first treatment period, then a value of 1 is returned. If
the user does not select a turbine as the means of treatment, then a value of 0 is returned.

z;, = IF(gaslyy, > 0,1,0) (79)

If the user selects a turbine as the means of treatment in the second treatment period, then a value of 1 is returned. If
the user does not select a turbine as the means of treatment, then a value of 0 is returned.

Zy3 = IF(gas2yy,, >0,1,0) (80)

If the user selects a turbine as the means of treatment in the third treatment period, then a value of 1 is returned. If
the user does not select a turbine as the means of treatment, then a value of 0 is returned.

2,4 = IF(gas3yy, > 0,1,0) (81)

If the user has selected a turbine as a treatment method, then the cost of treatment is the capital cost of the turbine;
otherwise, the cost is zero.

If the user selects an internal combustion engine as the means of treatment in the first treatment period, then a value
of 1 is returned. If the user does not select a turbine as the means of treatment, then a value of 0 is returned.

245 = IF(gasl;, > 0,1,0) 83)

If the user selects an internal combustion engine as the means of treatment in the second treatment period, then a
value of 1 is returned. If the user does not select a turbine as the means of treatment, then a value of 0 is returned.

246 = IF(gas2;,, > 0,1,0) (84)

If the user selects an internal combustion engine as the means of treatment in the third treatment period, then a value
of 1 is returned. If the user does not select a turbine as the means of treatment, then a value of 0 is returned.

z,; = IF(gas3;, >0,1,0) (85)

If the user has selected an internal combustion engine as a treatment method, then the cost of treatment is the capital
cost of the internal combustion engine; otherwise, the cost is zero.

44



2. Cost of Waste Disposal in Traditional, Bioreactor, and Ash Landfills

253

Revenue Generated

The calculation is illustrated for the first gas treatment period and then repeated for periods 2 and 3. The required
parameters follow.

¢ User Input Parameters:

effquo, efficiency of boiler (%)

effijcen, efficiency of internal combustion engine (%)

effirpno, efficiency of turbine (%)

gaslqy, use of boiler in first landfill gas treatment period (%)
gasljce, use of ICE during first landfill gas treatment period (%)
gaslirpn, use of turbine during first landfill gas treatment period (%)
gascH4, percent of methane in landfill gas (%)

to, time to implementation of first gas collection system (years)

t3, time to discontinuation of third gas collection system (years)
ng_comb ng_r_e, energy obtained from combusting natural gas (Btu/ft®)
Ny, expected useful life of landfill (years)

r1, revenue from electric buyback ($/kWh)

rp, revenue from thermal energy ($/MBtu)

¢ Calculated Parameters:

fors, converts future value to present value

fere, annualizes present value

gas(t),landfill gas produced during year t under the first landfill gas treatment (ft3/ton waste)
rev_annual, total revenue from landfill gas annualized over the lifetime of the landfill ($/ton waste)

rev_annuall, total revenue from landfill gas, for the first treatment period, annualized over the lifetime of
the landfill ($/ton waste)

rev_annual2, total revenue from landfill gas, for the second treatment period, annualized over the lifetime
of the landfill ($/ton waste)

rev_annual3, total revenue from landfill gas, for the third treatment period, annualized over the lifetime of
the landfill ($/ton waste)

rev(y), future value of revenue from landfill gas ($/ton waste)
rev_pv(y), present value of revenue from landfill gas ($/ton waste)

rev_total, sum of the yearly revenue from landfill gas production ($/ton waste)
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e r_total, total revenue from landfill gas production due to first, second, and third treatment
periods ($/ton waste)

The yearly revenue generated is

I’EV(t) =

as asl,, eff
[gas o) X g CH4 x g trbn trbn2

n ng r_e "
XNGeomp NG _T _ Btu ><3,60k\]X].OOOVVhX

1.055kJ  Wh 1kWh 87)
X X X XTIy |+
Btu 3.60kJ 1000Wh

1.055k]  Wh 1kWh J
X X 1

100 100 100

gas,) x 0aScpy « gasly, effy,,
100 100 100

(gas ) X gaSCH4 x gas:l-ice ef-ficeZ

1055k Wh 1kWh )
1

XNQeomp NG _Tr_¢

xNQeomp NQ_r_e

)
00 100 100 Bty 3.60k)  1000Wh -

The yearly future revenues are then converted to the present value:

1

fery = (88)
* T @+i)
rev_pv(, = forg xrevy 89)
The total revenue is the sum of the yearly revenue:
t=t,
rev_ total= Z rev_prvl, (90)

t=tg
where tg is the start of the landfill gas treatment period and t3 is the end of the landfill gas treatment period.

This total is then annualized over the lifetime of the landfill by using the A/P factor:

Ix(@+i)V

cré = X(._LI) 91)
@+i)yVv -1

rev_annual =f¢ xrev_ total 92)

Equations 87-92 are repeated for the second and third landfill gas treatment periods. The total landfill gas revenue
is then the sum of the revenue from the first, second, and third landfill gas treatment periods.

r _total =rev _annuall+rev _annual2+rev _annual3 93)

2.6 Total Landfill Cost Function

The total cost of burial of MSW per unit volume is simply the sum of the four developed costs: initial construction,
cell construction, operations, and closure:

TOTALCOST]. = C|C + CCC + CO + CC (94)
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This is the per unit volume cost. If this is multiplied by the average density of waste (Dmsw), then the total cost of
burial per unit mass is

2000 Iby
TOTALCOST? = ( %on)SCTOTALCOSTl (95)

msw

Once the revenue generated from the landfill gas is accounted for, the total cost is

TOTALCOST3=TOTALCOST2-r _ total (96)

2.7 Default Values

The default values shown here are adjusted to 1998 dollars in the DST. This is done by multiplying each default
value by an index factor. The index factor is the current year cost index divided by the base year cost index. Three
values are given for each parameter to represent traditional, bioreactor, and ash landfills respectively. References
are in brackets.

2.7.1  AHDPE, area of HDPE per acre (43,560 ft*/acre, 43,560 ft¥/acre, 0 ft*/acre)

A generic 1-acre cell is chosen as the reference unit. It is assumed that one tarp, with a surface area of 1
acre, is used as daily cover for the entire cell. This includes a number of re-uses because the waste is
incrementally placed over the life of the cell. In actuality, the tarp may be used only once or several times.
The surface area of HDPE daily cover used per acre can be varied to account for this as described in
section 2.3.2. [Environmental Research and Education Foundation, 1997]

2.7.2 ¢y, unit cost of land ($1,500/acre, $1,500/acre, $1,500/acre)
The default value is chosen based on judgment.
2.7.3 ¢y, unit cost of clearing land ($2,425/acre, $2,425/acre, $2,425/acre)
A range of $1,200—$%$4,850 is given based on the size and number of trees. Medium size trees are
assumed, and the stumps must be grubbed and removed, with no burning permitted. [R. S. Means
Company, Inc., 1993; 0211040250]
2.7.4  c3, unit cost of standard excavation ($2.00/yd3, $2.00/yd3, $2.00/yd3)
This default value is based on experience with landfill construction. [Richardson, interview]
2.7.5  cg, unit cost of difficult excavation (i.e., muck, clay, etc.) ($3.00/yd3, $3.00/yd3, $3.00/yd3)

This default value is based on experience with landfill construction. [Richardson, interview]

2.7.6  cs, unit cost of industrial fencing, material, and installation ($11.95/linear ft, $11.95/linear ft, $11.95/linear
ft)

This default value assumes 6-ft-high, 9-gauge galvanized steel fencing with a triple strand of barbed wire.
[R. S. Means Company, Inc., 1993; 0283080200]
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2.17.7

2.7.8

2.7.9

2.7.10

2.7.11

2.7.12

2.7.13

2.7.14

Cg, Unit cost of earthen berm construction ($2.50/yd3, $2.50/yd3, $2.50/yd3)
This default value is based on experience with landfill construction. [Richardson, interview]

c7, unit cost of procurement and delivery of soil adequate for berm construction ($2.67/yd3, $2.67/yd3,
3
$2.67/yd")

Common borrow with a 10-mi haul distance is $7.50 per compacted cubic yd. A compaction factor of 1.11
is applicable to common earth, so this decreases the cost to $6.82. The 10-mi haul accounts for $5.60 of
the cost, so the net material cost is $1.22/yd3. Using a 1-mi haul distance, at a cost of $2.89 for short hauls,
reduced by 50% since large trucks would be used for the quantities of earth required, results in a final cost
of $2.67/yd3. [Kerr's Cost Data for Landscape Construction, 1994; 0221025100]

cg, cost of on-site earth hauling ($1.83/yd3-mi, $1.83/yd3-mi, $1.83/yd3-mi)

This default value assumes on-site hauling from the excavation point to a single stockpile; although for a
large site, multiple stockpiles would likely be provided and earth for berm construction would be moved
into location directly. Costs of $1.11 to $1.37 are given for 1,000-ft to 3,000-ft hauls, which yields a cost
function of $0.98 + $0.00013(#feet). This yields a value of $1.67 per mi or $1.83 per yd® after adjustment
to 1998 dollars. [Dodge Heavy Construction Cost Data, 1987]

Cg, cost of construction of a maintenance and equipment storage building ($21.80/ft2, $21.80/ft2,
$21.80/ft)

This default value is taken for the cost of construction of a warehouse and storage building, using lower
quartile values. [R. S. Means Company, Inc., 1993; 1719700010]

c10, cost of a gatehouse/personnel support building and flare ($335,750, $335,750, $25,740)

This cost of the gatehouse assumes a 6-ft-high, 20-ft-wide double gate. The gatehouse is evaluated as
equivalent to a booth used for parking lots (for the scale operator) and a large (50 ft x 12 ft) temporary
office trailer for the personnel area. [R. S. Means Company, Inc., 1993; 0283085075; 1115011150; and
0159040500]

The default capital cost for the flare and blower is $150,000 and $160,000, respectively. Since ash
landfills are not expected to produce gas, no flare is needed. Thus, the default value only contains the cost
of the gatehouse. [Kerr's Cost Data for Landscape Construction, 1994]

c11, cost of a public drop-off station ($0, $0, $0)

No such structure is assumed for the default value.

c1o, installed cost of industrial truck scale, capacity 50 tons ($70,000, $70,000, $70,000)
This default value is based on experience with landfill construction. [Richardson, interview]
c13, unit cost of electrical connection to utility grid ($10,000, $10,000, $10,000)

This default value is based on engineering judgment.
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2.7.15

2.7.16

2.7.17

2.7.18

2.7.19

2.7.20

2.7.21

2.7.22

2.7.23

2.7.24

C14, UNit cost of sanitary sewer connections and piping ($10.20/linear ft, $10.20/linear ft, $10.20/linear ft)
This default value assumes 6-in. PVC piping. [R. S. Means Company, Inc., 1993; 0266862900]

c15, Unit cost of septic system ($41,000, $41,000, $41,000)

This default value assumes a 40,000-gal septic tank, 1,000 ft of piping in an excavated trench, and
excavation costs for the tank. It is assumed that twice the volume of the tank must be excavated to bury the
tank properly. (0.00495 yd3/gal) [R. S. Means Company, Inc., 1993; 0274040500; 0271682120;
0222540450; and 0222426010]

C16, Unit cost of potable water connection ($10,000, $10,000, $10,000)

This default value is based on engineering judgment.

c17, unit cost of potable water well installation and connection ($50,000, $50,000, $50,000)

This default value assumes a 40-ft depth, 300-gpm maximum capacity pump, and treatment system. [R. S.
Means Company, Inc., 1993; 0267040500; 0267043100; and 1531506400]

C1g, unit cost of gas connection ($10,000, $10,000, $10,000)
This default value is based on engineering judgment.

Co2, Unit cost of road construction suitable for heavy-vehicle traffic ($35.28/linear ft, $35.28/linear ft,
$35.28/linear ft)

This default value assumes a 4-in.-thick binder and wearing course. For a 25-ft-wide road (two lanes),
there are 2.78 yd2 of pavement per linear ft at $12.70/yd2. [R. S. Means Company, Inc., 1993;
0251040200; and 0251040460]

C23, Unit cost of road construction for upgrade of existing roads ($35.28/linear ft, $35.28/linear ft,
$35.28/linear ft)

This default value assumes the same cost for road upgrade as for new roads.

C24, Unit cost of well drilling and installation ($22/linear ft of well depth, $22/linear ft of well depth,
$22/linear ft of well depth)

This default value is for observation wells. [R. S. Means Company, Inc., 1993; 0267040800]

Cos5, unit cost of low-level landscaping ($1,450/acre, $1,450/acre, $1,450/acre)

This default value assumes seeding for grass only. [R. S. Means Company, Inc., 1993; 0293040010]
Co6, cost of high-level landscaping around buildings and site entrance ($5,000, $5,000, $5,000)

This default value is based on engineering judgment.
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2.7.25

2.7.26

2.7.27

2.7.28

2.7.29

2.7.30

2.7.31

2.7.32

2.7.33

Co7, unit cost of procurement and installation of flexible membrane liner ($1.50/ft2, $1.50/ft2, $1.50/ft2)
This default value assumes a 60-mil HDPE liner. [Kerr's Cost Data for Landscape Construction, 1994]

Co2g, Unit cost of procurement and delivery of soil suitable for liner construction ($7.00/yd3, $7.00/yd3,
3
$7.00/yd”)

This default value assumes purchase of clay with suitable permeability characteristics if not available on
site. A 1-mi haul distance is assumed. [Richardson, interview]

C30, Unit cost of procurement and delivery of soil additive to decrease permeability ($115/yd3, $115/yd3,
3
$115/yd™)

This default value is calculated based on landfill construction experience [Richardson, interview]. A cost
of $2.50 per % bentonite clay per ton is equivalent to $115 per yd3 of bentonite:

($2'5(y% - ton)>< (L00)x (to%ooo |b)>< (921 %ds)= $115 vl

c31, unit cost of procurement, delivery, and installation of drainage material for leachate detection and
cover (sand) ($8.05/yd’, $8.05/yd®, $8.05/yd*)

This default value assumes a 1-mi haul distance. [R. S. Means Company, Inc., 1993; 0222120500]

C32, Unit cost of installation of compacted soil liner, including soil preparation ($5.00/yd3, $5.00/yd3,
3
$5.00/yd")

This default value is based on experience with landfill construction. [Richardson, interview]

C33, unit cost of purchase, delivery, and installation of leachate collection layer (gravel) ($8.30/yd3,
$8.30/yd°, $8.30/yd")

This default value for gravel assumes a 1-mi haul distance. [R. S. Means Company, Inc., 1993;
0222120100]

C34, cost to procure and install leachate pump and associated piping and electrical ($10,000, $10,000,
$10,000)

This default value assumes a 15-hp, 2-in. suction pump, with additional costs associated with level control
and sump construction based on judgment. [R. S. Means Company, Inc., 1993; 1524302140]

c3s, cost of leachate storage tank ($120,000, $120,000, $120,000)

This default value is based on experience with landfill construction for installation of a 250,000-gal storage
tank and foundation. [Richardson, interview]

C36, Cost to procure and install PVC piping ($10.20/ft, $10.20/ft, $10.20/ft)

This default value assumes 6-in. piping. [R. S. Means Company, Inc., 1993; 0266862900]
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2.7.34

2.7.35

2.7.36

2.7.37

2.7.38

c41, total cost of site preoperational studies and activities ($250,000, $250,000, $250,000)

This default value is based on judgment.

C42, Unit cost of procurement and delivery of soil suitable for daily cover ($2.67/yd3, $2.67/yd3, $2.67/yd3)
See section 2.7.8.

C43, minimum annual labor costs ($260,000/year, $280,000/year, $93,600/year)

The minimum annual labor cost is based on experience with landfill construction and does not account for
overhead costs, which are accounted for separately. [Richardson, interview]

For a traditional landfill, the default value assumes that seven personnel (scale attendant, two equipment

operators, traffic controller, recycle coordinator, manager, and mechanic) are needed to process the
expected 1,350 ton/day MSW:

_ - people . days hr weeks $
C43_7WX6 KveekXBAayX52 Aear“sAr

For a bioreactor landfill, the default value assumes that eight personnel (scale attendant, two equipment
operators, traffic controller, recycle coordinator, manager, mechanic, and recirculation supervisor) are
needed to process the expected 1,350 tons/day MSW:

_gPheople days hr weeks $
i <8500 %O S kX8 iy <52 RS X159

For an ash landfill, the default value assumes that 2.5 personnel are needed to process the expected 1,350
tons/day:

_ocpeople days hr weeks $
iy =25° 0 6 R ™52 Aearwar

C44, incremental labor costs for each increase in landfill tonnage above Myym

(300 Pyea , 300 Dyea , 100 Dy )

Yo o T

This default value is based on experience with landfill construction and does not account for overhead
costs that are accounted for separately. [Richardson, interview]

C45, cost of equipment procurement and maintenance per mass of waste handled
$ $ $
($1,800 Dy , $1,800 Py , $1,460 Dy )

to% ay to% ay to% ay

To develop this default value for traditional and bioreactor landfills, some typical equipment requirements
for various sizes of landfill operations were obtained [Tchobanoglous et al., 1993], and monthly rental cost
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data were obtained for the closest match to the equipment listed [R. S. Means Company, Inc., 1993]. Table
4 shows the applicable rental costs.

Table 4. Equipment Rental Cost for Traditional and Bioreactor Landfills

Equipment Requirement Monthly Rental Cost Item #°

Tractor-crawler (200 hp) $9,300 0164084260
Tractor-crawler (410 hp) $13,100 0164084360
Tractor-crawler (700 hp) $30,200 0164084380
Scraper (12-17 cubic yd) $2,075 0164083500
Water truck (standard 3-ton dump) $1,125 0164085500
Compactor (2 drum) $990 0164081200

®R. S. Means Company, Inc., 1993

The size data from Tchobanoglous et al. [1993] along with the above rental data were used to develop the
following equipment costs presented in Table 5.

Table 5. Equipment Cost per Ton Per Day (TPD) for Traditional and Bioreactor Landfills

Capacity Equipment Requirements No. Monthly Cost | Total Annual | Cost/
(TPD) Cost TPD
25 Tractor crawler (small) 1 $9,300 $111,600 $4,464
100 Tractor crawler (medium) 1 $13,100
Scraper 1 $2,075
Water truck 1 $1,125

$195,600 $1,956

225 Tractor crawler (medium) 2 $26,200

Scraper 1 $2,075

Water truck 1 $1,125

$352,800 $1,568

300 Tractor crawler (large and medium) 2 $43,300

Scraper 1 $2,075

Compactor 1 $990

Water truck 1 $1,125

$569,880 $1,899

The average of the three largest operations is about $1,800 per year per TPD.
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Ash landfills do not use daily cover, so the equipment requirements are less than those for traditional and
bioreactor landfills. Table 6 shows the applicable rental costs.

Table 6. Equipment Rental Cost for an Ash Landfill

Equipment Requirement Monthly Rental Cost Item #°

Tractor-crawler (200 hp) $9,300 0164084260
Tractor-crawler (410 hp) $13,100 0164084360
Tractor-crawler (700 hp) $30,200 0164084380
Water truck (standard 3-ton dump) $1,125 0164085500
Compactor (2 drum) $990 0164081200

®R. S. Means Company, Inc., 1993

The size data from Tchobanoglous et al. (1993) along with the above rental data were used to develop the
following equipment costs presented in Table 7.

Table 7. Equipment Cost per TPD for an Ash Landfill

Capacity Equipment Requirements No. | Monthly Cost | Total Annual Cost/

(TPD) Cost TPD

25 Tractor crawler (small) 1 $9,300 $111,600 $4,464
100 Tractor crawler (medium) 1 $13,100
Water truck 1 $1,125

$170,700 $1,707
225 Tractor crawler (medium) 2 $26,200
Water truck 1 $1,125

$327,900 $1,458
300 Tractor crawler (large and medium) 2 $43,300
Compactor 1 $2,075
Water truck 1 $1,125

$558,000 $1,860

The average of the three largest operations is about $1,460 per year per TPD.
2.7.39 c4p, annual cost of well monitoring ($2,000/well-year, $2,000/well-year, $2,000/well-year)

This default value is based on typical values. [Richardson, interview]
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2.7.40

2.7.41

2.7.42

2.7.43

2.7.44

2.7.45

2.7.46

2.7.47

C47, leachate treatment and disposal cost including transport to publicly owned treatment works (POTW)
($0.35/gal, $0.35/gal, $0.35/gal)

This assumes a 15-mi hauling distance and a charge of $0.10 per ton per mi, and treatment costs that are
negligible compared with hauling costs [Kerr's Cost Data for Landscape Construction, 1994]:

$0.10
ton —mi

X 15 Mix (/50001 )% (6243197 (17 45 )= $0.35 per gal

c4g, annual perpetual care cost ($222,000/year, $222,000/year, $30,000/year)

This default value is based upon annual inspections and possible repairs and maintenance of gas collection
equipment [Kerr's Cost Data for Landscape Construction, 1994], as well as the maintenance of the flare
and blower [Environmental Research and Education Foundation, 1998]. The flare is rebuilt every 10
years during a period of 80 years. (The third landfill gas collection system is assumed to be discontinued
80 years after waste placement. This default value is fully described in section 6.) Each flare rebuild costs
approximately $20,000. Maintenance for the blower includes blower replacement every 5 years during a
period of 80 years. Each replacement costs $10,000. Since ash landfills are not expected to produce gas,
no flare is needed. Thus, the default value only contains the maintenance cost of the gas collection
equipment. The default value for the ash landfill should only include annual inspections since there is no
gas collection.

C49, cost of off-site hauling of soil ($O.50/yd3—mi, $O.50/yd3-mi, $O.50/yd3-mi)

This default value assumes a 10- to 20-mi haul distance applicable. [Kerr's Cost Data for Landscape
Construction, 1994]

Csp, total cost of cell-one preoperational studies and activities ($250,000, $250,000, $250,000)
This default value is based on experience with landfill construction. [Richardson, interview]
Cs1, unit cost of procurement of on-site daily cover soil ($0.00/yd®, $0.00/yd? $0.00/yd®)

This number is zero because the soil for on-site daily cover is obtained from excavation during landfill
construction.

Csp, Unit cost of procurement and installation of HDPE ($1.50/ft%, $1.50/ft*, $1.50/t%)

The default value assumes a 60-mil smooth HDPE liner. [Kerr's Cost Data for Landscape Construction,
1994]

Cs3, revenue-generating cover (-$5.00/yd*, -$5.00/yd®, -$5.00/yd)

The default value is based on engineering judgement. The money obtained from using revenue-generating
cover must be <0.

Cs4, Unit cost of concrete (0, $47/yd®, 0)

This is the unit cost for ready mix, regular weight, 2,000-psi concrete. [R. S. Means Company, Inc., 1995]
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2.7.48

2.7.49

2.7.50

2.7.51

2.7.52

2.7.53

2.7.54

2.7.55

2.7.56

2.7.57

css, cost of procurement of geotextile ($0.11/ft%, $0.11/ft?, $0.11/ft%)

Nonwoven polyester 10-0z. Geotextile (0z/sq yd); 140-mil thickness. [Felker, personal communication,
1997]

Csg, cost of procurement and installation of HDPE for final cover ($1.50/ft?, $1.50/ft?, $1.50/ ft?)
The default value assumes a 60-mil smooth HDPE liner. [Felker, personal communication, 1997]
cs7, cost of installing geotextile for final cover ($0.06/ft?, $0.06/ft*, $0.06/ft?)

The default value assumes an overlap of seams. [Felker, personal communication, 1997]

Csg, capital cost of turbine ($4,000,000, $4,000,000, $0)

Typical range $4,000,000 to $5,000,000. The capital cost includes the cost of major equipment, as well as
the costs associated with the auxiliary equipment, construction, emissions controls, interconnections, gas
compression and treatment, engineering, and “soft costs.” Soft costs typically include up-front owner’s
costs (development staff, legal, permitting, insurance, and property tax), escalation during construction,
interest during construction, and owner’s contingency. [U.S. EPA, 1996]

Csg, capital cost of internal combustion engine ($1,200,000, $1,200,000, $0)

The capital cost includes the cost of major equipment, as well as the costs associated with the auxiliary
equipment, construction, emissions controls, interconnections, gas compression and treatment, engineering,
and “soft costs.” Soft costs typically include up-front owner’s costs (development staff, legal, permitting,
insurance, and property tax), escalation during construction, interest during construction, and owner’s
contingency. [U.S. EPA, 1996]

De, depth of excavation (40 ft, 40 ft, 40 ft)

This site-specific value is the maximum depth of the landfill below site grade. Note that the total landfill
height (height of waste above grade plus excavation depth) is 80 ft, which is a typical value

Dnppe, density of HDPE used for daily cover (59.6 Ib/ft?, 59.6 Ib/ft*, 59.5 Ib/ft?)
This is the density of HDPE liner. [Environmental Research and Education Foundation, 1997]
dicht, density of leachate (8.34 Ib/gal, 8.34 Ib/gal, 8.34 Ib/gal)

This is the density of leachate sent to the POTW. [Environmental Research and Education Foundation,
1997]

Dpnew» average density of waste after burial (1,500 Ib/yd®, 1,500 Ib/yd®, 3,500 Iblyd®)
This default value is based on experience with landfill construction. [Richardson, interview]

Dpyc, density of PVC ( 84.3 Ib/ft’, 84.3 Ib/ft®, 84.3 Ib/ft°)
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2.7.58

2.7.59

2.7.60

2.7.61

2.7.62

2.7.63

2.7.64

2.7.65

2.7.66

2.7.67

This is the density of PVC pipe. [Environmental Research and Education Foundation, 1997]
Dg|, depth of protective soil over the liner and leachate collection system (3.0 ft, 3.0 ft, 3.0 ft)

The default value is chosen based on engineering judgment as an acceptable nominal depth to protect the
liner and leachate collection piping from damage due to facility operations.

Dg|c, depth of leachate collection system (1.0 ft, 1.0 ft, 1.0 ft)

The default value is chosen based on engineering judgment as an acceptable nominal depth to provide a
channel for leachate flow to the collection piping.

Dgpl, depth of compacted soil in the primary liner (2.0 ft, 2.0 ft, 2.0 ft)

The default value is chosen as the minimum requirement specified in federal regulations. [RCRA Subtitle
D, 40 CFR Part 258, 1991]

Dgsl, depth of compacted soil in the secondary liner (2.0 ft, 2.0 ft, 2.0 ft)

The default value is chosen based on engineering judgment. Secondary liners are installed based on site-
specific or local regulation requirements or both.

effquo, efficiency of boiler (80%, 80%, 80%)

The efficiency of the boiler is assumed to be 80%. [Environmental Research and Education Foundation,
1997]

effijcep, efficiency of internal combustion engine (33%, 33%, 33%)

The efficiency of the internal combustion engine is assumed to be 33%. [Environmental Research and
Education Foundation, 1997]

effirpn2, efficiency of turbine (33%, 33%, 33%)

The efficiency of the turbine is assumed to be 33%. [Environmental Research and Education Foundation,
1997]

f1, fraction of below-grade volume required to be excavated (1.0, 1.0, 1.0)

Unless the site is a natural depression, excavation of 100% of the below-grade volume would be required.
The default value is chosen to maximize excavation costs in the model.

fo, fraction of excavated volume considered difficult to excavate (0.1, 0.1, 0.1)

The soil is not suitable for berms, daily cover, liner, or final cover. The default value is chosen based on
engineering judgment that ease of excavation would be one criteria of an acceptable landfill site.

f3, fraction of buffer zone to be cleared and landscaped prior to operating landfill (0.05, 0.05, 0.05)
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2.7.68

2.7.69

2.7.70

2.7.71

2.7.72

2.7.73

2.7.74

2.7.75

2.7.76

2.7.77

2.7.78

The default value is chosen to allow for access to the site. Landscaping requirements are site specific.

f4, fraction of soil additive to mix with native or purchased soil to achieve required permeability (0.04,
0.04, 0.04)

This default value is based on experience with landfill construction. [Richardson, interview]
f5, engineering design multiplier for capital investment (0.1, 0.1, 0.1)

This default value is based on experience with landfill construction. [Richardson, interview]
fs, engineering design multiplier for landfill operations (0.1, 0.1, 0.1)

This default value is based on experience with landfill construction. [Richardson, interview]
f7, labor fringe rate (0.46, 0.46, 0.46)

Overhead costs for labor are calculated as a fraction of labor wages. Overhead costs include overtime,
office supplies, insurance, social security, vacation, sick leave, and other services.

fg, utilities costs fraction (of personnel costs) (0.01, 0.01, 0.01)

The default value is based on judgment.

f10, fraction of excavation suitable for liner construction, daily cover, berms, and final cover (0.9, 0.9, 0.9)
The default value is based on engineering judgement.

gaslyy, use of boiler in first landfill gas treatment period (0%, 0%, 0%)

No gas is collected and routed to a boiler in the first treatment period.

gaslijce, use of ICE during first landfill gas treatment period (0%, 0%, 0%)

No gas is collected and routed to a boiler in the first treatment period.
gaslipn, use of turbine during first landfill gas treatment period (0%, 0%, 0%)
No gas is collected and routed to a boiler in the first treatment period.

gascHa, percent of methane in landfill gas (55%, 55%, 0%)

It is assumed that landfill gas as generated consists of approximately 55% methane but that there is no
methane produced from ash. [Environmental Research and Education Foundation, 1997]

GCnppg, amount of HDPE in gas collection system (0.016 Ib/ton waste, 0.016 Ib/ton waste, 0.016 Ib/ ton
waste)
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2.7.79

2.7.80

2.7.81

2.7.82

2.7.83

2.7.84

2.7.85

The amount of HDPE used for the gas collection system corresponds to a specific quantity of waste, which
is the amount of waste contributing to the gas collection system. This information was obtained from
individual sites. Refer to section 2.4.1 and Environmental Research and Education Foundation [1997].

GCpyc, amount of PVC in gas collection system (0.0081 Ib/ton waste, 0.0081 Ib/ton waste, 0.0081 Ib/ton
waste)

The amount of PVC used for the gas collection system corresponds to a specific quantity of waste that is
the amount of waste contributing to the gas collection system. This information was obtained from
individual sites. Refer to section 2.4.1 and Environmental Research and Education Foundation [1997].

GMpy/c, amount of PVC in gas monitoring system (7.3E-5 Ib/ton waste, 7.3E-5 Ib/ton waste, 7.3E-5 Ib/ton
waste)

The amount of PVC used for the gas monitoring system corresponds to a specific quantity of waste that is
the amount of waste contributing to the gas collection system. This information was obtained from
individual sites. This amount of waste was assumed to be proportional to the surface of the cell covered by
the collection system. Each quantity of PVC is normalized to the amount of waste contributing to the gas
collection system in the specific cell for which it is used. The amount of PVVC used was calculated based
on computing the volume of PVC used (from pipe length, diameter, and wall thickness) and multiplying by
the density of PVC (84.3 Ib/ft®). The values ranged from 6.9E-6 Ib/ton MSW to 2.0E-4 Ib/ton MSW.
[Environmental Research and Education Foundation, 1997]

H,, height of waste above grade (40 ft, 40 ft, 40 ft)

This default value is based on engineering judgment and is site specific.
Hpm, height of berm (10 ft, 10 ft, 10 ft)

This default value is based on engineering judgment.

i, effective annual interest rate (0.05)

The default value is chosen consistent with other process models.

k, first order decay rate constant (0.03 year™, 0.15 year™, 0 year™)

The default value is 0.03 year'1 for traditional landfills. [Environmental Research and Education
Foundation, 1997].

The default value for bioreactor landfills is based on engineering judgement. The default value for ash
landfills is based on the assumption that gas production will be close to zero.

lag, time between placement and start of gas generation (1 year, 0 year, 1 year)

It is assumed to represent an average lag time between waste placement and when the waste starts to
decompose to methane. This stage varies depending on moisture content and temperature of the
surroundings. [Environmental Research and Education Foundation, 1997]
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2.7.86

2.7.87

2.7.88

2.7.89

2.7.90

2.7.91

2.7.92

2.7.93

2.7.94

2.7.95

Ly, buffer zone distance (300 ft, 300 ft, 300 ft)
This default value is chosen based on federal regulations [R. S. Means Company, Inc., 1993].
Lgths, average length of horizontal trench for leachate recirculation (0 ft, 548 ft, 0 ft)

This number is site specific. It is assumed that the length of the trench equals the length of the disposal
volume.

Igth8, length of PVVC pipe in each vertical injection well (O ft, 65 ft, O ft)

This is the length of the vertical well in a leachate recycle landfill. The default value is a function of the
height above grade, depth of excavation, depth of the leachate collection system, and a buffer length.

lgth8 = (H, + D, )— Dy, —10

Licp, distance between leachate collection pipes (100 ft, 100 ft, 100 ft)

This default value is based on experience with landfill construction. [Richardson, interview]
Lo, total landfill gas yield potential (ft¥/ton waste)

The user has the option of selecting the landfill gas yield potential predicted by SWANA or the landfill gas
yield potential based on a laboratory analysis done at North Carolina State University. A complete
discussion of gas production is presented in section 6.

Lor, distance of required off-site roads to be upgraded (1 mi, 1 mi, 1 mi)

The default value is chosen based on engineering judgment. Ease of access to the site is expected to be one
criteria of an acceptable landfill site.

L, total site length (5,280 ft, 5,280 ft, 5,280 ft)

The default value is chosen based on engineering judgment. Ease of access to the public works is expected
to be one criteria of an acceptable landfill site.

Lsg, distance to area for excess soil disposal (1 mi, 1 mi, 1 mi)

The default value is chosen based on engineering judgment. Ease of access to the site is expected to be one
criteria of an acceptable landfill site.

Ly, distance of required roads for site entrance and for access to on-site facilities (600 ft, 600 ft, 600 ft)
This default value is double the buffer-zone length.
Ly, distance between monitoring wells around perimeter of disposal volume (500 ft, 500 ft, 500 ft)

This default value is based on experience with landfill construction. [Richardson, interview]
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2.7.96

2.7.97

2.7.98

2.7.99

2.7.100

2.7.101

2.7.102

2.7.103

2.7.104

2.7.105

Lwg, depth of typical well (50 ft, 50 ft, 50 ft)

This default value is chosen based on water-table characteristics of the Central Piedmont of North
Carolina. For well clusters, the average depth of a well can be multiplied by the number of the wells.

M1, expected mass flow (1,350 ton/day, 1,350 ton/day, 338 ton/day)

The default value for a traditional and bioreactor landfill is based upon a population of about 450,000
persons and a per capita waste generation rate of 6 Ib/day. The default value for an ash landfill, based on
engineering judgement, is 338 ton/day. These mass generation rates are used only to calculate the size of
the landfill and do not influence the composition of the mass flowing to the landfill and the density of the
waste stream.

Mwm, maximum daily tonnage handled by base labor costs of c43 (400 ton/day)

This default value is based on experience with landfill construction. [Richardson, interview]

Npc, humber of years of perpetual care (30 years, 30 years, 30 years)

Four different semi-annual inspections are included: general inspection, gas collection system inspection,
leachate collection system inspection, and groundwater control system inspection for a total of eight visits
per year for 30 years. Post-closure activities also include lawn mowing once a year.

Ny, the number of distinct regions of the landfill developed over the life of the facility (4, 4, 4)

This default value is chosen based on engineering judgment to obtain a 5-year cell-one operating period.
Ns, the number of scales required (1, 1, 0)

This default value is chosen based on engineering judgment.

Ny, expected useful life of landfill (20 years, 20 years, 20 years)

This is the number of years the typical landfill cell will remain open before final cover is applied. This
value is used to determine the size of the landfill.

Pcvr1, percent of total landfill volume occupied by cover (10%, 10%, 0%)

The default value is based on industry information and engineering judgment. It is assumed that off-site
soil, on-site soil, and revenue-generating cover, if used exclusively as the only type of daily cover, will
represent 10% by volume of airspace in a given landfill cell.

Pcvr2, percent of final cover to be replaced over the entire post-closure period (10%, 10%, 5%)

It is assumed that 10% of the final cover will have to be replaced over the 30-year post-closure monitoring
period. [Environmental Research and Education Foundation, 1997]

PHDPE1, percent of daily cover that is HDPE (15%, 15%, 0%)
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2.7.106

2.7.107

2.7.108

2.7.109

2.7.110

2.7.111

2.7.112

2.7.113

2.7.114

2.7.115

2.7.116

This value is based on standard engineering practice. [Environmental Research and Education Foundation,
1997]

Prevgen, percent of daily cover that is revenue-generating cover (15%, 15%, 15%)

This default value is based on standard engineering practice. [Environmental Research and Education
Foundation, 1997]

r1, revenue from electric buyback ($0.03/kWh, $0.03/kWh, $0.03/kWh)

This default value is based on current rates. [U.S. EPA, 1996]

ro, revenue from thermal energy ($1.23/MBtu, $1.23/MBtu, $1.23/MBtu)

This default value is based on current rates. [U.S. EPA, 1996]

Rp, slope of the grade of the berm as rise over run (0.33, 0.33, 0.33)

The default value is chosen based on engineering judgment for slope stability.

Rga, slope of the grade of the disposal volume above site grade as rise over run (0.33, 0.33, 0.33)
The default value is chosen based on engineering judgment for slope stability.

Ry, slope of the grade of the disposal volume below site grade as rise over run (0.33, 0.33, 0.33)
The default value is chosen based on engineering judgment for slope stability.

Ry w, length-to-width ratio (1.0, 1.0, 1.0)

The default value is chosen based on engineering judgment to minimize land requirements.

s, first order rise phase constant (1 year™, 1.5 year™, 0 year™)

The default value for the traditional landfill was based on studies described in Environmental Research and
Education Foundation [1997]. The default values for the bioreactor and ash landfills are based on
engineering judgement.

t, year of gas treatment (year)

This is the year of landfill gas treatment.

tHDPE?2, thickness of HDPE (60 mils, 60 mils, 60 mils)

This is based on a typical final cover profile. [Environmental Research and Education Foundation, 1997]

to, time to implementation of first gas collection system (2 years, 2 years, 2 years)
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2.7.117

2.7.118

2.7.119

2.7.120

2.7.121

2.7.122

2.7.123

2.7.124

2.7.125

2.7.126

The first landfill gas treatment period starts at year 2 and ends at year 5. The second landfill gas treatment
period starts at year 5 and ends at year 40. The third landfill gas treatment period starts at year 40 and ends
at year 80. [Environmental Research and Education Foundation, 1997]

t3, time to discontinuation of third gas collection system (80 years, 80 years, 80 years)

The first landfill gas treatment period starts at year 2 and ends at year 5. The second landfill gas treatment
period starts at year 5 and ends at year 40. The third landfill gas treatment period starts at year 40 and ends
at year 80. [Environmental Research and Education Foundation, 1997]

tsand1, thickness of the first sand layer in final cover (1 ft, 1ft, 1ft)

This is based on a typical final cover profile. [Environmental Research and Education Foundation, 1997]
tsand2, thickness of second sand layer in final cover (1 ft, 1 ft, 1 ft)

This is based on a typical final cover profile. [Environmental Research and Education Foundation, 1997]
tsoil, depth of top soil and vegetation support soil (3.0 ft, 3.0 ft, 3.0 ft)

This is based on a typical final cover profile. [Environmental Research and Education Foundation, 1997]
Wy, width of the top of the berm (12.0 ft, 12.0 ft, 12.0 ft)

The default value is chosen as a nominal value to permit vehicle access along the top of the berm.

z1, logical input, = +1 if septic system is used instead of public sewer, 0 otherwise (0, 0, 0)

The default value is chosen based on engineering judgment. Ease of access to the public works is expected
to be one criteria of an acceptable landfill site.

Z, logical input, = +1 if on-site well water is used instead of public water, 0 otherwise (0, 0, 0)

The default value is chosen based on engineering judgment. Ease of access to the public works is expected
to be one criteria of an acceptable landfill site.

z3, logical input, = +1 if gas is used on site, 0 otherwise (0, 0, 0)

The default value is chosen based on engineering judgment. The specific public works to be used is site
specific.

74, logical input, = +1 if a liner is used, 0 otherwise (+1, +1, +1)
The default value is chosen consistent with the requirements of a subtitle D landfill.
Zg, logical input, = +1 if a double composite liner is used, 0 otherwise (single composite) (0, 0, 0)

The default value is chosen based on engineering judgment. Secondary liners are installed based on site-
specific and/or local regulations. A primary liner consists of compacted soil and a flexible membrane. A
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secondary liner also consists of a compacted soil liner and a flexible membrane. If a secondary liner is
specified, then a leachate detection system would be installed between the liners with a foot of sand layer
for drainage.

2.7.127 zg, logical input, = +1 if sand is used for leachate collection piping channels, 0 otherwise (for gravel)
(+1, +1, +1)

The default value is chosen based on engineering judgment.
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3.0 Life-Cycle Inventory of Landfill Operations

The operations phase of the landfill life cycle involves solid waste being weighed at the gate of the landfill,
transported by truck to the working face and emptied. It is then spread into a thin layer and compacted. Daily cover
is placed over the waste to minimize litter, odor, and pests and to improve waste control. The daily cover can be
composed of one or a combination of the following: soil, HDPE tarp, revenue-generating cover, or no daily cover.
The user selects both the total fraction of the landfill volume occupied by daily cover (Pcyr1) and the fraction of

each type used (Psoil, PHDPE1, Prevgens Pnevr)-

In addition to daily cover material, fuel is required to operate equipment that places the waste and daily cover.
Various combinations of equipment such as bulldozers, scrapers, graders, backhoes, and trucks are used to compact
the waste, obtain and place the cover, and to perform other operational duties. The choice of equipment depends on
the configuration of the site (nature of the soil, slopes, etc.), the climate (frosted soils, damp soils, etc.), and the size
of the site and perhaps other factors. The user can adjust the percent use for each equipment type. Furthermore,
heavy trucks and dump trucks consume fuel while transporting cover material and fuel to the site.

3.1  Daily Cover Materials
This section models the consumption of daily cover materials. The required parameters follow.

¢ User Input Parameters:
e Dpmsw, average density of waste after burial (Ib/yd3)
o My, expected mass flow (ton/day)
e Ny, expected useful life of the landfill (years)
e Pcyr1, percent of total landfill volume occupied by cover (%)
e  PuppE], percent of daily cover that is HDPE (%)

e Prevgen, percent of daily cover that is revenue-generating cover (%)

¢ Calculated Parameters:
o Desf, effective landfill density (Ib/yd3)
o Dgyerall, overall effective landfill density (Ib/yd3)
e Lgy, length of the disposal volume (ft)
®  MSWjyere, Waste buried per landfill surface area (tons/acre)
o Posf, percent of site that uses off-site soil as daily cover (%)
e Pon, percent of daily cover that is on-site soil (%)
o Vmsw, average landfill airspace volume per landfill surface area (yd3/acre)

o Wy, width of the disposal volume (ft)
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3. Life-Cycle Inventory of Landfill Operations

As mentioned above, there are different types of daily cover that could be applied to a landfill at the end of the
working day. Table 8 represents the default values for the mix of daily cover used at a traditional or bioreactor
landfill during landfill operation.

Table 8: Default VValues for Percent of Daily Cover Used in Traditional and Bioreactor Landfills

Daily Cover Type % of Total Use
Soil (on-site and off-site) 70
HDPE tarp 15
Revenue-generating cover 15
No daily cover 0

Total: 100

In traditional and bioreactor landfills, the default value for the volume of landfill airspace occupied by daily cover
(Pcyr1) is 10%. This percentage consists of the fractions given in Table 8. As presented in Table 9, the default
value for an ash landfill is no daily cover.

Table 9: Default Values for Percent of Daily Cover Used in Ash Landfills

Daily Cover Type % of Total Use

Soil (on-site and off-site) 0

HDPE tarp 0

Revenue-generating cover 0

No daily cover 100
Total: 100

When daily cover is used, the amount of waste per cubic yd of landfill volume decreases. For example, if daily
cover consisting of off-site soil comprises 10% of the landfill volume, the amount of waste per cubic yd decreases
from 1,500 Ib to 1,350 Ib. However, this is assuming that the entire site uses off-site soil. Actually, the site may be
a mix of daily cover types. Based on the default values represented in Table 8, soil and revenue-generating cover
represent 85% of the total daily cover on the site. The remaining 15% is covered with a HDPE tarp. This model
assumes that the HDPE tarp does not consume any airspace. Therefore, 85% of the landfill will have an effective
waste density of 1,350 Ib/yd3, and 15% will have an effective waste density equal to the pure waste density of 1,500
Ib/yd3. The following equation calculates the effective landfill density for 85% of the site:

P
Derr = (1_%) X Dinow (97)

The overall effective density for the entire landfill is calculated with the following equation:
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3. Life-Cycle Inventory of Landfill Operations

Poff + IDon + Prevgen P
D overall :( 100 XDegt |+ %X D msw (98)

The variables Py, and Pygs are calculated in equations 101 and 102, respectively. The total volume of waste per
landfill surface area is calculated as

MW|><Ny><

% (ZOOOIb )X 365 days
mew ton year
V =

msw
W, x L x acy j
dv = v ( 43560 ft2

The calculations for Wy, and Lgy are provided in equations 4 and 5, respectively (section 2.1.1). The overall
effective waste density can be multiplied by the landfill volume per surface area to yield the tons of waste placed
per landfill surface area.

(99)

msw =D

overall X Vingw X (to%ooo Ib) (100)

acre

3.1.1  On-Site Soil

Daily cover soil can be comprised of soil obtained on site or soil hauled in from off site. On-site soil obtained from
landfill excavation is used for the main liner, topsoil and vegetative support cover, berms, and daily cover. Refer to
Appendix C for the equations used for the landfill-site soil balance. The LCI for the production of on-site daily
cover are modeled as part of the landfill site operations (i.e., heavy-equipment use). Therefore, the upstream
burdens of the extraction and transport of on-site soil will be accounted for in the waste placement fuel consumption
modeling.

3.1.2  Off-Site Soil

This section documents equations used to calculate the amount of off-site soil per ton of waste. The required
parameters follow.

¢ User Input Parameters:
e Dgjl, density of the off-site soil (Ib/ft3)
e Pcyr1, percent of total landfill volume occupied by cover (%)

e  Pgil, percent of daily cover that is soil (%)

¢ Calculated Parameters:
o DCgjj, off-site soil used per ton of waste (Ib/ton of waste)
o Des, effective landfill density (Ib/yd3)
o Posf, percent of site that uses off-site soil as daily cover (%)

e  Pgp, percent of daily cover that is on-site soil (%)
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3. Life-Cycle Inventory of Landfill Operations

o  Ponsites percent of daily cover soil volume that can be obtained on site as calculated in the soil budget (%)
(Appendix C)

If the required volume of daily cover soil required exceeds the volume of on-site soil available, then off-site soil is
used. The user specifies the percentage of daily cover that is soil (Pggjp). If the model determines there is enough
soil from excavation for main liner construction, topsoil, berms, and daily cover, then the percentage of on-site soil
(Ponsite) is 100%. If the soil required exceeds the available volume, then the model calculates the percentage of the
daily cover that could come from on site:

Ponsite X Psoil
100

The following equation calculates the percentage of on-site daily cover.

Ponsite % Psoi
Pon = IF(Ponsite =100, Py, onsTOO smlj (101)

The percentage of off-site soil is the percent of daily cover that is soil minus the percent of daily cover that is on-site
soil.

Pott = Psoil —Pon (102)

The amount of off-site soil per ton of waste is a function of the density of the soil, the percent volume occupied by
daily cover, the percent of daily cover that is off-site soil, and the effective waste density.

P 1 P 3
DCSOiI = DSO” X 1(318' X D X 18% X[27 ﬁAdSJX(ZOOO I%On) (103)
eff

3.1.3  Revenue-Generating Cover

Revenue-generating cover is a waste material that generators pay to discard and that can be used as daily cover.
The transport of this material to the site may be accounted for in the collection process model or outside the system
boundary depending on the waste source. Therefore, no additional environmental burdens associated with
production of revenue-generating cover are considered for in this study. The fuel used to place revenue-generating
daily cover is modeled as being part of the landfill site operations (i.e., heavy-equipment use).

3.1.4  No Daily Cover

Although required by regulation, some sites may not use daily cover because of special circumstances. Sites that do
not use daily cover were modeled as having different operating practices than sites that do use daily cover, resulting
in different amounts of fuel and equipment use. The default for an ash landfill is no daily cover. Therefore, fuel
consumption at an ash landfill for site operations has been reduced. Reduced fuel consumption is also attributed to
the relative ease of ash compaction as compared to MSW.
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3.1.5  Alternate Daily Cover (HDPE)

This section documents equations used to calculate the amount of HDPE per ton of waste. The required parameters
follow.
¢ User Input Parameters

e ApppE, area of HDPE per acre (ft*/acre)

e  Dyppg, density of HDPE used for daily cover (Ib/ft3)

e  THDPE, thickness of the HDPE used for daily cover (mils)

¢ Calculated Parameters
e DCHppg, total HDPE used as daily cover (Ib/ton waste)

®  MSWaere, Waste buried per landfill surface area (tons/acre)

Alternate daily cover can consist of various types of material (tarps, foam, chemical spray, etc.) For the purposes of
this study, only HDPE tarps will be considered. The default parameter AyppE is based on the assumption that a 15-
mil HDPE tarp is re-used over the entire life of a 1-acre landfill cell or an operating unit. Therefore, one 15-mil
HDPE tarp would effectively act as daily cover for the entire amount of waste placed in a given cell. In practice, if
a thin tarp (~3 mil) is used, then the tarp may be used only once. Therefore, the surface area of the HDPE daily
cover use per acre (ApppE) can be varied to account for this. Refer to section 2.3.2.

The amount of HDPE used as daily cover per ton of waste can be calculated as

Thope * Anppe X Dpppe | 0.000083 ft

DC =
HDPE msw 1 mil

(104)

acre

3.1.6  Life-Cycle Inventory of Cover Material

The emissions due to obtaining off-site soil and to producing HDPE are calculated in this section. In these
equations, emissions are calculated for the LCI CO,-fossil. In the model, emissions are calculated for each of the
LCI parameters. The emissions are a function of the amount of daily cover (Ib/ton waste), percent of daily cover
type used, and the emission factor (Ib emission/Ib cover type). Emission factors are presented in Appendix D. The
required parameters follow.

¢ User Input Parameters:

e CMB_HDPE CMB_A_CO02, emission factor for fossil CO, due to HDPE production (Ib CO»-F/Ib
HDPE) (Appendix D)

e CMB_SOIL CMB_A_CO02, emission factor for fossil CO, due to off-site soil production (lb CO»-F/Ib
soil) (Appendix D)

e  PuppE], percent of daily cover that is HDPE (%)
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¢ Calculated Parameters:

e DCHppg, total HDPE used as daily cover (Ib/ton waste)

DCqil, Off-site soil used per ton of waste (Ib/ton waste)

O_HDPE O_A_CO02, fossil CO, emitted during production of HDPE (Ib/ton waste)

O_SOIL O_A_CO02, fossil CO, emissions for obtaining off-site soil (Ib/ton waste)

o Posf, percent of site that uses off-site soil as daily cover (%)

For the case where 100% of the daily cover is off-site soil, emissions are a function of the amount of daily cover
used (Ib/ton of waste) and the emission factor. Since daily cover is a combination of cover types, the emissions
need to be adjusted by the percent of off-site soil used as daily cover. Therefore, fossil CO» emissions due to off-
site soil production are calculated as

P
O_SOIL o_A_cozzocso”x%xcMB_som CMB_A_CO2 (105)

A similar calculation is required for fossil CO, emissions due to HDPE production.
P
O_HDPE O_A_CO2=DCppe X%CMB _HDPE CMB_A_CO2 (106)

No additional calculations are required to calculate emissions from on-site soil because this is modeled as part of
heavy-equipment use in landfill operations. Emissions due to obtaining revenue-generating cover may be accounted
for in the collection process model as discussed above.

3.2  Equipment Use

This section models equipment emissions caused by placing waste and landfill daily cover. The values for total fuel
consumption and the percent of total fuel use for each equipment type were obtained from an industry survey of
actual landfills conducted for the Environmental Research and Education Foundation [Environmental Research and
Education Foundation, 1997]. The breakdown of equipment fuel usage for landfill operations is given in Table 10
and Table 11. The value for total fuel consumption is 0.28 gal/ton waste (fuelq) at sites with daily cover. The value
of fuel consumption at sites that do not use daily cover is 0.19 gal/ton waste (fuely).

Table 10:  Breakdown of Fuel Usage at Landfills With Daily Cover

Daily Cover Equipment % Total Fuel Use
Scraper 4.1
Bulldozer 20.1
Backhoe 2.7
Compactor 48.1
continued
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3.2.1

Table 10:  Continued

Daily Cover Equipment

% Total Fuel Use

Grader 3.1
Wheel Loader 0.5
Loader 0.4
Water Truck 2.4
Water Pull 2.2
Haul Truck 0.2
Dump Truck 10.1
Pick-up 2.9
Misc. 3
Total: 99.6

Table 11:  Breakdown of Fuel Usage at Landfills Without Daily Cover

Non-Daily Cover Equipment

% Total Fuel Use

Bulldozer
Compactor
Wheel Loader

Loader

Total:

8
68
16

8

100

Emissions Due to Equipment Use

This section develops equations to calculate emissions from equipment used for landfill operations. The required
parameters follow.

¢ User Input Parameters:

CMB_SCRPR CMB_A CO2, emission factor for fossil CO2 from a scraper (Ib CO»-F/gal fuel)

(Appendix D)

CMB_WL CMB_A_CO02, emission factor for fossil CO, from a wheel loader (Ib CO»-F/gal fuel)

(Appendix D)

fuelq, fuel used at a site with daily cover (gal/ton waste)

fuelo, fuel used at a site with no daily cover (gal/ton waste)

Pnevr, percentage of the site that receives no daily cover (%)
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e sCrpreyr, percentage of fuel used by the scraper (%)
o Wleyr, percentage of the fuel used by a wheel loader at a site with no daily cover (%)

o Wlneyr, percentage of the fuel used by a wheel loader at a site with no daily cover (%)

¢ Calculated Parameters:
e O SCRPR O_A CO2, fossil CO, emissions for using a scraper on a site with daily cover (Ib/ton waste)
e O WL O_A_CO2, fossil CO, emissions from a wheel loader (Ib/ton waste)
The emission factors associated with diesel fuel combustion in heavy-equipment are based on information from the
U.S. EPA’s AP-42 database for mobile sources (http://www.epa.gov/ttnchiel/ap42.html). The U.S. EPA database

presents emission factors per category of equipment. Table 12 shows a breakdown of operations equipment and the
associated AP-42 category.

Table 12:  Operations Equipment and AP-42 Categories

Equipment AP-42 Category
Scraper Scraper
Bulldozer Bulldozer
Backhoe Wheel tractor
Compactor Grader
Wheel loader Wheel loader
Loader Wheel loader
Water truck Truck
Water pull Truck
Haul truck Truck
Dump truck Truck
Pick-up Truck
Miscellaneous Miscellaneous

Emissions for equipment (scraper, grader, water truck, water pull, haul truck, dump truck, pick-up, and other
miscellaneous equipment) used only at sites with daily cover are modeled using an IF statement. If there is no daily
cover, then the equipment will not be used and the emissions are zero. If there is daily cover, then emissions are a
function of total fuel usage (gal/ton waste), percent equipment use (%), and the emission factor (Ib emission/gal
fuel). To illustrate, fossil CO, emissions from a scraper are calculated in the following equation:

SCIPreyr

O_SCRPR O_A_CO2= IF[PnCV, =100,0, (fuell x xCMB_SCRPR CM B_A_COZJJ (107)
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Emissions for a backhoe, grader, water truck, water pull, haul truck, dump truck, pick-up, and miscellaneous
equipment are calculated in a similar manner.

Emissions for equipment (wheel loader, bulldozer, compactor, and loader) used at sites with or without daily cover
are also modeled using an IF statement. If there is no daily cover, then emissions are a function of fuel use at sites
with no cover, percent equipment use, and the emission factor. If there is daily cover, emissions are a function of
fuel consumption at sites with daily cover, percent equipment use, and the emission factor. To illustrate, fossil CO»
emissions from a wheel loader are calculated in the following equation:

O_WL O A CO2=

Py = 100,[M xCMB_WL CMB_A_CO2x fuelzj ,
. 100 (108)

(%x CMB_ WL CMB_A_COfoueIlj

Emissions for a bulldozer, compactor, and loader are calculated in a similar manner.

3.3  Fuel Consumed During Material Transport

The amount of fuel needed to transport materials to the site is modeled in this section of landfill operations. The
required parameters follow.

¢ User Input Parameters:
e actualy, weight of an actual payload (contents) of a heavy-duty truck (Ib)
e actualy, weight of an actual payload (contents) of a dump truck (Ib)
e  Dsyel, density of diesel fuel (Ib/gal)

e erq, return of heavy-duty truck (empty return: YES[1] or NOJ0], or any fraction between these two
numbers)

e er2, return of dump truck (empty return: YES[1] or NOJO0], or any fraction between these two numbers)
o fuelq, fuel used at a site with daily cover (gal/ton waste)

e fuelo, fuel used at a site with no daily cover (gal/ton waste)

e HD1, one-way distance fuel is transported to the landfill (mi)

e HDy, one-way distance off-site soil for daily cover is transported to the landfill (mi)

e HDg, one-way distance HDPE is transported to the landfill (mi)

e maxq, weight of the maximum payload (contents) of the heavy-duty truck (Ib)

e maxp, weight of the maximum payload (contents) of the dump truck (Ib)

e scq, specific consumption for a heavy-duty truck (mpg)

e sCp, specific consumption for a dump truck (mpg)
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¢ Calculated Parameters:
e DCHppg, total HDPE used as daily cover (Ib/ton waste)
e DCgyjj, off-site soil used per ton of waste (lb/ton waste)

o fuels, fuel consumed by heavy trucks while transporting fuel for use at sites with daily cover (gal/ton
waste)

o fuely, fuel consumed by dump trucks while transporting off-site soil (gal/ton waste)
o fuels, fuel consumed by heavy trucks while transporting fuel and HDPE (gal/ton waste)

o fuelg, fuel consumed by heavy trucks while transporting fuel for use in sites with no daily cover (gal/ton
waste)

o HDy4, weighted distance needed to transport fuel and HDPE to the site (mi)

Fuel is consumed by heavy trucks or dump trucks when daily cover material and fuel for operating equipment is
transported to the site. Fuel is consumed when:

e dump trucks transport off-site soil

e heavy trucks transport HDPE

e heavy trucks transport fuel to be used by equipment at sites with daily cover

e heavy trucks transport fuel to be used by equipment at sites with no daily cover

On-site soil for daily cover does not require additional transportation and revenue-generating cover is brought in
with the waste collection vehicles. The material, default transport distance, and truck type are shown in Table 13.
The distances shown represent the one-way transportation distance to the landfill site and are user enterable.

Table 13:  Transport of Materials to Site During Landfill Waste Placement

Material Distance Transported (miles) | Type of Truck Used
Off-site soil 10 (HDy) Dump truck
Fuel 50 (HD1) Heavy-duty truck
HDPE 250 (HD3) Heavy-duty truck

Based on the assumption that two-thirds of a truck's fuel consumption is independent of a truck's load, the fuel
consumption for the transportation of a given amount of material is

Weight

Fue —
Actual Load

} +§Empty Returnj X

B Distance y 2 N 1) Actual Load
Specific Consumption {3 3| Maximum Load

where

Distance = miles based on the weighted average distances (mi)
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Specific Consumption = fuel economy of the truck (mi/gal)
Actual Load = actual payload of the truck (Ib)
Maximum Load = maximum payload of the truck (Ib)

Empty Return = return of the truck (empty return: YES [1] or NO [0], or any fraction between these two
numbers)

Weight = weight of the material (Ib/ton waste)
Heavy trucks transport the fuel used by operating equipment (scraper, bulldozer, etc.) that apply HDPE, off-site soil,

on-site soil, and revenue-generating cover. Heavy trucks also transport HDPE. To simplify the model and
minimize the use of equation 109, a weighted haul distance was calculated for fuel and HDPE.

D, :[ fuely x Dl Jx HD, +[ DCripee Jx HD, (110)
fuel; x Dyye + DChippe fuely x Dge) + DChippe

This weighted haul distance was then used in equation 111 to calculate the fuel used by a heavy truck while
transporting fuel (fuely) and HDPE.

HD, { 2,1 (actuallj g erl}x fuel, x Dyg + DCpippe a11)

SCy 3 3| max; actual,

The value for DCyppg represents the case where 100% of the daily cover is HDPE. Thus, fuels also represents the
case where 100% of the daily cover is HDPE. However, fuel (fuely) is still required to operate equipment if off-site
soil, on-site soil, or revenue-generating cover is used. Thus, the fuel required to transport just fuelq is calculated as

fuel, = HD, 5 g+1 actual, +ger1 N fuel; x Dyyq (112)
sc; |3 3 max, 3 actual;

The value for DCqjj represents the case where 100% of the daily cover is soil. Thus, fuels also represents the case
where the entire site uses on-site soil, off-site soil, revenue-generating cover, or a combination thereof. The fuel
consumed by dump trucks while transporting off-site soil is calculated as

fuel, = HD, , | 2, L[ actual, +ger2 « DCsail (113)
sC, 3 3 max, 3 actual,

This represents the case where 100% of the daily cover is off-site soil. The fuel consumed by heavy trucks
transporting fuel to sites with no daily cover can be calculated as

fuele :mx g.}.l M +gerl X fue'Z X Dfuel (114)
sc; |3 3\ max; ) 3 actual,

The emissions associated with material transport are calculated in section 3.3.1.
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3. Life-Cycle Inventory of Landfill Operations

3.3.1

Transport Emissions

This section develops equations describing emissions due to transporting materials (soil, fuel, and HDPE) to the
site. The required parameters follow.

¢ User Input Parameters:

CMB_HVY CMB_A_CO02, emission factor for fossil CO, from heavy trucks (Ib CO»-F/gal fuel)
(Appendix D)

CMB_LT CMB_A_CO02, emission factor for fossil CO, from dump trucks (Ib CO,-F/gal fuel) (Appendix
D)

PuDPE1, percent of daily cover that is HDPE (%)

Pnevr, percentage of the site that receives no daily cover (%)

Pott, percent of site that uses off-site soil as daily cover (%)
Prevgen, percent of daily cover that is revenue-generating cover (%)

Psoil, percent of daily cover that is soil (%)

¢ Calculated Parameters

fuels, fuel consumed by heavy trucks while transporting fuel for use at sites with daily cover (gal/ton waste)
fuely, fuel consumed by dump trucks while transporting off-site soil (gal/ton waste)
fuels, fuel consumed by heavy trucks while transporting HDPE and fuel (gal/ton waste)

fuelg, fuel consumed by heavy trucks while transporting fuel for use in sites with no daily cover (gal/ton
waste)

O_DT O_A CO2, fossil CO, emitted while transporting off-site soil in a dump truck (Ib/ton waste)

O_HVY1 O_A CO2, fossil CO, emitted while transporting fuel to operate equipment at a site with offsite
soil daily cover (Ib/ton waste)

O_HVY2 O_A CO2, fossil CO, emitted while transporting fuel to operate equipment at a site with on-
site soil as daily cover (Ib/ton waste)

O_HVY3 O_A_CO2 fossil CO, emitted while transporting fuel to operate equipment at a site with
revenue generating cover (lb/ton waste)

O_HVY4 O_A CO2, fossil CO2 emitted while transporting fuel to operate equipment at a site with
HDPE as daily cover (Ib/ton waste)

O_HVY5 O_A CO2, fossil CO2 emitted while transporting fuel to operate equipment at sites with no
daily cover (lb/ton waste)

The following is a sample calculation for fossil CO2 emissions made by a heavy truck while transporting fuel and
HDPE. Emissions are a function of the total fuel use (gal/ton waste), the percent of HDPE used for daily cover (%),
and the emission factor for CO, and a heavy truck (Ib CO»/gal fuel). Since fuels (gal/ton waste) represents the case
where HDPE is 100% of the daily cover, the fuel must be adjusted by the percent use of HDPE.
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P
O_HVY4 O_A_CO2=fuel; x(CMB _HVY CMB_A_COZ)x% (115)

The fossil CO, emissions made from a dump truck while transporting off-site soil are calculated in the following
equation. Since fuel4 represents the case where 100% of the daily cover is off-site soil, emissions must be reduced
by the percent daily cover that is off-site soil.

P
O_DT O_A_CO2=fuel,x(CMB_LT CM B_A_coz)x% (116)

The following equation calculates the fossil CO, emissions made by heavy trucks transporting fuel for use at sites
where 100% of the daily cover is comprised of soil or revenue-generating cover. If only a fraction of the site is
covered with off-site soil, the emissions are

O_HVY1 O_A_CO2=fuel; x(CMB_HVY CMB_A_CO2)x ng(f) (117)
If only a fraction of the site is covered with on-site soil, the emissions are

O_HVY2 O_A CO2=fuel;x(CMB_HVY CM B_A_Coz)x% (118)
If only a fraction of the site is covered with revenue-generating cover, the emissions are

I:)revgen
O_HVY3 O_A_CO2=fuel, x(CMB_HVY CMB_A_CO2)x (119)
3 100

The following equation calculates the CO, emissions made by heavy trucks while transporting fuel to operate
equipment at sites with no daily cover. Since the user may specify that only a fraction of the site does not have
daily cover, emissions are calculated as

P
O_HVY5 O_A CO2=fuely x(CMB_HVY CM B_A_COZ)X% (120)

3.3.2  Fuel Precombustion Emissions
This section develops equations for modeling fuel precombustion.

¢ User Input Parameters:

e dpcem T F PC_A _CO2,fossil CO, emission factor for diesel precombustion (Ib CO»-F/gal fuel)
(Appendix D)

o fuelq, fuel used at a site with daily cover (gal/ton waste)
o fuely, fuel used at a site with no daily cover (gal/ton waste)

e  Pnevr percentage of the site that receives no daily cover (%)

75



3. Life-Cycle Inventory of Landfill Operations

¢ Calculated Parameters

o fuels, fuel consumed by heavy trucks while transporting fuel for use at sites with daily cover (gal/ton
waste)

o  fuely, fuel consumed by dump trucks while transporting off-site soil (gal/ton waste)
o fuels, fuel consumed by heavy trucks while transporting fuel and HDPE (gal/ton waste)

o fuelg, fuel consumed by heavy trucks while transporting fuel for use in sites with no daily cover (gal/ton
waste)

e fuely, total fuel consumed during landfill operations (gal/ton waste)

e O _PC O_A _CO2, fossil COp precombustion emissions (Ib/ton waste)

The total fuel use for all landfill operations is calculated using an IF statement. If the percent of no cover equals
100, then the total fuel used is fuelo+ fuelg. If the percent of no cover does not equal zero, the total fuel used is
fuelq+fuelz+fuelg+fuels.

fuel; = IF(P,, =100, (fuel, + fuely ), (fuel, + fuel; + fuel , + fuel; ))

(121)
The precombustion emissions are calculated by multiplying this total fuel usage and the emission factor. To
illustrate, the CO2 emissions due to diesel fuel precombustion activities are
O_PC O_A CO2=fuel, xd_pc_em T_F_PC_A_CO2 (122)

3.4 Total Emissions

The total emissions associated with all landfill activities for each inventory flow parameter are calculated by
summing emissions from material production, equipment use, material transport, and fuel precombustion. The
required calculated parameters follow.

¢ Calculated Parameters:

O_BCKH O_A_CO02, fossil CO2 emissions from a backhoe (Ib/ton waste)

O_BLLDZR O_A_CO2, fossil CO, emissions from a bulldozer (Ib/ton waste)

O_CMPCTR O_A CO2, fossil CO2 emissions from a compactor (Ib/ton waste)

O_DT O_A CO2, fossil CO, emitted while transporting off-site soil in a dump truck (lb/ton waste)

O_GRDR O_A_CO02, fossil CO2 emissions from a grader (Ib/ton waste)

O_HDPE O_A_CO02, fossil CO2 emitted during production of HDPE (Ib/ton waste)

O_HVY1l O_A CO2, fossil CO, emitted while transporting fuel to operate equipment at a site with offsite
soil daily cover (Ib/ton waste)

O_HVY2 O_A CO2, fossil CO, emitted while transporting fuel to operate equipment at a site with on-
site soil as daily cover (Ib/ton waste)
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O_HVY3 O_A_COy, fossil CO, emitted while transporting fuel to operate equipment at a site with
revenue generating cover (lb/ton waste)

e O HVY4 O_A_CO2, fossil CO, emitted while transporting fuel to operate equipment at a site with
HDPE as daily cover (Ib/ton waste)

e O _HVY5 O_A_CO02, fossil CO, emitted while transporting fuel to operate equipment at sites with no
daily cover (Ib/ton waste)

e O _MSC O_A CO2, fossil CO, emissions from miscellaneous equipment (lb/ton waste)

e O _PC O_A CO2, fossil COo precombustion emissions (lIb/ton waste)

e O SCRPR O_A CO2, fossil CO, emissions for using a scraper on a site with daily cover (Ib/ton waste)
e O_SOIL O_A_C0g2, fossil CO, emissions for obtaining off-site soil (Ib/ton waste)

e O TOTAL O_A CO2, total CO, emissions for operations phase (Ib/ton waste)

e O WL O_A _CO02, fossil CO, emissions from a wheel loader (Ib/ton waste)

For example, the total fossil CO, emissions associated with landfill operations are

0_SOIL O_A_CO2+
O _HDPE O_A_CO2+
O_SCRPR O_A_CO2+
O_BLLDZR O_A CO2+
O_BCKH O_A CO2+
O_CMPCTR O_A_CO2+
O_GRDR O_A_CO2+
O WL O_A CO2+
O_MSC O_A_CO2+

O _HVY1 O_A_CO2+
O DT O_A_CO2+
O_HVY2 O_A CO2+
O_HVY3 O_A_CO2+
O_HVY4 O_A CO2+
O_HVY5 O_A CO2+
O_PC O_A_CO2

O_TOTAL O_A CO2=

(123)

3.5  Default Values

Three values are given for each parameter to represent traditional, bioreactor, and ash landfills, respectively.
3.5.1 actualq, weight of the actual payload (contents) of a heavy-duty truck (66,150 Ib; 66,150 Ib; 66,150 Ib)
3.5.2 actualy, weight of the actual payload (contents) of a dump truck (66,150 Ib; 66,150 Ib; 66,150 Ib)

3.5.3  AHDPE, area of HDPE per acre (43,560 ft2/acre; 43,560 ft2/acre; 43,560 ftzlacre)
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3.54

3.55

3.5.6

3.5.7

3.5.8

3.5.9

3.5.10

3.5.11

3.5.12

3.5.13

3.5.14

3.5.15

3.5.16

3.5.17

3.5.18

3.5.19

3.5.20

3.5.21

3.5.22

3.5.23

CMB_HDPE CMB_A_CO02, emission factor for fossil CO, due to HDPE production (Ib CO,-F/Ib HDPE)
(Appendix D)

CMB_HVY CMB_A_CO02, emission factor for fossil CO» from heavy trucks (Ib CO,-F/gal fuel)
(Appendix D)

CMB_LT CMB_A_CO02, emission factor for fossil CO, from dump trucks (Ib CO,-F/gal fuel) (Appendix
D)

CMB_SCRPR CMB_A CO2, emission factor for fossil CO, from a scraper (Ib CO,-F/gal fuel)
(Appendix D)

CMB_SOIL CMB_A_CO02, emission factor for fossil CO» due to obtaining off-site soil (Ib CO,-F/gal
fuel) (Appendix D)

CMB_WL CMB_A CO2, emission factor for fossil CO, from a wheel loader (Ib CO,-F/gal fuel)
(Appendix D)

Dsyel, density of diesel fuel (7.04 Ib/gal, 7.04 Ib/gal, 7.04 Ib/gal)

Duppe, density of HDPE used for daily cover (59.6 Ib/ft%, 59.6 Ib/ft’, 59.6 Ib/ft))
Dmsw: average density of waste after burial (1,500 Ib/yd3; 1,500 Ib/yd3; 2,500 Ib/yd3)
Dsoil, density of the off-site soil (115 Ib/ft5, 115 Ib/ft, 115 Ib/ft)

erq, return of heavy-duty truck (empty return: YES[1] or NOJO0], or any fraction between these two
numbers) (1,1,1)

erp, return of dump truck (empty return: YES[1] or NO[0], or any fraction between these two numbers)
(1,1,)

fuelq, fuel used at a site with daily cover (0.28 gal/ton waste, 0.28 gal/ton waste, 0.28 gal/ton waste)
fuelo, fuel used at a site with no daily cover (0.19 gal/ton waste, 0.19 gal/ton waste, 0.19 gal/ton waste)
HD1, one-way distance fuel is transported to the landfill (50 mi, 50 mi, 50 mi)

HD,, one-way distance off-site soil for daily cover is transported to the landfill (10 mi, 10 mi, 10 mi)
HD3, one-way distance HDPE is transported to the landfill (250 mi, 250 mi, 250 mi)

max1, weight of the maximum payload of the heavy-duty truck (66,150 Ib; 66,150 Ib; 66,150 Ib)

maxp, weight of the maximum payload of the dump truck (39,690 Ib; 39,690 Ib; 39,690 Ib)

Mwi, expected mass flow (1,350 ton/day; 1,350 ton/day; 1,350 ton/day)
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3.5.24

3.5.25

3.5.26

3.5.27

3.5.28

3.5.29

3.5.30

3.5.31

3.5.32

3.5.33

3.5.34

3.5.35

3.5.36

Ny, expected useful life of landfill (20 years, 20 years, 20 years)

Pcvr1, percent of total landfill volume occupied by cover (10%, 10%, 0%)

PuppE1, percent of daily cover that is HDPE (15%, 15%, 0%)

Pncvr, percentage of the site that receives no daily cover (0%, 0%, 100%)

Pott, percent of site that uses off-site soil as daily cover (%) (10%, 10%, 10%)

Prevgen, percent of daily cover that is revenue-generating cover (15%, 15%, 0%)

Psoil, percent of daily cover that is soil (70%, 70%, 0%)

scq, specific consumption for a heavy-duty truck (6.4 mpg, 6.4 mpg, 6.4 mpg)

Specific consumption is the fuel economy of the truck (based on truck operating at maximum capacity).
sCy, specific consumption for a dump truck (6.4 mpg, 6.4 mpg, 6.4 mpg)

Specific consumption is the fuel economy of the truck (based on truck operating at maximum capacity).
scrpreyr, percentage of fuel used by the scraper (4%, 4%, 4%)

THDPE, thickness of the HDPE used for daily cover (15 mils, 15 mils, 0 mils)

wlcyr, percentage of the fuel used by a wheel loader at a site with no daily cover (0.5%, 0.5%, 0.5%)

Wlhevr, percentage of the fuel used by a wheel loader at a site with no daily cover (16%, 16%, 16%)
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Once refuse has reached the final design grade, a final cover is applied. In this LCI model, the user has the
flexibility of selecting a final cover consisting of one or several layers of geotextile, HDPE, sand, soil, and clay. As
the decomposition of the waste generates methane and carbon dioxide, a gas collection and monitoring system
consisting of HDPE and PVC pipe controls landfill gas migration. Although the gas system is discussed under
closure, it is recognized that the system is often installed over time during landfill operation. In addition to final
cover materials, fuel is required to operate equipment for placement of the final cover. The user can adjust the
percent use of scrapers, bulldozers, backhoes, wheel loaders, drum rollers, water trucks, pick-ups, and tractors to
apply final cover. Furthermore, heavy trucks and dump trucks consume fuel while transporting material and fuel to
the site.

Contrary to other solid waste unit operations, which generally have instantaneous emissions, landfill emissions
occur over time. The life-cycle emissions for landfill operations were assumed to occur at year 0 during waste
placement. However, the life-cycle emissions for landfill closure do not occur at the same time as waste placement.
It could be some years after waste placement before a final cover is applied to the site. It is assumed that the
average ton of waste is placed halfway through the life of the cell. Therefore, closure emissions occur at half of the
landfill operating life. This issue is discussed in detail in section 4.4.

4.1 Materials Consumption

41.1 Final Cover

This section models the consumption of final cover materials. To begin, the user specifies the cross section of the
final cover, including the material and thickness of each layer. The potential layers available to the user and their
default thickness are presented in Figure 9 in section 2.4.2. The user may specify an alternate cover design by
changing the default values for material thickness. The mass of material consumed (Ib/ton waste) for the production
of the landfill final cover is then calculated as follows:

1. The thickness of each material (tsoil, tclay, tsand1, tsand2, tHDPE2, and tgix) is converted to a volume based on the
area of the final cover (Ay). The area of the top of the final cover is calculated in equation 57, section 2.4.2.

2. The material volume is then multiplied by its density to obtain the weight of final cover material used.

3. The weight of the material is divided by the total volume of waste placed (V) to give the pounds of material
used per volume of waste. The total waste volume is calculated in equation 2, section 2.1.1.

4. The pounds of material per volume of waste are divided by the waste density to yield the pounds of material per
pound of waste. A conversion factor is then used to obtain the pounds of material per ton waste.

The required parameters follow.

¢ User Input Parameters:

e dgix, density of geotextile (Ib/ft3)

81



4. Life-Cycle Inventory of Landfill Closure

e  Dyppg, density of HDPE used for daily cover (Ib/ft3)

o Dpmsw, average density of waste after burial (Ib/yds)

e dng, density of sand (Ib/ft)

e dspil, density of soil layer (Ib/ft3)

* telay, thickness of clay layer (ft)

e tgix, thickness of geotextile (mils)

e tyDppPE2, thickness of HDPE (mils)

e  tsand1, thickness of the first sand layer in final cover (ft)
e  tsand2, thickness of second sand layer in final cover (ft)

o tgijl, depth of top soil and vegetation support soil (ft)

¢ Calculated Parameters:
e Ay, area of top of final cover (ftz)
®  CVIclay, amount of clay in final cover (Ib/ton waste)
®  CvIgix, amount of geotextile in final cover (Ib/ton waste)
e cvryppg, amount of HDPE in final cover (Ib/ton waste)
®  CVrgand, amount of sand in final cover (Ib/ton waste)
®  CVrgojl, amount of soil in final cover (Ib/ton waste)

oV, required landfill capacity for waste (yd3)

The total amount of soil, clay, sand, HDPE, and geotextile in the final cover is calculated in equations 124-128 by
following the steps outlined above.

1 1 2000 Ib
CVIsoit = Lsoit X Ag X Ao XV—X—X( An waste (124)
w msw
1 1 2000 Ib
CVI'day = tclay XA“ deO” XV—X—X( An waste (125)
w msw
= (t toanaz )X Ay xd 1,1 [woon 126
CVlsand = (sand1 1 Lsand2 )X Ay X Ugang XV_X—X ton waste ( )
w msw
CVrppe = tuppea X Ay X dippe - XMX(ZOOO V ) (127)
v, o mils ton waste
1 1 .
CVIyt = g X Ay X Ay X_X_XMX(ZOOO V j (128)
Vy  Digw mils ton waste
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4.1.2  Gas Collection System

The piping for the gas collection system is usually made of either PVVC or HDPE, and a site will normally use one or
the other. However, for this landfill LCI model, two types of pipes are combined to represent a generic landfill.
Based on a survey of landfill sites, the average HDPE and PVVC consumption rates are 0.016 and 0.0081 Ib/ton
MSW, respectively [Environmental Research and Education Foundation, 1997]. Recall that this is within the same
order of magnitude as the reality check performed in section 2.4.1. The default value assumes no gas collection for
a landfill receiving ash.

4.1.3  Gas Monitoring System

The quantity of materials used for the gas monitoring system is based on a survey of landfill sites [Environmental
Research and Education Foundation, 1997]. No sites with a gas monitoring system reported using HDPE for the
gas vent wells. Based on the feedback, the amount of PVC used in the gas monitoring systems is 7.3 x 10'5 Ib/ton
MSW. This value is assumed to be zero for an ash landfill.

4.1.4  Emissions Due to Consumption of Resources

The objective of this section is to calculate emissions due to material consumption. The emissions due to
production of soil, sand, HDPE, geotextile, and PVC are a function of the amount of material used (Ib/ton waste)
and the emission factor (Ib emission/Ib cover). Emission factors are presented in Appendix D. In this section,
equations are presented for the inventory-flow-parameter fossil CO5. In the model, emissions are calculated for
each of the LCI parameters. Required parameters follow.

¢ User Input Parameters:

e CMB_GTX CMB_A _CO02, emission factor for fossil CO» due to geotextile production (Ib CO»-F/Ib
geotextile) (Appendix D)

e CMB_HDPE CMB_A_CO02, emission factor for fossil CO, due to HDPE production (Ib CO»-F/Ib
HDPE) (Appendix D)

e CMB_PVC CMB_A_CO02, emission factor for fossil CO, due to PVC production (Ib CO»-F/Ib PVC)
(Appendix D)

e CMB_SAND CMB_A _CO2, emission factor for fossil CO2 due to sand production (Ib CO»-F/Ib sand)
(Appendix D)

e CMB_SOIL CMB_A_CO02, emission factor for fossil CO, due to off-site soil production (Ib CO»-F/Ib
soil) (Appendix D)

o  GChppg, amount of HDPE in gas collection system (Ib/ton waste)
e  GCpyc, amount of PVC in gas collection system (lb/ton waste)

e  GMpyc, amount of PVC in gas monitoring system (Ib/ton waste)
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¢ Calculated Parameters:
e CLSR_GTX CLSR_A_CO02, fossil CO, emitted due to geotextile production (Ib/ton waste)
e CLSR_HDPE CLSR_A _CO02, fossil CO, emitted due to HDPE production (Ib/ton waste)
e CLSR_PVC CLSR_A_CO02, fossil CO, emitted due to PVC production (lb/ton waste)
e CLSR_SOIL CLSR_A_CO02, fossil CO, emitted while obtaining soil for final cover (Ib/ton waste)
e CLSR_SAND CLSR_A_CO02, fossil CO, emitted while obtaining sand for final cover (Ib/ton waste)
®  CVIglay, amount of clay in final cover (Ib/ton waste)
e Cvrgix, amount of geotextile in final cover (Ib/ton waste)
e cvryppg, amount of HDPE in final cover (Ib/ton waste)
®  CVrgang, amount of sand in final cover (Ib/ton waste)
e  Cvrg, amount of soil and clay in final cover (Ib/ton waste)

®  CVrgojl, amount of soil in final cover (Ib/ton waste)

It is assumed that production or extraction of the different types of soil and clay will have similar emissions.
Therefore, the total soil used in final cover is calculated as

CVIye = CVIgoj +CVIgjay (129)

The fossil CO, emissions due to soil and clay production (Ib CO»/ton waste) are calculated by multiplying the total
soil used (Ib soil/ton waste) and the emission factor (Ib CO,/1b soil).

CLSR_SOIL CLSR_A CO2=cvr, x CMB_SOIL CMB_A_CO2 (130)

The fossil CO, emissions due to sand, HDPE, geotextile, and PVVC production are similarly calculated in equations
131-134, respectively.

CLSR _SAND CLSR_A_CO2=cvr, x CMB_SAND CMB_A _CO2 (131)
CLSR _HDPE CLSR_A_CO2 = (cVf,ppe +GChippe )x CMB_HDPE CMB_A _CO2 (132)
CLSR _GTX CLSR_A CO2=cvry, x CMB_GTX CMB_A_CO2 (133)
CLSR_PVC CLSR_A_CO2=(GCpyc + GMpyc )x CMB_PVC CMB_A_CO2 (134)

4.2  Equipment Use

In the closure phase of a modern landfill, heavy equipment is required to place the final cover. Information

obtained from a landfill survey [Environmental Research and Education Foundation, 1998] was used to determine
the total fuel consumption and percent fuel usage of each equipment type. The value for total fuel consumption is
0.016 gal/ton MSW. This value is based on the fuel consumed per hour, on the hours of equipment use and on the
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total amount of waste placed in the landfill operating unit. Fuel is consumed by a user-specified combination of the
following equipment: scraper, bulldozer, backhoe, wheel loader, drum roller, water truck, pick-up, and tractor.
Based on information obtained from the survey, the breakdown of fuel usage by landfill closure equipment is given
in Table 14.

Table 14:  Breakdown of Equipment Use for Landfill Closure

Daily Cover Equipment % of Total Fuel Use
Scraper 54
Bulldozer 24
Backhoe 1
Wheel loader 7
Drum roller 2
Water truck 4
Pick-up 6
Tractor/Disk 2

Total: 100

Table 14 represents the equipment used at an average site, and therefore the user can customize the fuel and
equipment use to represent specific landfills.

4.2.1  Emissions Due to Equipment Use

This section models emissions associated with fuel use in heavy equipment. Emissions are a function of the percent
equipment use, fuel usage, and the emission factor.

¢ User Input Parameters:

¢ CMB_SCRPR CMB_A_CO2, emission factor for fossil CO, from a scraper (Ib CO»-F/gal fuel)
(Appendix D)

o fuelg, fuel used by heavy equipment during closure activities (gal/ton waste)

e scrpr, percentage of fuel used by the scraper (%)

¢ Calculated Parameters:

e CLSR_SCRPR CLSR_A CO2, fossil CO, emissions from a scraper (Ib/ton waste)

To illustrate, fossil CO2 emissions from fuel combustion in a scraper are calculated by multiplying percent
equipment use (scrpr), fuel usage (fuelg), and the emission factor (CMB_A_CO2 CMB_SCRPR).

CLSR _SCRPR CLSR_A_COZ:% x CMB_SCRPR CMB_A_CO2x fuelg (135)
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Emissions from a bulldozer, backhoe, wheel loader, drum roller, water truck, pick-up, and tractor are calculated in
the same manner by using the appropriate percent equipment use and emission factor.

4.3  Fuel Consumed During Material Transport

Dump trucks and heavy trucks are used to transport cover materials and fuel to the site. Tables 15 and 16
summarize the material transported, haul distance, and type of truck used.

Table 15:  Transport of Soil to Site During Landfill Closure

Material Distance Transported (mi)  Truck Type
Soil and clay 1 Dump truck
Sand 1 Dump truck

Table 16:  Transport of Other Materials to Site During Landfill Closure

Material Distance Transported (mi) Truck Type

Geotextiles 250 Heavy-duty truck
HDPE (used in cover) 250 Heavy-duty truck
HDPE (pipe) 250 Heavy-duty truck
Fuel 50 Heavy-duty truck
PVC 250 Heavy-duty truck

¢ User Input Parameters:

e actuals, weight of the actual payload (contents) of the heavy-duty truck (Ib)

actualy, weight of the actual payload (contents) of the dump truck (lb)
e Dsyel, density of diesel fuel (Ib/gal)

e erg, return of heavy duty truck for transport of materials during landfill closure (empty return: YES[1] or
NOI[Q], or any fraction between these two numbers)

e ery, return of dump truck for transport of materials during landfill closure (empty return: YES[1] or NO[0],
or any fraction between these two numbers)

o fuelg, fuel used by heavy equipment during closure activities (gal/ton waste)
e  GChppg, amount of HDPE in gas collection system (Ib/ton waste)

e  GCpyc, amount of PVC in gas collection system (lb/ton waste)

e  GMpyc, amount of PVC in gas monitoring system (Ib/ton waste)

e hdjg, distance to haul fuel (mi)
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hd11, distance to haul PVC (mi)

hds, distance to haul clay and soil (mi)

hdg, distance to haul sand (mi)

hdy, distance to haul geotextile for cover (mi)

hdg, distance to haul HDPE for cover (mi)

hdg, distance to haul HDPE pipe (mi)

maxs, weight of the maximum payload (contents) of the heavy truck (Ib)
max4, weight of the maximum payload (contents) of the dump truck (Ib)
scs, specific consumption for a heavy truck (mpg)

SC4, Specific consumption for a dump truck (mpg)

¢ Calculated Parameters:

CVrgtx, amount of geotextile in final cover (Ib/ton waste)

cvryppe, amount of HDPE in final cover (Ib/ton waste)

CVrsand, amount of sand in final cover (Ib/ton waste)

cvrgc, amount of soil and clay in final cover (Ib/ton waste)

fuelqg, fuel consumed by heavy trucks (gal/ton waste)

fuelg, fuel consumed by dump trucks while transporting sand, soil and clay for final cover (gal/ton waste)
hdq2, weighted haul distance in dump truck (mi)

hd13, weighted haul distance in heavy truck (mi)

Pclay, percent of dump truck load consisting of clay (%)

Pruel, percent of heavy truck load consisting of fuel (%)

Pgtx, Percent of heavy truck load consisting of geotextile (%)
PHDPE2, percent of heavy truck load consisting of HDPE cover (%)
PHDPE3, percent of heavy truck load consisting of HDPE pipe (%)
ppvc, percent of dump truck load consisting of PVC (%)

Psand, percent of dump truck load consisting of sand (%)

Based on the assumption that two-thirds of a truck's fuel consumption is independent of the truck's load, the fuel
consumption for the transportation of a given amount of material is

Weight
Actual Load

3 Distance « (g L1 { Actual Load (136)

€l= = ; —_— +2Empty Return|x
Specific Consumption |3 3| Maximum Load| 3
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where
Actual Load = actual payload of the truck (Ib)
Distance = one way distance that a specific quantity of material is transported (mi)

Empty Return = return of the truck (empty return: YES[1] or NO[O0], or any fraction between these two
numbers)

Maximum Load = maximum payload of the truck (Ib)
Specific Consumption = fuel economy of the truck (mpg)
Weight = weight of the material (Ib)

Fuel = fuel consumed (gal/ton waste)

Rather than calculating the fuel used to transport individual materials, the fuel used to transport a combination of
materials is calculated. To do this, the fuel consumed by a dump truck carrying soil and sand as well as the fuel
consumed by a heavy truck carrying HDPE, geotextile, and PVC is calculated. This is done to simplify the model
and to minimize the use of equation 136. To determine a single fuel use for each truck type, the weighted distance
traveled by the dump truck and heavy truck is calculated. The weighted haul distance is a function of the haul
distance for each material carried in the truck and the percent each material contributes to the truck’s total load. For
example, a dump truck transports soil, clay, and sand. Equation 137 calculates the percentage of soil and clay in the
dump truck’s load.

CVr,
Petay =| ————-—— |x 100 (137)
CVI’SC + cvrsand

Equation 138 calculates the percentage of sand in the total load carried by the dump truck.

CVr,
Psand =(—“"”" ] x 100 (138)
CVI'SC + Cvrsand

The weighted average haul distance for the dump truck is a function of the haul distance of each material and its
percentage of the truck’s total load. The haul distance for a dump truck is calculated as

hd, =(hd5 x%}+(hd6 x%] (139)

Based on equation 136, the fuel consumed by dump trucks while transporting soil, clay and sand is

fuelg :hd_lzx E_{_l M +Eer4 X CvrSC+Cvrsand (140)
sc, |3 3\ max, 3 actual,
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The calculations are repeated for a heavy truck transporting fuel, HDPE, geotextile, and PVVC. The percentage that
fuel, HDPE cover, HDPE pipe, geotextile, and PVC contribute to the total weight of the heavy truck’s load is
calculated in equations 141-146, respectively.

p fuelg X Dfuel
fuel =
(fuelg x D ey )+ (CVryppe + CVIgx +GChppe +GCpyc +GMpyc

)) x 100 (141)

CVhpoPe
= x 100 142
Prope2 ((fuels xDiuer )+ (CerDPE +CVlge +GCrppe +GCpyc +GCMpyc )j (42

o _ GChpre
MRS (fuelg x Dy )+ (cvrppe + CVrgix +GChppe +GCpyc +GMpyc

)] x 100 (143)

CVT g

= x 100 145
Pon ((fuelg xDgyer )+ (CVTppe + Vg +GCrippe +GCpyc +GMpyc )j -

Dove = GCpyvc
e (fuelg x Dyuer )+ (CerDPE +CVIg +GCrppe +GCpyc +GMpyc

)] x 100 (146)

The weighted average haul distance for the heavy truck is a function of the haul distance of each material and its
percentage of the material load. The haul distance for a heavy truck is calculated as

Ptuel PHpre2 Pgix PHpPE3 Ppvc
hdys = | hdyy x 2L | 4| hd,, x PHDPEZ | 4| g +[ hdy x Proees | | g Peve 147
18 ( 1OX100) ( 57100 J ( 7X100] ( 97100 j [ 1 100) (147)

The fuel consumed by heavy trucks while transporting fuel, HDPE, geotextile, and PVC is calculated by using
equation 136.

fuel,y = (148)

hdys { 2 +1(actual3 ] L2 e@} . (fuelg x Dyyey )+ CVppg + VI + GCippe + GCpyic
3 3 3

SCq maxs actual,

4.3.1  Transport Emissions

This section presents equations describing emissions due to transporting materials (soil, HDPE, geotextile, PVC and
fuel) to the site. Required parameters follow.
¢ User Input Parameters:

e CMB_HVY CMB_A CO2, emission factor for fossil CO2 from heavy trucks (Ib CO»-F/gal fuel)
(Appendix D)

e CMB_LT CMB_A_CO02, emission factor for fossil CO, from dump trucks (Ib CO,-F/gal fuel) (Appendix
D)

¢ Calculated Parameters:
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e CLSR_DT CLSR_A_CO2, CO2 emissions from dump truck (Ib/ton waste)

e CLSR_HT CLSR_A _CO2, CO2 emissions from heavy truck (Ib/ton waste)

o fuelyg, fuel consumed by heavy trucks (gal/ton waste)

o fuelg, fuel consumed by dump trucks while transporting sand, soil and clay for final cover (gal/ton waste)

The fossil CO, emissions for a heavy truck are a function of the fuel consumed and the emission factor.

CLSR_HT CLSR_A_CO2= fuel,y x(CMB_HVY CMB_A_CO02) (149)

The fossil CO, emissions for a dump truck are calculated in the same manner.

CLSR_DT CLSR_A_CO2=fuelyx (CMB_LT CMB_A_CO2) (150)

4.3.2  Fuel Precombustion Emissions
This section develops equations for modeling fuel precombustion. Required parameters follow.

¢ User Input Parameters:
o fuelg, fuel used by heavy equipment during closure activities (gal/ton waste)

e T F PC A CO2 d pc_em,diesel fuel precombustion emission factor (Ib CO2/ gal fuel)

¢ Calculated Parameters:
o fuelyg, fuel consumed by heavy trucks (gal/ton waste)
o fuelg, fuel consumed by dump trucks while transporting sand, soil and clay for final cover (gal/ton waste)
o fuelqq, total fuel consumed by during closure activities (gal/ton waste)
e CLSR_PC CLSR_A _CO02, fossil CO, precombustion emissions (Ib/ton waste)

The total fuel consumed during closure activities is calculated as

fuel,, = fuelg + fuelgy + fuely, (151)

The precombustion emissions are calculated by multiplying total fuel usage and the precombustion emission factor.
To illustrate, the fossil CO2 precombustion emissions are

CLSR_PC CLSR_A_CO2= fuel;, x(T_F_PC_A_CO2 d_pc_em) (152)
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4.4

Total Emissions

This section calculates total emissions due to closure activities. Required calculated parameters follow.

¢ Calculated Parameters:

CLSR_BCKH CLSR_A_CO02, fossil CO2 emissions from a backhoe (Ib/ton waste)

CLSR_DR CLSR_A_CO02, fossil CO5 emissions from a drum roller (Ib/ton waste)

CLSR_DT CLSR_A_CO02, fossil CO, emissions from a dump truck (lb/ton waste)

CLSR_GTX CLSR_A_CO02, fossil CO, emitted due to geotextile production (Ib/ton waste)
CLSR_HDPE CLSR_A_CO02, fossil CO, emitted due to HDPE production (Ib/ton waste)
CLSR_HT CLSR_A _CO02, fossil CO, emissions from a heavy truck (Ib/ton waste)

CLSR_PC CLSR_A_C02, fossil CO, precombustion emissions (Ib/ton waste)

CLSR_PU CLSR_A CO2, fossil CO2 emissions from a pick-up (lb/ton waste)

CLSR_PVC CLSR_A_CO02, fossil CO emitted due to PVC production (Ib/ton waste)
CLSR_SAND CLSR_A_CO2, fossil CO, emitted while obtaining sand for final cover (Ib/ton waste)
CLSR_SCRPR CLSR_A_CO02, fossil CO, emissions from a scraper (Ib/ton waste)

CLSR_SOIL CLSR_A_CO02, fossil CO» emitted while obtaining soil for final cover (Ib/ton waste)
CLSR_TD CLSR_A_CO02, fossil CO, emissions from a tractor (Ib/ton waste)

CLSR_WL CLSR_A_CO02, fossil CO, emissions from a wheel loader (Ib/ton waste)

CLSR_WT CLSR_A _CO2, fossil CO2 emissions from a water truck (Ib/ton waste)

The LCI can be calculated for three different time frames (20, 100, and 500 years), and closure emissions are
reported halfway through the life of the landfill. Therefore, when using the default landfill life of 20 years, closure
emissions occur, on average, 10 years after waste placement. Or, if the user chooses a landfill lifetime of 50 years,
life-cycle emissions for landfill closure would occur 25 years after waste placement. For this landfill lifetime,
closure emissions would be reported for the 100- and 500-year time horizons.

The total emissions for landfill closure are calculated using an IF statement. If the time frame selected (20, 100, or
500 years) is greater than half of the landfill life, emissions for each inventory flow parameter are calculated by
summing emissions from material production, equipment use, material transport, and fuel precombustion. If the
time horizon selected is less than half of the landfill life, closure emissions occurring during that time horizon are
zero. To illustrate, total emissions for the inventory-flow-parameter fossil CO» are calculated in this equation:
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CLSR _SOIL CLSR_A CO2+
CLSR_SAND CLSR_A_CO2+
CLSR_HDPE CLSR_A CO2+
CLSR_GTX CLSR_A_CO2+
CLSR_PVC CLSR_A_CO2+
CLSR _BCKH CLSR_A_CO2+
N |CLSR_WL CLSR A CO2+
CLSR _TOTAL CLSR_A _CO2=IF|time>—~ |CLSR_ DR CLSR_A CO2+ 0
2 CLSR_WT CLSR_A_CO2+
CLSR_PU CLSR_A _CO2+
CLSR_TD CLSR_A_CO2+
CLSR _SCRPR CLSR_A_CO2+
CLSR _DT CLSR_A_CO2+
CLSR_HT CLSR_A_CO2+
CLSR_PC CLSR_A_CO2

(153)

45  Default Values

Three values are given for each parameter to represent traditional, bioreactor and ash landfills, respectively.

45.1 actuals, weight of the actual payload (contents) of the heavy-duty truck (66,150 Ib; 66,150 Ib; 66,150 Ib)
4,5.2  actuals, weight of the actual payload (contents) of the dump truck (39,690 Ib; 39,690 Ib; 39,690 Ib)

453 CMB_GTX CMB_A_CO2, emission factor for fossil CO2 due to geotextile production (Ib CO»-F/lb
geotextile) (Appendix D)

454 CMB_HDPE CMB_A CO2, emission factor for fossil CO2 due to HDPE production (Ib CO»-F/lb
HDPE) (Appendix D)

455 CMB_HVY CMB_A_CO02, emission factor for fossil CO, from heavy trucks (Ib CO»-F/gal fuel)
(Appendix D)

456 CMB_LT CMB_A CO2, emission factor for fossil CO2 from dump trucks (Ib CO»-F/gal fuel) (Appendix
D)

45.7 CMB_PVC CMB_A_CO2, emission factor for fossil CO2 due to PVC production (Ib CO»-F/Ib PVC)
(Appendix D)

458 CMB_SAND CMB_A CO2, emission factor for fossil CO, due to sand production (Ib CO»-F/Ib sand)
(Appendix D)
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459

45.10

4511

45.12

45.13

45.14

4.5.15

4.5.16

45.17

45.18

4519

4.5.20

4521

45.22

45.23

45.24

4.5.25

4.5.26

45.27

4.5.28

CMB_SCRPR CMB_A_CO2, emission factor for fossil CO5 from a scraper (Ib CO»-F/gal fuel)
(Appendix D)

CMB_SOIL CMB_A _CO02, emission factor for fossil CO, due to off-site soil production (Ib CO»-F/Ib
soil) (Appendix D)

Dsyel, density of diesel fuel (7.04 Ib/gal, 7.04 Ib/gal, 7.04 Ib/gal)

dgn. density of geotextile (5.90 Ib/ft°, 5.90 Ib/ft®, 5.90 Ib/ft’)

Drppe, density of HDPE used for daily cover (59.6 Ib/ft>, 59.6 Ib/ft>, 59.6 Ib/ft’)

Dimsw» average density of waste after burial (1,500 Ib/yd™; 1,500 Ib/yd; 3,500 Ib/yd°)
. 3 3 3

dsang, density of sand (97.5 Ib/ftS, 97.5 Ib/ft°, 97.5 Ib/ft)
. . 3 3 3

dsoil, density of soil layer (115 Ib/ft™, 115 Ib/ft™, 115 Ib/ft")

erg, return of heavy duty truck for transport of materials during landfill closure (empty return: YES[1] or
NOIQ], or any fraction between these two numbers) (1,1,1)

erg, return of dump truck for transport of materials during landfill closure (empty return: YES[1] or NOJ[O0],
or any fraction between these two numbers) (1,1,1)

fuelg, fuel used by heavy equipment during closure activities (1.60 x 10'2 gal/ton waste, 1.60 x 10'2 gal/ton
waste, 1.60 x 1072 gal/ton waste)

GCHppEg, amount of HDPE in gas collection system (1.6 x 1072 Ib/ton waste, 1.6 x 1072 Ib/ton waste, 0
Ib/ton waste)

GCpyc, amount of PVC in gas collection system (8.1 x 10'3 Ib/ton waste, 8.1 x 10'3 Ib/ton waste, 0 Ib/ton
waste)

GMpyc, amount of PVC in gas monitoring system (7.3 x 10™ Ib/ton waste, 7.3 x 10” Ib/ton waste, 0
Ib/ton waste)

hd1g, distance to haul fuel (50 mi, 50 mi, 50 mi)

hd11, distance to haul PVC (250 mi, 250 mi, 250 mi)

hds, distance to haul clay and soil (1 mi, 1 mi, 1 mi)

hdg, distance to haul sand (1 mi, 1 mi, 1 mi)

hdy, distance to haul geotextile for cover (250 mi, 250 mi, 250 mi)

hdg, distance to haul HDPE for cover (250 mi, 250 mi, 250 mi)
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4.5.29

4.5.30

4531

45.32

4.5.33

45.34

45.35

4.5.36

4.5.37

4.5.38

4.5.39

4.5.40

4541

hdg, distance to haul HDPE pipe (250 mi, 250 mi, 250 mi)

maxs, weight of the maximum payload (contents) of the heavy truck (66,150 Ib; 66,150 Ib; 66,150 Ib)
maxy4, weight of the maximum payload (contents) of the dump truck (39,690 Ib; 39,690 Ib; 39,690 Ib)
sc3, specific consumption for a heavy truck (6.4 mpg, 6.4 mpg, 6.4 mpg)

sy, specific consumption for a dump truck (6.4 mpg, 6.4 mpg, 6.4 mpg)

scrpr, percentage of fuel used by the scraper (54%, 54%, 54%)

T F PC_A _CO2 d pc_em, diesel fuel precombustion emission factor (Ib CO»/gal fuel) (Appendix D)
telay, thickness of clay layer (2 ft, 2 ft, 2 ft)

tgtx, thickness of geotextile (140 mils, 140 mils, 140 mils)

tuppPE2, thickness of HDPE (60 mils, 60 mils, 60 mils)

tsand1, thickness of the first sand layer in final cover (1 ft, 1 ft, 1 ft)

tsand2, thickness of second sand layer in final cover (1 ft, 1 ft, 1 ft)

tsoil, depth of top soil and vegetation support soil (3 ft, 3 ft, 3 ft)
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Once a final cover has been installed, the post-closure period begins. Post-closure activities include repairing final
cover and inspecting of the leachate and gas collection systems. Soil, clay, sand, HDPE, geotextile, and fuel are
potentially consumed while repairing the final cover. In addition, fuel is consumed by trucks while transporting
material to the site and by vehicles during inspection and maintenance visits. In the model, the user has the
flexibility of choosing the length of the post-closure period and the percent of cover to be replaced. In the default
case, 10% of the cover is replaced over a 30-year post-closure period.

The life-cycle emissions for landfill post-closure begin after the final cover is placed. As discussed in section 4, the
average ton of waste is placed halfway through the life of the landfill cell. Therefore, a final cover is applied and
landfill post-closure activities also begin halfway through the landfill life.

5.1 Materials Consumption

Ten percent of the final cover is assumed to be replaced over 30 years. Thus, 10% of the soil, sand, clay, HDPE,
and geotextile used during the closure phase is replaced during the post-closure period.

5.1.1  Emissions Due to Material Consumption

The objective of this section is to calculate emissions due to material consumption. Annual emissions associated
with material consumption over 30 years are calculated by multiplying total closure emissions by the fraction of the
cover replaced and dividing by the length of the post-closure period. The emissions due to production of clay, soil,
sand, HDPE, and geotextile are a function of the amount of material used (Ib material/ton waste), the emission factor
(Ib emission/lb material), the length of the post-closure period (years), and the percent of final cover to be replace
(%). Emission factors are presented in Appendix D. In this section, equations are presented for the inventory-flow-
parameter fossil CO». In the model, emissions are calculated for each of the LCI parameters.

The required parameters follow. (Units of measure are in parentheses.)

¢ User Input Parameters:

e CMB_GTX CMB_A_CO02, emission factor for fossil CO2 due to geotextile production (Ib CO»-F/lb
geotextile) (Appendix D)

e CMB_HDPE CMB_A_CO02, emission factor for fossil CO2 due to HDPE production (Ib CO»-F/Ib HDPE)
(Appendix D)

e CMB_SAND CMB_A_CO02, emission factor for fossil CO2 due to sand production (Ib CO»-F/Ib sand)
(Appendix D)

e CMB_SOIL CMB_A CO2, emission factor for fossil CO, due to off-site soil production (Ib CO»-F/lb
soil) (Appendix D)

* Ny, post-closure period (years)

*  Pevr, percent of final cover to be replaced over the entire post-closure period (%)
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¢ Calculated Parameters:

*  CVIgix amount of geotextile in final cover (Ib/ton waste)
* cVryppE, amount of HDPE in final cover (Ib/ton waste)
®  CVrggng, amount of sand in final cover (Ib/ton waste)

e cvrge, amount of soil and clay in final cover (Ib/ton waste)

e PCLSR_GTX PCLSR_A _CO2, yearly fossil CO2 emissions due to geotextile production (Ib/ton waste)
e PCLSR_HDPE PCLSR_A CO2, yearly fossil CO2 emissions due to HDPE production (Ib/ton waste)
e PCLSR_SAND PCLSR_A CO2, yearly fossil CO2 emissions due to obtaining sand (lb/ton waste)
e PCLSR_SOIL PCLSR_A CO2, yearly fossil CO2 emissions due to obtaining soil (Ib/ton waste)
Fossil CO, emitted while obtaining soil and clay is a function of the total soil and clay used (cvrsc), the emission

factor (CMB_A_CO2 CMB_SOIL), the percent cover to be replaced (peyr2), and the length of the post-closure
period (Npc).

PCLSR _SOIL PCLSR_A_CO2=cvr, xCMB_SOIL CMB_A _ cozx%xi (154)

Npe

The emissions due to sand, HDPE, and geotextile consumption are similarly calculated in equations 155-157.

PCLSR _SAND PCLSR_A_CO2 = cvr,,q xCMB_SAND CMB_A _CO?2 xplco—vgxi (155)
pc
PCLSR _HDPE PCLSR_A_CO2 = cVr,yop x CMB_HDPE CMB_A_CO2 xpl‘?o—vgxi (156)
n
pc
PCLSR _GTX PCLSR_A_CO2 = cvry xCMB_GTX CMB_A_CO2 xpli)—vgxi (157)
n

pc

5.2  Equipment and Fuel Use

Diesel fuel is consumed by equipment while repairing the final cover and transporting materials to the site. The fuel
used by heavy equipment and trucks is proportional to the amount of cover that is replaced. In the default case, fuel
use is 10% of the total fuel used in the closure phase.

Fuel is also consumed during site inspections and lawn mowing. Four different semi-annual inspections are
included in the post-closure phase: general inspection, gas collection system inspection, leachate collection system
inspection, and groundwater control system inspection. The vehicle used is assumed to be a light-duty truck.
According to a survey of landfill sites, the yearly fuel use is 4.0 E-6 gal of gasoline per ton of waste. Also,
according to this survey, the vegetation is mowed once a year, corresponding to 9.2 E-7 gal of gasoline used per year
per ton of waste.
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5.21

Emissions Due to Fuel Use

This section presents equations modeling the precombustion and combustion emissions due to diesel and gasoline
use during post-closure. In the model, emissions due to combusting fuel in a light-duty truck and in a lawn mower
are calculated for each of the inventory flow parameters. In this documentation, the calculations are shown for the
inventory-flow-parameter fossil CO».

¢ User Input Parameters:

fuelq o, fuel used for inspections (gal/year-ton waste)

fuelq 3, fuel used for mowing (gal/year-ton waste)

g pc em T_F PC A CO2, precombustion emission factor for gasoline and fossil CO» (lb CO»-F/gal
fuel) (Appendix D)

Npc, post-closure period (years)

Pcvre, percent of final cover to be replaced over the entire post-closure period (%)

¢ Calculated Parameters:

CLSR_BCKH CMB_A CO2, fossil CO, emissions from a backhoe during closure (Ib/ton waste)
(Appendix D)

CLSR_BLLDZR CMB_A_CO2, fossil CO, emissions from a bulldozer during closure (Ib/ton waste)
(Appendix D)

CLSR_DR CMB_A CO2, fossil CO5 emissions from a drum roller during closure (Ib/ton waste)
(Appendix D)

CLSR_DT CMB_A_CO02, fossil CO2 emissions from a dump truck during closure (Ib/ton waste)
(Appendix D)

CLSR_HT CMB_A_CO02, fossil CO, emissions from a heavy truck during closure (Ib/ton waste)
(Appendix D)

CLSR_PC CMB_A_CO02, fossil CO2 emissions from precombustion of diesel fuel during closure (Ib/ton
waste) (Appendix D)

CLSR_PU CMB_A CO2, fossil CO, emissions from a pickup during closure (Ib/ton waste) (Appendix
D)

CLSR_SCRPR CMB_A_CO02, fossil CO» emissions from a scraper during closure (Ib/ton waste)
(Appendix D)

CLSR_TD CMB_A_CO02, fossil CO, emissions from a tractor during closure (Ib/ton waste) (Appendix D)

CLSR_WL CMB_A CO2, fossil CO, emissions from a wheel loader during closure (Ib/ton waste)
(Appendix D)

CLSR_WT CMB_A CO02, fossil CO, emissions from a water truck during closure (lb/ton waste)
(Appendix D)
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e CMB_LDT CMB_A_CO02, emission factor for fossil CO2 emissions from a light-duty truck (Ib CO»-F/gal
fuel) (Appendix D)

e CMB_MWR CMB_A CO2, emission factor for the fossil CO, emissions from a four-stroke lawnmower
(Ib CO,-F/gal fuel) (Appendix D)

e PCLSR_LDT PCLSR_A _CO2, yearly fossil CO2 emissions from using a light-duty truck (Ib/ton waste)
(Appendix D)

e PCLSR_MWR PCLSR_A CO2, yearly fossil CO5 emissions from using a lawn mower (Ib/ton waste)

e PCLSR_PC PCLSR_A_CO02, yearly fossil CO,emissions from gasoline precombustion activities (Ib/ton
waste)

e PCLSR_PVC PCLSR_A CO2, yearly fossil CO2 emissions from diesel combustion and precombustion
(Ib/ton waste)

The yearly emissions of equipment while applying final cover, by trucks transporting material, and by diesel
precombustion are calculated as

PCLSR _PVC PCLSR_A _CO2=

CLSR _SCRPR CLSR A_CO2+
CLSR_WT CLSR A _CO2+

CLSR BLLDZR CLSR A CO2+
CLSR_WL CLSR A CO2+

CLSR DR CLSR A CO2+

CLSR_BCKH CLSR A CO2+ |xPovz, 1
CLSR_PU CLSR_A_CO2+ 100 Ny
CLSR _TD CLSR A CO2+
CLSR_DT CMB_A _CO2+
CLSR _HT CMB_A CO2+

CLSR_PC CMB_A CO2

(158)

The emissions due to combusting gasoline in a light truck and lawn mower are a function of the fuel used and the
combustion emission factor. The fossil CO, emissions for a light truck and lawn mower are presented in the
following equations:

PCLSR _LDT PCLSR_A CO2=CMB_LDT CMB_A_CO2 x fuely, (159)

PCLSR _MWR PCLSR_A_CO2=CMB_MWR CMB_A_CO2 x fuel; (160)

Gasoline precombustion emissions are a function of the total gasoline used by the light truck and lawn mower and
the gasoline precombustion emission factor.

PCLSR _PC PCLSR_A_CO2=g_pc_em T_F_PC_A_CO2 x (fuely, +fuel;;) (161)
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5. Life-Cycle Inventory of Landfill Post-Closure

5.3

Total Emissions

This section calculates total emissions due to post-closure activities. The required parameters follow.

¢ User Input Parameters:

Npc, post-closure period (years)

Ny’ expected useful life of landfill (years)

¢ Calculated Parameters:

PCLSR 1 PCLSR_A _CO2, total yearly fossil CO, emissions from post-closure activities (Ib/ton waste)

PCLSR_100 PCLSR_A CO2, total post-closure fossil CO5 emissions during the 100-year time horizon
(Ib/ton waste)

PCLSR 20 PCLSR_A_CO2, total post-closure fossil CO, emissions during the 20-year time horizon
(Ib/ton waste)

PCLSR 500 PCLSR_A CO2, total post-closure fossil CO5 emissions during the 500-year time horizon
(Ib/ton waste)

PCLSR_GTX PCLSR_A_CO02, yearly fossil CO, emissions due to geotextile production (Ib/ton waste)
PCLSR_HDPE PCLSR_A _CO02, yearly fossil CO, emissions due to HDPE production (Ib/ton waste)

PCLSR_LDT PCLSR_A_CO02, yearly fossil CO, emissions from using a light-duty truck (lb/ton waste)
(Appendix D)

PCLSR_MWR PCLSR_A_CO02, yearly fossil CO, emissions from using a lawn mower (Ib/ton waste)

PCLSR _PC PCLSR_A CO2, yearly fossil CO, emissions from gasoline precombustion activities (Ib/ton
waste)

PCLSR_PVC PCLSR_A_CO02, yearly fossil CO, emissions from diesel combustion and precombustion
(Ib/ton waste)

PCLSR_SAND PCLSR_A_CO2, yearly fossil CO, emissions due to obtaining sand (Ib/ton waste)

PCLSR_SOIL PCLSR_A_CO2, yearly fossil CO2 emissions due to obtaining soil (Ib/ton waste)

The yearly emissions are a function of emissions due to material consumption and fuel use.

PCLSR _SOIL PCLSR_A_CO2 +
PCLSR _SAND PCLSR_A_CO2 +
PCLSR _HDPE PCLSR_A_CO2 +
PCLSR _GTX PCLSR_A_CO2+
PCLSR _1 PCLSR_A CO2= - == (162)
PCLSR _PVC PCLSR _A_CO2+

PCLSR _LDT PCLSR_A_CO2+
PCLSR _MWR PCLSR A _CO2+

PCLSR _PC PCLSR A _CO2
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5. Life-Cycle Inventory of Landfill Post-Closure

The final cover is assumed to be placed halfway through the operating life of the landfill. Post-closure activities
begin after final cover is in place.

Emissions occurring during each of the time horizons are calculated using an IF statement. If the post-closure
period falls within the user-selected time horizon, then the entire length of the post-closure period is used to
calculate post-closure emissions. If the post-closure period begins after the selected time horizon, post-closure
emissions are zero. If the post-closure period ends beyond the time horizon, then emissions are a fraction of those
that would occur during the entire post-closure period. For example, with a default landfill life of 20 years, post-
closure activities begin 10 years after waste placement. Based on this, a 20-year time horizon includes 10 years of
post-closure activity. A 100- or 500-year time horizon includes 30 years of post-closure activities.

Emissions for the 20-year time horizon are calculated as

PCLSR _20 PCLSR_A_CO2=

(163)
Ny
IF| —+n, [<20, (n, xPCLSR _1 PCLSR_A_CO2)
N 2
IF{—~ < 20, 0
2 N,
20—7 xPCLSR _1 PCLSR_A_CO2
Emissions for the 100-year time horizon are calculated as
PCLSR _100 PCLSR_A_CO2=
(164)
N y
IF| ——+n, [<100, n, xPCLSR _1 PCLSR_A_CO2,
N 2
IF—L <100, 0
2 Ny
100 - xPCLSR _1 PCLSR_A_CO2
Emissions for the 500-year time horizon are calculated as
PCLSR _500 PCLSR_A_CO2=
(165)

N
IF(—y+ n pcjs 500, n,, xPCLSR _1 PCLSR_A_CO2,
N 2
IF,—Y <500, 0
2 N,
500—T xPCLSR _1 PCLSR_A_CO2

Emissions are reported for the time horizon the user has selected. The emissions occurring during the user-selected
time horizon are calculated using IF statements. If the 20-year time horizon is chosen, then 20-year emissions are
reported. If the user selects the 100-year time horizon, then 100-year emissions are reported. Or, if the user selects
the 500-year time horizon, then 500-year emissions are reported.
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5. Life-Cycle Inventory of Landfill Post-Closure

PCLSR _TOTAL PCLSR_A CO2=
(166)
time = 20, PCLSR_20 PCLSR_A CO2,
IF(time =100, PCLSR_100 PCLSR_A_C02,PCLSR_500 PCLSR_A_CO2)
54 Default Values

Three values are given for each parameter to represent traditional, bioreactor, and ash landfills respectively.

541 CMB_GTX CMB_A_C02, emission factor for fossil CO2 due to geotextile production (Ib CO»-F/Ib
geotextile) (Appendix D)

542 CMB_HDPE CMB_A_CO2, emission factor for fossil CO, due to HDPE production (Ib CO»-F/Ib HDPE)
(Appendix D)

543 CMB_LDT CMB_A_CO02, emission factor for fossil CO2 emissions from a light-duty truck (Ib CO»-F/gal
fuel) (Appendix D)

544 CMB_MWR CMB_A_CO02, emission factor for fossil CO2 emissions from a four-stroke lawnmower (Ib
CO»-F/gal fuel) (Appendix D)

545 CMB_SAND CMB_A_CO02, emission factor for fossil CO2 due to sand production (Ib CO»-F/Ib sand)
(Appendix D)

546 CMB_SOIL CMB_A_CO02, emission factor for fossil CO2 due to off-site soil production (Ib CO»-F/Ib
soil) (Appendix D)

54.7  fuelqy, fuel used for inspections (4 x 10'6 gal/year-ton waste, 4 x 10'6 gal/year-ton waste, 4 x 10'6

gal/year-ton waste)

5.4.8  fuelq3, fuel used for mowing (9.20 x 107 gallyear-ton waste, 9.20 x 10”7 gal/year-ton waste, 9.20 x 107
gal/year-ton waste)

549 g pcem T_F PC_A CO2, precombustion emission factor for gasoline and fossil CO, (Ib CO,-F/gal
fuel) (Appendix D)

5.4.10 Npc, post-closure period (30 years, 30 years, 30 years)

54.11 Ny, expected useful life of landfill (20 years, 20 years, 20 years)

5412 peyr2, percent of final cover to be replaced over the entire post-closure period (10%, 10%, 10%)

54.13 T_F PC_A CO2 d_pc_em, diesel fuel precombustion emission factor (Ib CO»/gal fuel) (Appendix D)
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6. Life-Cycle Inventory of Landfill Gas

The approach used to model landfill gas production, collection, and utilization is presented in this section. Landfill
gas is produced for an extended period following waste burial, and the approach that has been adopted allows for
varying collection and treatment alternatives at different times after burial.

In contrast with other unit operations involved in waste management, landfill gas emissions occur over a long
period. Nonetheless, the landfill LCI must be integrated with other unit operations to develop a total system LCI.
Since there is no single “correct” answer to the issue of the appropriate time horizon, the user is given the flexibility
to select from three alternate time frames: 20, 100, or 500 years. In reviewing the landfill LCI model, it should be
apparent that there would be little difference in cumulative gas production between 100 and 500 years for most
common gas production scenarios.

6.1 Landfill Gas Composition

The major components of landfill gas are methane and carbon dioxide. These concentrations are input parameters
and the default values are 55% and 45%, respectively. These concentrations are consistent with industry data and
values listed in AP-42 [U.S. EPA, 1995]. Landfill gas comes from organic sources. Thus, the carbon dioxide
emitted is considered biomass CO», and any carbon dioxide produced from the combustion of landfill methane is
also biomass CO,. The trace organic components of landfill gas are presented in Table 17. These factors were
adopted from the EPA’s database on landfill gas emissions [U.S. EPA, 1995]. Concentrations are assumed to
remain constant over time because there are no known data on trends of trace organic concentrations over time.

Table 17:  Speciated Trace Constituents in Landfill Gas

Default Concentration
Compound (ppmv)
Benzene 191
Chloroform 0.03
Carbon tetrachloride 0.004
Ethylene dichloride 0.41
Methylene chloride 14.3
Trichloroethene 2.82
Perchloroethene 3.73
Vinyl chloride 7.34
Toluene 39.3
Xylenes 12.1
Ethylbenzene 4.61
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6.2 Landfill Gas Production

This section develops equations modeling the production of landfill gas. The required parameters follow. (Units of
measure are in parentheses.)
¢ User Input Parameters:

e fqq, scaling factor between the ultimate gas yield predicted by the Solid Waste Association of North
American (SWANA) and the ultimate gas yield predicted by laboratory analysis

e Kk, first order decay rate constant (years'l)

e lag, time between placement and start of gas generation (years)

e Lo, total landfill gas yield potential (ft*/ton waste)

e LoswANA, ultimate gas yield predicted by SWANA (ft3/ton waste)

e s, first order rise phase constant (years'l)

e time, selected time horizon (20, 100, or 500 years)

e 7194 enter 1 to use the ultimate gas yield predicted by SWANA or enter 0 to use the laboratory ultimate

gas yield

¢ Calculated Parameters:

o  Giime, total landfill gas generated during the user-selected time horizon (ft3/t0n waste)

e Lojgp, ultimate gas yield based on laboratory data (ft3 gas/wet ton waste)
Cumulative landfill gas production is calculated based on equation 167. This equation was adopted from a study by
SWANA [SCS Engineers and Augenstein, 1996] and is connected with both field observations and laboratory
measurements of refuse decomposition. By adjusting the lag time (lag), s and k, the same gas production model can
be applied to traditional and bioreactor landfills. For traditional landfills, parameters were adopted from the

SWANA study. For a bioreactor landfill, values were selected using engineering judgement because field data are
not available [Pacey, 1999].

_ —k(time—lag —(k+s)(time—lag Lo
Gime = {(— (k+s)e )+ k(e (kss) ))+ S)>< T} (167)
The allocation of landfill gas depends on the waste composition and the ultimate gas yield (Ly). As described in
section 6.7, in the default case the ultimate gas yield is based on the methane yields of individual waste components.
These methane yields and the waste composition are used to obtain the ultimate gas yield for the average ton
(Lojap)- The percent contribution of each waste component to this total gas yield is used to allocate landfill gas to
the components of the waste stream.

The user can choose to use the laboratory ultimate gas yield (Lojap) or the value predicted by SWANA (LoswaNA)-
This is modeled with the following equation:

L, =IF (lea =1,Logwanas LOap ) (168)
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If the user chooses the L, predicted by SWANA, then the individual laboratory gas yields are adjusted by a scaling
factor (f11). This is accomplished using an IF statement. If the Lojap is zero, then the scaling factor is zero. If the
Lojap is not zero, the scaling factor is equal to Losyyana divided by Lojgp.

L
f,, = IF (Lo,ab - 0,0,%} (169)
lab

As explained above, the model used to represent landfill gas production is given in equation 167, and the trend in
gas production rate is illustrated in Figure 11 in section 6.3. The U.S. EPA has also presented a model entitled
"Landfill Air Emissions Estimation Model." A comparison of the EPA and SWANA models showed very similar
gas production trends between the two models [Environmental Research and Education Foundation, 1997]. The
SWANA model (equation 167) was selected for use here because it was more easily adaptable to use for 1 ton of
MSW.

6.2.1 Landfill Gas Yield and Allocation

The default value for the ultimate yield (L) of the landfill gas is calculated from the user input composition for a
typical ton of MSW and methane yields measured under laboratory conditions as presented in Table 18.
Alternately, the user may input another value or select the value that was shown by SWANA to match well with
some field-scale landfill gas recovery projects. Because the laboratory-measured gas yields were obtained under
highly controlled conditions, they are most likely to portray accurately ultimate gas production. In the default
settings, the laboratory values are used. However, some discussion of the implications of this choice is presented
here, followed by an explanation of how gas production is allocated to individual waste components.

Table 18:  Methane Yields Measured Under Laboratory Conditions™

Methane Yield

MSW Component (L CH4/dry kg)
Grass 136
Leaves 30.6
Branches 62.6

Food Waste 300.7
Coated Paper 84.4
Newsprint 74.3
Corrugated Containers 152.3
Office Paper 217.3

#Methane yields were measured in 2-liter reactors in
the laboratory. Experimental conditions are described
in Eleazer et al. [1997] and Barlaz [1997].
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To properly utilize the landfill process model, the user must understand that the LCI model is intended to represent a
ton of MSW buried in a landfill. This is subtlety different from a model of the behavior of an operational or closed
landfill that contains waste of multiple ages and states of decomposition. Thus, for most cases it is appropriate to
utilize the default calculation for Ly. In the default case, L is calculated from the composition of an average ton of
MSW and the laboratory-measured yields. The composition of an average ton of MSW can be defined by the

model user in the landfill process model. Note that this composition need not be the composition of the ton to be
managed by the user as defined in the Common section of the process model.

Once an overall L, is calculated, it is allocated to the biodegradable components of MSW in the process model.
This is done by calculating the percentage of L that can be attributed to each waste component in the typical ton.
Thus, if 14% of landfill gas production can be attributed to food waste in the typical ton, then 14% of landfill gas
production is allocated to food waste in the MSW actually buried as determined by the model solution. While Lg
represents ultimate landfill gas production, this does not represent what is actually released to the environment after
landfill gas collection and treatment as described in subsequent sections of this documentation.

One limitation to the allocation methodology described here is that the composition of waste that is buried in a
landfill, per the model solution, will almost certainly be different from the composition of waste input as the typical
ton. Thus, the most appropriate L, for the waste actually buried will be in error. The model user is encouraged to
review the model solution and to specifically review the composition of waste to be buried in a landfill. If this
composition is highly unusual, such as all glass and plastic or 50% food waste, then the model user should rerun the
model with an adjusted composition for the typical ton of MSW as well as adjusted default values for leachate
quality (section 7). The process model will then automatically adjust the default L, based on the default calculation.

We have explored the potential inaccuracy associated with the allocation methodology and it appears to be well
within the overall uncertainty of the model. Specifically, the hypothetical methane yield for three mixtures of MSW
was calculated. These three mixtures are based on (1) all MSW that is generated is buried in a landfill, (2) the
composition of waste buried in a landfill is corrected for the recycling of each waste component at its national
average recovery rate, and (3) the composition of waste buried in a landfill is corrected for the recycling of each
waste component at a rate that exceeds the national average recovery rate. The calculated methane yield of these
three waste mixtures ranged from 58.6 to 64.9 L CHy/wet kg, which is well within the uncertainty of the model
[Barlaz, 1997]. Thus, the limitation described here is not expected to have a significant bearing on the overall
model solution.

Another potential limitation that should be recognized relates to the specification of how landfill gas is treated (vent
versus flare versus energy recovery) as described in section 6.4. It is possible that the user would specify energy
recovery, but the model solution would show only a small amount of waste actually directed to a landfill. In this
case, installation of a landfill gas energy recovery system may not be economical. Thus, the user is encouraged to
review the model solution and to evaluate whether the selected gas management strategy is consistent with the mass
of MSW directed to the landfill.

6.3 Landfill Gas Collection

This section models equations describing the quantity of collected and uncollected landfill gas. Three operational
periods can be defined by the user for gas collection and treatment. The logic for three gas collection periods relates
to the potential strategies for gas treatment. First, it is assumed that there is a period during which no gas collection
system is in place. It is further assumed that the first gas collection system is temporary until the landfill receives its
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final cover. A second landfill gas collection system is installed after the final cover is in place. This second
collection and treatment period is assumed to be in use during the period of maximum gas production. A third
landfill gas collection and treatment period allows for a time when gas production may decrease but is still too
significant to vent. The default values for the three collection time periods are presented in Table 19.

Table 19:  Default VValues for Landfill Gas Collection

Default Value
Model Parameter (years)
Time between waste placement and implementation of first gas collection system 2
Time between waste placement and conversion to second gas collection system 5
Time between waste placement and conversion to third gas collection system 40
Time between waste placement and discontinuation of third gas collection system 80

The assumed gas collection efficiencies for years 2-5, 5-40, and 40-80 are 60%, 95%, and 90%, respectively. The
weighted average of these values is 88%, which is the default collection efficiency. Note that gas produced prior to
year 2 will be vented to the atmosphere.

Based on the concept of three gas collection periods and the system inefficiency, the volume of gas collected in
periods 1, 2, and 3 is calculated in equations 170-176. The required parameters follow.
¢ User Input Parameters:

e gasyn1, percent of gas not collected due to collection system inefficiency (%)

e Kk, first order decay rate constant (years'l)

e lag, time between placement and start of gas generation (years)

e Lo, total landfill gas yield potential (ft*/ton waste)

e P, pressure (atm)

e R, universal gas constant (L-atm)/(mol-K)

o s, first order rise phase constant (years'l)

e T, temperature (K)

e 1o, time to implementation of first gas collection system (years)

e t7, time to implementation of second gas collection system (years)

e 1y, time to implementation of third gas collection system (years)

e i3, time to discontinuation of third gas collection system (years)

¢ Calculated Parameters:

e gasy, gas produced and collected during the first collection period (ft3/ton waste)
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o Gtime, total landfill gas generated during the user-selected time horizon (ft3/t0n waste)
e (Qasy, gas produced and collected during the second collection period (ft3/ton waste)

e gass, gas produced and collected during the third collection period (ft3/ton waste)

e Qasyn2, gas produced prior to collection system installation (ft3/ton waste)

e  gasyn3, gas not collected due to gas collection system inefficiency (ft3/ton waste)

e Qasyn4, gas produced after discontinuation of gas collection system (ft3/ton waste)

e n, moles of gas (mols)

eV, volume of gas (ft3)

K_ (k +5)e Klti-lag) k(e—(k+s)(tl—lag))+ S)>< L, ﬂ ~

gas, = ° x| 1— 9%um. (170)
100
|:(_ (k + S)e—k(tO—Iag) + k(e—(k+s)(t0—lag))+ S)X i}i|
S
_(_ (k L s)ekliz-n) k(e—(k+s)(t2—lag))+ S)>< ﬁﬂ _
L S 9aS,n1
ga52 =93~ X l—w (171)
(_ (k + S)e—k(tl—lag) + k(e—(k+s)(t1—lag))+ S)X ij:|
L S
_(_ (k N S)e,k(tgflag) n k(ef(k+s)(t3—lag))+ S)x iﬂ _
L S 9aSyn;
ga53 =9 X (1—Wj (172)
(_ (k n S)e—k('[Z—Iag) n k(e—(k+s)(t2—lag))+ S)X ij:|
S

The volume of landfill gas produced during each period is converted to moles by using the following equation:

PxVx2832L/ 4
n= —A (173)
RxT
The amount of gas that is not collected due to the absence of a gas collection system and collection system
inefficiency is calculated in equations 174 and 175, respectively.
_ ( —K(t, ~lag) ~(k=+s)(t, —lag) L,
gasy,, = | (- (k+sk +kle s> (174)
as
GaSyn3 = (G time _gasunz)>< 9Bum (175)

100

The volume of gas uncollected and released through the vents due to discontinuation of a gas collection system is
calculated using an IF statement. If collection is discontinued during the chosen time horizon (20, 100, or 500
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years), then the gas released to the environment is calculated. If gas collection is discontinued outside the chosen
time horizon, then gas released during that time period is zero.

(_ (k + S)e—k(time—lag) + k(e—(k+s)(time—lag))+ S)X %:| _

gas,.s = IF| time > t, x[l—MJ,O (176)

100
S

{(— (k+s)e (o) k(e‘(k+s)(‘3"ag))+ s)x i}

Figures 10 and 11 graphically represent the amount of landfill gas that is collected versus the amount not collected.

6.4 Landfill Gas Treatment

The LCI is highly sensitive to the selection of the gas treatment scenario. Where landfill gas is recovered for
energy, there are significant offsets that are allocated to the landfill. These offsets are not realized if the landfill gas
is not recovered for energy.

Collected landfill gas can be treated by a flare, turbine, boiler, or internal combustion engine (ICE). It can also be
vented to the atmosphere. These treatment options are selected by the user and can be different for each of the three
landfill gas collection and treatment periods. Gas that is not collected will leave the landfill either through the cover
soil or through gas vents. Gas escaping through the cover may be oxidized by the soil microbes, oxidizing a
fraction of the landfill gas constituents to CO».

6.4.1 Treatment of Collected Landfill Gas

Equations modeling the quantity of gas collected by an active gas collection system for subsequent treatment (flare,
turbine, venting, etc.) were developed in section 6.3. The default values for treatment of landfill gas during each of
the three gas collection periods are shown in Table 20. Note that in the default case, landfill gas is not recovered for
energy for a traditional landfill. For a bioreactor landfill, an ICE is used in treatment period 2.

Table 20:  Percent of Landfill Gas Treatment Methods Used

Landfill Gas Treatment Periods
Treatment First Second Third
Method (%) (%0) (%0)
Vent (%) 100 0 0
Flare (%) 0 100 100
Turbine (%) 0 0 0
Direct use (%) 0 0 0
ICE (%) 0 0 0
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Each treatment method will have different treatment efficiency and associated emissions as described in Table 21
and Table 22 [Environmental Research and Education Foundation, 1998].

6.4.2

Table 21:  Landfill Gas Destruction Efficiencies (%)

Gas Component Vent Flare Turbine | Boiler ICE

Carbon dioxide 0 0 0 0 0

Methane 0 99 99 99 99

Benzene 0 99.7 98.2 99.68 86.1

Chloroform 0 98 99.7 99.6 93

Carbon tetrachloride 0 98 99.7 99.6 93

Ethylene dichloride 0 98 99.7 99.6 93

Methylene chloride 0 98 99.7 99.6 93

Trichloroethene 0 98 99.7 99.6 93

Tetrachloroethene 0 98 99.7 99.6 93

Vinyl chloride 0 98 99.7 99.6 93

Toluene 0 99.7 98.2 99.8 86.1

Xylenes 0 99.7 98.2 99.8 86.1

Ethylbenzene 0 99.7 98.2 99.8 86.1

Table 22:  Landfill Gas Emission Factors
Emission Factor (kg/hr/dscmm)a

Landfill Gas Emission Flare Turbine Boiler ICE
Carbon monoxide 0.72 0.22 0.0054 0.45
Nitrogen dioxide 0.039 0.083 0.032 0.24
Particulate matter 0.016 0.021 0.0079 0.046
Sulfur dioxideb 0.01 0.01 0.01 0.01
Hydrogen chloride® 0.0096 0.0098 0.0098 0.0091
Biomass carbon dioxide® 195 195 195 195

®Emission factors are in kilogram/hour/dry standard cubic meter/minute.

bBased on the sulfur content of the gas (46.9 ppmv).

“Based on the chlorine content of the gas (from combusted constituents).

dBased on the carbon content of combusted constituents (minus carbon monoxide emissions).

Emissions Due to Landfill Gas Treatment
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Gas constituents emitted by equipment when treating landfill gas are presented in section 6.4.2.1. Components of
landfill gas remaining after treatment are presented in section 6.4.2.2.

6.4.2.1 Equipment emissions

This section models equipment emissions due to the combustion of landfill gas in a flare, turbine, boiler, and ICE.
The required parameters follow.

¢ User Input Parameters:

CMB BLR CMB_A_CO02_BM, emission of biomass CO» after gas combustion in a boiler (Ib/mol gas)
CMB FLR CMB_A_CO02_BM, emission of biomass CO» after gas combustion in a flare (Ib/mol gas)
CMB ICE CMB_A_CO2_BM, emission of biomass CO» after gas combustion in an ICE (Ib/mol gas)
CMB TRBN CMB_A_CO02_BM, emission of biomass CO» after gas combustion in a turbine (Ib/mol gas)
effqy effcha, CHy destruction efficiency in a boiler (%)

effyr  eff cHa, CHy destruction efficiency in a flare (%)

effice eff cH4, CH4 destruction efficiency in an ICE (%)

effypn  eff cHg, CH4 destruction efficiency in a turbine (%)

effynt  eff cHg, CH4 destruction efficiency in a vent (%)

gaslqy, use of boiler during first landfill gas treatment period (%)

gaslyy, use of flare during the first landfill gas treatment period (%)

gasljce, use of ICE during first landfill gas treatment period (%)

gaslipn, use of turbine during first landfill gas treatment period (%)

gascHa4, percent of methane in landfill gas (%)

¢ Calculated Parameters:

EE_DU G_A_CO0O2_BM, total biomass CO, emissions from a boiler (Ib/ton waste)

EE_ DUl G_A_CO02_BM, biomass CO2 emissions from a boiler during first landfill gas treatment period
(Ib/ton waste)

EE_DU2 G_A_CO02_BM, biomass CO2 emissions from a boiler during second landfill gas treatment
period (Ib/ton waste)

EE_DU3 G_A _CO02_BM, biomass CO2 emissions from a boiler during third landfill gas treatment period
(Ib/ton waste)

EE_FLR G_A_CO0O2 BM, total biomass CO, emitted from a flare during all three landfill gas treatment
periods (Ib/ton waste)

EE_ FLR1 G_A _CO02_BM, bhiomass CO, emissions from a flare during first treatment period (Ib/ton
waste)
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e EE FLR2 G_A _CO2_BM, biomass CO, emissions from a flare during second treatment period (Ib/ton
waste)

e EE FLR3 G_A CO2_BM, biomass CO, emissions from a flare during third treatment period (lb/ton
waste)

e EE ICE G_A_CO2_BM, total biomass CO, emitted from an ICE during all three landfill gas treatments
(Ib/ton waste)

e EE ICE1 G_A _CO2_BM, biomass CO, emissions from an ICE during first treatment period (Ib/ton
waste)

e EE ICE2 G_A_CO2_BM, biomass CO, emissions from an ICE during the second treatment period
(Ib/ton waste)

e EE ICE3 G_A _CO2_BM, biomass CO2 emissions from an ICE during the third treatment period (Ib/ton
waste)

e EE TRBN G_A_CO2_BM, total biomass CO, emitted from a turbine during all three landfill gas
treatments (Ib/ton waste)

e EE TRBN1 G_A CO2_BM, biomass CO, emissions from a turbine during first landfill gas treatment
period (Ib/ton waste)

e EE TRBN2 G_A_CO2_BM, biomass CO, emissions from a turbine during second landfill gas treatment
period (Ib/ton waste)

e EE TRBN3 G_A CO2_BM, biomass CO, emissions from a turbine during third landfill gas treatment
period (Ib/ton waste)

e (Qasia, gas collected and treated in first collection period (Ib/ton waste)

Biomass CO» emissions from a flare, turbine, boiler, and ICE are based on the quantity of gas combusted, percent
equipment use, percent methane in the gas, and the efficiency of the equipment. For example, biomass CO, emitted
after combustion of gas in a flare is a function of the pounds of gas treated during the first collection period (gasy ),
percent use of the flare (gaslfy), and the flare emissions factor (CMB_FLR CMB_A_CO2_BM). Biomass CO»
emissions from a turbine, boiler, and ICE are calculated in a similar manner.

Flare
as as eff,  eff
EE_FLRL G_A_CO2_BM :gaslaxg Yir 9 CH4X( fir_cria) (177)
100 100 100
Turbine
asl as eff eff
EE_TRBNL G_A_CO2_BM :gaslaxg trbn , 9%CH4 x( tbn_®ctia) (178)
100 100 100
Boiler
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gasly, 9ascyy (effy, effcps)
EE DUL G_A_CO2_BM =gas 179
- SA-EREMEI B T00 00 T 100 a79)
ICE
asl as eff eff
EE_ICEL G_A_CO2_BM =gas, x> ICE , 9 CH4X( ice_“ffcra) (180)
1a ™ 7100 100 100

Carbon monoxide, nitrogen dioxide, particulate matter, sulfur dioxide, and hydrogen chloride emissions are based
on the amount of gas combusted, percent equipment use, and the emissions factor (Table 22). For example, carbon
monoxide emissions from a flare are a function of the gas produced during the first treatment period (gas1s), the
percent use of the flare (gaslfy), and the combustion factor for carbon monoxide in a flare (CMB_A_CO
CMB_FLR). Carbon monoxide emissions from a turbine, boiler, flare, and ICE are similarly calculated.

Flare
gasly,
EE_FLRL G_A_CO =gas), x—s-xCMB_A_CO CMB_FLR (181)
Turbine
9aslirpn
EE_TRBN1 G_A _CO :gaslaxWxCMB_A_CO CMB_FLR (182)
Boiler
gasly,
EE DUl G_A_CO =gas, x 100 xCMB_A _CO CMB_BLR (183)
ICE
gasllCE
EE _ICEl1 G_A_CO :gaslaxWxCMB_A_CO CMB_ICE (184)

The equipment emissions calculated in equations 177-184 are repeated for the second and third landfill gas
treatment periods. In these calculations, the emission factors remain the same. However, the gas produced and
percent equipment use (Table 20) depends on the treatment period. Equipment emissions from the first, second, and
third treatment periods are added to obtain total emissions. For example, the total biomass CO, emitted from a
flare, turbine, boiler, and ICE is calculated in the following equations:
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I
Y
2
5}

EE_FLR1 G_A_CO2 BM +
EE_FLR G_A_CO2_BM =|EE_FLR2 G_A _CO2_BM+ (185)
EE_FLR3 G_A_CO2_BM

Turbine

EE_TRBNL1 G_A_CO2 BM +
EE_TRBN G_A_CO2_BM =|EE_TRBN2 G_A CO2_ BM+ (186)
EE_TRBN3 G_A_CO2_BM

EE_DUL G_A_CO2 BM +
EE_DU G_A_CO2_BM =|EE_DU2 G_A CO2 BM+ (187)
EE_DU3 G_A_CO2_BM

m

EE_ICE1 G_A_CO2 BM +
EE_ICE G_A_CO2_BM =|EE_ICE2 G_A_CO2 BM+ (188)
EE_ICE3 G_A_CO2_BM

6.4.2.2 Components of landfill gas remaining after treatment

Since destruction efficiencies are not 100%, there are components of landfill gas that remain after treatment. This
section contains equations to calculate the components of landfill gas remaining after treatment.

¢ User Input Parameters:
o effy, effchs, CHy destruction efficiency in a boiler (%)
o effgy, eff cqa, CH4 destruction efficiency in a flare (%)
o effice eff cHa, CH4 destruction efficiency in an internal combustion engine (%)
o effypn eff cHa, CH4 destruction efficiency in a turbine (%)
o effyy eff cqa, CHy destruction efficiency in a vent (%)
e gaslyy, use of boiler in first landfill gas treatment period (%)
e gaslfy, use of flare during the first landfill gas treatment period (%)
e  Qasljce, use of ICE during first landfill gas treatment period (%)
e gaslipn, use of turbine during the first landfill gas treatment period (%)

e gaslynt, use of vent during the first landfill gas treatment period (%)
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gascHa4, percent of methane in landfill gas (%)

Calculated Parameters:

COM_DU G_A_CHA4, total CHy4 emitted after treatment in a boiler (Ib/ton waste)

COM_DU1 G_A CH4, CHy4 remaining after landfill gas is treated by a boiler in the first treatment period
(Ib/ton waste)

COM_DU2 G_A_CH4, CHg4 remaining after landfill gas is treated by a boiler in the second treatment
period (Ib/ton waste)

COM_DU3 G_A _CH4, CH4 remaining after landfill gas is treated by a boiler in the third treatment
period (Ib/ton waste)

COM_FLR G_A_CH4, total CH4 emitted after flaring (Ib/ton waste)

COM_FLR1 G_A CH4, CH4 remaining after landfill gas is treated by a flare in the first treatment period
(Ib/ton waste)

COM_FLR2 G_A_CH4, CH4 remaining after landfill gas is treated by a flare the second treatment period
(Ib/ton waste)

COM_FLR3 G_A CHA4, CHy4 remaining after landfill gas is treated by a flare in the third treatment period
(Ib/ton waste)

COM_ICE G_A_CH4, total CH4 emitted after treatment in an ICE (Ib/ton waste)

COM_ICE1 G_A_CHA4, CH4 remaining after landfill gas is treated by an ICE in the first treatment period
(Ib/ton waste)

COM_ICE2 G_A CH4, CH4 remaining after landfill gas is treated by an ICE in the second treatment
period (Ib/ton waste)

COM_ICE3 G_A_CH4, CHg4 remaining after gas is treated by an ICE in the third treatment period (Ib/ton
waste)

COM_TRBN G_A_CHA4, total CH,4 emitted after treatment in a turbine (Ib/ton waste)

COM_TRBN1 G_A_CH4, CH4 remaining after landfill gas is treated by a turbine in the first treatment
period (Ib/ton waste)

COM_TRBN2 G_A CH4, CH4 remaining after landfill gas is treated by a turbine in the second treatment
period (Ib/ton waste)

COM_TRBN3 G_A_CH4, CH4 remaining after landfill gas is treated by a turbine in the third treatment
period (Ib/ton waste)

COM_VNT G_A _CH4, total CH4 emitted after venting (lb/ton waste)

COM_VNT1 G_A_CHA4, CHy4 remaining after landfill gas is treated by a vent in the first treatment
period (Ib/ton waste)

COM_VNT2 G_A_CHA4, CH4 remaining after landfill gas is treated by a vent in the second treatment
period (Ib/ton waste)
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e COM_VNT3 G_A_CH4, CH4 remaining after landfill gas is treated by a vent in the third treatment
period (Ib/ton waste)

e (Qasia, gas collected and treated in first collection period (Ib/ton waste)

e molecHa, Ib CH4 per mole (Ib CHg/mole)

The quantity of landfill gas constituents remaining after treatment is a function of the pounds of gas treated, percent
equipment use, percent of constituent in gas, and the destruction efficiency of the equipment. In the model,
emissions are calculated for each of the inventory flow parameters remaining after treatment by a flare, vent,
turbine, boiler, or ICE. This section contains calculations for the quantity of methane remaining after flaring.

Methane remaining after treatment by a flare in the first treatment period is a function of the quantity of the gas
treated (gas14), percent use of the flare (gasyy), percent methane in the gas (gascH4), and destruction efficiency of
methane in a flare (efff, effcha).

Flare

COM_FLRL G_A_CH4= (gas]a x gi?)-(f)lr x gaig(')'m (1— EffﬂrloengH“ D xmolecpyy (189)
Vent

COM_VNTL G_A_CH4 :[gas]a < gaf(])\(/)nt y gaig(')*“ (1- eﬁvniogffcmj]x moleepy (190)
Turbine

COM TRBN G_A_CH4 = {gasja y gafggbn y gaigg” (1— efftfbi‘ogffCH‘*J]x molecyy (192)
Boiler

COM_DUL G_A_CH4 = (gas]ﬁ x gafggu x gaigg'“ (1- eﬁdul OszCH“ B xmolesyyy (192)
ICE

COM_ICEL G_A_CH4 = [gasLa « galiige < gaig('j“ (1- eﬁicioszcm j]x molecyyy (193)

These calculations are repeated for the second and third treatment periods. Emissions are then summed to obtain the
total methane remaining after treatment (equations 194-198).
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COM _FLR1 G_A_CH4 +
COM_FLR G_A_CH4 =| COM_FLR2 G_A_CH4+ (194)
COM_FLR3 G_A_CH4

COM_VNTL G_A CH4 +
COM_VNT G_A_CH4 =| COM_VNT2 G_A CH4+ (195)
COM_VNT3 G_A_CH4

Turbine

COM_TRBN1 G_A CH4 +
COM_TRBN G_A_CH4 =| COM_TRBN2 G_A_CH4+ (196)
COM_TRBN3 G_A_CH4

COM_DUl G_A CH4 +
COM_DU G_A_CH4 =| COM_DU2 G_A CH4+ (197)
COM_DU3 G_A_CH4

m

COM _ICEL G_A CH4 +
COM _ICE G_A_CH4 =| COM_ICE2 G_A_CH4+ (198)
COM_ICE3 G_A_CH4

6.4.3  Treatment of Uncollected Landfill Gas
This section develops equations modeling the quantity of uncollected landfill gas and resulting emissions.
Uncollected landfill gas falls into three categories:

e Gas not collected because of the time when the gas collection is installed. Waste placed will start to
generate gas before the final landfill cover and gas collection systems are installed.

e Gas not collected because of the gas system collection inefficiency. Even with operation of a gas
collection system in periods 1-3, there will be some landfill gas not collected by the collection system.

e Gas not collected because of the discontinuation of the gas collection system. Gas will not be collected
between the end of collection period 3 and the year 500.

For the first two situations of uncontrolled landfill gas release mentioned above, the fugitive gas was assumed to
pass through a soil barrier before being released to the environment. This could be daily cover or intermediate
cover in the case of gas released before a collection system was in place, and final cover in the case of fugitive gas
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emissions due to the collection efficiency of the landfill gas collection system. Microorganisms in the soil can
oxidize some of the organic components present in the gas before they reach the surface.

The default values for biodegradation of this uncollected gas before it is released to the environment are presented
in Table 23. The default values given in Table 23 were selected in consideration of a body of literature that shows a
wide range in methane oxidation rates. At one extreme is a study by Bogner et al. [1995] that showed landfill
covers to act as actual sinks for methane. Others have shown methane oxidation rates of 16-60% [Knightley et al.
1995; Visscher et al. 1999]. These studies were done over a wide range of conditions. Actual methane oxidation
will vary as a function of season (temperature), cover soil depth, density, moisture and organic content, and a host
of other factors. It should be noted that the 15% oxidation rate represents only the methane that actually passes
through the cover soil and not the total methane generated. The default oxidation rates for other organics that are
known to biodegrade under aerobic conditions were set to 15% because no other specific data on their behavior in
landfill covers is available. The oxidation rate was set to 0% for compounds that are generally nondegradable under
aerobic conditions.

Table 23:  Treatment Efficiencies of Soil Cover

Landfill Gas Component % Oxidation to CO»

Organic compounds:

e Methane 15
e Benzene 15
e Toluene 15
o Xylenes 15
e Ethylbenzene 15

Chlorinated compounds:

e Chloroform 0
e  Carbon tetrachloride 0
e Ethylene dichloride 0
e  Methylene chloride 0
e  Trichloroethene 0
e  Perchloroethene 0
e Vinyl chloride 15

The required parameters for this section follow.

¢ User Input Parameters:
e (Qaspz, percent of landfill gas that is benzene (%)

e gasch, percent of landfill gas that is chloroform (%)
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gascHa4, percent of methane in landfill gas (%)

gascog, percent of landfill gas that is biomass carbon dioxide (%)

gasct, percent of landfill gas that is biomass carbon tetrachloride (%)

gasep, percent of landfill gas that is ethylbenzene (%)

gaseg, percent of landfill gas that is ethylene dichloride (%)

gasmc, percent of landfill gas that is methylene chloride (%)

gaStetra, percent of landfill gas that is tetrachloroethene (%)

gasy, percent of landfill gas that is toluene (%)

gasiri, percent of landfill gas that is trichloroethene (%)

gasyc, percent of landfill gas that is vinyl chloride (%)

gasxy, percent of landfill gas that is xylene (%)

oxdp;, percent of benzene that is converted to CO» after passing through soil (%)

oxdch, percent of chloroform that is converted to CO» after passing through soil (%)
oxdcHg4, percent of methane that is converted to CO, after passing through soil (%)

oxdct, percent of carbon tetrachloride that is converted to CO» after passing through soil (%)
oxdep, percent of ethylbenzene that is converted to CO» after passing through soil (%)
oxdgg, percent of ethylene dichloride that is converted to CO» after passing through soil (%)
oxdmc, percent of methylene chloride that is converted to CO» after passing through soil (%)
oxdtetra, percent of tetrachloroethene that is converted to CO» after passing through soil (%)
oxdy, percent of toluene that is converted to CO, after passing through soil (%)

oxdy, percent of trichloroethene that is converted to CO» after passing through soil (%)
oxdy, percent of vinyl chloride that is converted to CO» after passing through soil (%)
oxdyy, percent of xylene that is converted to CO after passing through soil (%)

P, pressure (atm)

R, universal gas constant (L-atm)/(mol-K)

T, temperature (K)

Calculated Parameters:

G_TBS G_A_CHA4, CHy in landfill gas after passing through soil (Ib/ton waste)
G_TBS G_A_CO02_BM, biomass CO, emitted after treatment by soil (Ib/ton waste)
G_UN G_A _CO2_BM, biomass CO2 in uncollected gas (mol/ton waste)
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e (QaSgoilirt; Volume of gas treated by soil (ft3/t0n waste)

e (QaSgoilirt2, Volume of gas treated by soil (mol/ton waste)

e Qasyn2, gas produced prior to collection system installation (ft3/ton waste)

e gasyn3, gas not collected due to gas collection system inefficiency (ft3/ton waste)

e Qasyns, gas untreated to discontinuation of the gas collection system (mol gas/ton waste)
o molecpngs, Ib CH4 per mole (Ib CHg/mole)

e molecoy, biomass CO» per mole (Ib CO2-B/mole)

The volume of gas that is treated by the soil is calculated as

9aSgjirt = 9aSynp +09aSyn3 (199)
This volume is converted to moles per ton of waste with the following equation:
P x gaSgiiirt L
ASgijyry = — ot X 28.32 200
98Sgiitrt2 RxT AB ( )
The biomass carbon dioxide in soil-treated gas is a function of the CO» already present and the landfill gas
constituents oxidized to COo.
G_TBS G_A_CO2_BM =
9asCO2 |, (9ascH4 | OxdcH4 | of 98Shz | Oxdpz |
100 100 100 100 A 100
L 92t | oxdy ), f 98Sxy oxdyy Lo 9%5eb [ 0eb |
100 A 100 100 ) 100 100 ) 100
985mc (201)

9asch | oxdch 93Sed | OXded
aSgoj X +
9%soiltrt2 ( 100 I 100 J [ 100 j[ 100

100

oxdme N
100

gaSyc

gastrl
100

9asct
100

)
[

oxd i
[ 100 J
oxdct
100 J

gastetra 0Xdtetra
100

100

)

oxdye
100 100

J:

xmoleco?

The methane in landfill gas remaining after soil treatment is a function of the quantity of gas treated (gasspijrt2), the
percent methane in the gas (gascn4), and the percent oxidation to CO2 (0XdcHa4)-

G_TBS G_A_CH4= [gassoiltrtz X

gas

oxdcHg

100

CH4 X{l_ e

J] X moIeCH4

(202)

Emissions for benzene, chloroform, carbon tetrachloride, ethylene dichloride, methylene chloride, trichloroethene,

tetrachloroethene, vinyl chloride, toluene, xylenes, and ethylbenzene are calculated in the same manner as methane.

The landfill gas released at the end of collection period 3 is assumed to be released through vents as well as through
the soil cover. The percent of gas released through the soil cover was assumed to be 12% of the total gas generated
after period 3 (based on the collection efficiency of the active gas collection system). The destruction efficiencies
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are shown in Table 23. For the 88% of the gas vented, there was no chance for the gas constituents to be degraded
before they were released to the environment.

As an example, the carbon dioxide in untreated gas is calculated in the following equation. Methane and trace
organic emissions are calculated in a similar manner.

9385co2
G_UN G_A_CO2_BM =gas ;5 x 50> xMolecoy (203)

6.5 Offsets Due to Landfill Gas Treatment

Methane in landfill gas can be used by a turbine or ICE to generate electricity or in a boiler to generate steam. The
use of landfill gas results in an offset of the precombustion and combustion emissions that result from generating a
comparable amount of energy with fossil fuels. In the case of a turbine or ICE, electrical energy emissions are
offset. In the case of a boiler, natural gas consumption is offset. The required parameters follow.

¢ User Input Parameters:
e comb_offset a_co2_bm, combustion offset for biomass CO2 (Ib CO,-B/kWh)
e n_ng pc e n_a co2 bm, natural gas precombustion emission for biomass CO» (Ib/ft3 natural gas)
e n_pc ng_r_e, energy due to natural gas precombustion (Btu/ft3)
e ng_comb ng_r_e, energy obtained from combusting natural gas (Btu/ft®)

e reg_comb_btu_offset_per_kwh, Btu offset per electric energy use (Btu/electric energy)

¢ Calculated Parameters:
e gasl, gas produced and collected during the first collection period (ft3/ton waste)
e gaslyy, use of boiler in first landfill gas treatment period (%)
e  Qasljce, use of ICE during first landfill gas treatment period (%)
e gaslipn, use of turbine during first landfill gas treatment period (%)
e gascHa, percent of methane in landfill gas (%)

e OFF_DUG_A_CO02_BM, total biomass CO» offset when a boiler is used to treat landfill gas (Ib CO,-
B/ton waste)

e OFF DUl G_A_CO0O2 BM, biomass CO that is offset when a boiler is used in the first collection period
(Ib CO»-B/ton waste)

e OFF DUl G_ENGR, energy offset when using a boiler to treat landfill gas in the first treatment period
(Btu/ton waste)

e OFF DU2G_A CO2_BM, hiomass CO> that is offset when a boiler is used in the second collection
period (Ib CO»-B/ton waste)

e OFF_DU3G_A CO2_BM, biomass CO» that is offset when a boiler is used in the third collection period
(I CO,-B/ton waste)
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e OFF_ICE G_A_CO2_BM, total biomass CO2 offset when an ICE is used to treat landfill gas (Ib CO»-
B/ton waste)

e OFF_ICE1 G_A_CO0O2 BM, hiomass CO> that is offset when an ICE is used (Ib CO,-B/ton waste)

e OFF_ICE2 G_A _CO2 BM, hiomass CO> that is offset when an ICE is used in the first collection period
(Ib CO»-B/ton waste)

e OFF_ICE3 G_A _CO2 BM, hiomass CO> that is offset when an ICE is used in the second collection
period (Ib CO»-B/ton waste)

e OFF TRBN G_A CO2 BM, total biomass CO, offset when a turbine is used to treat landfill gas (Ib
CO»-B/ton waste)

e OFF_TRBN1 G_A_CO0O2_BM, biomass CO» that is offset when a turbine is used the first collection
period (Ib CO»-B/ton waste)

e OFF_TRBN1 G_ENGR, energy offset when using a turbine to treat landfill gas during the first treatment
period (Btu/ton waste)

e OFF_TRBN2 G_A_CO0O2_BM, biomass CO» that is offset when a turbine is used the second collection
period (Ib CO»-B/ton waste)

e OFF TRBN3 G_A _CO02 BM, hiomass CO» that is offset when a turbine is used the third collection
period (Ib CO»-B/ton waste)

Treating natural gas in a turbine or ICE, prevents emissions that would have been made while using other fuels to
generate electricity. In the Common section of the process model, the user is able to define which fuel types are not
used in response to implementation of an energy recovery landfill. The default values are oil and coal. The energy
that is “saved” by combusting natural gas in a turbine during the first treatment period and by not burning oil and
coal is calculated as

OFF_TRBN1 G_ENGR =

as asl i
gasy 985CH4 | 9% rbn ng_comb ng_r_ex ( KWh j % ( 033 electric kWh j X (204)
100 100 3413Btu thermal kWh
reg _comb _btu _offset _per _kwh
The model also calculates the atmospheric, solid waste and waterborne emissions that are offset by processing
landfill gas in a turbine or ICE. For example, the biomass CO, offset by using a turbine in the first treatment
periods is calculated as
OFF_TRBNL G_A_CO2_BM=
as a i 205
gas, x 3%5cHa « 9%Leon ng_comb ng_r_ex( kwh )x(o'e’se'eC”'CKWhj «comb_ offset a_co2_bm (209
100 100 3413Btu thermalkWh

Treating landfill gas in a boiler prevents emissions that would have been made by mining natural gas. To illustrate,
the energy and biomass carbon dioxide offsets from treating landfill gas in a boiler during the first treatment period
are calculated in equations 190-191. In the model, offsets are calculated for each of the inventory flow parameters
and for each of the three treatment periods.
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gas a
OFF_DUL G_ENGR=gaslx lg(')"“ 3 13018u xNg_pc ng_r_e (206)
gas a
OFF_DUL G_A_CO2_BM-=gaslx 13’5'4 2 ls(])gu xN_ng_pc_e n_a_co2_bm (207)

The offsets incurred by treating landfill gas in all three collection and treatment periods are summed to obtain the
total offsets. For example, the total biomass CO2 offset by treating gas in a turbine, boiler, and ICE is calculated in
the following equations:

Turbine

OFF_TRBN1 G_A_CO2_BM +
OFF_TRBN G_A_CO2_BM = | OFF_TRBN2 G_A_CO2_BM + (208)
OFF_TRBN3 G_A_CO2_BM

Boiler
OFF DU1 G_A CO2 BM +
OFF DU G_A _CO2 BM = |OFF_DU2 G_A C0O2 BM + (209)
OFF _DU3 G_A C0O2 BM
ICE

OFF_ICE G_A_CO2_BM +
OFF _ICE G_A_CO2_BM = |OFF_ICE G_A_CO2_BM + (210)
OFF_ICE G_A_CO2_BM

6.6 Total Landfill Gas Emissions

Total landfill gas emissions are a function of the equipment emissions, gas constituents remaining after treatment,
the offsets incurred by using landfill gas and uncollected gaseous emissions. The required calculated parameters
follow.

¢ Calculated Parameters:
e COM DU G_A CO2_BM, total biomass CO2 emitted after treatment in a boiler (Ib/ton waste)
e COM FLR G_A CO02 BM, total hiomass CO, emitted after flaring (Ib/ton waste)
e COM_ICE G_A_CO02_BM, total biomass CO, emitted after treatment in an ICE (Ib/ton waste)
e COM_TRBN G_A_CO2_BM, total biomass CO, emitted after treatment in a turbine (Ib/ton waste)
e COM_VNT G_A_CO2_BM, total biomass CO, emitted after venting (Ib/ton waste)
e DU G_A CO2 BM, total biomass CO, emissions from a boiler (Ib/ton waste)

e EE_DU G_A _CO2_BM, total biomass CO, emissions from a boiler (Ib/ton waste)
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e EE_FLR G_A_CO2_BM, total biomass CO, emitted from a flare during all three landfill gas treatment
periods (Ib/ton waste)

e EE ICE G_A_CO2 BM, total biomass CO, emitted from an ICE during all three landfill gas treatments
(Ib/ton waste)

e EE TRBN G_A_CO02_BM, total biomass CO, emitted from a turbine during all three landfill gas
treatments (Ib/ton waste)

e FLR G_A_CO2 BM, total biomass CO, emissions from a flare (Ib/ton waste)
e |ICE G_A_CO2_BM, total biomass CO2 emissions from an ICE (lb/ton waste)

e OFF_DUG_A_CO2_BM, total biomass CO» offset when a boiler is used to treat landfill gas (Ib CO,-
B/ton waste)

e OFF_ICE G_A CO2 BM, total biomass CO2 offset when an ICE is used to treat landfill gas (Ib CO»-
B/ton waste)

e OFF_TRBN G_A_CO2_BM, total biomass CO, offset when a turbine is used to treat landfill gas (Ib
CO»-B/ton waste)

e TRBN G_A CO2 BM, total biomass CO, emissions from a turbine (Ib/ton waste)
e VNT G_A_CO2_BM, total biomass CO, emissions from a vent (Ib/ton waste)

e LG TOTAL G_A_CO0O2_BM, total biomass CO, emitted during landfill gas production, collection, and
treatment (Ib/ton waste)

e G_TBS G_A_CO0O2 BM, biomass CO, emitted after treatment by soil (Ib/ton waste)

e G_UN G_A_C0O2_BM, bhiomass CO in uncollected gas (mol/ton waste)

Carbon dioxide emissions from a vent, flare, turbine, boiler, and ICE are calculated equations 211-215.

Vent
VNT G_A_CO2_BM =COM_VNT G_A CO2 BM (211)
Flare
COM _FLR G A C0O2 BM +
FLR G_A _CO2_BM = - - - - (212)
EE_ FLR G_A CO2_BM
Turbine
TRBN G_A CO2 BM =
(213)

(COM_TRBN G_A_CO2_BM

+
J—(OFF_TRBN G_A_C02_BM)
EE_TRBN G_A CO2_BM
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Boiler
DU G_A_CO2 BM =
(214)
COM_DU G_A CO2_BM +
( N - - = ]—(OFF_DU G_A_C02_BM)
EE_DU G_A CO2_BM
ICE
ICE G_A_CO02_BM =
(215)

COM_ICE G_A_CO2_BM +
- —T- —(OFF_ICE G_A_CO2_BM)
EE_ICE G_A_CO2_BM

Total gas emissions include untreated and treated emissions. Total biomass CO2 emissions from a boiler are
calculated as

G_TBS G_A_CO2_BM +

G_UN G_A_CO2 BM+

VNT G_A_CO2 BM+

LG_TOTAL G_A CO2 BM= — (216)
FLR G_A_CO2 BM+

TRBN G_A_CO2 BM+

ICE G_A_CO2_BM

6.7 Gas Allocation

Unlike the operation, closure, and post-closure phases of the landfill life cycle, the landfill gas LCI results depend
heavily on the composition of the waste landfilled. Since landfill gas emissions are a by-product of waste
decomposition, if the composition (and degradability) of the waste changes, the landfill gas LCI results also change.
Thus, landfilling one ton of glass does not yield the same landfill gas LCI results as landfilling one ton of paper.
The procedure chosen to allocate landfill gas is based on the waste component’s biodegradability.

¢ User Input Parameters:
o  GH20, Moisture content of a waste stream component (%)
e  Gpwr, wet weight fraction of a waste stream component
e CH4pRy, dry weight methane yield of a waste stream component (ft3 CHy/dry Ib)

e gascna, percent of methane in landfill gas (%)

¢ Calculated Parameters:
o CH4yyw, wet weight methane yield (ft3lwet Ib component)

e CH4yywr, methane yield per wet pound (ft3/wet Ib CHy)
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GLaB, gas yield per wet ton waste (ft3 gas/wet ton waste)

Gp GoFrr, the contribution of office paper to the total gas produced by an average ton of MSW (%)
Gp, the contribution of a waste component to the landfill gas produced by an average ton (%)
Gww, wet weight (tons)

Gwwer, wet weight fraction

LGorr A_G_A_CO2_BM, biomass CO, allocated to office paper (Ib CO»-B/ton waste)

LGorr G_AH_BZ, benzene allocated to office paper (b benzene/ton waste)

LG_TOTAL G_A _CO2 BM, total biomass CO, emitted during landfill gas production, collection, and
treatment (Ib/ton waste)

LGtrace G_WH_BZ, total benzene emitted while during landfill gas production, collection, and
treatment (Ib benzene/ton waste)

Lojap, ultimate gas yield based on laboratory data (ft3 gas/wet ton waste)

SUMyywy, sum of wet weights (tons)

The first step in determining the contribution of each component to the gas produced by the average ton is to define
the composition of the average ton of MSW. The user does this by specifying the wet weight fraction of each
component in the waste stream. Note that the composition of the average ton is not necessarily the composition of
the ton actually entering the landfill. This later composition is given in the model solution.

The percent contribution of each component to the total methane yield is based on its laboratory measured methane
yield. The methane yields of individual components were recently measured in a study [Eleazer et al., 1997]. The
model uses this data and the user-defined waste composition to calculate the percent contribution of each
component to the landfill gas yield as follows:

1.

The methane yields measured on a dry weight basis are converted to a wet weight yield. The user specifies
the percent moisture of each component in the waste stream. The dry weight methane yields are converted
to wet weight yields with an IF statement. If the percent moisture (GH20) equals zero, then the wet weight
methane yield (CH4y) is equal to the dry weight yield (CH4pRy). If there is moisture in the waste
stream component, then the wet weight methane yield is calculated.

1+—H2
100

Next, the component’s methane yield per wet pound of MSW is calculated. This is done by multiplying
the wet weight fraction (Gyywpr) and the component’s laboratory methane yield (CHaww)-

CH4ypwe = CHAumw % Guwe (218)
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3. The component’s methane yield per wet pound of MSW is converted to the gas yield per wet ton of MSW.
To prevent a division by zero error, an IF statement is used. If there is no methane in landfill gas (gascHa4),
then the gas yield (G_ag) is zero. If methane is present, then the gas yield is a function of the methane
yield (CH4wnwE) and the percent of methane in the gas. G ap is calculated for each modeled waste
component.

CH4ywe
G ap = IF gascy, = 0,0, —x 2000 b 219
LAB gaSch4 S cra /4;n (219)
100
4. The component methane yields are then summed to obtain the total methane yield (Lojgp).
48
Loy = z G Lagi (220)
i=1

The contribution to the gas produced by the average ton is the component methane yield divided by the total
methane yield.

G, = LB 100 (221)
Ojap

This contribution to the total is used to allocate all emissions other than trace organics. For example, the biomass
carbon dioxide allocated to office paper is calculated in the following equation. Total biomass emissions
(LGToTAL G_A _CO2_BM) are allocated to office paper based on the paper’s percent degradability (Gp Gofp).

Gp Gorr

LGorr A_G_A CO2 BM=(LGgra. G_A CO2 BM)x 100 (222)

Trace organics are allocated equally across all components of the waste stream. For example, the trace organic
compound benzene is allocated to office paper with the following equation:

(223)

LG G_WH_BZ
LG orr G_AH_BZ:( TRACE ———" — J

48

6.8  Default Values
6.8.1 CH4pRry, dry weight methane yield of a waste stream component (ft3 CHy/dry 1b)

6.8.2 comb_offset a_co2_bm, combustion offset for biomass CO» (Ib biomass CO»/kWh) (Electric Energy
Model)

6.8.3 CMBBLR CMB_A CO2 BM, emission of biomass CO, after gas combustion in a boiler (Ib/mol gas)
(Appendix D)
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6.8.4

6.8.5

6.8.6

6.8.7

6.8.8

6.8.9

6.8.10

6.8.11

6.8.12

6.8.13

6.8.14

6.8.15

6.8.16

6.8.17

6.8.18

6.8.19

6.8.20

6.8.21

6.8.22

6.8.23

6.8.24

6.8.25

CMB FLR CMB_A_CO02_BM, emission of biomass CO» after gas combustion in a flare (Ib/mol gas)
(Appendix D)

CMB ICE CMB_A _CO2_BM, emission of biomass CO» after gas combustion in an ICE (Ib/mol gas)
(Appendix D)

CMB TRBN CMB_A_CO0O2_BM, emission of biomass CO» after gas combustion in a turbine (Ib/mol gas)
(Appendix D)

effqy effchg, CHgy destruction efficiency in a boiler (99%, 99%, 99%)

effyr eff cHa, CH4 destruction efficiency in a flare (99%, 99%, 99%)

effice eff cHg, CHy4 destruction efficiency in an ICE (99%, 99%, 99%)

effypn  eff cHg, CH4 destruction efficiency in a turbine (99%, 99%, 99%)

effynt eff cHa4, CH4 destruction efficiency in a vent (0%, 0%, 0%)

Gpwr, wet weight fraction of a waste stream component

GH20, moisture content of a waste stream component (%)

gaslyy, use of boiler in first landfill gas treatment period (0%, 0%, 0%)

gaslfy, use of flare during the first landfill gas treatment period (0%, 0%, 0%)
gaslijce, use of ICE during first landfill gas treatment period (0%, 0%, 0%)

gaslipn, use of turbine during first landfill gas treatment period (0%, 0%, 0%)
gaslynt, use of vent during the first landfill gas treatment period (100%, 100%, 100%)
gas2qy, use of boiler during second landfill gas treatment period (0%, 0%, 0%)
gas2f, use of flare during the second landfill gas treatment period (100%, 0%, 0%)
gas2jce, use of ICE during second landfill gas treatment period (0%, 100%, 0%)
gas2trpn, Use of turbine during second landfill gas treatment period (0%, 0%, 0%)
gas2ynt, use of vent during the second landfill gas treatment period (0%, 0%, 100%)
gas3qy, use of boiler during third landfill gas treatment period (0%, 0%, 0%)

gas3sr, use of flare during the third landfill gas treatment period (100%, 100%, 0%)
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6.8.26

6.8.27

6.8.28

6.8.29

6.8.30

6.8.31

6.8.32

6.8.33

6.8.34

6.8.35

6.8.36

6.8.37

6.8.38

6.8.39

6.8.40

6.8.41

6.8.42

6.8.43

6.8.44

6.8.45

6.8.46

6.8.47

gas3ice, use of ICE during third landfill gas treatment period (0%, 0%, 0%)

gas3irpn, Use of turbine during third landfill gas treatment period (0%, 0%, 0%)

gas3ynt, use of vent during the third landfill gas treatment period (0%, 0%, 100%)

gaspy, percent of landfill gas that is benzene (1.9 x 1049, 1.9 x 10 %, 1.9 x 10™ %)

gasch, percent of landfill gas that is chloroform (3.0 x 10°9%,3.0 x 10° %, 3.0 x 10° %)

gascHa, percent of methane in landfill gas (55%, 55%, 55%)

gascoo, percent of landfill gas that is biomass carbon dioxide (45%, 45%, 45%)

gasct, percent of landfill gas that is biomass carbon tetrachloride (4 x 107 %, 4x 107 %, 4x 10" %)
gasep, percent of landfill gas that is ethylbenzene (4.60 x 10 %, 4.60 x 10 %, 4.60 x 10™ %)
gaseg, percent of landfill gas that is ethylene dichloride (4.10 x 10° %, 4.10 x 10° %, 4.10 x 10™ %)
gasme, percent of landfill gas that is methylene chloride (1.40 x 102 %, 1.40 x 10> %, 1.40 x 10° %)
gaStetra, percent of landfill gas that is tetrachloroethene (3.70 x 104 %, 3.70 x 10 %, 3.70 x 107 %)
gasy), percent of landfill gas that is toluene (3.90 x 10 %, 3.90 x 10™ %, 3.90 x 10° %)

gasti, percent of landfill gas that is trichloroethene (2.80 x 10" 9%, 2.80 x 10 %, 2.80 x 10 %)
gasyn1, percent of gas not collected due to collection system inefficiency (12%, 12%, 12%)

gasyc, percent of landfill gas that is vinyl chloride (7.30 x 10 %, 7.30 x 10 %, 7.30 x 107 %)
gasy, percent of landfill gas that is xylene (1.20 x 10" 9%, 1.20 x 10> %, 1.20 x 10 %)

k, first order decay rate constant (0.03'1 years, 0.15/years'1, 0.03/years'1)

lag time between placement and start of gas generation (1 year, 0 year, 1 year)

Lo, total landfill gas yield potential (ft3/ton waste)

Loswana, ultimate gas yield predicted by SWANA (5,160 ft*/ton waste; 5,160 ft%/ton waste; 5,160 ft%/ton
waste)

ng_comb ng_r_e, energy obtained from combusting natural gas (91 Btu/fts, 91 Btu/ft3, 91 Btu/ft3) (Refer
to Electric Energy Worksheet)
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6.8.48 n_ng_pc_e n_a_co2_bm, natural gas precombustion emission for biomass CO» (0 b/t natural gas, 0
Ib/f® natural gas, 0 b/t natural gas)

6.8.49 n_pc ng_r_e, energy due to natural gas precombustion (1,020 Btu/fts; 1,020 Btu/ft3; 1,020 Btu/ft3)
6.8.50 oxdpz, percent of benzene that is converted to CO» after passing through soil (15%, 15%, 15%)

6.8.51 oxdcp, percent of chloroform that is converted to CO» after passing through soil (0%, 0%, 0%)

6.8.52 oxdcpHa, percent of methane that is converted to CO» after passing through soil (15%, 15%, 15%)
6.8.53 oxdct, percent of carbon tetrachloride that is converted to CO» after passing through soil (0%, 0%, 0%)
6.8.54 oxdgp, percent of ethylbenzene that is converted to CO» after passing through soil (15%, 15%, 15%)
6.8.55 oxdgg, percent of ethylene dichloride that is converted to CO» after passing through soil (0%, 0%, 0%)
6.8.56 oxdmc, percent of methylene chloride that is converted to CO» after passing through soil (0%, 0%, 0%)
6.8.57 oXdietra, percent of tetrachloroethene that is converted to CO, after passing through soil (0%, 0%, 0%)
6.8.58 oxdy, percent of toluene that is converted to CO» after passing through soil (15%, 15%, 15%)

6.8.59 oxdyyj, percent of trichloroethene that is converted to CO» after passing through soil (0%, 0%, 0%)
6.8.60 oxdyc, percent of vinyl chloride that is converted to CO, after passing through soil (15%, 15%, 15%)
6.8.61 oxdyy, percent of xylene that is converted to CO, after passing through soil (15%, 15%, 15%)

6.8.62 P, pressure (atm)

6.8.63 R, universal gas constant (L-atm)/(mol-K)

6.8.64 reg_comb_btu_offset_per_kwh, Btu offset per electric energy use (Btu/electric energy)

6.8.65 s, first order rise phase constant (1/year, 0.3/year, 1/year)

6.8.66 T, temperature (273 K, 273 K, 273 K)

6.8.67 tp, time to implementation of first gas collection system (2 years, 2 years, 2 years)

6.8.68 t; time to implementation of second gas collection system (5 years, 5 years, 5 years)

6.8.69 ty, time to implementation of third gas collection system (40 years, 40 years, 40 years)

6.8.70 t3, time to discontinuation of third gas collection system (80 years, 80 years, 80 years)

6.8.71 time, selected time horizon (20, 100 or 500 years)
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6.8.72 7194, enter 1 to use the ultimate gas yield predicted by SWANA or enter 0 to use the laboratory ultimate
gas yield
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7.0  Life-Cycle Inventory of Landfill Leachate

Landfill leachate contains soluble, suspended, or miscible materials removed from waste as well as products
resulting from waste degradation. A leachate collection system placed on the bottom of the landfill is designed to
prevent leachate from migrating out of the landfill. In the modern and ash landfill models, leachate is collected and
sent to a Publicly Owned Treatment Works (POTW) for treatment. In the bioreactor landfill model, leachate is
recirculated after it is collected.

The objective of this section is to model the final leachate emissions to the environment. This includes effluents
from leachate that are treated and released to the environment as well as leachate pollutants that volatilize. Fugitive
leachate that leaves the landfill because of collection system efficiency is also considered. The energy and materials
required to treat the leachate and any fuel used to transport it are included in the LCI.

7.1 Leachate Generation

The objective of this section is to calculate the volume of leachate generated. Leachate generation and collection
are defined by two sets of parameters: the fraction of precipitation that results in leachate and the manner in which
the fraction changes with time. As illustrated in Figure 12, this fraction will decrease with time after refuse burial as
a larger percentage of the buried refuse is covered with either an intermediate or final cover. Both the default
fractions and the default time periods were selected based on a survey of landfills in which individual sites reported
data on leachate generation and the amount of intermediate and final cover that was in place [Environmental
Research and Education Foundation, 1997]. Based on the data collected, there was a relationship between leachate
generation and the fraction of a site that had received its final cover. The default values selected correspond to time
periods at which a landfill typically has some intermediate or final cover. Recall that since the model is based on
one ton of MSW, the default time periods represent typical times after waste placement.

25

20 1™

15 1

10

Leachate as a Percent of Precipitation

Years

Figure 12: Leachate as a Percent of Precipitation
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The following values of leachate production as a percent of precipitation are based on field data [Environmental
Research and Education Foundation, 1997]. The actual defaults are further adjusted as discussed in section 7.2.1
(refer to Figure 12):

e Leachate Production Period 1: waste 0 to 1.5 years old, 20% of precipitation
e Leachate Production Period 2: waste 1.5 to 5 years old, 6.6% of precipitation
e Leachate Production Period 3: waste 5 to 10 years old, 6.5% of precipitation

e Leachate Production Period 4: waste 10 years old and older, 0.04% of precipitation (see section 7.2.1).
7.2 Leachate Collection and Management

7.2.1  Overview

Once the amount of leachate generated has been established, we begin to examine how this leachate is managed.
For traditional and ash landfills, this generally means treatment of collected leachate; while for a bioreactor landfill,
this means initiation of leachate recirculation. To begin, the model allows for the specification of three leachate
collection periods, henceforth referred to as collection periods 1, 2, and 3. Note the leachate collection periods are
not the same as the leachate generation periods defined in the previous section. Collection period 1 can represent an
initial period when no leachate is generated, and therefore none is recirculated for a bioreactor landfill. Period 2 is
intended to represent the period over which leachate is collected and either treated (traditional and ash landfills) or
recirculated (bioreactor landfill). Period 3 represents some time after the end of the post-closure monitoring period.
Management alternatives for leachate in period 3 are discussed in more detail below.

Regarding collection period 1, when refuse is first buried in a landfill it is below field capacity. Thus, in theory the
refuse will soak up the first volume of water that infiltrates into a landfill, and this will reduce the volume of
leachate generated. To allow the potential to account for this initial uptake of water, the user has the opportunity to
specify a period of time (collection period 1) after refuse burial during which no leachate is generated. During this
period, all infiltration is assumed to be taken up by the refuse. However, the default value for this time period has
been set to zero so that a user input fraction of precipitation becomes leachate starting with waste placement. This is
consistent with field data noted in section 7.1.

During collection period 2, leachate is collected and treated (or recirculated in a bioreactor landfill). A fraction of
the leachate is directly released to the environment because of system inefficiency as discussed below. Leachate
generated and collected in traditional and ash landfills is sent to a POTW. The leachate generated and collected in a
bioreactor landfill is recirculated. The parameter that is used to allow one series of equations to apply for all three
landfill types is the “% of collected leachate routed to a publicly owned treatment works (POTW).” As presented in
Table 24, the default value is set to 100% for ash and traditional landfills during collection period 2 and 0% for a
bioreactor landfill during the same period.

The end of collection period 2 represents the end of the post-closure monitoring period, which is often assumed to
be 30 years after placement of the final cover. Since the landfill process model is based on a ton of MSW, the
default post-closure monitoring period ends at a time that represents 30 years plus the average time that a ton of
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Table 24:  Percent of Leachate Sent to POTW

Period Traditional Bioreactor | Ash
1: After waste placement and before recirculation 0 0 0

2: During recirculation 100 0 100
3: After the end of recirculation and before the end of treatment 100 0 100

MSW is in a landfill prior to placement of the final cover. The assumption that a landfill has a useful life of 20
years and that a ton of waste is placed in the middle of the useful life (10 years) suggests that the end of the post-
closure monitoring period would be 40 years after waste placement. Thus, the default value for the end of leachate
collection period 2 is 40 years.

Collection period 3 extends from the end of collection period 2 to the end of the user-selected time horizon over
which model results are to be calculated (20, 100, or 500 years). The management of leachate in collection period 3
is difficult to address because of the absence of long-term data on how much leachate will be generated and how
this leachate should be managed. In the development of Subtitle D regulations and the concept of a post-closure
monitoring period, U.S. EPA was apparently assuming that there would be little or no leachate to collect at the end
of the post-closure monitoring period. This appears quite reasonable as discussed below.

Subtitle D regulations specify that the landfill final cover should be no more permeable than the bottom liner. As
the bottom liner is typically a composite liner that includes a geomembrane and 2 ft of clay, the regulations require a
composite liner in the final cover. With this as a basis, the amount of leachate generated after the end of post-
closure monitoring is quite small. Assuming that the final cover is 99.8% efficient, only 0.2% of the water that
reaches that final cover will infiltrate into the landfill. Furthermore, if it is assumed that 80% of rainfall is lost by
evapotranspiration plus runoff, then the amount of water that would actually enter the landfill is 0.04%
precipitation. The leachate collection efficiency of 99.8% is an input parameter and applies to both the cover and
the liner (section 7.3.1).

With this background, the process model has been written to provide the user with flexibility on how to manage
leachate at the end of the post-closure period. In collection period 3, the user must specify whether leachate is (1)
released to the environment or (2) contained in the landfill. In either case, the actual amount generated will be quite
small (0.04% precipitation) as discussed above. If the user wishes to continue leachate treatment (traditional and
ash) or leachate recirculation (bioreactor), then the user can simply specify that collection periods 2 and 3 last for
500 years which is the maximum time period used for LCI calculations in this model. As described here, the actual
amount of water released to the environment after the end of the post-closure monitoring period is likely quite small
if not zero. For example, 40 in./year of rainfall and 0.04% infiltration represents 434 gal/acre/year. If it is assumed
that buried refuse is at 40% moisture and that field capacity is 50%, then the moisture-holding capacity of the refuse
is 1.64 million gal/acre, which represents 3,785 years of infiltration. Similarly, if the bottom clay liner is assumed
to be 3 ft thick, to have a porosity of 20%, and to be at 90% of saturation, then the bottom clay liner has a moisture-
holding capacity of 19,550 gal/acre, which represents 45 years of infiltration. Neither the capacity of the refuse nor
the soil is considered in the landfill process model. Furthermore, there is no allowance for any treatment in the soil
layer. Thus, the statement that water is released to the environment is more a result of the need to write a
mathematical model that includes a value greater than zero than a perfect representation of reality.
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To represent the case where there is no significant leachate to be collected at the end of the post-closure monitoring period,
the following default values can be used to describe the Leachate Production Periods described in section 7.1:

e Leachate Production Period 1: waste 0 to 1.5 years old, 20% of precipitation
e Leachate Production Period 2; waste 1.5 to 5 years old, 6.6% of precipitation
e Leachate Production Period 3: waste 5 to 10 years old, 6.5% of precipitation
e Leachate Production Period 4: waste 10 to 500, 0.04% of precipitation

The leachate production periods and leachate generation fractions presented here represent the default assumptions, along
with the assumption that whatever leachate is generated (0.04% of precipitation) is released to the environment. These
defaults may be altered by the user to reflect a range of leachate management scenarios. The remainder of this section
presents the equations required to represent leachate collection and management.

7.2.2  Leachate Production and Collection by Period

The amount of leachate produced during the following leachate collection periods is also calculated:

1. during collection period 1 (Ichtgen?)
2. during collection period 2 (Ichtgen3)
3. during collection period 3 (Ichtgens)

The required parameters follow.

¢ Input Parameters:
e Ichty, end of first leachate production period (years)
e Ichty, end of second leachate production period (years)
e Ichtg, end of third leachate production period (years)
e  ppty, percent of rainfall that becomes leachate during the first period (%)
e ppto, percent of rainfall that becomes leachate during the second period (%)
e  ppts, percent of rainfall that becomes leachate during the third period (%)
e ppty, percent of rainfall that becomes leachate during the fourth period (%)
®  PPptyear, annual precipitation (in.)

o timel, start of leachate collection period 1 (years)

¢ Calculated Parameters:

o Ichty, start of first leachate production period (years)
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Ichts, start of second leachate production period (years)

Ichts, start of third leachate production period (years)

Ichtgenz, leachate generated in the first collection period (Ib/ton waste)
Ichty1, length of first leachate production period (years)

Ichty2, length of second leachate production period (years)

Ichty3, length of third leachate production period (years)

MSWacre, Waste buried per landfill surface area (tons/acre)

Pptarea, Yearly volume of precipitation per landfill surface area (ft3/ft2-year)

In this documentation, the quantity of leachate generated in collection period 1 (Ichtgen2) is shown. In the model,
Ichtgen3 and Ichtgens are calculated in a similar manner.

As discussed above, the user can define both the leachate production periods and the leachate collection periods.
Therefore, a leachate collection period can potentially begin within any of the four leachate production periods. For
example, if leachate collection period 2 were to begin one year after waste placement, then the leachate managed in
period 2 is a fraction of the total leachate produced in period 2. To calculate the leachate generated in collection
period 2, five steps must be followed:

1.

3.

The leachate managed in a collection period is a function of the length of the collection period and the
leachate production factors (time, percent of precipitation that becomes leachate). The yearly volume of
precipitation per landfill surface area is a function of the yearly precipitation (pptyear) and a conversion
factor.

PPt grea = pptyear Xl%z in. (224)

The number of years before leachate collection is calculated in steps 2 through 4.

First, the number of years within the first, second, and third leachate production periods is calculated. The
user defines the end of each leachate production period, and the model calculates the start of periods 2, 3,
and 4. The start of period 1 (Ichtq) is set to year zero. The start of period 2 (Icht) equals the end of period
one (Ichtp). The start of period 3 (Ichts) equals the end of period 2 (Ichts). Then, the number of years
within periods 1, 2, and 3 is calculated as:

(225)

A leachate collection period could be spread over multiple leachate production periods. Therefore, the
model determines how many of these years fall within each of the four leachate production periods. The
series of IF statements used to make this calculation are presented in Table 25.
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Table 25:  Years Within Leachate Production Period

A B C
1 Period Years Remaining Number of Years that Fall Within the Period
2 1 IF (timel > Ichtyy, Ichtyq, timel)
3 2 IF ((timel-Ichty) <0, 0, timel - Ichty1) | IF (B3 > Ichtyy, Ichtyo, B3)
4 3 IF ((B3-Ichty?) < 0, 0, B3 - Ichtyp) IF (C4 > Bchtyg, Ichtys, B4)
5 4 IF ((B4-Ichtn3) < 0, 0, B4 - Ichty30 B5

4. The leachate generated in production periods 1, 2, 3, and 4 (ft3/ft2) is calculated in the following equations.
The number of years from each leachate production period that are used in the calculations is calculated in
column C of Table 25.

leachate produced
_ p ! _ Pt PPt s x NUMber of years within period1
during period 1 100

(228)
leachate produced
) P ) y _ PRt PPt area X NUMber of years within period 2
during period 2 100 (229)
leachat duced
ea(? ae p-ro uoed | _ pts X PPt 4eq x NUMber of years within period 3
during period 3 100 (230)
leachat duced
ea(? ae p_ro uced ) _ ppty X PPt 4ea x NUMber of years within period 4
during period 4 100 (231)

5. The total leachate generated is calculated by adding the leachate produced during each period. This total is
converted to a mass in the following equation.

2
Icht geng = leachatex «43563f°/  28.32L (%2201 (232)

msw acre

The tons of MSW per acre (mswpcre) are calculated in equation 100 in section 3.1.

These five steps are repeated to calculate the amount of leachate generated in each collection period. The leachate
generated in collection period 2 (Ichtgen3) is the difference between the total leachate generated before the period 2
ends and the leachate generated before period 2 begins. The leachate generated in collection period 3 (Ichtgens) is
the total leachate generated minus the leachate generated in collection periods 1 and 2.

7.2.3  Management Alternatives for Leachate Collection Period 3

As discussed above, the model may be configured so that leachate is treated for 500 years by extending collection
period 2 and 3 to 500 years and setting the time horizon to 500 years. If collection periods 2 and 3 are less than 500
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years, then leachate produced after treatment must either be contained in the landfill or released to the environment.
The equations to address leachate management after treatment are presented in this section.

For the traditional and ash landfills, the user can choose whether to keep all leachate in the landfill after treatment or
release this leachate to the environment. The user can do this by entering a 0 or 1 for the new variable called
“Icht_release.” The user can enter a 0 to keep leachate in the landfill after the treatment period ends. The user can
enter a 1 to release all leachate generated after the treatment period to the environment. In either case, the volume
of leachate produced will be governed by the fraction of precipitation that becomes leachate, and the fraction of
leachate released (for either a 0 or a 1) will be governed by the leachate collection efficiency.

In the bioreactor landfill, leachate can be released to the environment by entering 0 for both the leachate collection
efficiency and for the percent leachate sent to the POTW in all collection periods.

This documentation presents equations for modeling leachate released in traditional and ash landfills. In the model
some leachate quality parameters have constant concentrations, while the concentration of other constituents varies
over time. This documentation also presents equations for calculating emissions for a parameter with constant
concentration such as Total Suspended Solids (TSS) and for a parameter with variable concentration such as
Biochemical Oxygen Demand (BOD).

7.2.3.1 Leachate contained within the landfill
The required parameters follow for leachate contained within a landfill.

¢ Input Parameters:
e djcht, density of leachate (Ib/gal)

e Ichtyss, concentration of TSS (Ib TSS/gal leachate)

¢ Calculated Parameters:
e BODgen1, BOD generated during the chosen time horizon (Ib/gal leachate)

e Ichtyncol, leachate uncollected during chosen time horizon due to system efficiency (Ib/ton waste)

If the user chooses 0 for the variable “Icht_release,” then the leachate is held in the landfill after treatment.
Therefore, the fugitive leachate equals the leachate released because of collection system efficiency. The
concentration of TSS and BOD in the fugitive leachate is calculated in the following equations:

Icht s x Icht ey X——— (233)
d Icht

1
BODgenl x Icht uncol X (234)
d Icht
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7.2.3.2 Leachate released to the environment

If the leachate is released to the environment, the fugitive leachate equals the leachate that escapes due to collection
efficiency during treatment plus the leachate released to the environment once treatment is discontinued. The
amount of fugitive leachate escaping during treatment and the amount of leachate released after treatment are
calculated below. The required parameters follow for leachate released because of collection efficiency.

¢ Input Parameters:

e djcht, density of leachate (Ib/gal)

Ichtp, leachate collection efficiency (%)

Ichtygs, concentration of TSS (Ib TSS/gal leachate)

time, selected time horizon (20, 100, or 500 years)

times, end of leachate collection period 3 (years)

¢ Calculated Parameters:

e BODgen1, BOD generated during the chosen time horizon (Ib gal/leachate)

e BODgen2, BOD generated during treatment years (Ib/gal leachate)

e lchtgens, leachate generated during time horizon (lb/ton waste)

e leachate generated before treatment ends (Ib/ton waste)

e L _UNCOL L _W_BOD, BOD in fugitive leachate (Ib BOD/ton waste)

e L UNCOL L_W_SS, suspended solids in fugitive leachate (Ib TSS/ton waste)
The amount of fugitive leachate released before treatment ends depends on the time horizon for which the user
chooses to report emissions (20, 100, or 500 years). Thus, the fugitive leachate must be calculated using an IF
statement. If the time horizon ends before leachate treatment is completed, then the concentration of TSS in fugitive
leachate (Ib TSS/ton waste) is a function of the leachate produced during the time horizon (Ib leachate/ton waste),
density of leachate (Ib leachate/gal leachate) leachate collection efficiency (%), and the concentration of TSS (Ib
TSS/gal leachate). If the time horizon extends beyond the leachate treatment period, then the concentration of TSS
in fugitive leachate (Ib leachate/ton waste) is a function of the amount of leachate generated before treatment ends

(Ib/ton waste), leachate collection efficiency (%), density of leachate (Ib leachate/gal leachate) and concentration of
TSS (Ib TSS/gal leachate).

time < time;,

%

Icht 1 1 lehty Icht 235)
C X —X — X C s
genl d et 00 TSS

Icht
leachate generated before treatment ends x ! X (1— OOp Jx Ichtgg
Icht
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The concentration of BOD is calculated in a similar manner:

time < time;,

IF Icht ! 1 IChtp BOD (236)
C X — X — X ,
gent ™ g lcht 100 gent
Icht,,
x| 1- 100 xBOD g,

The required parameters follow for leachate released after the treatment period.

leachate generated before treatment ends x

Icht

¢ Input Parameters:
e dicht, density of leachate (Ib/gal)
e Ichtyss, concentration of TSS (Ib TSS/gal leachate)
e time, selected time horizon (20, 100, or 500 years)

e times, end of leachate collection period 3 (years)

¢ Calculated Parameters:
e BODgen2, BOD generated during treatment years (Ib/gal leachate)
e |eachate generated during the time horizon (Ib/ton waste)

o leachate generated before treatment ends (Ib/ton waste)

The leachate produced after treatment ends also depends on the time horizon for which the user chooses to report
emissions (20, 100, or 500 years). Thus, the quantity leachate must be calculated using an IF statement. If the time
horizon ends before leachate treatment is completed, then the emission is zero. If the time horizon extends beyond
the leachate treatment period, then the concentration of TSS in fugitive leachate (Ib leachate/ton waste) is a function
of the amount of leachate generated during the time horizon (Ib/ton waste), the mass of leachate generated during
treatment (Ib/ton waste), density of leachate (Ib leachate/gal leachate) and concentration of TSS (Ib TSS/gal
leachate).

. i leachate generated leachate generated 1
IH time < time;,0, ) . . - x ——x Ichtrgg (237)
during the time horizon ) |\ before treatmentends | d
The concentration of BOD is calculated in a similar manner.
. i leachate generated leachate generated 1
IF time < time;,0, ) . . - x ———xBOD gepp (238)
during the time horizon ) | before treatmentends ) d

The required parameters follow for total leachate released to the environment.

141



7. Life-Cycle Inventory of Landfill Leachate

¢ Input Parameters:
e dicht, density of leachate (Ib/gal)
e Ichty, leachate collection efficiency (%)
e Ichtyss, concentration of TSS (Ib TSS/gal leachate)
e time, selected time horizon (20, 100, or 500 years)

e times, end of leachate collection period 3 (years)

¢ Calculated Parameters:

e BODgen1, BOD generated during the chosen time horizon (Ib gal/leachate)

e BODgen2, BOD generated during treatment years (Ib/gal leachate)

e Ichtgens, leachate generated during time horizon (Ib/ton waste)
o |eachate generated during the time horizon (Ib/ton waste)

e leachate generated before treatment ends (Ib/ton waste)

If the user chooses to release leachate after treatment to the environment, then the total released is the fugitive
leachate released during the treatment years plus the leachate released after treatment ends.

time < time;,
Icht
LX l—_p XIChths,
dient 100
leachate generated cht
before treatmentends | d 0
leachate generated 1
- X —
before treatment ends

Icht

genl X

%

{(Ieachate generated

during the time horizon dene

time < time;,
Icht ;. L x| 1- xBOD
T g 0 gent?
leachate generated Icht,,
x BOD gen2 +
IF | \ before treatment ends d Icht 00

(Ieachate generated

leachate generated
during the time horizon

during treatment

X

x BOD geny

Icht

The required parameters follow for total fugitive leachate emission.
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Input Parameters:
e dicht, density of leachate (Ib/gal)
e lchty, leachate collection efficiency (%)

e Ichtyss, concentration of TSS (Ib TSS/gal leachate)

o Icht_release, enter 0 to hold leachate with landfill; enter 1 to release leachate to the environment.

e time, selected time horizon (20, 100, or 500 years)
e times, end of leachate collection period 3 (years)

Calculated Parameters:

e BODgen1, BOD generated during the chosen time horizon (Ib/gal leachate)
e BODgen2, BOD generated during treatment years (Ib/gal leachate)

e lchtgens, leachate generated during time horizon (Ib/ton waste)

o leachate generated during the time horizon (Ib/ton waste)

o leachate generated during the treatment (Ib/ton waste)

e leachate generated before treatment ends (Ib/ton waste)

L_UNCOL L_W_BOD, BOD in fugitive leachate (Ib BOD/ton waste)

L_UNCOL L_W_SS=

Icht _release = 0,

time < time,,
IF Icht xix(l— 'Chtp} leht
M e 100 T8S”
leachate generated before treatment ends x 1 X {1— ngp J x Ichtygg
Icht
time < time,,

Icht b 1 lehty Icht
C X x|1-— x ¢l ,
gent dicht 100 Ts8

X

Icht
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L _UNCOL L_W_SS, suspended solids in fugitive leachate (Ib TSS/ton waste)

Icht
IF (Ieachate generated before treatment ends x ! X (1 - OOp ] X IchtTSSJ +
Icht

leachate generated during the time horizon - leachate generated during treatment

The total leachate released to the environment is calculated using nested IF statements. The total leachate equation
combines the user input parameters from section 7.2.3 and equations 233, 234, 239, and 240. The total TSS
produced is calculated as:
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The total BOD produced is calculated in a similar manner:

7.3

L_UNCOL L_W BOD=

Icht _release = 0,

time < time;,

1 Icht,,
IF IChtgenl Xax 1—_ XBODgenll ’

100
Icht,
x| 1- 100 x BOD gep,

leachate generated before treatment ends x

Icht

time < time;,

Icht ! 1 loht P 1xBOD
c x——x|1— X ,
gent ™ g lcht 100 gent

Icht
IF | leachate generated before treatment ends x x|1-—" |xBOD +
100 gen2

leachate generated during the time horizon - leachate generated during treatment

Icht

X

x BOD geny
ey (242)

Leachate Collection

The purpose of this section is to present equations modeling the quantity of leachate collected regarding system
efficiency and the user-selected time horizon.

7.3.1

Leachate Collection Efficiency

A fraction of the leachate is uncollected because of inefficiency of the leachate collection system. The default value
for landfill collection efficiency is 99.8%. The required parameters follow.

¢ User Input Parameters:

Ichtp, leachate collection efficiency (%)

¢ Calculated Parameters:

Ichtco)2, leachate collected after waste placement and before the start of collection and recirculation (Ib/ton
waste)

Ichtcos, leachate collected during recirculation (Ib/ton waste)
Ichtco14, leachate collected after the end of recirculation and before the end of treatment (Ib/ton waste)

Ichtgenz, leachate generated in the first collection period (Ib/ton waste)
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e Ichtgens, leachate generated during recirculation (Ib/ton waste)

e Ichtgens, leachate generated after the end of recirculation and before the end of treatment (Ib/ton waste)

First, the quantity of leachate collected after accounting for system efficiency is calculated. For example, the
quantity of leachate generated and collected before leachate recirculation begins is a function of the amount of
leachate generated (Ichtgen2) and the collection efficiency (Ichty).

Ich —% Ich 243
Chtegp = 100 xIchtgen, (243)

The amount of leachate collected during the recirculation period (Icht.g3) and after the end of recirculation and
before the end of treatment (Icht.g)4) is calculated in the following equations:

Icht ——IChtp x Icht (244)
col3 — 100 gen3

Icht ety Icht (245)
col4 — 100 gen4

7.3.2  Time Horizon

Emissions are reported for the 20-, 100-, or 500-year time horizon. If the user selects the 20-year time horizon, it is
possible that only a fraction of the total leachate generated and collected during the treatment period will be
reported. The objective of this section is to present equations that model the amount of leachate collected during the
selected time horizon. The required parameters follow.

¢ User Input Parameters:
e Ichty, leachate collection efficiency (%)
e time, selected time horizon (20, 100, or 500 years)
e timel, start of leachate collection period 1 (years)
o time2, end of leachate collection period 2 (years)

e time3, end of leachate collection period 3 (years)

¢ Calculated Parameters:
e Ichtggq, leachate collected during the time horizon (Ib/ton waste)

o Ichtggn, leachate collected after waste placement and before the start of collection and recirculation (Ib/ton
waste)

e Ichtggs, leachate collected during recirculation (Ib/ton waste)
e Ichtgga, leachate collected after the end of recirculation and before the end of treatment (lb/ton waste)

e lchtgens, leachate generated during time horizon (Ib/ton waste)
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e Ichtijmer, leachate collected during collection period 1 and in the chosen time horizon (Ib/ton waste)
o Ichtijme2, leachate collected during collection period 2 and in the chosen time horizon (Ib/ton waste)
e Ichtijmes, leachate collected during collection period 3 and in the chosen time horizon (Ib/ton waste)

e Ichtyncol, leachate uncollected during chosen time horizon due to system efficiency (Ib/ton waste)

The user has the flexibility of selecting whether the LCI emissions will be reported for the 20-, 100-, or 500- year
time horizon. The amount of leachate generated during the chosen time horizon (Ichtgen1) is calculated in the same
manner as (Ichtgen?) in section 7.2. The quantity of leachate collected during the chosen time horizon is also a
function of the collection efficiency and the amount of leachate generated.

leht. . = “™p  oht (246)
coll — 100 genl

The user can also define the start and end of leachate recirculation and the end of treatment. Therefore, the selected
time horizon can potentially end before, during, or after leachate treatment. For example, in the default case, the 20-
year time horizon ends 20 years before treatment ends. Thus, only a fraction of the total leachate collected and
treated is reported for this time horizon. The following equations calculate the quantity of leachate collected and
treated during the chosen time horizon. For example, the quantity of leachate collected before treatment begins is
calculated using an IF statement. If the time horizon (time) is longer than the time until treatment begins (timel),
then Ichtijme1 is equal to the leachate produced and collected before treatment starts (Ichtgg)2). If collection starts
after the time horizon ends, then Ichtme1 is the amount generated in the time horizon (Ichtgg)1).

Icht e = IF(time > timel, Icht ., , Icht .oy ) (247)

If leachate recirculation (time2) ends before the time horizon, then Icht;jmez is equal to the leachate collected during
recirculation. If the time horizon ends during the recirculation period, then Icht;imeo is equal to the leachate
collected during the time horizon minus the leachate collected before recirculation.

Icht e, = IF(time > time2, Icht 5, (IF(time < timeL,0, Icht oy, — Ichty, ))) (248)

If leachate recirculation (time3) ends before the time horizon, then Icht;imez is equal to the leachate collected during
recirculation. If the time horizon ends before the recirculation period, then Ichtijme is equal to the leachate
collected during the time horizon minus the leachate collected before recirculation.

Icht ez = IF(time > time3, Icht 4, (IF(time2,0, Icht .y, — Icht o5 — Icht g )) (249)

The fugitive leachate released to the environment during the chosen time horizon because of system efficiency is the
difference between the leachate generated and leachate collected.

Icht yngor = Icht geng —1cht o (250)
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7.4  Leachate Quality

In the previous section, the methodology used to calculate the quantity of leachate produced per ton of MSW over a
user-specified time horizon was presented. This quantity of leachate (gal/ton MSW) must be multiplied by the
relevant leachate contaminant concentration, i.e., Ib BOD/gal leachate, to obtain the actual amount of a contaminant
produced per ton of material buried, i.e., Ib BOD/MSW. This quantity will be referred to as the contaminant yield.
The contaminant yield is reduced by a contaminant-specific leachate treatment efficiency to calculate the mass of a
leachate contaminant released to the environment per ton of waste buried. In addition, the contaminant yields must
be developed on an MSW-component-specific basis. Thus, ultimately, the model must derive factors such as Ib
BOD attributable to ONP/ton MSW. The objective of this section is to present the methodology used to calculate
the release of leachate contaminants to the environment on the basis of each MSW component. An overview of the
methodology used to make this calculation is presented first, followed by the relevant equations. The methodology
will be described using BOD as an example. The complete list of leachate constituents considered in the study is
presented in Table 26.

Table 26:  Leachate Constituents Considered in the Study

Organic Compounds Hydrocarbons Metals
BOD Benzene Arsenic
COD Chloroform Barium
NH3 Carbon tetrachloride Cadmium
POy Ethylene dichloride Chromium
TSS Methylene chloride Lead

Trichloroethene Mercury
Perchloroethene Selenium
Vinyl chloride Silver

Toluene
Xylenes
Ethylbenzene

The leachate contaminant yields are calculated based on user input values for a large number of parameters. These
parameters include the annual rainfall; the desired time horizon (20, 100, 500 years); the temporal variation in
leachate concentration for each leachate quality parameter based on a landfill containing MSW with a typical
composition; the fraction of precipitation that becomes leachate; and a series of time periods associated with
leachate generation, collection and treatment as described in the previous section. The ultimate contaminant yield is
also calculated in consideration of the leachate collection and treatment efficiencies.

To calculate the component-specific BOD yield, it is first necessary to make some assumptions about the BOD
concentration in leachate produced from a landfill that contains typical MSW. The default assumptions for BOD
concentration versus time are illustrated in Figure 13, where the BOD concentration is observed to remain constant
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for a short period and then to decrease linearly in two segments to zero. Figure 13 is based on a landfill containing
typical MSW.

10000 1

8000 1

6000 1

4000 1

2000 1

BOD Concentration (mg/liter)

0 5 10 15 20 25 30 35 40 45 50
Age of Waste (years old)

Figure 13: BOD Concentration in Landfill Leachate Over Time (per ton of waste)

Based on this curve and the volume of leachate produced annually, the total amount of BOD produced in Ib/ton of
MSW is calculated by the model. This BOD yield is based on the BOD generated in a landfill filled with typical
MSW. The composition of typical MSW can be revised by the user in the landfill section of the process model.
This composition of typical MSW is also used for the gas production modeling described in section 6.

The BOD vyield that is calculated based on the method described in section 7.2 has units of Ib BOD/ton of MSW and
is based on a typical ton of MSW. This overall BOD yield must then be allocated to individual waste components.
This allocation is based on the fraction of the total landfill gas that is attributed to a specific component. For
example, if, based on a typical or generic ton of MSW, 20% of the landfill gas is attributable to food waste, then
20% of the total BOD for a generic ton of MSW would be attributed to food waste. The logic for this allocation
strategy is that leachate BOD can only originate from the biodegradable components of MSW. Thus, if a landfill
contained 100% glass, then both the gas and BOD yields would be zero in the SWM-LCI model. The default yields
for BOD, COD, TSS, NH3, and PO, for each MSW component are presented in Table 27. These yields are a result
of the allocation methodology and can be adjusted by varying either the default MSW composition or the default
BOD concentration.

In summary, the allocation method presented here begins by calculating the total BOD vyield associated with a ton of
MSW. The ton is presumed to have a typical composition and this composition is specified by the user in the
landfill process model input section. Of course, the way that the SWM-LCI model works is that the composition of
actual waste that is buried in a landfill is part of the model solution. Thus, it is nearly impossible for the
composition of the actual ton of MSW sent to a landfill per the model solution to correspond with the composition
of the average ton specified by the user. The model user is encouraged to review the model solution output and
review the composition of waste to be buried in a landfill. If this composition is highly unusual, such as all glass
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and plastic or 50% food waste, then the model user should rerun the model with an adjusted composition for the
typical ton of MSW and adjusted default values for the curve describing the behavior of the BOD concentration
versus time. As water quality parameters are tracked but not optimizable, rerunning the model with updated
information on BOD will not change the model solution.

Table 27:  TSS, BOD, COD, NH3, and POy Yields

Waste Component TSS BOD COD NH3 POy

Ib/ton MSW | Ib/ton MSW | Ib/ton MSW | Ib/ton MSW | Ib/ton MSW
Yard Trimmings, Leaves 1.62E-05 4.40E-02 1.44E-01 8.25E-05 3.30E-06
Yard Trimmings, Grass 1.74E-05 4.73E-02 1.55E-01 2.22E-02 1.56E-04
Yard Trimmings, Branches 8.17E-06 2.22E-02 7.28E-02 2.06E-04 7.92E-07
Old Newsprint 2.54E-05 6.91E-02 2.27E-01 6.74E-06 8.63E-08
Old Corrugated Cardboard 1.26E-05 3.42E-02 1.12E-01 1.82E-05 2.33E-07
Office Paper 1.21E-05 3.28E-02 1.08E-01 4.36E-06 5.58E-08
Phone Books 1.03E-06 2.75E-03 9.03E-03 2.66E-07 3.38E-09
Books 5.35E-06 1.45E-02 4.76E-02 7.95E-07 1.01E-08
Old Magazines 4.26E-06 1.15E-02 3.79E-02 1.46E-06 1.86E-08
3rd Class Mail 6.86E-06 1.86E-02 6.11E-02 2.91E-06 3.72E-08
Paper Other #1 9.46E-06 2.57E-02 8.42E-02 1.82E-09 0.00E+00
Paper Other #2 1.22E-05 3.31E-02 1.09E-01 1.82E-09 0.00E+00
Paper Other #3 8.18E-06 2.22E-02 7.28E-02 1.82E-09 0.00E+00
Paper Other #4 6.13E-07 1.63E-03 5.35E-03 1.82E-09 0.00E+00
Paper Other #5 6.13E-07 1.63E-03 5.35E-03 1.82E-09 0.00E+00
CCCR Other 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
Mixed Paper 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
HDPE - Translucent 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
HDPE - Pigmented 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
PET 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
Plastic - Other # 1 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
Plastic - Other # 2 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
Plastic - Other # 3 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
Plastic - Other # 4 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
continued
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Table 27:  Continued

Waste Component TSS BOD COD NH3 POy
Ib/ton MSW | Ib/ton MSW | Ib/ton MSW | Ib/ton MSW | Ib/ton MSW
Plastic - Other # 5 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
Mixed Plastic 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
CCNR Other 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
Ferrous Cans 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
Ferrous Metal - Other 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
Aluminum Cans 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
Aluminum - Other #1 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
Aluminum - Other #2 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
Glass - Clear 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
Glass - Brown 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
Glass - Green 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
Mixed Glass 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
CNNR Other 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
Paper - Non-recyclable 3.30E-05 8.95E-02 2.94E-01 1.82E-09 0.00E+00
Food Waste 8.06E-05 2.19E-01 7.19E-01 5.99E-03 3.45E-07
CCCN Other 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
Plastic - Non-Recyclable 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
Misc. 1. 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
CCNN Other 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
Ferrous - Non-recyclable 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
Al - Non-recyclable 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
Glass - Non-recyclable 1.24E-08 1.30E-08 6.39E-08 1.82E-09 0.00E+00
Misc. 0.00E+00 1.30E-08 6.39E-08 1.82E-09 0.00E+00
CNNN Other 1.24E-08 0.00E+00 6.39E-08 1.82E-09 0.00E+00

The strategy described above for BOD is also applied to the COD. However, different allocation strategies are used
for the other components listed in Table 26. For both NH3 and POy, the total yields per ton of generic MSW are
allocated on a percentage basis using the percentages presented in Table 28.
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Table 28:  Default Percent Contribution of Each Waste Component to NH3 and PO4 Concentrations

Waste Component NH3 POy Waste Component NH3 POy

Yard Trimmings, Leaves 9.37E-01 | 1.02E+01 | Plastic - Other #5 0.00E+00 | 0.00E+00
Yard Trimmings, Grass 4.60E+01 | 8.78E+01 || Mixed Plastic 0.00E+00 | 0.00E+00
Yard Trimmings, Branches | 1.00E+00 | 1.05E+00 | CCNR Other 0.00E+00 | 0.00E+00
Old Newsprint 3.11E-02 | 1.08E-01 | Ferrous Cans 0.00E+00 | 0.00E+00
Old Corrugated Cardboard 7.43E-03 | 2.58E-02 | Ferrous Metal - Other 0.00E+00 | 0.00E+00
Office Paper 5.04E-03 | 1.75E-02 | Aluminum Cans 0.00E+00 | 0.00E+00
Phone Books 1.24E-03 | 4.30E-03 | Aluminum — Other #1 0.00E+00 | 0.00E+00
Books 2.23E-03 | 7.74E-03 | Aluminum - Other #2 0.00E+00 | 0.00E+00
Old Magazines 4.58E-03 | 1.59E-02 | Glass — Clear 0.00E+00 | 0.00E+00
3rd Class Mail 7.39E-03 | 2.57E-02 | Glass — Brown 0.00E+00 | 0.00E+00
Paper Other #1 0.00E+00 | 0.00E+00 | Glass — Green 0.00E+00 | 0.00E+00
Paper Other #2 0.00E+00 | 0.00E+00 | Mixed Glass 0.00E+00 | 0.00E+00
Paper Other #3 0.00E+00 | 0.00E+00 | CNNR Other 0.00E+00 | 0.00E+00
Paper Other #4 0.00E+00 | 0.00E+00 | Paper - Non-recyclable | 0.00E+00 | 0.00E+00
Paper Other #5 0.00E+00 | 0.00E+00 | Food Waste 5.20E+01 | 8.13E-01
CCCR Other 0.00E+00 | 0.00E+00 | CCCN Other 0.00E+00 | 0.00E+00
Mixed Paper 0.00E+00 | 0.00E+00 | Plastic — Non-Recyclable | 0.00E+00 | 0.00E+00
HDPE - Translucent 0.00E+00 | 0.00E+00 | Miscellaneous 1. 0.00E+00 | 0.00E+00
HDPE - Pigmented 0.00E+00 | 0.00E+00 | CCNN Other 0.00E+00 | 0.00E+00
PET 0.00E+00 | 0.00E+00 | Ferrous — Non-recyclable | 0.00E+00 | 0.00E+00
Plastic - Other # 1 0.00E+00 | 0.00E+00 | Al - Non-recyclable 0.00E+00 | 0.00E+00
Plastic - Other # 2 0.00E+00 | 0.00E+00 | Glass - Non-recyclable 0.00E+00 | 0.00E+00
Plastic - Other # 3 0.00E+00 | 0.00E+00 | Miscellaneous 0.00E+00 | 0.00E+00
Plastic - Other # 4 0.00E+00 | 0.00E+00 | CNNN Other 0.00E+00 | 0.00E+00

These percentages were derived based on laboratory-scale reactors in which the decomposition and leachate
composition of several MSW components were tested separately [Barlaz, 1997]. Specifically, the percent allocation
represents the relative initial concentrations of NH3 and POy in the leachate for each individual component. Note
that for both NH3 and POy, grass and food waste account for most of the emissions.
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For all metals, the metal yield for each ton of generic MSW was allocated based on the fraction of the total metal in
MSW attributable to a specific component [A. J. Chandler & Associates Ltd. et al., 1993]. These fractions are
presented in Tables 29 and 30. For example, if the total arsenic yield from a generic ton of MSW was 1 Ib As/ton
MSW buried, and leaves contribute 2% of the arsenic to a typical ton of MSW, then the arsenic yield used in the
model would be 0.02 Ib As/ton. Finally, for trace organic contaminants, the yield was allocated equally across all
waste components present in a typical ton of MSW. This is because there is no known scientific basis for any
allocation scheme that attributes more or less of a trace organic contaminant to a specific waste component.

Table 29:  Percent Contribution of Each Waste Component to Total Metal Concentration

Waste Component Arsenic | Barium |Cadmium |Chromium|Mercury| Lead |Selenium
Yard Trimmings, Leaves 2.10E-01| 1.37E+01| 1.11E+01 1.45E+01| 1.52E+01| 1.40E+01| 1.19E-01
Yard Trimmings, Grass 6.28E-02| 4.09E+00| 3.32E+00 4.34E+00| 4.54E+00| 4.18E+00| 3.56E-02
Yard Trimmings, Branches 7.38E-03| 1.59E+00| 5.80E-01 9.84E-01| 1.24E+00| 1.61E+00| 1.94E-02
Old Newsprint 1.04E-02| 1.03E+00| 9.80E-02 4.02E+00| 1.21E+01| 3.13E-01| 9.06E-02
Old Corrugated Cardboard 2.19E-03| 8.22E-02| 2.34E-02 3.27E-02| 1.37E-01| 4.38E-02| 8.61E-03
Office Paper 3.21E-03| 6.81E-02| 1.59E-02 4.18E-02| 2.79E-01| 3.52E-02| 3.65E-02
Phone Books 4.86E-04| 2.02E-02| 3.90E-03 3.93E-03| 6.87E-02| 4.61E-03] 3.95E-03
Books 4.37E-04| 2.45E-01) 2.81E-02 4.73E-02| 8.24E-02| 1.73E-05| 8.40E-03
Old Magazines 3.22E-03| 2.43E-01| 2.07E-02 1.28E-01| 2.54E-01| 2.15E-02| 1.38E-02
3rd Class Mail 4.35E-03| 1.86E-01| 3.96E-01 5.95E-01| 5.47E-01| 2.63E+00| 6.42E-03
Paper Other #1 4.49E-03| 3.74E-01) 1.19E-01 3.93E-01| 9.76E-01| 5.53E-01| 3.16E-02
Paper Other #2 3.77E-03| 3.14E-01| 9.98E-02 3.29E-01| 8.18E-01| 4.64E-01| 2.65E-02
Paper Other #3 2.52E-03| 2.10E-01| 6.68E-02 2.21E-01| 5.48E-01| 3.11E-01| 1.78E-02
Paper Other #4 1.86E-04| 1.55E-02| 4.91E-03 1.62E-02| 4.03E-02| 2.28E-02| 1.31E-03
Paper Other #5 1.86E-04| 1.55E-02| 4.91E-03 1.62E-02| 4.03E-02| 2.28E-02| 1.31E-03
CCCR Other 0.00E+00| 0.00E+00| 0.00E+00 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00
Mixed Paper 0.00E+00| 0.00E+00| 0.00E+00 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00
HDPE - Translucent 1.44E-03| 8.59E-01| 5.36E-01 2.15E-01| 2.17E-01| 5.51E-01| 8.49E-03
HDPE - Pigmented 5.67E-04| 3.39E-01| 2.11E-01 8.47E-02| 8.55E-02| 2.17E-01| 3.35E-03
PET 7.29E-04| 2.61E-02| 3.10E-01 7.57E-02| 6.87E-02| 1.77E-01| 2.69E-03
Plastic - Other # 1 5.25E-03| 1.83E+00| 2.08E+00 6.78E-01| 6.60E-01| 1.69E+00| 2.58E-02
Plastic - Other # 2 3.85E-03| 1.34E+00| 1.53E+00 497E-01| 4.84E-01| 1.24E+00| 1.90E-02
Plastic - Other # 3 2.55E-03| 8.88E-01| 1.01E+00 3.20E-01| 3.21E-01| 8.19E-01| 1.26E-02
continued
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Table 29:  Continued

Waste Component Arsenic | Barium |Cadmium | Chromium |Mercury| Lead |Selenium
Plastic - Other # 4 4.13E-04| 1.44E-01| 1.64E-01 5.33E-02| 5.19E-02| 1.33E-01| 2.03E-03
Plastic - Other # 5 1.22E-04| 4.23E-02| 4.82E-02 1.57E-02| 1.53E-02| 3.90E-02| 5.98E-04
Mixed Plastic 0.00E+00| 0.00E+00| 0.00E+00 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00
CCNR Other 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00
Ferrous Cans 2.34E-02| 5.31E-02| 9.36E+00| 3.21E+00| 9.53E+00| 3.49E+00| 8.02E-03
Ferrous Metal - Other 7.86E+01| 3.79E+01| 1.99E+01 1.87E+01| 3.14E+01| 2.28E+01| 1.01E+01
Aluminum Cans 5.87E-04| 7.99E-01| 5.66E-01 8.30E-01| 2.48E-01| 2.66E-01| 1.08E-03
Aluminum - Other #1 3.73E-04| 4.50E-02| 1.53E+00 3.11E-01| 1.40E-01| 5.89E-06| 2.75E-04
Aluminum - Other #2 1.67E+00| 1.70E-01| 9.50E-01| 3.89E+00| 1.42E-01| 2.45E-01| 3.62E-01
Glass - Clear 5.83E-03| 7.11E+00| 1.80E+00 8.13E-01| 4.40E-01| 2.02E+00| 2.65E-01
Glass - Brown 4.16E-02| 4.12E+00| 6.59E-01 1.39E+00| 1.36E+00| 1.97E+00| 1.71E-01
Glass - Green 2.00E-02| 3.56E+00| 3.94E-02 9.60E+00| 7.71E-02| 1.29E-01| 7.25E-03
Mixed Glass 0.00E+00| 0.00E+00| 0.00E+00|  0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00
CNNR Other 0.00E+00| 0.00E+00| 0.00E+00 0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00
Paper - Non-recyclable 1.33E-02| 5.69E-01| 1.21E+00 1.83E+00| 1.68E+00| 8.07E+00| 1.97E-02
Food Waste 2.30E-02| 1.19E+00| 2.46E+00 2.15E+00| 2.16E+00| 4.36E+00, 5.65E-02
CCCN Other 0.00E+00| 0.00E+00| 0.00E+00|  0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00
Plastic - Non-Recyclable 9.34E-04| 5.78E-01| 3.13E+00 1.19E+00| 1.23E-01| 1.56E+00| 4.54E-03
Miscellaneous 1. 157E+01| 1.22E+01| 3.51E+01 2.55E+01| 1.24E+01| 2.45E+01| 8.80E+01
CCNN Other 0.00E+00| 0.00E+00| 0.00E+00|  0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00
Ferrous - Non-recyclable 3.28E+00| 1.58E+00| 8.31E-01 7.81E-01| 1.31E+00| 9.50E-01| 4.21E-01
Al - Non-recyclable 3.64E-01| 3.70E-02| 2.07E-01 8.49E-01| 3.10E-02| 5.36E-02| 7.90E-02
Glass - Non-recyclable 5.37E-03| 2.52E+00| 5.07E-01 1.40E+00| 1.73E-01| 6.19E-01| 7.59E-02
Miscellaneous. 0.00E+00| 0.00E+00| 0.00E+00|  0.00E+00| 0.00E+00, 0.00E+00| 0.00E+00
CNNN Other 0.00E+00| 0.00E+00| 0.00E+00|  0.00E+00| 0.00E+00| 0.00E+00| 0.00E+00
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Table 30:  Percent Contribution of Each Waste Component to Total Metal Concentration

Waste Component Copper Iron Zinc | Waste Component | Copper Iron zZinc

Yard Trimmings, Leaves | 2.59E-01 | 1.26E+01 | 2.55E+00 || Plastic - Other # 5 6.97E-05 | 8.12E-03 | 6.26E-03
Yard Trimmings, Grass 7.77E-02 | 3.78E+00 | 7.65E-01 | Mixed Plastic 0.00E+00 | 0.00E+00 | 0.00E+00
Yard Trimmings, Branches | 4.83E-03 | 9.14E-01 | 2.48E-01 | CCNR Other 0.00E+00 | 0.00E+00 | 0.00E+00
Old Newsprint 3.62E-03 | 3.36E-01 | 7.62E-02 | Ferrous Cans 4.90E-03 | 2.20E-01 | 3.45E+00
Old Corrugated Cardboard | 1.43E-04 | 3.36E-02 | 8.88E-03 | Ferrous Metal - Other 8.07E+01 | 5.53E+01 | 2.01E+01
Office Paper 2.58E-04 | 5.44E-02 | 1.25E-01 | Aluminum Cans 2.65E-02 | 1.91E-01 | 9.66E-02
Phone Books 7.95E-05 | 5.42E-03 | 1.18E-03 | Aluminum - Other #1 1.70E-03 | 1.05E-01 | 1.36E-02
Books 5.72E-04 | 1.19E-02 | 2.34E-02 | Aluminum - Other #2 6.51E-03 | 3.40E-01 | 5.04E+01
Old Magazines 9.19E-04 | 1.46E-01 | 1.50E-02 | Glass — Clear 1.68E-03 | 3.72E-01 | 8.52E-02
3rd Class Mail 1.14E-03 | 1.48E-01 | 7.15E-02 | Glass — Brown 7.26E-03 | 1.25E+00 | 3.69E-01
Paper Other #1 1.23E-03 | 1.25E-01 | 7.55E-02 | Glass — Green 1.61E-04 | 1.46E-01 | 1.05E-02
Paper Other #2 1.03E-03 | 1.05E-01 | 6.33E-02 | Mixed Glass 0.00E+00 | 0.00E+00 | 0.00E+00
Paper Other #3 6.92E-04 | 7.04E-02 | 4.24E-02 | CNNR Other 0.00E+00 | 0.00E+00 | 0.00E+00
Paper Other #4 5.08E-05 | 5.18E-03 | 3.12E-03 | Paper - Non-recyclable | 3.49E-03 | 4.55E-01 | 2.19E-01
Paper Other #5 5.08E-05 | 5.18E-03 | 3.12E-03 | Food Waste 1.08E-02 | 1.65E+00 | 8.67E-01
CCCR Other 0.00E+00 | 0.00E+00 | 0.00E+00 | CCCN Other 0.00E+00 | 0.00E+00 | 0.00E+00
Mixed Paper 0.00E+00 | 0.00E+00 | 0.00E+00 | Plastic — Non- 6.71E-04 | 1.20E-01 | 1.78E-01

Recyclable
HDPE - Translucent 9.03E-04 | 9.74E-02 | 9.94E-02 | Miscellaneous. 1. 1.55E+01 | 1.80E+01 | 7.48E+00
HDPE - Pigmented 3.56E-04 | 3.84E-02 | 3.92E-02 | CCNN Other 0.00E+00 | 0.00E+00 | 0.00E+00
PET (used PET) 3.69E-04 | 4.79E-02 | 2.15E-02 | Ferrous — Non- 3.37E+00 | 2.31E+00 | 8.37E-01
recyclable

Plastic - Other # 1 3.01E-03 | 3.51E-01 | 2.71E-01 | Al - Non-recyclable 1.42E-03 | 7.42E-02 | 1.10E+01
Plastic - Other # 2 2.21E-03 | 2.57E-01 | 1.99E-01 | Glass - Non-recyclable | 7.30E-04 | 1.60E-01 | 5.35E-02
Plastic - Other # 3 1.46E-03 | 1.71E-01 | 1.32E-01 | Miscellaneous 0.00E+00 | 0.00E+00 | 0.00E+00
Plastic - Other # 4 2.37E-04 | 2.76E-02 | 2.13E-02 | CNNN Other 0.00E+00 | 0.00E+00 | 0.00E+00

154



7. Life-Cycle Inventory of Landfill Leachate

741 BODand COD

The objective of this section is to present the default BOD and COD leachate concentrations. The BOD
concentration profile in Figure 13 can be broken into four time frames as shown in Table 31.

Table 31:  Default Parameters for Modeling the BOD Concentration in Landfill Leachate
for Traditional and Bioreactor Landfills

Traditional Landfill Bioreactor Landfill BOD Concentration
Time After Burial Time After Burial (mg/l)
(years) (years)
Oto1l5 Oto1l 10,000
1.5t0 10 1to3 Linear Decrease From 10,000 to 1,000
10to 50 3to 10 Linear Decrease From 1,000 to O
>50 >10 0

All BOD concentrations can be changed by the user. The COD concentration in landfill leachate is calculated in a

similar manner to the BOD concentration. However, instead of assuming a COD concentration in all cases (as was
done for BOD), a BOD/COD ratio was assumed for the first two phases as shown in the following table (Table 32).
Furthermore, rather than assuming that the COD concentration declines to zero as the waste gets older (as was done

for BOD concentration), the COD concentration is assumed to be constant over time after the waste is 100 years
old.

Table 32:  Default Parameters for Modeling the COD Concentration in Landfill Leachate
for Traditional and Bioreactor Landfills

Traditional Bioreactor Landfill BOD/COD Ratio COD Concentration
Landfill Time After Waste (mg/l)
Time After Waste  Placement (years)
Placement (years)

Oto 15 Oto1l 0.8 12,500
1.5t0 10 1to3 Linear Decrease From 0.8 to 12,500 to 3,333
0.3
10 to 50 3t010 -- Linear Decrease From
1000 to 100
>50 >10 -- 100

In ash landfills, the concentration of BOD was assumed to be zero given the near complete absence of degradable
organic matter and the COD concentration was assumed to be constant over time. The default COD concentration
is 92.9 mg/l leachate [U.S. EPA, 1990].
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7.42  TSS, NH3, and POy

As opposed to BOD and COD concentrations, which are assumed to vary over time, the concentrations of TSS,
NHj3, and PO4 are assumed to be constant over time. Data collected from industry and other sources were compiled
to determine the concentrations of TSS, NH3, and POg4 in landfill leachate [Environmental Research and Education
Foundation, 1997]. From these data, the low and high median concentrations of TSS, NH3, and PO4 were
determined. These data are presented in the following table (Table 33) and are assumed to be the same for
traditional and bioreactor landfills.

Table 33:  TSS, NH3, and PO4 Concentrations in Landfill Leachate for Traditional
and Bioreactor Landfills

Leachate Constituent Low Median Concentration High Median Concentration
(mg/l) (mg/l)

TSS 57 57

NH3 343 343

PO, 8.5 10

For ash landfills, the high and low median concentrations of NH3 and PO4 were also based on data from industry
and literature data [U.S. EPA, 1990], and the default values are presented in Table 34.

Table 34: NHj and PO4 Concentrations in Landfill Leachate for Ash Landfills

Leachate Constituent Low Median Concentration High Median Concentration
(mg/1) (mg/l)

NH3 12.0 12.0

POy 0.1 0.1

The high median values in Tables 33 and 34 are the current model default settings, and the user can adjust them.

7.4.3  Trace Organic Constituents

The trace organic constituent concentrations are assumed to be constant over time. The low and high median
concentrations are based on industry data [Environmental Research and Education Foundation, 1997] and are
presented in Table 35.

The high median values in Table 35 are the current model default settings, and the user can adjust these values. The
default concentration for ash landfills is assumed to be zero.
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Table 35:  Trace Organic Concentrations in Landfill Leachate for Traditional and Bioreactor Landfills

Leachate Constituent Low Median Concentration High Median Concentration
(no/l) (ng/l)
Benzene 25 7.0
Chloroform 2.5 10.0
Carbon tetrachloride 25 -
Ethylene dichloride® 2.5 15
Methylene chloride 4.0 178
Trichloroethene 2.5 8.0
Perchloroethene 25 9.7
Vinyl chloride 5.0 10.0
Toluene 87 160
Xylenes 45.1 56.0
Ethylbenzene 9.0 18.1

®The high median concentration for ethylene dichloride was lower than the low median
concentration because the detected values for ethylene dichloride from some sites was lower
than the minimum reporting limit.

7.4.4  Heavy Metals

Based on available data, there are no discernible trends in leachate metal concentrations [Environmental Research
and Education Foundation, 1997]. Thus, heavy metal concentrations in landfill leachate are assumed to remain
constant over time. The high and low median concentrations for metals are shown in Table 36. The high median
values are the current model default settings, and the user can adjust them.

Table 36:  Metal Concentrations in Leachate for Traditional and Bioreactor Landfills

Leachate Low Median Concentration (ug/l)  High Median Concentration (ug/l)

Arsenic 29 30
Barium 679 860
Cadmium 25 7

Chromium 52 85
Lead 5.7 13
Mercury 0.10 0.42
Selenium 2.5 9.7
Silver 125 66
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Based on literature data [U.S. EPA, 1990], ash landfill leachate contains arsenic, barium, cadmium, chromium, lead,
and selenium, as well as copper, iron, and zinc. The concentration of these metals is assumed to be constant over
time. The low and high median concentrations are presented in Table 37, and again, the high median is used as the
default value.

Table 37:  Metal Concentrations in Ash Leachate

Leachate Constituent Low Median Concentration High Median Concentration

(ng/l) (ng/l)
Arsenic 66.5 1.9 x 10°
Barium 3.0 x 10° 4.0 x 10°
Cadmium 1.6 2.6
Chromium 12,5 20.0
Copper 5.3 8.4
Iron 2.7x10° 2.7 x10°
Lead 13.8 28.3
Mercury 0 0
Selenium 50.2 1.6 x 102
Silver 0 0
Zinc 57.2 57.61

7.5  Transport of Leachate to the POTW

This section models the fuel consumed while transporting leachate from the landfill to a POTW. The required
parameters follow.
¢ Input Parameters:

e actuals, weight of the actual payload (contents) of the heavy-duty truck (Ib)

e erg, return of truck from hauling leachate from POTW (empty return: YES[1] or NO[O0], or any fraction
between these two numbers)

e hdjg, haul distance to POTW (mi)

e maxs, weight of the maximum payload (contents) of the truck (lIb)

e potwl, percent of leachate sent to POTW during collection period 1 (%)
e potw2, percent of leachate sent to POTW during collection period 2 (%)
e potw3, percent of leachate sent to POTW during collection period 3 (%)

e sCg, specific consumption for a heavy truck (mpg)
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¢ Calculated Parameters:
o fuelqy, fuel consumed while transporting leachate to POTW (gal/ton waste)
e LCHTpoTW, total leachate sent to POTW (Ib/ton waste)
e lchtporwi, leachate sent to POTW during collection period 1 (Ib/ton waste)
e lchtyorw2, leachate sent to POTW during collection period 2 (Ib/ton waste)
e lchtponws, leachate sent to POTW during collection period 3 (Ib/ton waste)
e Ichtijme1, leachate collected during collection period 1 and in the chosen time horizon (Ib/ton waste)
o Ichtijme2, leachate collected during collection period 2 and in the chosen time horizon (Ib/ton waste)

e Ichtijmes, leachate collected during collection period 3 and in the chosen time horizon (Ib/ton waste)

The quantity of leachate sent to the POTW is a function of the leachate generated and percent of collected leachate
sent to the POTW. For example, the leachate sent to the POTW during period 1 is a function of the leachate
generated (Ichtijme1) and the percent sent to the POTW (potw1).

potwl
IChtpotwl = IChttimel X

251
100 (251)

The leachate sent to the POTW during the recirculation period is calculated as

potw?2

=re 252
100 (252)

IchtpotWZ = Icht e

The leachate sent to the POTW after the end of recirculation and before the end of treatment is calculated as

potw3
100

leht pows = Ichtmes % (253)

The total leachate sent to the POTW is calculated with the following equation:

LCHTPOTW = |Ch'[,mtw1 + Ichtpoth + IChtpOIW3 (254)

Leachate is assumed to be transported 15 mi by a heavy-duty truck to the POTW. This distance is a user input
parameter. The transportation distance and the total amount of leachate transported are used to calculate heavy-
truck fuel consumption. The fuel consumed during leachate transportation is calculated as

| LCHT
fuely, = LTINS FJrl(actua > J +gers} « LCHTeow. (255)

sc; |3 3| maxg 3 actual
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7.5.1 Emissions Due to Leachate Transport

This section models emissions due to leachate transport. The model calculates emissions for each of the LCI
parameters. This section of the documentation presents equations for fossil carbon dioxide, and the calculated
parameters follow.

¢ User Input Parameter:
e CMB_HVY CMB_A_CO02, emission factor for fossil CO, from heavy trucks (Ib CO5-F/gal fuel)
(Appendix D)
¢ Calculated Parameters:
e dpcem T F PC_A _CO2,fossil CO, emission factor for diesel precombustion (Ib CO»-F/gal fuel)
o fuelqy, fuel consumed while transporting leachate to POTW (gal/ton waste)
e L _HVY L_A CO2, fossil CO, emissions due to diesel combustion in a heavy truck (lb/ton waste)

e L MTRL_TOTAL L_A_CO?2, total fossil CO, emissions due to transporting leachate to the POTW
(Ib/ton waste)

e L PCBM1 L_A_CO2, fossil CO, emissions due to diesel fuel precombustion (Ib/ton waste)

Emissions due to diesel combustion in a heavy truck are a function of the total amount of fuel used (fueli4) and the
combustion emission factor (CMB_HVY CMB_A CO2).

L_HVY L_A_CO2=fuel,, xCMB_HVY CMB_A_CO2 (256)

Diesel precombustion emissions are a function of the total fuel used (fuel14) and the precombustion emissions factor
(d pcem T F PC A CO2).

L_PCMBL L_A CO2=fuel, xd_pc_em T_F_PC_A_CO2 (257)

The total fossil CO2 emissions due to transporting leachate to the POTW are the sum of the combustion and
precombustion emissions.

(258)

L_HVY L_A_CO2 +
L_MTRL_TOTAL L_A_CO2:( - —- J

L_PCMB1 L_A_CO2

7.6 Leachate Treatment

The default treatment efficiencies of an average POTW are shown in Table 38 [U.S. EPA, 1989; U.S. EPA, 1992].
The constituents remaining in the leachate after treatment are assumed to be released into the environment as water
effluents. The trace organics have a removal efficiency of 0% since they are assumed to be volatilized during
aerobic biological treatment and thus released to the environment untreated. The objective of this section is to
calculate the quantity of constituents remaining in leachate after treatment and the energy required to treat the
leachate.
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7.6.1

Table 38: POTW Treatment Efficiencies

Leachate Constituent Removal Efficiency (%0)
BOD 92

COD 80

NH3 216

POy 216

TSS 96

Heavy Metals 85

Trace Organics 0

BOD Generation

The objective of this section is to calculate the BOD generated during all leachate treatment periods within the
chosen time horizon (20, 100, or 500 years). The required parameters follow.

¢ User Input Parameters:

BOD,, end of first BOD production period (years)
BODyg, end of second BOD production period (years)

BODg, end of third BOD production period (years)

¢ Calculated Parameters:

BOD, start of first BOD production period (years)

BOD3, start of second BOD production period (years)

BODs, start of third BOD production period (years)

BODyj, y-intercept of first segment in BOD production curve (years)

BODyyp, y-intercept of second segment in BOD production curve (years)

BODy3, y-intercept of third segment in BOD production curve (years)

BOD¢on1, BOD concentration at the start of the first BOD production period (Ib/gal leachate)
BOD¢gn2, BOD concentration at the end of the first BOD production period (Ib/gal leachate)
BOD¢on3, BOD concentration at the start of the second BOD production period (Ib/gal leachate)
BOD¢gn4, BOD concentration at the end of the second BOD production period (Ib/gal leachate)
BOD¢qn5, BOD concentration at the start of the third BOD production period (Ib/gal leachate)

BOD¢gong, BOD concentration at the end of the third BOD production period (Ib/gal leachate)
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BODgen1, BOD generated during the chosen time horizon (Ib/gal leachate)
BODgen2, BOD generated during the treatment years (Ib/gal leachate)
BODyy1, slope of first segment in BOD production curve (years)

BODyy2, slope of second segment in BOD production curve (years)
BODyy3, slope of third segment in BOD production curve (years)

BODp1, length of first BOD production period (years)

BODp2, length of second BOD production period (years)

BODp3, length of third BOD production period (years)

BODyt, BOD generated and treated during the chosen time horizon (Ib/gal leachate)

First, the quantity of BOD generated during the time horizon (BODgen1) and during the treatment years (BODgen?)
is calculated. The BOD concentration can be calculated as the area under the BOD generation curve presented in
Figure 13. Since the user has the flexibility of defining the start and end points on the BOD generation curve, the
time horizon and treatment period could be spread over multiple BOD generation periods. The BOD generated
during the chosen time horizon is calculated in the steps below. The BOD generated during the treatment period is
calculated in a similar manner.

1.

The length of each BOD generation period is calculated as

BOD,, = BOD, — BOD, (259)
BOD,, = BOD, — BOD; (260)
BOD,; = BOD, — BOD; (261)

To calculate the area, the slope and y-intercept are first determined. The slope of each segment in the BOD
generation curve is calculated using an IF statement. If there is no change in BOD concentration between
segments, then the slope is zero. If there is a change is BOD concentration, then the slope is calculated as
the change is concentration over the change in time (Table 39):

Table 39:  Slope of Segments in BOD Concentration Profile

Period Slope

1 BODyy1 = IF (((BOD5 - BOD4) = 0), 0, (BOD¢on2 - BOD¢on1)/(BOD2 - BOD1)
2 BODyy2 = IF (((BOD4 - BOD3) = 0), 0, (BOD¢ona - BOD¢on3)/(BOD4 - BOD3)
3 BODp3 = IF (((BODg - BODs) = 0), 0, (BOD¢ong - BOD¢ons)/(BODg - BODs)

The y-intercept of each line segment in Figure 13 is also calculated using an IF statement. If the slope is
zero, then the intercept is the concentration at the beginning of the period. If the slope is not zero, then the
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y-intercept is calculated as a function of the slope, the time at the beginning of the segment, and the
concentration at the beginning of the segment (Table 40):

Table 40:  Y-Intercept of Segments in BOD Concentration Profile

Period Y-Intercept

1 BODp; = IF (BODy1 = 0, BODcop2, - (BODm1 * BOD1) + BODeont
2 BODyy = IF (BODy2 = 0, BODcopa, - (BODpp2 * BOD3) + BODeon3
3 BODp3 = IF (BODpm3 = 0, BODconé, - (BODm3 * BODs) + BODggns

4. Using the slope and y-intercept, the area under each segment of the BOD generation curve is determined
with a series of IF statements presented in Tables 41 and 42. An overview of the calculations and then a
more detailed description of the statements within each column follow.

Table 41: Time Horizon on BOD Concentration Profile

A B C D
Period Years Remaining Years in Period End of Period
1 Time IF (ime>BODy;1, BODpy, time) | IF(C2=0,0, IF (C2<BODyy, time, BOD»))

2 | IFime-BODNy) <0,0,time-BODNy | IF (B3>BODng, BODNp, B3) IF (C3=0,0, IF (C3<BODp, time, BODy)

3 | IF(B3-BODyy) <0,0,B3-BODNp | IF(B4>BODyg BODNg B4) IF (C4=0,0, IF C4< BODpg, ime, BODg))

4 | IF(B4-BODNg) <0,0,B4-BODyg | =B5

Table 42: BOD Concentration

E F

1 BOD (Ib/gal) Total BOD (Ib/gal)

=E2 +E3 + E4

2 |F[D2 =0,0, [( BODm (Dz2 -BOD,? )j+(BODbl x(D2- BODl))n

N

3 IF{DS =0,0, (( BODp, , (D32 - BODf)j +(BOD,, x (D3~ BOD3))D

4 IF[DS =0,0, [( BOZDm3 x (D42 - BOD52)j +(BODy; x (D4~ BOD5))]J
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In Table 41, the model determines where the time horizon falls on the BOD production curve with a series
of IF statements. Next, the model uses this information in Table 42 to determine the BOD produced within
each production period:

Column A:

Column B:

B3:

Column C:

C2:

Column D:

D2:

Column E:

Lists the BOD production period with reference to Figure 13.

Determines how many years in the time horizon are remaining after the first, second, third,
or fourth treatment periods.

For example, there are 20 years in the time horizon. If the time horizon is shorter than the
first BOD production period, then the years remaining are zero. If the time horizon is
greater than the start of the first BOD production period, then the time remaining is
calculated.

Determines the years that fall within each period.

For example, if the time horizon is greater than the first BOD production period, then the
length is BODNL1. If the time horizon is shorter than the BOD production period, then the
length of the time in the period is the length of the time horizon.

Calculates the end of the BOD production period.

For example, if the length of the first BOD production period is zero, then the period ends
at year zero. If the length of the BOD period is not zero and if time horizon ends during the
first BOD production period, then the end of the production period is the time horizon. If
the length of the BOD period is not zero and if the time horizon ends after the first BOD
production period, then the end of the period is BOD5.

Calculates the BOD vyield.

The equation for the line segments in the BOD curve presented in Figure 13 is
y=mx+b (262)
where m is the slope of the line, x is the time, and b is the y-intercept.

The total yield for a time period is the area under the line. The area under a line is
calculated by taking the integral of the equation for the line. The integral of the equation of
a line is calculated as

f f
y= .me " Lb (263)
m
y =22 =5 )+bif—s) o6

where f is the finish of the BOD period and s is the start of the BOD period.
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This equation is used in column E to calculate the BOD yield for each production period.
Column F: Calculates the total BOD vyield.
The total BOD vyield is the sum of the BOD concentration in periods 1, 2, 3, and 4.

The calculations outlined in steps 1 through 5 are repeated to calculate the BOD generated during the treatment
years. Next, the model determines the BOD treated during the chosen time horizon. This is accomplished with an
IF statement. If the difference between the BOD generated during the time horizon (BODgen1) and the treatment
period (BODgen) is negative, then the BOD treated is the BOD generated during the time horizon. If the difference
is positive, then the BOD treated is the amount generated during the treatment period:

BODyt = IF(BODgen1 ~ BODgenz < 0,BODgeng, BODgenz ) (265)

7.6.1.1 Emissions due to BOD removal
This section calculates emissions due to BOD removal. The required parameters follow.

¢ User Input Parameters:
e a CO2, precombustion emission factor for CO2 due to electric energy consumption (Ib/ton waste)
e CO2_per_BOD, pounds of biomass CO» generated per pound of BOD removed (Ib CO»-B/lb BOD)
e djcht, density of leachate (Ib/gal)
o effgop, BOD removal efficiency (%)
e Ichtg;, kWh consumed per pound BOD removed (kWh/Ib BOD)
e sldg_per_BOD, Ib sludge generated per Ib BOD removed (Ib sludge/lb BOD)

¢ Calculated Parameters:

e  BODymyd, BOD removed at POTW (lb/ton waste)

BODyt, BOD generated and treated during the chosen time horizon (Ib/gal leachate)

L EE PC L_A CO2, the precombustion and combustion fossil CO, emissions due to energy
consumption (Ib/ton waste)

e L POTW_E L_A CO2 BM, the total biomass CO, emitted while removing BOD (Ib/ton waste)
e L POTW_ENG L_ENGR, the total energy required to remove BOD (Btu/ton waste)

e L TRT L_W_BOD, BOD remaining after leachate treatment (Ib BOD/ton waste)

e LCHTpoTW, total leachate sent to POTW (Ib/ton waste)

e sldggop, sludge generated from BOD removal (lb/ton waste)
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The removal of BOD from leachate requires energy and produces sludge and CO» as products. The CO, released
from the treatment of BOD is biomass CO». The BOD removed is a function of the concentration of treated BOD,
the amount of leachate sent to the POTW, the efficiency of BOD removal, and the density of leachate.

eff
BOD ¢ =BOD; x LCHTpomw X Lxﬂ (266)
dieht 100
The sludge generated from BOD removal is a function of the cell yield and the amount of BOD removed.
sldggop = sldg _ per_BOD x BOD yyd (267)

The biomass carbon dioxide emitted while removing BOD is a function of the mass of CO» produced per pound of
BOD removed and the total BOD removed.

L_POTW_E L_A_CO2 BM=C02_per_BOD x BODmyq (268)

The energy required to remove BOD is a function of the concentration of BOD treated, the leachate sent to the
POTW, the efficiency of BOD removal, and the kWh of electricity required per pound of BOD removed.

L_POTW _ENG L_ENGR=

1 ®ffzop 1000 wh 3.6KJ 1.055 Bt (269)
IChtec X BODITI X LCHTPOTW X KX WX AWh X 2 KWh X+ %(J
The precombustion and combustion emissions due to energy consumption are calculated as
L_EE_PC L_A _CO2=Icht,, xBOD 4 xa_CO2 (270)

The BOD remaining in leachate after treatment is a function of the total leachate sent to the POTW (IchtpoT\y), the
BOD treated and generated in the chosen time horizon (BODyt), the density of the leachate (djcht), and the removal
efficiency of BOD (effgop).

100 — eff
L_TRT L_W_BOD=LCHTsgpy x BOD, x 1 [100—effeop (271)
dien 100

The COD that is removed in a POTW is biodegradable. Thus, the biomass CO» produced, the sludge produced, and
the power consumed are all considered in the calculations for BOD treatment.

7.6.2 COD Removal and Resulting Emissions

The objective of this section is to calculate the amount of COD generated during the leachate treatment period in the
chosen time horizon. The required parameters follow.

¢ User Input Parameters:
e djcht, density of leachate (Ib/gal)

o effcop, COD removal efficiency (%)
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¢ Calculated Parameters:
e CODgen1, amount of COD generated during the chosen time horizon (Ib/gal leachate)
e CODgen2, amount of COD generated during treatment years (Ib/gal leachate)
e CODyg, amount of COD generated and treated during the chosen time horizon (Ib/gal leachate)
e LCHTpoTW, total leachate sent to POTW (Ib/ton waste)
e L TRT L_W_COD, COD remaining in leachate after treatment (Ib/ton waste)
The COD generated during the chosen time horizon (CODgen1) and the COD generated during the treatment years

(CODggenp) is the area under the COD generation curve as defined in Table 32. The COD concentration is
calculated in the same manner as the BOD concentration.

Next, the model determines the COD treated during the chosen time horizon. This is accomplished with an IF
statement. If the difference between the COD generated during the time horizon (CODgen1) and the treatment
period (CODgen2) is negative, then the COD treated is the COD generated during the time horizon. If the difference
is positive, then the COD treated is the amount generated during the treatment period. The equation for this IF
statement is

COD,; = IF(COD gy — COD gy <0,COD g, COD g, ) (272)
The COD remaining in leachate after treatment is a function of the total leachate sent to the POTW (IchtpoTwy), the

COD treated and generated in the chosen time horizon (CODyyt), the density of the leachate, and the removal
efficiency of COD (effcop):

L_TRT L_W_COD=LCHT, < COD,, X —— x 100 effeop (273)
POTW trt 100
Icht

7.6.3 Removal of TSS, NH3, and POy

The objective of this section is to calculate emissions due to NH3, POy4, and TSS after treatment. The required
parameters follow.

¢ User Input Parameters:
e dicht, density of leachate (Ib/gal)
o effppg, phosphate removal efficiency (%)
o effrgs, suspended solids removal efficiency (%)
o effyH3, ammonia removal efficiency (%)
e Ichtppg, concentration of POy in leachate (Ib/gal leachate)
e Ichtyns, concentration of NH3 in leachate (Ib/gal leachate)

e Ichtygg, concentration of TSS (Ib TSS/gal leachate)
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¢ Calculated Parameters:

e L _TRT L_W_NH3, NH3remaining after leachate treatment (Ib/ton waste)

L TRT L_W_PO4, PO, remaining after leachate treatment (lb/ton waste)

L TRT L_W_TSS, TSS remaining after leachate treatment (Ib/ton waste)

LCHTpoTw, total leachate sent to POTW (Ib/ton waste)

sldgpo4, sludge generated from phosphate removal (Ib/ton waste)
e sldgTss, sludge generated from TSS removal (Ib/ton waste)

The TSS remaining in leachate after treatment is a function of the total leachate sent to the POTW (LCHTpoTW),
the concentration of TSS in leachate (Ichttgg), the density of the leachate (dicht), and the removal efficiency of TSS

(effrss).

100 — eff
L TRT L W_TSS=LCHTaomy x Ichtyes x ——x effrss (274)
i 100

The TSS removed as sludge is calculated with the following equation:

sldgrss = LCHTpomy x Ichtyss XLX EMrss (275)
dent 100

The NH3 removed from the leachate is oxidized to NO3. The energy required for aeration for NH3 treatment is
negligible relative to the BOD and is neglected. It is assumed that all of the NHg that is converted to NOg is
released and not transferred to the sludge. The NH3 remaining in leachate after treatment is a function of the total
leachate sent to the POTW (LCHTpoTW), the concentration of NH3 in leachate (Ichtyy3), the density of the
leachate (djcht), and the removal efficiency of NH3 (effyH3).

L_TRT L W_NH3=LCHToory x Iohtyys x — x| 200 = MMnms (276)
diony 100

The PO4 removed from the leachate is assumed to remain in the sludge as phosphorous. Therefore, the pounds of
phosphorous in the incoming leachate removed by the treatment process are added to the total amount of sludge
produced. There is no energy required for PO4 removal. The sludge generated from phosphate removal is a
function of the total leachate sent to the POTW (LCHTpoTW), the concentration of phosphate in the sludge
(Ichtppg), and the efficiency of phosphate removal (effpog).

1 eMeoy 277)

sldgpog = LCHTpory x Ichtpo, x
diene 100

The PO4 remaining in leachate after treatment is a function of the total leachate sent to the POTW (LCHTpoTW),
the concentration of POy in leachate (Ichtpps), the density of the leachate (dcht), and the removal efficiency of POy
(effpoa).
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L_TRT L W_PO4=lchtagmy  Icht s x — x(loo_EﬁN“j (278)
Ay 100

7.6.4  Heavy Metals

The default removal efficiency for heavy metals was specified in Table 38. Heavy metals that are removed
precipitate from the landfill leachate and contribute to the total amount of sludge produced during the wastewater
treatment process. No energy is required for heavy metals removal. The required parameters follow.

¢ User Input Parameters:
e djcht, density of leachate (Ib/gal)
o effiyys, metals removal efficiency (%)
e lchtag, concentration of silver in leachate (Ib/gal leachate)
e Ichtag, concentration of arsenic in leachate (Ib/gal leachate)
e Ichtgg, concentration of barium in leachate (lb/gal leachate)
e Ichtcgy, concentration of cadmium in leachate (Ib/gal leachate)
e Ichtcy, concentration of chromium in leachate (Ib/gal leachate)
e lchtyg, concentration of mercury in leachate (Ib/gal leachate)
e Ichtpp, concentration of lead in leachate (Ib/gal leachate)

e Ichtgg, concentration of selenium in leachate (Ib/gal leachate)

¢ Calculated Parameters:

e L TRT L_WM_Ba, barium remaining after leachate treatment (Ib/ton waste)

LCHTpoTwW, total leachate sent to POTW (lb/ton waste)
e sldggop, sludge generated from BOD removal (Ib/ton waste)
o sldgmts, Sludge generated from metals removal (Ib/ton waste)
e sldgpog, sludge generated from phosphate removal (Ib/ton waste)
e sldgiotal, total sludge produced (Ib/ton waste)
e sldgTss, sludge generated from TSS removal (Ib/ton waste)
The sludge produced from metals removal is a function of the leachate sent to the POTW (LCHTpoTW), the total

concentration of each metal in the leachate (Ichtas + Ichtg, + Ichtcg + Ichtcy +lchtpy + Ichtyg + Ichtse + Ichtag),
metal removal efficiency (effintls), and leachate density (dicht)-

sldg mtls =
Eﬂmtls 1 (279)

(IchtAS +lchtg, +Ichtey +Ichte, + Ichtp, +Icht,, + Ichtg, + IchtAg)x LCHTporw xwx i
Icht
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The total sludge produced from leachate treatment in a POTW is the sludge produced due to BOD, POg4, metals, and
TSS removal.

s1dg 1otar =S1d9gop +51dgpos +51dg s +51dgrss (280)

The concentration of metals remaining in leachate after treatment is a function of the total leachate sent to the
POTW, the concentration of metals in leachate, the density of the leachate, and the metals removal efficiency. For
example, the barium remaining in leachate after treatment is calculated as

L_TRT L_WM_Ba=LCHTpopy x Ichtg, x 1 X(lOO Iggfmm) (281)
Icht

7.6.5 Trace Organics

Trace organic constituents removed by the wastewater treatment process are volatilized and released to the
environment as air emissions. There is no energy required for trace organic constituent removal. The required
parameters follow.

¢ User Input Parameters:
e djcht, density of leachate (Ib/gal)
o effp, benzene removal efficiency (%)

e Ichtgy, concentration of benzene in leachate (Ib/gal leachate)

¢ Calculated Parameters:
e L TRT L_AH_BZ, benzene volatilized to atmosphere (Ib/ton waste)
e LCHTpoTW, total leachate sent to POTW (Ib/ton waste)
Emissions due to treatment of trace organics are a function of the total leachate sent to the POTW, concentration of

trace organics in the leachate, removal efficiency, and leachate density. For example, benzene emissions are
calculated as

L_TRT L_AH_BZ=LCHTpony x lchtg, x 1 (100—effy, (282)
Icht 100

7.6.6  Fugitive Leachate

The objective of this section is to calculate emissions due to untreated leachate. The BOD in fugitive leachate is a
function of the concentration of BOD generated during the chosen time horizon and the volume of uncollected
leachate. The required parameters follow.

¢ User Input Parameters:

e djcht, density of leachate (Ib/gal)
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¢ Calculated Parameters:

BODgen1, BOD generated during the chosen time horizon (Ib/gal leachate)
L_UNCOL L_W_BOD, BOD in fugitive leachate (Ib BOD/ton waste)

Ichtyncol, leachate uncollected during chosen time horizon due to system efficiency (Ib/ton waste)

1
L_UNCOL L_W_BOD=BOD g  Ichtreq X == (283)

Icht

The concentration of COD in fugitive leachate is a function of the concentration of COD generated during the
chosen time horizon, the volume of uncollected leachate, and the density of the leachate. The emissions of COD,
TSS, NH3, phosphate, metals, and organics are calculated in the same manner as equation 283.

7.7

Materials Consumed in Bioreactor Landfills

In this model, the user can choose to recirculate leachate with a system of horizontal trenches and vertical injection
wells. The objective of this section is to calculate the quantity of fuel, PVC, and concrete consumed while operating
the recirculation system. This section is only applicable to a bioreactor landfill where a recirculation system is used.
The required parameters follow.

¢ User Input Parameters:

ajnfl, area of influence per vertical injection well (acre)

dcrt, density of concrete (Ib/ft3)

D, depth of excavation (ft)

Dmsw: average density of waste after burial (Ib/yd3)

Dpyc, density of PVC (Ib/ft)

fuelys, fuel consumption in a water truck (gal/hr)

H,, height of waste above grade (ft)

Igth1, distance between recirculation system and side slopes (ft)
Igth4, influence distance between trenches (ft)

Igth5, distance between bottom liner and first horizontal trench (ft)
Igth6, distance between top of landfill and horizontal trench (ft)
Igth7, length of perforated concrete column (ft)

1gth8, length of PVC pipe in each vertical injection well (ft)
Vert1, Volume of concrete base and solid concrete section (ft3)
Verio, Volume of perforated concrete per unit length (ft3/ft)

Vpyc1, volume of PVC per unit length (ft3/ft)
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¢ Calculated Parameters:
e dnt, depth that could be occupied by horizontal trench (ft)
e Djs, depth of liner and leachate collection system (ft)
o fuelyg, fuel use per ton of waste (gal/ton waste)
e Lgy, length of disposal volume (ft)
e Igth2, maximum length of trench (ft)
e Mg, mass of concrete per ton of waste (Ib/ton waste)
e Mpyci, mass of PVC in horizontal trenches per ton of waste (Ib/ton waste)
e  Mpyc2, mass of PVC in vertical injection wells per ton of waste (Ib/ton waste)
e My, expected mass flow (ton/day)
e Npt, number of horizontal trenches
e Ny, number of vertical lifts
e Nyell, number of vertical injection wells
e V¢n3, volume of concrete per vertical injection well (ft}/well)
e  Vpyc3, volume of single PVC pipe in a single well (ft3)
eV, required landfill capacity for waste (yd3)
e Wy, width of disposal volume (ft)
Waste prewetting is most commonly done by water tankers. According to information provided by industry [Felker,

personal communication, 1998], the default value for fuel consumption in a water truck (fuelys) is 0.75 gal/hr. If
the water truck operates for four hours a day, then the total fuel consumption is

fuelys = f;‘j'ﬁ x4 h%ay (284)
|

Wi

The vertical injection wells are assumed to be constructed from a perforated concrete manhole and are filled with
gravel as described in section 2.2.5. The horizontal trenches contain a perforated PVC pipe and are filled with sand.
The quantity of sand and gravel was not calculated because they were found to have a minimal impact on the LCI
emissions. The linear feet of PVC piping in the leachate recirculation system is a function of the average length of a
horizontal trench, the number of horizontal trenches per layer, the number of layers, and the length of vertical
injection wells.

To calculate the PVC used in horizontal trenches, the number of horizontal trenches must be determined. The
number of trenches is based on the maximum length of the horizontal trench, the depth that could be occupied by
the horizontal trench, and the number of vertical lifts. The calculation of each of these parameters is described
below.
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The maximum length of the horizontal trench is a function of the length and width of the landfill and the distance
between the trench and the side slope. The maximum length is calculated using an IF statement. If the width of the
site is less than the length, then the maximum length is the width minus twice the distance between trench and side
slope. If the length of the site is greater than the width, then the maximum length is the length of the site minus
twice the distance between trench and side slope.

lgth2 = IF(W,, < Lgy,(W,, —2xIgth),(Ly, —2x Igthl)) (285)

The depth of the horizontal trench is a function of the height above grade (Hj), the excavation depth (Dg), the
distance between the bottom liner and horizontal trench (Igth5), the distance between the top of the liner and
horizontal trench (Igth6), and the depth of the leachate collection system (Djs).

dpe = (H, + D, )—Igth5—Igth6 — Dy (286)

The number of vertical lifts is calculated by using a CEILING function. If the influence distance between trenches
is greater than zero, then the number of vertical lifts is the depth of the horizontal trench divided by twice the
influence distance. The CEILING function rounds this calculated value up to the next integer. If the influence
distance between trenches is zero, then the number of vertical lifts is zero.

N, = IF Igtha > 0, CEILING| —3r 1] (287)
lgthd x 2

The number of horizontal trenches per lift is calculated by using a CEILING function. If twice the influence
distance between trenches is not zero, then the number of horizontal trenches is the average length of the trench
divided by twice the influence distance. The CEILING function rounds this calculated value up to the next integer.
If the influence distance between trenches is zero, then the number of horizontal trenches is zero.

Igth2
Ny, = IF (Igth4x2)> 0, CEILING| ——— 1,0 288
m ((g x2)> (Igth4x2 J J (288)

The mass of PVC in the horizontal trench is a function of the volume of PVC per linear foot, the length of the
average length of the trench, the number of vertical lifts, the number of trenches per lift, the density of PVC, waste
volume, and density of the waste.

d
Mpyer = Vever X 1gth2x Ny, x Nj, (VLCX 2000 l%n (289)

w deSW)

The number of vertical injection wells is calculated using an IF statement. If the area of influence equals zero, then
the number of vertical injection wells equals zero. If the radius of influence does not equal zero, then the number of
vertical injection wells is a function of the area of the landfill and the area of influence per well. The INT function
returns the next highest integer if a fraction is calculated.

de x I—dv x acr8 2
N et = 1F @jp = 0,0, INT a A3563ﬁ (290)
infl
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The volume of concrete per well is the volume of perforated concrete plus the volume of the solid concrete section.

Vcrt3 = Vcrt2 x1gth7 + Vcrtl (291)

The following equation converts the volume of concrete to the mass per ton of waste:

d 3
M ot = Vcrt3 X NWeII X ﬁ X 21 ﬂ%d X 2000 I%on (292)

msw

The volume of PVC pipe in a single well is a function of the volume of PVC per linear foot and the pipe length in
each well.

Vpves = Vpyer x19th8 (293)

The total mass of PVC pipe in the vertical injection wells is a function of the volume of PVC in a single well, the
number of wells, and the amount of waste buried.

d 3
Mpyvca = Veves * Noyen X o——x 27 ftﬁd x 2000 I%on (294)

VW X deW

7.7.1  Emissions Due to Material Consumption

The objective of this section is to calculate emissions due to fuel, PVC, and concrete consumption in bioreactor
landfills. The model calculates emissions for each of the inventory flow parameters. The documentation contains
emissions for the parameter fossil CO». The required parameters follow.

¢ User Input Parameters:

e CMB_CRT CMB_A_CO02, emission factor for fossil CO, due to concrete production (Ib CO»-F/Ib
concrete)

e CMB_PVC CMB_A_CO02, emission factor for fossil CO, due to PVVC production (Ib CO»-F/Ib PVC)
e CMB_TK CMB_A CO2, emission factor for fossil CO2 from a water truck (Ib CO»-F/gal fuel)

e d pcem T_F PC_A_CO2, fossil CO, emission factor for diesel precombustion (Ib CO»-F/gal fuel)

¢ Calculated Parameters:
o fuelyg, fuel use per ton of waste (gal/ton waste)
e L CRT L_A CO2,fossil CO2 emissions due to concrete consumption (lb/ton waste)
e | PCBM2 L_A_CO2, fossil CO, emissions due to diesel precombustion (Ib/ton waste)
e L PVC L_A CO2,fossil COo emissions due to PVC consumption (Ib/ton waste)
e L WT L_A CO2,fossil CO2 emissions due to diesel combustion in a water truck (Ib/ton waste)
e Mgy, mass of concrete per ton of waste (Ib/ton waste)

e Mpyci, mass of PVC in horizontal trenches per ton of waste (Ib/ton waste)
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Mpyc2, mass of PVC in vertical injection wells per ton of waste (Ib/ton waste)

The emissions due to material consumption are a function of the total material used and the emissions factor. The
fossil CO2 emissions due to PVC use, concrete use, diesel combustion, and diesel precombustion are calculated in
the following equations, respectively.

7.8

L_PVC L_A CO2=(Mpyc; +Mpycy )XCMB_PVC CMB_A_CO2 (295)
L_CRT L_A CO2=M,;xCMB_CRT CMB_A_CO2 (296)
L_WT L_A_CO2=fuel,gx CMB_TK CMB_A_CO2 (297)
L_PCBM2 L_A_CO2=fuel;z xd_pc_em T_F PC_A _CO2 (298)

Total Leachate Emissions

The purpose of this section is to calculate the total emissions due to treated and fugitive leachate, fuel and material
consumption, and treatment of leachate in a POTW. The required parameters follow.

¢ Calculated Parameters:

L CRT L_A_CO02, fossil CO, emissions due to concrete consumption (lb/ton waste)

L HVY L_A CO2, fossil CO2 emissions due to diesel combustion in a heavy truck (Ib/ton waste)
L PCBM1 L_A_CO2, fossil CO, emissions due to diesel fuel precombustion (Ib/ton waste)

L PCBM2 L_A CO2, fossil CO, emissions due to diesel precombustion (Ib/ton waste)

L POTW_E L_SW_2, total sludge produced during leachate treatment (lb/ton waste)

L PVC L_A _CO02, fossil CO, emissions due to PVC consumption (Ib/ton waste)

L WT L_A_CO02, fossil CO, emissions due to diesel combustion in a water truck (Ib/ton waste)
LCHT_TOTAL L_W_SS, suspended solids emitted in treated and fugitive leachate (Ib/ton waste)
LCHT_TRT L_W_SS, suspended solids emitted in treated leachate (Ib/ton waste)
LCHT_UNCOL L_W_SS, suspended solids emitted in fugitive leachate (Ib/ton waste)

L EE PC L_A CO2_BM, biomass CO» due to electric energy precombustion and combustion (Ib/ton
waste)

MTRL_TOTAL L_A CO2, fossil CO, emissions due to diesel precombustion and combustion (Ib/ton
waste)

POTW_E L_A_CO2_BM, biomass CO, emitted during leachate treatment (Ib/ton waste)
POTW_ENG L_ENGR, total energy required by POTW (Btu/ton waste)

POTW_TOTAL L_A CO2_BM, total biomass CO2 produced during leachate treatment and during
electric energy combustion and precombustion (Ib/ton waste)
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e POTW_TOTAL L_ENGR, total energy consumed during leachate treatment and during electric energy
combustion and precombustion (Btu/ton waste)

e sldgiotal, total sludge produced (Ib/ton waste)

Total emissions from the treated and untreated leachate are the sum of the fugitive and treated leachate emissions.
For example, the total TSS emitted in landfill leachate is calculated as follows:

(299)

L_UNCOL L_W_SS+
LCHT _TOTAL L_W_SS:[ - — - j

L_TRT L_W_SS

In traditional and ash landfills, the total emissions due to transporting leachate to the POTW are the sum of the
diesel precombustion and combustion emissions. For example, the fossil CO, emitted due to leachate transportation
are calculated as:

(300)

L_HVY L_A_CO2+
MTRL _TOTAL L_A_COZ:( - —= J

L_PCBM2 L_A CO2

In bioreactor landfills, there are additional emissions due to PVC and concrete consumption as well as fuel
consumption in a water truck. Therefore, the total emissions are calculated as

L_HVY L A CO2+
L_PCBM1 L_A_CO2+
L_PVC L A CO2+
MTRL_TOTAL L_A CO2=| — == (301)
L_CRT L A CO2+
L_WT L A CO2+
L_PCBM2 L_A_CO2

Treating leachate in a POTW produces sludge and biomass CO, and consumes energy. The total sludge emission is
as follows:

L_POTW _E L_SW_2=sldg, (302)

The total biomass CO» produced due to leachate treatment in a POTW is a function of the biomass CO2 produced
during treatment and the CO, emissions due to electric energy precombustion and combustion.

POTW_E L_A CO2 BM+
POTW _ TOTAL L A CO2 BM= (303)
L EE PC L A CO2 BM
The total energy consumed is a function of the energy consumed during leachate treatment and during electric
energy precombustion.
POTW ENG L_ENGR+
POTW _TOTAL L _ENGR = - - (304)
L EE PC L ENGR
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7.9 Leachate Allocation

The objective of this section is to allocate total emissions to components of the waste stream. The required
parameters follow.

¢ User Input Parameters:

e YTL P_As, the percent contribution of leaves to arsenic in landfill leachate (%)

¢ Calculated Parameters:
e G_YTL G_P, the percent contribution of leaves to the landfill gas production (%)
e L _YTL A_L W_A:s, total arsenic emissions allocated to leaves (Ib/ton waste)
e L YTL A_L_W_BOD, total BOD emissions allocated to leaves (Ib/ton waste)
e LCHT TOTAL A _L_W_As, the total arsenic in landfill leachate (Ib/ton waste)
e LCHT TOTAL A L W _BOD, the total BOD in landfill leachate (lb/ton waste)
e MTRL_TOTAL A_L_W_As, the total arsenic produced due to material consumption (Ib/ton waste)
e MTRL_TOTAL A_L_W_BOD, the total BOD produced due to material consumption (lb/ton waste)

e POTW_TOTAL A_L W_A:s, the total arsenic produced due to electric energy combustion and
precombustion (Ib/ton waste)

e POTW_TOTAL A_L_W_BOD, the total BOD produced due to electric energy combustion and
precombustion (Ib/ton waste)

The total trace organic emissions are allocated equally among all waste flow components.

The emissions of metals, ammonia, and phosphate in leachate and due to the operation of the POTW are allocated
based on their concentration in waste stream components. The percent contribution of the ammonia, phosphate, and
metals to items in the waste stream are presented in Tables 28, 29, and 30. As an example, the arsenic allocated to
leaves is calculated in the following equation. The total arsenic in landfill leachate (LCHT_TOTAL L_W_As) and
the arsenic due to electric energy consumption of the POTW (POTW_TOTAL L_W_As) are allocated based on
the percent arsenic in leachate due to leaves (YTL P_As). The arsenic produced due to materials consumption
(MTRL_TOTAL L_W_As) is allocated equally among waste stream constituents.

LCHT TOTAL A L W As x_ 1t PAS,
- == 100
L_YTL AL W As=|POTW TOTAL A L W As x$+ (305)

MTRL_TOTAL A_L_W_As x%

All other atmospheric, solid waste, and waterborne emissions due to leachate treatment and POTW operation are
allocated based on their percent contribution to landfill gas produced by the average ton of MSW. This percent

contribution is calculated in section 6.7. For example, the BOD allocated to leaves is calculated in the following
equation. The total BOD in landfill leachate (LCHT_TOTAL L_W_BOD) and the BOD due to electric energy
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consumption of the POTW (POTW_TOTAL L_W_BOD) is a function of the contribution of leaves to landfill gas.
The BOD produced due to materials consumption (MTRL_TOTAL L_W_BOD) is allocated equally among waste
stream constituents.

G_YTL G P

X—— =4
100

G_YTL GP
100

LCHT _TOTAL A L_W _BOD
L_YTL A L W BOD=|POTW_TOTAL AL _W _BOD x (306)

MTRL_TOTAL A L_W _BOD x4i8

7.10 Default Values

Three values are given for each parameter to represent traditional, bioreactor, and ash landfills, respectively.

7.10.1

7.10.2

7.10.3

7.10.4

7.10.5

7.10.6

7.10.7

7.10.8

7.10.9

7.10.10

7.10.11

7.10.12

a_CO02, precombustion emission factor for CO2 due to electric energy consumption (Ib/ton waste)
(Appendix D)

actuals, weight of the actual payload (contents) of the heavy-duty truck (6.62 x 10* Ib, 6.62 x 10* Ib,
4
6.62 x 10" Ib)

ajnfl, area of influence per vertical injection well (1 acre, 1 acre, 1 acre)
BOD,, end of first BOD production period (1.5 years, 1 year, 1.5 years)
BODy, end of second BOD production period (10 years, 3 years, 10 years)
BODg, end of third BOD production period (50 years, 10 years, 50 years)

BOD¢on1, BOD concentration at the start of the first BOD production period (10,000 Ib/gal leachate;
10,000 Ib/gal leachate; 0 Ib/gal leachate)

BOD¢on2, BOD concentration at the end of the first BOD production period (10,000 Ib/gal leachate;
10,000 Ib/gal leachate; 0 Ib/gal leachate)

BOD¢on3, BOD concentration at the start of the second BOD production period (10,000 Ib/gal leachate;
10,000 Ib/gal leachate; 0 Ib/gal leachate)

BOD¢ona, BOD concentration at the end of the second BOD production period (1,000 Ib/gal leachate;
1,000 Ib/gal leachate; O Ib/gal leachate)

BOD¢ons5, BOD concentration at the start of the third BOD production period (1,000 Ib/gal leachate;
1,000 Ib/gal leachate; O Ib/gal leachate)

BOD¢ong, BOD concentration at the end of the third BOD production period (0 Ib/gal leachate, 0 Ib/gal
leachate, 0 Ib/gal leachate)
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7.10.13

7.10.14

7.10.15

7.10.16

7.10.17

7.10.18

7.10.19

7.10.20

7.10.21

7.10.22

7.10.23

7.10.24

7.10.25

7.10.26

7.10.28

7.10.29

7.10.30

7.10.31

7.10.32

7.10.33

7.10.34

CO2_per_BOD, pounds of biomass CO, generated per pound of BOD removed (3.6 Ib CO»-B/lb BOD,
3.6 Ib CO,-B/Ib BOD, 3.6 Ib CO2-B/Ih BOD)

De, depth of excavation (40 ft, 40 ft, 40 ft)

. 2 3 2 3 2 3
dcrt, density of concrete (1.48 x 10 Ib/ft”, 1.48 x 10 Ib/ft”, 1.48 x 10" Ib/ft")
dicht, density of leachate (8.34 Ib/gal, 8.34 Ib/gal, 8.34 Ib/gal)

Dmsw, average density of waste after burial (1.50 x 10° Ib/yd3, 150 x 10° Ib/yd3, 150 x 10° Ib/yd3)
. 1 3 1 3 1 3

Dpyvc, density of PVC (8.43 x 10” Ib/ft”, 8.43 x 10 Ib/ft”, 8.43 x 10~ Ib/ft")

effgop, BOD removal efficiency (92.1%, 92.1%)

effcop, COD removal efficiency (80%, 80%, 80%)

effintls, metals removal efficiency (85%, 85%, 85%)

effyH3, ammonia removal efficiency (21.6%, 21.6%, 21.6%)

effpo4, phosphate removal efficiency (21.6%, 21.6%, 21.6%)

efftss, suspended solids removal efficiency (96%, 96%, 96%)

ers, return of truck from hauling leachate from POTW (empty return: YES[1] or NO[O0], or any fraction
between these two numbers) (1, 1, 1)

fuelys, fuel consumption in a water truck (0 gal/hr, 0.75 gal/hr, 0 gal/hr)

Hj, height of waste above grade (40 ft, 40 ft, 40 ft)

hd14, haul distance to POTW (15 mi, 15 mi, 15 mi)

Ichty, end of first leachate production period (1.5 years, 1.5 years, 1.5 years)

Ichty, end of second leachate production period (5 years, 3 years, 5 years)

Ichtg, end of third leachate production period (10 years, 5 years, 10 years)

Ichtag, concentration of silver in leachate (66 g/l leachate, 66 g/l leachate, 0 ug/l leachate)

Note: Actual data input is in Ib/gal.

Ichtag, concentration of arsenic in leachate (30 ug/l leachate, 30 pg/l leachate, 1.63 x 10°® ug/l leachate)

Note: Actual data input is in Ib/gal.
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7.10.35

7.10.36

7.10.37

7.10.38

7.10.39

7.10.40

7.10.41

7.10.42

7.10.43

7.10.44

7.10.45

7.10.46

7.10.47

7.10.48

Ichtg,, concentration of barium in leachate (7.10 x 10°® ug/l leachate, 7.10 x 10°® ug/l leachate, 1.95 x
10 ng/l leachate)

Note: Actual data input is in Ib/gal.

Ichtcq, concentration of cadmium in leachate (5.80 x 10® ng/l leachate, 5.80 x 10® ng/l leachate, 1.58 x
10 ug/l leachate)

Note: Actual data input is in Ib/gal.
Ichtcy, concentration of chromium in leachate (85 ug/l leachate, 85 ug/l leachate, 20 ug/l leachate)
Note: Actual data input is in Ib/gal.

Ichtge, kWh consumed per pound BOD removed (0.45 kWh/Ib BOD, 0.45 kWh/lb BOD, 0.45 kWh/Ib
BOD)

Ichtyg, concentration of mercury in leachate (0.42 ug/l leachate, 0.42 ug/l leachate, 0 ug/l leachate)
Note: Actual data input is in Ib/gal.

Ichtyn3, concentration of NHg in leachate (343 mg/l leachate, 343 mg/l leachate, 0 mg/l leachate)
Note: Actual data input is in Ib/gal.

Ichty, leachate collection efficiency (99.8%, 99.8%, 99.8%)

Ichtpp, concentration of lead in leachate (13 ug/l leachate, 13 g/l leachate, 28.3 g/l leachate)
Note: Actual data input is in Ib/gal.

Ichtpog, concentration of POy in leachate (10 mg/l leachate, 10 mg/l leachate, 0.1 mg/l leachate)
Note: Actual data input is in Ib/gal.

Icht,elease, enter O to hold leachate produced after treatment in the landfill; enter 1 to release leachate
produced after treatment to the environment (0, 0, 0)

Ichtse, concentration of selenium in leachate (9.7 ng/l leachate, 9.7 ng/l leachate, 1.64 x 10 pg/l
leachate)

Note: Actual data input is in Ib/gal.
Igth1, distance between recirculation system and side slopes (0, 20 ft, 0)
Igth4, influence distance between trenches (0, 25 ft, 0)

Igth5, distance between bottom liner and first horizontal trench (0, 10 ft, 0)
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7.10.49

7.10.50

7.10.51

7.10.52

7.10.53

7.10.54

7.10.55

7.10.56

7.10.57

7.10.58

7.10.59

7.10.60

7.10.61

7.10.62

7.10.63

7.10.64

7.10.65

7.10.66

7.10.67

7.10.68

7.10.69

7.10.70

Igth6, distance between top of landfill and horizontal trench (0, 10 ft, 0)
Igth7, length of perforated concrete column (0, 65 ft,0)
Igth8, length of PVVC pipe in each vertical injection well (0, 65 ft,0)

maxs, weight of the maximum payload (contents) of the truck (6.62 x 10 Ib, 6.62 x 10* Ib, 6.62 x 10*
Ib)

potw1, percent of leachate sent to POTW during collection period 1 (100%, 0%, 100%)
potw2, percent of leachate sent to POTW during collection period 2 (100%, 0%, 100%)
potw3, percent of leachate sent to POTW during collection period 3 (100%, 0%, 100%)
ppty, percent of rainfall that becomes leachate during the first period (20%, 20%, 20%)
ppto, percent of rainfall that becomes leachate during the second period (6.6%, 6.6%, 6.6%)
ppts, percent of rainfall that becomes leachate during the third period (6.5%, 6.5%, 6.5%)
ppts, percent of rainfall that becomes leachate during the fourth period (0.2%, 0.2%, 0.2%)
Pptyear, annual precipitation (35 in., 35in., 35in.)

scs, specific consumption for a heavy truck (6.4 mpg, 6.4 mpg, 6.4 mpg)

sldg_per_BOD, Ib sludge generated per Ib BOD removed (0.5 Ib sludge/lb BOD, 0.5 Ib sludge/lb BOD,
0.5 Ib sludge/lb BOD)

time, selected time horizon (20, 100 or 500 years)

timel, start of leachate collection period 1 (0 year, 0 year, 0 year)
time2, end of leachate collection period 2 (40 years, 20 years, 40 years)
time3, end of leachate collection period 3 (40 years, 20 years, 40 years)
Vert1, Volume of concrete base and solid concrete section (0, 263 ft3, 0)
Vert2, Volume of perforated concrete per unit length (0, 9.91 ft3/ft, 0)
Vpyc1,volume of PVC per unit length (0, 0.02 ft3/ft, 0)

YTL P_As, the percent contribution of leaves to arsenic in landfill leachate (0.17%, 0.17%, 0.17%)
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Appendix A: Depth of Liner and Leachate Collection Systems

The total vertical distance occupied by the liner, leachate collection, and any cover soil over the system
impacts the volume available in the landfill by taking up space otherwise available for waste burial. The
thickness of each component is developed in separate sections, but this appendix combines these thicknesses
into a single thickness for use in additional calculations. The following parameters are used in this derivation:

e Djjs, depth of the liner and leachate collection system (ft)

*  Dgpl, depth of compacted soil in the primary liner (ft)

e Dgg, depth of compacted soil in the secondary liner (ft)

e Dy, depth of leachate collection system (ft)

e Dy, depth of protective soil over the liner and leachate collection system (ft)

e 74, logical input, = +1 if a liner is used, 0 otherwise

e Z7g, logical input, = +1 if a double composite liner is used, 0 otherwise (single composite)
There are four depths to consider based on the liner and leachate design:

e Soil for the primary liner is included if any liner is used.

e Soil for the secondary liner is included if a secondary liner is used.

e Sand for a leachate collection system is included if any liner is used.

e Material for the leachate detection zone is included if a secondary liner is used.

e Soil over the system is included if a liner is used.
Based on these logical assumptions, the equation for the total thickness is derived:

Dys = (Dsm X Z4)+(DSS| X Zy X Ze) +(D5|C X 24) +(DSI X 24)
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Appendix B: Discount Factors

Three factors are required in this analysis to account for the time value of money. These are (1) conversion of
a present worth to an annual cost (A/P), (2) conversion of an annual cost to a present worth (P/A), and (3)
conversion of a future worth to an annual cost (A/F).

With i as the effective annual interest rate and n as the period of interest in years, the general equations are:

jp i)

() AlP (@+i) -1

@ pra-rif -1

ix(L+i)

3) AJF—_ 1\

PR (@L+i) -1
4) PIF=—"

@+i"
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Appendix C: Site Soil Utilization

The volume of soil (yd3) excavated for development of the clearing and excavation cost function is calculated
in equation 21 of section 2. This soil is available for use in construction of the liner and berms and for daily
and final cover requirements, depending upon the quality of the excavated soil. It is assumed that all soil
excavated is of suitable quality for berms and cover, except for fraction specified as difficult excavation.
Quality requirements for the liner construction are distinguished from the requirements for berms and daily
and final cover. A user-specified parameter is used to calculate the fraction of the excavation suitable for
liner construction:

f10, fraction of excavation suitable for liner construction, daily cover, berms, and final cover
fo, fraction of excavated volume considered difficult to excavate

The volume requirements for the berm and the liner are developed in the corresponding section (section 2) of
this document:

Vpm, volume of berm (yd3)
V), , volume of soil for liner construction (yd3/cell)
scvr, volume of soil for cover liner (yd3)

The calculation of daily cover volume for the site is developed here simply as a function of the volume of
waste and the waste:soil ratio as

% pcvrl « psml

cl — VYw

100 100
where
Ve = volume of soil required for daily cover (yd3),
Peur1 = percent of total landfill volume occupied by cover (%),
Psoit = percent of daily cover that is soil (%), and
Vw = required landfill capacity for waste (yd3).

The calculation of final cover volume for the site is developed here simply as a function of the area of the site
disposal volume and the thickness of the clay layer:

Vie = (Atl X Lojay X (yd3 27ft3»

where

Vi = volume of soil required for final cover (yd3),
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Appendix C: Site Soil Utilization

Aql, area of the top of the liner (ft2), and

thickness of clay layer (ft).

tclay

The calculation for parameter Ay is provided in equation 57 in section 2.4.2

The calculations presented below account for soil use several items. They determine if additional soil must
be purchased for each item and account for excess soil from each construction activity that is available for use
in another construction activity. It is assumed that soil able to be used for liner or daily cover and that is
needed based on the volume requirements is stockpiled and not used for berm construction. The accounting
of soil volume is developed based on decreasing quality requirements and not on the order of construction.

The following parameters are calculated in this development:

V|, volume of soil excavated usable for liner construction (yd3)

V, volume of soil required to cover leachate collection system (yd3)

Vix, Volume of soil excavated usable for liner construction but excess (yd3)
Vsip, volume of soil required to be purchased for liner construction (yd3)
Vi1, volume of soil excavated usable for cover liner construction (yd3)
scvrl, volume of soil required for top soil and vegetative support cover (yd3)
Vtix, Volume of soil excavated usable for cover liner construction but excess (yd3)
Vstlp, Volume of soil required to be purchased for cover construction (yd3)
V¢, Volume of soil excavated usable for daily cover (yd3)

V1, volume of soil required for daily cover (yd3)

Vsex, Volume of soil excavated usable for daily cover but excess (yd3)

Vsep, Volume of off-site soil required to be purchased for daily cover (yd3)

Ponsite, percent of daily cover soil volume that can be obtained on site as calculated in the soil
budget (%)

Poffsite, percent of daily cover that is off-site soil (%)
Vgp, Volume of soil excavated usable for berm and final cover (yd3)

Vpm1, volume of soil available from excavation after main liner, top soil and vegetative support
cover (yd3)

Vgpx, Volume of soil excavated usable for berm construction but excess (yd3)
Vspp, Volume of soil required to be purchased for berm construction (yd3)
V¢fe, Volume of soil excavated usable for final cover (yd3)

Vi, volume of soil required for final cover (yd3)

. . 3
Vsfex, Volume of soil excess after final cover (yd™)
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Appendix C: Site Soil Utilization

*  Vsicp, Volume of soil purchased for final cover (yd3)

e Vg, volume of soil to be hauled off site (yd3)

The soil volume required may be less than, equal to, or greater than the available excavated soil. The SIGN
function is used in the accounting of total remaining excavated soil:

+Lif N>0
SIGN(N)=1{ 0,if N=0
~1if N<0

The function %[SIGN(N)+1] returns a value of 0 if N <0 and 1 if N > 0. Then, if this function is multiplied

by the value N, the return is a value of 0 if N< 0 or Nif N > 0.

Liner Construction

The soil required for liner construction (V| x Ny) and the soil required to cover the leachate collection system
(V) are calculated. If the volume of liner soil (Vg + (V| x Ny)) is greater than the usable, excavated volume
(Vs1), an amount of soil (Vg)p) must be purchased. If the volume of liner soil is less than the usable,
excavated volume, the excess soil (Vgjx) will be used for top soil and vegetative support cover.

Va =fio X(1_f2)XVe
Vs = (Al x N x Dy x (yd3 27ft3»

V,

S|

Ix = (Vsl _(VI x Nr)_vs)x%(SIGN(VsI _(VI X Nr)_vs)+1)
Vslp = ((VI X Nr)+vs _Vsl)x%(SIGN((VI x Nr)+vs _Vsl)+1)

Top Soil and Vegetative Support Cover

The volume of soil available (Vgy) is equal to the excess soil from liner construction (Vgx). If the volume of
top soil and support soil (scvrl) is greater than the available soil (Vsy), an amount of soil (Vstp) must be
purchased. If the volume of cover soil is less than available volume, the excess soil (Vstx) will be used for
berm construction.

Vit = Veix

V,

sour =Scvrl

Vi = (Veg —sevrL)x 1 (SIGN(Vy —scvrd)+1)

Vyip = (SevrL— Vg )x (SIGN(sevrl — Vg ) +1)
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Appendix C: Site Soil Utilization

Berm Construction

The volume of soil available (Vgp) is equal to the excess soil from cover construction (Vstx). 1f the volume
required for berm construction (Vpmy) is greater than the available soil (Vgp), an amount of soil (Vgpp) must
be purchased. If the volume of cover soil is less than available volume, the excess soil (Vgpx) Will be used for
daily cover soil.

Vb = Vsix
Vomi = Vom
Vsbx = (Vsb - mel ) X % (SIGN(Vsb - mel ) + 1)

V,

S|

bp = (mel _Vsb)X%(SIGN(mel _Vsb)+l)

Daily Cover Soil

The volume of soil available (Vgc) is equal to the excess soil from cover construction (Vgcy). If the volume
required for daily cover (V1) is greater than the available soil (Vsc), an amount of soil (Vgcp) must be
purchased. If the volume of cover soil is less than available volume, the excess soil (Vgcx) Will be used for
daily cover soil. The percent of daily cover that is on-site soil and the percent of daily cover that is off-site
soil are also calculated.

Vg = (Fio x (0=, )x Vo )= ((V; x N, )+sevrl+ Vi, +V;)

pcvrl % psoil

Va =Vw 00 " 100
Viex = (Vsc - Vcl)>< %(SIGN(VSC - Vcl)+1)

Vep = (Vcl - Vsc)x%(SIGN(Vcl - Vsc)+l)

scp

V., -V,
Ponsite = IF(Vcl = OIO,HX].OOJ

Vcl

V,
P xlOOJ
v

cl

Pottsite = IF(Vcl =00,

Final Cover

The volume of soil available (Vssc) is equal to the soil remaining after daily cover application (Vgcy). If the
volume required for final cover (Vc) is greater than the available soil (Vsfc), an amount of soil (Vsfcp) must
be purchased. If the volume of cover soil is less than available volume, the excess soil (Vsfex) will be
removed from site.

stc = (flo X (1 - f2 )X Ve )_ (Vsl - Vslx )_ (Vstl - Vstlx )_ (Vsc - Vscx )_ (Vsb - Vsbx )
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Appendix C: Site Soil Utilization

3

Vfc = (Atl X tclay x (ydéﬁﬁ))

stcx = (stc - Vfc )X %(SIGN(VSfC - Vfc )+ 1)

stcp = (Vfc — Ve )X %(SIGN(Vfc — Vet )+ 1)

Soil to be Removed from Site

Finally, any excess soil or soil not suitable for any use must be hauled away from the site.

Vi = Vrex + (fZ x Ve)
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Appendix E. Alphabetic List of Parameters Used in Calculations
A

a_COz2, precombustion emission factor for CO2 due to electric energy consumption (Ib/ton waste)
Ay, area of berm cross section (ft2)

Acwma, area of HDPE cover (ft*/acre)

actualq, weight of an actual payload (contents) of a heavy-duty truck (Ib)
actualp, weight of an actual payload (contents) of a dump truck (lb)

actuals, weight of the actual payload (contents) of the heavy-duty truck (Ib)
actualy, weight of the actual payload (contents) of the dump truck (Ib)
actuals, weight of the actual payload (contents) of the heavy-duty truck (Ib)
AHDPE, area of HDPE per acre (ft?/acre)

ajnfl, area of influence per vertical injection well (1 acre, 1 acre, 1 acre)

A, area over which liner is installed (ftzlcell)

A, floor area of equipment storage building (ft2)

A, area of land required for landfill and buffer zone (acres)

Ay, area of top of final cover (ft%)

B

BOD;, start of first BOD production period (years)

BOD3, end of first BOD production period (years)

BOD3, start of second BOD production period (years)

BODyg, end of second BOD production period (years)

BODs, start of third BOD production period (years)

BODyg, end of third BOD production period (years)

BODy, y-intercept of first segment in BOD production curve (years)

BODyyp, y-intercept of second segment in BOD production curve (years)

BODy3, y-intercept of third segment in BOD production curve (years)

BOD¢qn1, BOD concentration at the start of the first BOD production period (Ib/gal leachate)
BOD¢qn2, BOD concentration at the end of the first BOD production period (Ib/gal leachate)

BOD¢on3, BOD concentration at the start of the second BOD production period (Ib/gal leachate)
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Appendix E: Alphabetic List of Parameters Used in Calculations

BOD¢gn4, BOD concentration at the end of the second BOD production period (lb/gal leachate)
BOD¢qn5, BOD concentration at the start of the third BOD production period (Ib/gal leachate)
BOD¢ong, BOD concentration at the end of the third BOD production period (Ib/gal leachate)
BODgen1, BOD generated during the chosen time horizon (Ib/gal leachate)

BODgen2, BOD generated during treatment years (Ib/gal leachate)

BODyy1, slope of first segment in BOD production curve (years)

BODyy2, slope of second segment in BOD production curve (years)

BODyy3, slope of third segment in BOD production curve (years)

BODp1, length of first BOD production period (years)

BODp2, length of second BOD production period (years)

BODp3, length of third BOD production period (years)

BODymvd, BOD removed at POTW (lb/ton waste)

BODyt, BOD generated and treated during the chosen time horizon (Ib/gal leachate)

C

c1, unit cost of land ($/acre)

Co, unit cost of clearing land ($/acre)

C3, Unit cost of standard excavation ($/yd3)

C4, unit cost of difficult excavation (i.e., muck, rock, etc.) ($/yd3)

Cs, unit cost of industrial fencing, material and installation ($/linear ft)

Cg, Unit cost of earthen berm construction ($/yd3)

c7, unit cost of procurement and delivery of soil adequate for berm construction ($/yd3)
cg, cost of hauling soil ($/yd3-mi)

Co, cost of construction of a maintenance and equipment storage building ($/ft2)
c10, cost of a gatehouse/personnel support building and flare ($)

c11, cost of a public drop-off station ($)

C12, installed cost of industrial truck scale, capacity 50 tons ($)

C13, unit cost of electrical connection to utility grid ($)

C14, Unit cost of sanitary sewer connections and piping ($/linear ft)

C15, UNit cost of septic system ($)
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Appendix E: Alphabetic List of Parameters Used in Calculations

C16, Unit cost of potable water connection ($)

c17, unit cost of potable water well installation and connection ($)

C1g, Unit cost of gas connection (3)

Co2, Unit cost of road construction suitable for heavy-vehicle traffic ($/linear ft)

Co3, Unit cost of road construction for upgrade of existing roads ($/linear ft)

Co4, Unit cost of well drilling and installation ($/linear ft of well depth)

Cos5, Unit cost of low-level landscaping ($/acre)

Cog, cost of high-level landscaping around buildings and site entrance ($)

C27, unit cost of procurement and installation of flexible membrane liner ($/ft2)

Co2g, Unit cost of procurement and delivery of soil suitable for liner construction ($/yd3)
c30, unit cost of procurement and delivery of soil additive to decrease permeability ($/yd3)

€31, unit cost of procurement, delivery, and installation of drainage material for leachate detection and cover (sand)
3
($lyd)

C32, unit cost of installation of compacted soil liner, including soil preparation ($/yd3)

c33, Unit cost of purchase, delivery, and installation of leachate collection layer (gravel) ($/yd3)
C34, cost to procure and install leachate pump and associated piping and electrical ($)

c35, cost of leachate storage tank (3$)

C3g, cost to procure and install PVC piping ($/ft)

c41, total cost of site preoperational studies and activities ($)

C42, unit cost of procurement and delivery of soil suitable for daily cover ($/yd)

C43, minimum annual labor costs ($/year)

%ear
to% 2y

%ear

C45, cost of equipment procurement and maintenance per mass of waste handled (=—=—)

to% ay

C44, incremental labor costs for each increase in landfill tonnage above Myym (

)

C46, annual cost of well monitoring ($/well-year)

c47, leachate treatment and disposal cost including transport to publicly owned treatment works (POTW) ($/gal)
C4g, annual perpetual care cost ($/year)

C49, cost of off-site hauling of soil ($/yd3-mi)

Csp, total cost of cell-one preoperational studies and activities ($)

Cs1, unit cost of procurement of on-site daily cover soil ($/yd®)
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Appendix E: Alphabetic List of Parameters Used in Calculations

Cs2, Unit cost of procurement and installation of HDPE ($/ﬁ2)

Cs3, revenue-generating cover ($/yd)

Cs4, UNit cost of concrete ($/yd3)

cs5, cost of procurement of geotextile ($/ft2)

Csg, cost of procurement and installation of HDPE for final cover ($/ft)
cs7, cost of installing geotextile for final cover ($/ft%)

Csg, capital cost of turbine ($)

Csg, capital cost of internal combustion engine ($)

Cgo, cost if turbine is used in gas treatment ($)

Cg1, cost if internal combustion engine is used in gas treatment ($)
Cg, cost function of earthen berm ($)

Cc, cost function for initial construction ($/yd3)

C., total cost of site clearing (3$)

Ccc, cost function for cell one construction ($-year/cell-yd®)
Cck, cost function of site clearing and excavation (3$)

CcL, cost of clay for final cover (%)

Ccm, the total cost of daily cover ($/year)

Ccm1, cost of off-site soil for daily cover ($/year)

Ccma, cost of on-site soil for daily cover ($/year)

Ccma, cost of HDPE for daily cover ($/year)

Ccma, revenue from revenue-generating cover ($/year)

Cco, cost function of cell-one preoperational studies and activities ($)
Cpo, cost function of daily operations ($/year)

Ce, total cost of site excavation ($)

Ceq, annual cost of equipment ($/year)

Cr, cost function of site fencing ($)

Ckc, final cover cost ($)

CaE, cost of gas collection system ($)

CaTx, cost of geotextile liner ($)

CH4pRry, dry weight methane yield of a waste stream component (ft3 CHy/dry 1b)
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Appendix E: Alphabetic List of Parameters Used in Calculations

CH4wwy, wet weight methane yield (ftslwet Ib component)

CH4wwr, methane yield per wet pound (ftglwet Ib CHy)

CHDPE, cost of HDPE liner ($)

C)c, cost function for initial construction ($/yd®)

C)L, cost function of initial landscaping ($)

C), annual cost of labor ($/year)

Cy, cost function for land ($)

CLc, cost function of leachate pumping and storage system ($)

Cyrcp, cost function of leachate collection piping ($)

CLp, cost of low-level landscaping ($)

Cys, cost function of liner system ($)

CLSR_BCKH CLSR_A_CO02, fossil CO2 emissions from a backhoe (Ib/ton waste)

CLSR_BCKH CMB_A CO2, fossil CO2 emissions from a backhoe during closure (Ib/ton waste)
CLSR_BLLDZR CMB_A CO2, fossil CO5 emissions from a bulldozer during closure (Ib/ton waste)
CLSR_DR CLSR_A_CO02, fossil CO, emissions from a drum roller (Ib/ton waste)

CLSR_DR CMB_A_CO02, fossil CO, emissions from a drum roller during closure (Ib/ton waste)
CLSR_DT CLSR_A_CO02, fossil CO, emissions from a dump truck (Ib/ton waste)

CLSR_DT CMB_A CO2, fossil CO5 emissions from a dump truck during closure (Ib/ton waste)
CLSR_GTX CLSR_A_CO02, fossil CO, emitted due to geotextile production (Ib/ton waste)
CLSR_HDPE CLSR_A_CO02, fossil CO, emitted due to HDPE production (Ib/ton waste)
CLSR_HT CLSR_A_CO02, fossil CO, emissions from a heavy truck (Ib/ton waste)

CLSR_PC CLSR_A _C02, fossil CO, precombustion emissions (Ib/ton waste)

CLSR_PC CMB_A_C02, fossil CO, emissions from precombustion of diesel fuel during closure (Ib/ton waste)
CLSR_PU CLSR_A _CO2, fossil CO2 emissions from a pick-up (Ib/ton waste)

CLSR_PU CMB_A CO2, fossil CO2 emissions from a pickup during closure (Ib/ton waste)
CLSR_PVC CLSR_A_CO2, fossil CO2 emitted due to PVC production (Ib/ton waste)
CLSR_SAND CLSR_A_CO02, fossil CO, emitted while obtaining sand for final cover (Ib/ton waste)
CLSR_SCRPR CLSR_A_CO02, fossil CO, emissions from a scraper (Ib/ton waste)

CLSR_SCRPR CMB_A_CO2, fossil CO, emissions from a scraper during closure (Ib/ton waste)

CLSR_SOIL CLSR_A_CO02, fossil CO» emitted while obtaining soil for final cover (Ib/ton waste)
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Appendix E: Alphabetic List of Parameters Used in Calculations

CLSR_TD CLSR_A_CO02, fossil CO2 emissions from a tractor (Ib/ton waste)

CLSR_TD CMB_A CO2, fossil CO, emissions from a tractor during closure (Ib/ton waste)
CLSR_WL CLSR_A CO2, fossil CO2 emissions from a wheel loader (Ib/ton waste)

CLSR_WL CMB_A_CO02, fossil CO2 emissions from a wheel loader during closure (Ib/ton waste)
CLSR_WT CLSR_A_CO2, fossil CO, emissions from a water truck (Ib/ton waste)

CLSR_WT CMB_A_CO02, fossil CO2 emissions from a water truck during closure (Ib/ton waste)

Cii, annual cost of leachate treatment ($/year)

CMB BLR CMB_A_CO02_BM, emission of biomass CO, after gas combustion in a boiler (Ib/mol gas)
CMB FLR CMB_A_CO02_BM, emission of biomass CO after gas combustion in a flare (Ib/mol gas)
CMB ICE CMB_A CO2_BM, emission of biomass CO» after gas combustion in an ICE (Ib/mol gas)
CMB TRBN CMB_A_CO0O2_BM, emission of biomass CO» after gas combustion in a turbine (Ib/mol gas)

CMB_CRT CMB_A_CO02, emission factor for fossil CO, emission due to concrete production (Ib CO»-F/Ib
concrete)

CMB_GTX CMB_A_C02, emission factor for fossil CO, due to geotextile production (Ib CO»-F/Ib geotextile)
CMB_HDPE CMB_A_CO02, emission factor for fossil CO, due to HDPE production (Ib CO»-F/Ib HDPE)
CMB_HVY CMB_A_CO02, emission factor for fossil CO, from heavy trucks (Ib CO»-F/gal fuel)

CMB_LDT CMB_A_CO02, emission factor for fossil CO, emissions from a light-duty truck (Ib CO»-F/gal fuel)
CMB_LT CMB_A_CO02, emission factor for fossil CO, from dump trucks (Ib CO»-F/gal fuel)

CMB_MWR CMB_A_CO02, emission factor for fossil CO, emissions from a four-stroke lawnmower (Ib CO»-
F/gal fuel)

CMB_PVC CMB_A_CO02, emission factor for fossil CO» due to PVC production (Ib CO»-F/Ib PVC)
CMB_SAND CMB_A_C02, emission factor for fossil CO, due to sand production (Ib CO»-F/lb sand)
CMB_SCRPR CMB_A CO2, emission factor for fossil CO» from a scraper (Ib CO»-F/gal fuel)
CMB_SOIL CMB_A_CO02, emission factor for fossil CO» due to off-site soil production (Ib CO»-F/Ib soil)

CMB_TK CMB_A_CO02, emission factor for fossil CO, emission from diesel combustion in a water truck (lb
COo-F/gal fuel)

CMB_WL CMB_A_CO02, emission factor for fossil CO, from a wheel loader (Ib CO»-F/gal fuel)
Cwmc, cost of mixing and compaction clay for final cover ($)

Cmw, cost of monitoring wells ($)

Co, cost function for operations ($/yd3)

CO2_per_BOD, pounds of biomass CO2 generated per pound of BOD removed (Ib CO»-B/Ib BOD)
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Appendix E: Alphabetic List of Parameters Used in Calculations

CODgen1, amount of COD generated during the chosen time horizon (Ib/gal leachate)

CODgen2, amount of COD generated during treatment years (Ib/gal leachate)

CODyyt, amount of COD generated and treated during the chosen time horizon (Ib/gal leachate)
COM_DU G_A_CHA4, total CHy4 emitted after treatment in a boiler (Ib/ton waste)

COM_DU G_A _CO02_BM, total biomass CO, emitted after treatment in a boiler (Ib/ton waste)

COM_DU1l G_A CH4, CH4 remaining after landfill gas is treated by a boiler in the first treatment period (lb/ton
waste)

COM_DU2 G_A_CH4, CH4 remaining after landfill gas is treated by a boiler in the second treatment period
(Ib/ton waste)

COM_DU3 G_A _CH4, CH4 remaining after landfill gas is treated by a boiler in the third treatment period (Ib/ton
waste)

COM_FLR G_A_CO2_BM, total biomass CO, emitted after flaring (Ib/ton waste)
COM_FLR G_A_CH4, total CH4 emitted after flaring (Ib/ton waste)

COM_FLR1 G_A CHA4, CHy4 remaining after landfill gas is treated by a flare in the first treatment period (Ib/ton
waste)

COM_FLR2 G_A_CHA4, CHq4 remaining after landfill gas is treated by a flare the second treatment period (Ib/ton
waste)

COM_FLR3 G_A _CHA4, CHy4 remaining after landfill gas is treated by a flare in the third treatment period (lb/ton
waste)

COM_ICE G_A_CO2_BM, total biomass CO» emitted after treatment in an ICE (Ib/ton waste)
COM_ICE G_A_CH4, total CH4 emitted after treatment in an ICE (Ib/ton waste)

COM_ICE1 G_A_CH4, CH4 remaining after landfill gas is treated by an ICE in the first treatment period (Ib/ton
waste)

COM_ICE2 G_A_CH4, CH4 remaining after landfill gas is treated by an ICE in the second treatment period
(Ib/ton waste)

COM_ICE3 G_A _CH4, CH4 remaining after gas is treated by an ICE in the third treatment period (Ib/ton waste)
COM_TRBN G_A_CO02 _BM, total biomass CO, emitted after treatment in a turbine (lb/ton waste)
COM_TRBN G_A_CHA4, total CHy4 emitted after treatment in a turbine (Ib/ton waste)

COM_TRBN1 G_A_CHA4, CH4 remaining after landfill gas is treated by a turbine in the first treatment period
(Ib/ton waste)

COM_TRBN2 G_A_CH4, CH4 remaining after landfill gas is treated by a turbine in the second treatment period
(Ib/ton waste)

COM_TRBN3 G_A_CH4, CHg4 remaining after landfill gas is treated by a turbine in the third treatment period
(Io/ton waste)
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COM_VNT G_A_CO02_BM, total biomass CO, emitted after venting (Ib/ton waste)
COM_VNT G_A CH4, total CH4 emitted after venting (lb/ton waste)

COM_VNT1 G_A_CHA4, CHy4 remaining after landfill gas is treated by a vent in the first treatment period (lb/ton
waste)

COM_VNT2 G_A_CHA4, CH4 remaining after landfill gas is treated by a vent in the second treatment period
(Ib/ton waste)

COM_VNT3 G_A_CH4, CH4 remaining after landfill gas is treated by a vent in the third treatment period (Ib/ton
waste)

comb_offset a_co2_bm, combustion offset for biomass CO2 (Ib CO»-B/kWh)
Cpc, cost function of perpetual care ($/year)

CpL, cost function of preoperational studies and activities ($)

Cr, cost function of site access roads ($)

CRrc, cost of replacing final cover ($/ton waste)

Cg, cost of site scales ($)

Cga, cost of procurement and delivery of soil additive ($)

Cgy, cost of soil suitable for vegetative support soil and topsoil ($)
Csnp1, cost of first layer of sand ($)

Csnp2, cost of second layer of sand ($)

CsTR, cost function of site buildings and structures ($)

Cy, annual cost of utilities ($/year)

Cy, cost of site utilities installation ($)

CVrgix, amount of geotextile in final cover (Ib/ton waste)

CVrHyppPE, amount of HDPE in final cover (Ib/ton waste)

CVrsand, amount of sand in final cover (Ib/ton waste)

cvrgc, amount of soil and clay in final cover (Ib/ton waste)

CVrsoil, amount of soil in final cover (Ib/ton waste)

D
d pc em T_F PC_A CO2, fossil CO2 emission factor for diesel precombustion (Ib CO»-F/gal fuel)
DCHpPE, total HDPE used as daily cover (Ib/ton waste)

dcrt, density of concrete (Ib/ft3)
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DCyjl, off-site soil used per ton of waste (Ib/ton waste)
De, depth of excavation (ft)

Defy, effective landfill density (Ib/yd3)

Dsyel, density of diesel fuel (Ib/gal)

dgn, density of geotextile (Ib/ft’)

DHppE, density of HDPE used for daily cover (Ib/fts)
dnt, depth that could be occupied by horizontal trench (ft)
dicht, density of leachate (Ib/gal)

D)5, depth of liner and leachate collection system (ft)
Dmsw: average density of waste after burial (Ib/ydg)
Doverall, overall effective landfill density (Ib/yd3)

Dpyc, density of PVC (Ib/ft)

dsang, density of sand (Ib/ft)

Dy, depth of protective soil over the liner and leachate collection system (ft)
Dg|c, depth of leachate collection system (ft)

dsoil, density of soil layer (Ib/ft3)

Dgoil, density of the off-site soil (Ib/fts)

Dgpl, depth of compacted soil in the primary liner (ft)
Dssl, depth of compacted soil in the secondary liner (ft)

DU G_A_CO2_BM, total biomass CO» emissions from a boiler (Ib/ton waste)

E
EE_ DU G_A CO2_BM, total biomass CO, emissions from a boiler (Ib/ton waste)

EE_DUl1 G_A_CO0O2_BM, biomass CO2 emissions from a boiler during first landfill gas treatment period (Ib/ton
waste)

EE_DU2 G_A_CO02_BM, biomass CO2 emissions from a boiler during second landfill gas treatment period
(Ib/ton waste)

EE_DU3 G_A_CO02_BM, biomass CO, emissions from a boiler during third landfill gas treatment period (Ib/ton
waste)

EE_FLR G_A_CO2_BM, total biomass CO, emitted from a flare during all three landfill gas treatment periods
(Ib/ton waste)

EE_FLR1 G_A_CO2_BM, biomass CO2 emissions from a flare during first treatment period (Ib/ton waste)
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EE_FLR2 G_A_CO2_BM, biomass CO, emissions from a flare during second treatment period (Ib/ton waste)
EE_FLR3 G_A_CO02_BM, hiomass CO, emissions from a flare during third treatment period (Ib/ton waste)

EE_ICE G_A _CO2_BM, total biomass CO2 emitted from an ICE during all three landfill gas treatments (Ib/ton
waste)

EE_ICE1 G_A_CO2_BM, biomass CO, emissions from an ICE during first treatment period (Ib/ton waste)
EE_ICE2 G_A_CO0O2_BM, biomass CO, emissions from an ICE during the second treatment period (Ib/ton waste)
EE_ICE3 G_A_CO02 BM, biomass CO2 emissions from an ICE during the third treatment period (lb/ton waste)

EE_TRBN G_A_CO2_BM, total biomass CO, emitted from a turbine during all three landfill gas treatments
(Ib/ton waste)

EE_TRBN1 G_A _CO2 BM, biomass CO2 emissions from a turbine during first landfill gas treatment period
(Ib/ton waste)

EE_TRBN2 G_A_CO02_BM, biomass CO2 emissions from a turbine during second landfill gas treatment period
(Ib/ton waste)

EE_TRBN3 G_A_CO02_BM, biomass CO2 emissions from a turbine during third landfill gas treatment period
(Ib/ton waste)

effgop, BOD removal efficiency (%)

effy,, benzene removal efficiency (%)

effcop, COD removal efficiency (%)

effqy effcha, CHy destruction efficiency in a boiler (%)
effquo, efficiency of boiler (%)

effyr eff cHg, CH4 destruction efficiency in a flare (%)
effie eff chs, CH, destruction efficiency in an ICE (%)
effice eff cHa, CH4 destruction efficiency in an ICE (%)
effijcen, efficiency of internal combustion engine (%)
effmils, Metals removal efficiency (%)

effyH3, ammonia removal efficiency (%)

effpp4, phosphate removal efficiency (%)

effypn  eff cHg, CH4 destruction efficiency in a turbine (%)
effirpno, efficiency of turbine (%)

effrss, suspended solids removal efficiency (%)

effynt eff cHa, CHy4 destruction efficiency in a vent (%)

erq, return of heavy-duty truck (empty return: YES[1] or NO[O0], or any fraction between these two numbers)
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erp, return of dump truck (empty return: YES[1] or NO[0], or any fraction between these two numbers)

erg, return of heavy-duty truck for transport of materials during landfill closure (empty return: YES[1] or NO[O0], or
any fraction between these two numbers)

erg, return of dump truck for transport of materials during landfill closure (empty return: YES[1] or NOJ[O0], or any
fraction between these two numbers)

ers, return of truck from hauling leachate from POTW (empty return: YES, 1 or NO, 0, or any fraction between
these two numbers)

F

f1, fraction of below-grade volume required to be excavated

fo, fraction of excavated volume considered difficult to excavate

f3, fraction of buffer zone to be cleared and landscaped prior to operating landfill

f4, fraction of soil additive to mix with native or purchased soil to achieve required permeability
f5, engineering design multiplier for capital investment

fs, engineering design multiplier for landfill operations

f7, labor fringe rate

fg, utilities costs fraction (of personnel costs)

f10, fraction of excavation suitable for liner construction, daily cover, berms, and final cover

f11, scaling factor between the ultimate gas yield predicted by the Solid Waste Association of North American
(SWANA\) and the ultimate gas yield predicted by laboratory analysis

fer1, capital recovery factor for initial construction

fero, capital recovery factor for staged construction

fcr3, capital recovery factor for perpetual care costs

forg, capital recovery factor for closure costs

fors, converts future value to present value

fere, annualizes present value

FLR G_A CO2 BM, total biomass CO2 emissions from a flare (Ib/ton waste)
fuely, fuel used at a site with daily cover (gal/ton waste)

fuelo, fuel used at a site with no daily cover (gal/ton waste)

fuels, fuel consumed by heavy trucks while transporting fuel for use at sites with daily cover (gal/ton waste)
fuely, fuel consumed by dump trucks while transporting off-site soil (gal/ton waste)

fuels, fuel consumed by heavy trucks while transporting fuel and HDPE (gal/ton waste)
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fuelg, fuel consumed by heavy trucks while transporting fuel for use in sites with no daily cover (gal/ton waste)
fuely, total fuel consumed during landfill operations (gal/ton waste)

fuelg, fuel used by heavy equipment during closure activities (gal/ton waste)

fuelg, fuel consumed by dump trucks while transporting sand, soil and clay for final cover (gal/ton waste)
fuelyg, fuel consumed by heavy trucks (gal/ton waste)

fuelq1, total fuel consumed during closure activities (gal/ton waste)

fuelq o, fuel used for inspections (gal/year-ton waste)

fuelq 3, fuel used for mowing (gal/year-ton waste)

fuelq4, fuel consumed while transporting leachate to POTW (gal/ton waste)
fuelys, fuel consumption in a water truck (gal/hr)

fuelyg, fuel use per ton of waste (gal/ton waste)

G

g pc em T_F PC_A CO2, precombustion emission factor for gasoline and fossil CO, (Ib CO»-F/gal fuel)
G_TBS G_A_CHA4, CHy in landfill gas after passing through soil (Ib/ton waste)

G_TBS G_A_C0O2_BM, biomass CO, emitted after treatment by soil (Ib/ton waste)
G_UN G_A _CO2_BM, biomass CO5 in uncollected gas (mol/ton waste)

G_YTL G_P, the percent contribution of leaves to the landfill gas production (%)
gas(t),landfill gas produced during year t under the first landfill gas treatment (ft3/ton waste)
gas_total;, cumulative landfill gas production at time t (ft*/ton waste)

gas1, gas produced and collected during the first collection period (ft3/ton waste)

gas1a, gas collected and treated in first collection period (Ib/ton waste)

gaslqy, use of boiler in first landfill gas treatment period (%)

gaslyfy, use of flare during the first landfill gas treatment period (%)

gasljce, use of ICE during first landfill gas treatment period (%)

gaslipn, use of turbine during first landfill gas treatment period (%)

gaslynt, use of vent during the first landfill gas treatment period (%)

gasp, gas produced and collected during the second collection period (ft3/ton waste)

gas2qy, use of boiler during second landfill gas treatment period (%)

gas2yr, use of flare during the second landfill gas treatment period (%)

gas2jce, use of ICE during second landfill gas treatment period (%)
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gas2irpn, Use of turbine during second landfill gas treatment period (%)

gas2ynt, use of vent during the second landfill gas treatment period (%)

gass, gas produced and collected during the third collection period (ft3/ton waste)
gas3qy, use of boiler during third landfill gas treatment period (%)

gas3siy, use of flare during the third landfill gas treatment period (%)

gas3jce, use of ICE during third landfill gas treatment period (%)

gas3irpn, use of turbine during third landfill gas treatment period (%)

gas3ynt, use of vent during the third landfill gas treatment period (%)

gaspz, percent of landfill gas that is benzene (%)

gasch, percent of landfill gas that is chloroform (%)

gascHa4, percent of methane in landfill gas (%)

gascop, percent of landfill gas that is biomass carbon dioxide (%

gasct, percent of landfill gas that is biomass carbon tetrachloride (%)

gasep, percent of landfill gas that is ethylbenzene (%)

gaseq, percent of landfill gas that is ethylene dichloride (%)

gasmc, percent of landfill gas that is methylene chloride (%)

gaSsoilirt, Volume of gas treated by soil (ft3/t0n waste)

gassoiltrt2, Volume of gas treated by soil (mol/ton waste)

gast, landfill gas produced during year t (ft*/ton waste)

gastetra, percent of landfill gas that is tetrachloroethene (%)

gasy, percent of landfill gas that is toluene (%)

gasiri, percent of landfill gas that is trichloroethene (%)

gasyn1, percent of gas not collected due to collection system inefficiency (%)
gasyn2, gas produced prior to collection system installation (ft3/t0n waste)

gasyn3, gas not collected due to gas collection system inefficiency (ft3/ton waste)
gasyna, gas produced after discontinuation of gas collection system (ft3/ton waste)
gasyns, gas untreated to discontinuation of the gas collection system (mol gas/ton waste)
gasyc, percent of landfill gas that is vinyl chloride (%)

gasxy, percent of landfill gas that is xylene (%)

GCHppEg, amount of HDPE in gas collection system (lb/ton waste)
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GCpyc, amount of PVC in gas collection system (Ib/ton waste)

Gpwr, wet weight fraction of a waste stream component

GHz0, moisture content of a waste stream component (%)

GLaB, gas yield per wet ton waste (ft3 gas/wet ton waste)

GMpyc, amount of PVC in gas monitoring system (Ib/ton waste)

Gp GoFrr, the contribution of office paper to the total gas produced by an average ton of MSW (%)
Gp, the contribution of a waste component to the landfill gas produced by an average ton (%)

Gtime, total landfill gas generated during the user-selected time horizon (ft3/t0n waste)

Gww, wet weight (tons)

Gwwr, wet weight fraction

H

Hj, height of waste above grade (ft)

Hp, height of waste below grade (ft)

Hpm, height of berm (ft)

HD1, one-way distance fuel is transported to the landfill (mi)

HD,, one-way distance off-site soil for daily cover is transported to the landfill (mi)
HD3, one-way distance HDPE is transported to the landfill (mi)

HDg4, weighted distance needed to transport fuel and HDPE to the site (mi)
hds, distance to haul clay and soil (mi)

hdg, distance to haul sand (mi)

hdy, distance to haul geotextile for cover (mi)

hdg, distance to haul HDPE for cover (mi)

hdg, distance to haul HDPE pipe (mi)

hd1 0, distance to haul fuel (mi)

hd11, distance to haul PVC (mi)

hd12, weighted haul distance in dump truck (mi)

hd13, weighted haul distance in heavy truck (mi)

hd14, haul distance to POTW (mi)

E-14



Appendix E: Alphabetic List of Parameters Used in Calculations

i, effective annual interest rate

ICE G_A _CO2_BM, total biomass CO» emissions from an ICE (Ib/ton waste)

J-K

k, first order decay rate constant (year™)

L
L CRT L_A_CO02, fossil CO, emissions due to concrete consumption (Ib/ton waste)

L_EE_PC L_A_CO0O2, the precombustion and combustion fossil CO, emissions due to energy consumption (Ib/ton
waste)

L EE PC L_A CO2 BM, hiomass CO> due to electric energy precombustion and combustion (Ib/ton waste)
L HVY L_A _CO2, fossil CO, emissions due to diesel combustion in a heavy truck (Ib/ton waste)
L MTRL_TOTAL L_A _CO2, total fossil CO» emissions due to transporting leachate to the POTW (lb/ton waste)
L PCBM1 L_A CO2, fossil CO, emission due to diesel fuel precombustion (Ib/ton waste)

L PCBM2 L_A CO2, fossil CO, emissions due to diesel precombustion (Ib/ton waste)

L POTW_E L_A CO2_BM, the total biomass CO, emitted while removing BOD (lb/ton waste)
L POTW_E L_SW._2, total sludge produced during leachate treatment (Ib/ton waste)

L POTW_ENG L_ENGR, the total energy required to remove BOD (Btu/ton waste)

L PVC L_A_CO02, fossil CO, emission due to PVC consumption (Ib/ton waste)

L TRT L_AH_BZ, benzene volatilized to atmosphere (lb/ton waste)

L TRT L_W_BOD, BOD remaining after leachate treatment (Ib/ton waste)

L_TRT L_W_COD, COD remaining in leachate after treatment (Ib/ton waste)

L TRT L_W_NH3, NH3 remaining after leachate treatment (Ib/ton waste)

L TRT L_W_PO4, PO4 remaining after leachate treatment (Ib/ton waste)

L TRT L_W_TSS, TSS remaining after leachate treatment (Ib/ton waste)

L_TRT L_WM_Ba, barium remaining after leachate treatment (Ib/ton waste)

L_UNCOL L_W_BOD, BOD in fugitive leachate (Ib BOD/ton waste)

L UNCOL L_W_SS, suspended solids in fugitive leachate (Ib TSS/ton waste)

L_WT L_A_CO2, fossil CO, emission due to diesel combustion in a water truck (Ib/ton waste)
L_YTL A_L_W_As, total arsenic emissions allocated to leaves (Ib/ton waste)

L YTL A_L_W_BOD, total BOD emissions allocated to leaves (lb/ton waste)

L4, distance between leachate collection pipes (ft)
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lag, time between placement and start of gas generation (year)

Ly, buffer zone distance (ft)

LCHT _TOTAL A L _W_A:s, the total arsenic in landfill leachate (Ib/ton waste)

LCHT _TOTAL A_L W _BOD, the total BOD in landfill leachate (Ib/ton waste)

LCHT_TOTAL L_W_SS, suspended solids emitted in treated and fugitive leachate (Ib/ton waste)
LCHT_TRT L_W_SS, suspended solids emitted in treated leachate (Ib/ton waste)

LCHT_UNCOL L_W_SS, suspended solids emitted in fugitive leachate (Ib/ton waste)

Ichty, start of first leachate production period (years)

Ichty, end of first leachate production period (years)

Ichts, start of second leachate production period (years)

Ichty, end of second leachate production period (years)

Ichts, start of third leachate production period (years)

Ichtg, end of third leachate production period (years)

Ichtag, concentration of silver in leachate (ug/l leachate)

Ichtas, concentration of arsenic in leachate (ug/l leachate)

Ichtgy, concentration of barium in leachate (ug/l leachate)

Ichtgz, concentration of benzene in leachate (Ib/gal leachate)

Ichtcq, concentration of cadmium in leachate (ug/l leachate)

Ichtco)1, leachate collected during the time horizon (lb/ton waste)

Ichtgg)2, leachate collected after waste placement and before the start of collection and recirculation (Ib/ton waste)
Ichtcgs, leachate collected during recirculation (Ib/ton waste)

Ichtqo14, leachate collected after the end of recirculation and before the end of treatment (Ib/ton waste)
Ichtcy, concentration of chromium in leachate (ug/l leachate)

Ichtge, kKWh consumed per pound BOD removed (kWh/Ib BOD)

Ichtgen1, leachate generated during time horizon (Ib/ton waste)

Ichtgenz, leachate generated in the first collection period (Ib/ton waste)

Ichtgens, leachate generated during recirculation (Ib/ton waste)

Ichtgena, leachate generated after the end of recirculation and before the end of treatment (Ib/ton waste)
Ichtng, concentration of mercury in leachate (ug/l leachate)

Ichty1, length of first leachate production period (years)

Ichty2, length of second leachate production period (years)
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Ichty3, length of third leachate production period (years)

Ichtnp3, concentration of NHg in leachate (mg/l leachate)

Ichtp, leachate collection efficiency (%)

Ichtpp, concentration of lead in leachate (ug/l leachate)

Ichtpog, concentration of POy in leachate (mg/l leachate)

LCHTpoTW, total leachate sent to POTW (lb/ton waste)

Ichtpotwa, leachate sent to POTW during collection period 1 (Ib/ton waste)
Ichtpotw2, leachate sent to POTW during collection period 2 (Ib/ton waste)
Ichtpotw3, leachate sent to POTW during collection period 3 (Ib/ton waste)

Ichtyelease, €nter 0 to hold leachate produced after treatment in the landfill; enter 1 to release leachate produced after
treatment to the environment.

Ichtge, concentration of selenium in leachate (ug/l leachate)

Ichtijme1, leachate collected during collection period 1 and in the chosen time horizon (Ib/ton waste)
Ichtiime2, leachate collected during collection period 2 and in the chosen time horizon (Ib/ton waste)
Ichttimes, leachate collected during collection period 3 and in the chosen time horizon (lb/ton waste)
Ichttgs, concentration of TSS (Ib TSS/gal leachate)

Ichtyncol, leachate uncollected during chosen time horizon due to system efficiency (Ib/ton waste)
Lgv, length of disposal volume (ft)

leachate generated before treatment ends, (Ib/ton waste)

leachate generated during the time horizon, (Ib/ton waste)

leachate generated during the treatment, (Ib/ton waste)

LG_TOTAL G_A _CO2 BM, total biomass CO, emitted during landfill gas production, collection, and treatment
(Ib/ton waste)

LGorr A_G_A_CO2_BM, biomass CO, allocated to office paper (Ib CO,-B/ton waste)
LGorr G_AH_BZ, benzene allocated to office paper (Ib benzene/ton waste)

Igth1, distance between recirculation system and side slopes (ft)

Igth2, maximum length of trench (ft)

Lgths, average length of horizontal trench for leachate recirculation (ft)

Igth3, maximum length of horizontal trench (ft)

Igth4, influence distance between trenches (ft)

Igth5, distance between bottom liner and first horizontal trench (ft)

Igth6, distance between top of landfill and horizontal trench (ft)
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Igth7, length of perforated concrete column (ft)
Igth8, length of PVVC pipe in each vertical injection well (ft)

LGTrace G_WH_BZ, total benzene emitted while during landfill gas production, collection, and treatment (lb
benzene/ton waste)

LHppE, total HDPE in gas collection system (ft)

LL EE PC L_A _CO2_BM, biomass CO,due to electric energy pre-combustion and combustion (Ib./ton waste)

Licp: distance between leachate collection pipes (ft)

Lo, total landfill gas yield potential (ft*/ton waste)

Lojap, ultimate gas yield based on laboratory data (ft3 gas/wet ton waste)

Lor, distance of required off-site roads to be upgraded (mi)

LoswaNA, ultimate gas yield predicted by SWANA (ft3/ton waste)

Lplic, length of PVC piping installed for leachate collection (ft)

Lpvco, total PVC in gas collection system (ft)

L, total site length (ft)

Lg, distance to area for excess soil disposal (mi)

L, distance of required roads for site entrance and for access to on-site facilities (ft)
Ly, distance between monitoring wells around perimeter of disposal volume (ft)

Lwg, depth of typical well (ft)

M
max1, weight of the maximum payload (contents) of the heavy-duty truck (Ib)

maxp, weight of the maximum payload (contents) of the dump truck (lb)

maxg, weight of the maximum payload (contents) of the heavy truck (lb)
maxg4, weight of the maximum payload (contents) of the dump truck (Ib)
maxs, weight of the maximum payload (contents) of the truck (Ib)

Mcrt, mass of concrete per ton of waste (Ib/ton waste)

molecng4, Ib CH4 per mole (Ib CHa/mole)

molecoz, biomass CO2 per mole (Ib CO2-B/mole)

Mpy/c2, mass of PVC in vertical injection wells per ton of waste (Ib/ton waste)
Mpyc1, mass of PVC in horizontal trenches per ton of waste (Ib/ton waste)

MSWacre, Waste buried per landfill surface area (tons/acre)
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MTRL_TOTAL A_L_W_As, the total arsenic produced due to material consumption (Ib/ton waste)
MTRL_TOTAL A_L_W_BOD, the total BOD produced due to material consumption (Ib/ton waste)
MTRL_TOTAL L_A CO2, fossil CO, emissions due to diesel precombustion and combustion (lb/ton waste)
Mwi, expected mass flow (ton/day)

Mwm, maximum daily tonnage handled by labor costs of c43 (ton/day)

N

n, moles of gas (mols)

n_ng_pc_e n_a_co2_bm, natural gas precombustion emission for biomass CO» (Ib/ft3 natural gas)
n_pc ng_r_e, energy due to natural gas precombustion (Btu/ftg)

ng_comb ng_r_e, energy obtained from combusting natural gas (Btu/ft®)

Nnht, number of horizontal trenches

Nmw, humber of monitoring wells

Npc, humber of years of perpetual care (years)

Npc, post-closure period (years)

N, number of distinct regions of the landfill developed over the life of the facility
N, the number of scales required

Ny, number of vertical lifts

Nwell, number of vertical injection wells

Ny, expected useful life of landfill (years)

O

O_BCKH O_A_CO02, fossil CO, emissions from a backhoe (Ib/ton waste)

O_BLLDZR O_A _CO2, fossil CO2 emissions from a bulldozer (Ib/ton waste)

O_CMPCTR O_A _CO2, fossil CO, emissions from a compactor (Ib/ton waste)

O_DT O_A CO2, fossil CO, emitted while transporting off-site soil in a dump truck (Ib/ton waste)
O_GRDR O_A _CO02, fossil CO2 emissions from a grader (Ib/ton waste)

O_HDPE O_A_CO02, fossil CO, emitted during production of HDPE (Ib/ton waste)

O_HVY1 O_A CO2, fossil CO, emitted while transporting fuel to operate equipment at a site with offsite soil
daily cover (Ib/ton waste)

O_HVY2 O_A CO2, fossil CO, emitted while transporting fuel to operate equipment at a site with on-site soil as
daily cover (lb/ton waste)
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O_HVY3 O_A _CO2, fossil CO, emitted while transporting fuel to operate equipment at a site with revenue
generating cover (Ib/ton waste)

O_HVY4 O_A CO2, fossil CO2 emitted while transporting fuel to operate equipment at a site with HDPE as daily
cover (lb/ton waste)

O_HVY5 O_A CO2, fossil CO2 emitted while transporting fuel to operate equipment at sites with no daily cover
(Ib/ton waste)

O_MSC O_A CO2, fossil CO2 emissions from miscellaneous equipment (lb/ton waste)

O_PC O_A_C02, fossil CO, precombustion emissions (Ib/ton waste)

O_SCRPR 0O_A _CO2, fossil CO, emissions for using a scraper on a site with daily cover (Ib/ton waste)

O_SOIL O_A_CO02, fossil CO, emissions for obtaining off-site soil (Ib/ton waste)

O_TOTAL O_A _COy, total CO, emissions for operations phase (lb/ton waste)

O_WL O_A_CO02, fossil CO, emissions from a wheel loader (Ib/ton waste)

OFF_DU G_A_C02_BM, total biomass CO» offset when a boiler is used to treat landfill gas (Ib CO»-B/ton waste)

OFF_DU1 G_A_CO02 BM, biomass CO> that is offset when a boiler is used in the first collection period (Ib CO2-
B/ton waste)

OFF_DU1 G_ENGR, energy offset when using a boiler to treat landfill gas in the first treatment period (Btu/ton
waste)

OFF_DU2 G_A CO2_BM, biomass CO> that is offset when a boiler is used in the second collection period (Ib
CO»-B/ton waste)

OFF_DU3 G_A_C02_BM, biomass CO» that is offset when a boiler is used in the third collection period (Ib CO»-
B/ton waste)

OFF_ICE G_A _CO2_BM, total biomass CO> offset when an ICE is used to treat landfill gas (Ib CO2-B/ton waste)
OFF_ICE1 G_A CO2_BM, biomass CO> that is offset when an ICE is used (lb CO»-B/ton waste)

OFF_ICE2 G_A _CO2_BM, biomass CO» that is offset when an ICE is used in the first collection period (Ib CO»-
B/ton waste)

OFF_ICE3 G_A CO2_BM, biomass CO> that is offset when an ICE is used in the second collection period (lb
CO»-B/ton waste)

OFF_TRBN G_A_CO02_BM, total biomass CO» offset when a turbine is used to treat landfill gas (Ib CO,-B/ton
waste)

OFF_TRBN1 G_A_CO02 _BM, biomass CO» that is offset when a turbine is used the first collection period (Ib
CO»-B/ton waste)

OFF_TRBN1 G_ENGR, energy offset when using a turbine to treat landfill gas during the first treatment period
(Btu/ton waste)

OFF_TRBN2 G_A_CO02_BM, biomass CO> that is offset when a turbine is used the second collection period (lb
CO»-B/ton waste)
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OFF_TRBN3 G_A_C02_BM, biomass CO», that is offset when a turbine is used the third collection period (Ib
CO»-B/ton waste)

oxdp;, percent of benzene that is converted to CO» after passing through soil (%)

oxdch, percent of chloroform that is converted to CO» after passing through soil (%)
oxdcHg4, percent of methane that is converted to CO, after passing through soil (%)

oxdct, percent of carbon tetrachloride that is converted to CO» after passing through soil (%)
oxdep, percent of ethylbenzene that is converted to CO» after passing through soil (%)
oxdgg, percent of ethylene dichloride that is converted to CO» after passing through soil (%)
oxdmc, percent of methylene chloride that is converted to CO» after passing through soil (%)
oxdtetra, percent of tetrachloroethene that is converted to CO» after passing through soil (%)
oxdy, percent of toluene that is converted to CO, after passing through soil (%)

oxdyj, percent of trichloroethene that is converted to CO» after passing through soil (%)
oxdy, percent of vinyl chloride that is converted to CO» after passing through soil (%)

oxdyy, percent of xylene that is converted to CO after passing through soil (%)

P

P, pressure (atm)

Pclay, percent of dump truck load consisting of clay (%)

PCLSR 1 PCLSR_A_CO2, total yearly fossil CO, emissions from post-closure activities (Ib/ton waste)

PCLSR_100 PCLSR_A_CO2, total post-closure fossil CO5 emissions during the 100-year time horizon (Ib/ton
waste)

PCLSR 20 PCLSR_A CO2, total post-closure fossil CO, emissions during the 20-year time horizon (lb/ton
waste)

PCLSR 500 PCLSR_A_CO2, total post-closure fossil CO, emissions during the 500-year time horizon (Ib/ton
waste)

PCLSR_GTX PCLSR_A CO2, yearly fossil CO2 emissions due to geotextile production (Ib/ton waste)
PCLSR_HDPE PCLSR_A CO2, yearly fossil CO, emissions due to HDPE production (Ib/ton waste)
PCLSR_LDT PCLSR_A_CO2, yearly fossil CO2 emissions from using a light-duty truck (Ib/ton waste)
PCLSR_MWR PCLSR_A_COQ2, yearly fossil CO, emissions from using a lawn mower (lb/ton waste)
PCLSR_PC PCLSR_A_CO02, yearly fossil CO, emission from gasoline precombustion activities (Ib./ton waste)

PCLSR _PVC PCLSR_A CO2, yearly fossil CO, emissions from diesel combustion and precombustion (Ib/ton
waste)
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PCLSR_SAND PCLSR_A_CO2, yearly fossil CO, emissions due to obtaining sand (Ib/ton waste)
PCLSR_SOIL PCLSR_A CO2, yearly fossil CO2 emissions due to obtaining soil (Ib/ton waste)
Pcvr2, percent of final cover to be replaced over the entire post-closure period (%)

Pcvr1, percent of total landfill volume occupied by cover (%)

Pgv. disposal volume perimeter (ft)

Pruel, percent of heavy truck load consisting of fuel (%)

Pgtx, percent of heavy truck load consisting of geotextile (%)

PuppPE1, percent of daily cover that is HDPE (%)

PHDPE2, percent of heavy truck load consisting of HDPE cover (%)

PuDPE3; percent of heavy truck load consisting of HDPE pipe (%)

Pnevr, percentage of the site that receives no daily cover (%)

Pott, percent of site that uses off-site soil as daily cover (%)

Poffsite: PErcent of daily cover that is off-site soil (%)

Pon, percent of daily cover that is on-site soil (%)
Ponsite, percent of daily cover soil volume that can be obtained on site as calculated in the soil budget (%)
POTW_E L_A_CO0O2 BM, biomass CO, emitted during leachate treatment (Ib/ton waste)

POTW_ENG L_ENGR, total energy required by POTW (Btu/ton waste)

POTW_TOTAL A _L_W_As, the total arsenic produced due to electric energy combustion and precombustion
(Io/ton waste)

POTW_TOTAL A L _W_BOD, the total BOD produced due to electric energy combustion and precombustion
(Ib/ton waste)

POTW_TOTAL L_A CO2_BM, total biomass CO2 produced during leachate treatment and during electric energy
combustion and precombustion (Ib/ton waste)

POTW_TOTAL L_ENGR, total energy consumed during leachate treatment and during electric energy
combustion and precombustion (Btu/ton waste)

potw1, percent of leachate sent to POTW during collection period 1 (%)
potw2, percent of leachate sent to POTW during collection period 2 (%)
potw3, percent of leachate sent to POTW during collection period 3 (%)
ppty, percent of rainfall that becomes leachate during the first period (%)
ppto, percent of rainfall that becomes leachate during the second period (%)
ppts, percent of rainfall that becomes leachate during the third period (%)

ppts, percent of rainfall that becomes leachate during the fourth period (%)
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PPtyear, annual precipitation (in.)

ppvc, percent of dump truck load consisting of PVC (%)

Prevgen, percent of daily cover that is revenue-generating cover (%)
Ps, site perimeter (ft)

Psand, percent of dump truck load consisting of sand (%)

Psoil, percent of daily cover that is soil (%)

Q-R

R, universal gas constant (L-atm)/(mol-K)

r_total, total revenue from landfill gas production due to first, second, and third treatment periods ($/ton waste)
r1, revenue from electric buyback ($/kWh)

rp, revenue from thermal energy ($/MBtu)

Rp, slope of the grade of the berm as rise over run

Rya, slope of the grade of the disposal volume above site grade as rise over run

Rdp, slope of the grade of the disposal volume below site grade as rise over run
reg_comb_btu_offset_per_kwh, Btu offset per electric energy use (Btu/electric energy)

rev(y), future value of revenue from landfill gas ($/ton waste)

rev_annual, total revenue from landfill gas annualized over the lifetime of the landfill ($/ton waste)

rev_annuall, total revenue from landfill gas, for the first treatment period, annualized over the lifetime of the
landfill ($/ton waste)

rev_annual?2, total revenue from landfill gas, for the second treatment period, annualized over the lifetime of the
landfill ($/ton waste)

rev_annual3, total revenue from landfill gas, for the third treatment period, annualized over the lifetime of the
landfill ($/ton waste)

rev_pv(y), present value of revenue from landfill gas ($/ton waste)
rev_total, sum of the yearly revenue from landfill gas production ($/ton waste)
Rigo, rate of leachate generated (active cell)(gal/acre-day)

Rpw, length-to-width ratio
S

s, first order rise phase constant (year™)

sc1, specific consumption for a heavy duty truck (mpg)
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SCo, specific consumption for a dump truck (mpg)

sc3, specific consumption for a heavy truck (mpg)

sy, specific consumption for a dump truck (mpg)

scs, specific consumption for a heavy truck (mpg)

scrpr, percentage of fuel used by the scraper (%)

scrpreyr, percentage of fuel used by the scraper (%)

scvr, volume of soil for cover liner (yd3)

scvrl, volume of soil for topsoil and vegetative support cover (yd®)
sldg_per_BOD, Ib sludge generated per Ib BOD removed (Ib sludge/lb BOD)
sldggop, sludge generated from BOD removal (Ib/ton waste)
sldgmtis, sludge generated from metals removal (Ib/ton waste)
sldgpog, sludge generated from phosphate removal (Ib/ton waste)
sldgyotal, total sludge produced (Ib/ton waste)

sldgTss, sludge generated from TSS removal (Ib/ton waste)

SUMywyy, sum of wet weights (tons)

T
T, temperature (K)

t, year of gas treatment (year)

T F PC_A _CO2 d_pc_em, diesel fuel precombustion emission factor (Ib CO2/ gal fuel)
to, time to implementation of first gas collection system (years)

t1, time to implementation of second gas collection system (years)

ty, time to implementation of third gas collection system (years)

t3, time to discontinuation of third gas collection system (years)

tclay, thickness of clay layer (ft)

tgtx, thickness of geotextile (mils)

THDPE, thickness of the HDPE used for daily cover (15 mils, 15 mils, 0 mils)

tuppPE2, thickness of HDPE (mils)

time, selected time horizon (20, 100 or 500 years)

timel, start of leachate collection period 1 (years)

time2, end of leachate collection period 2 (years)
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time3, end of leachate collection period 3 (years)

TOTALCOST], total cost of burial of municipal solid waste per unit volume ($/yd)
TOTALCOST?2, total cost of burial of municipal solid waste per ton($/ton waste)

TOTALCOSTS3, cost per ton of MSW minus the revenue generated from landfill gas ($/ton waste)
TRBN G_A_CO2_BM, total biomass CO, emissions from a turbine (Ib/ton waste)

tsand1, thickness of the first sand layer in final cover (ft)

tsand2, thickness of second sand layer in final cover (ft)

tsoil, depth of top soil and vegetation support soil (ft)

u-v

V, volume of gas (ft3)

V,, available volume for the disposal site (yd3)

Vpm, Volume of the berm (yd3)

Vpm1, volume of soil available from excavation after main liner, top soil and vegetative support cover (yd3)
V., volume of concrete in vertical injection wells (yd3)

V1, volume of soil required for daily cover (yd®)

Vcmi, volume of off-site soil used for daily cover (yd®)

VM2, volume of on-site soil used for daily cover (yd®)

VM4, volume of revenue-generating cover (yd®)

V¢ri1, Volume of concrete base and solid concrete section (ft3)

Vrt2, Volume of perforated concrete per unit length (ft3/ft)

Vrt3, volume of concrete per vertical injection well (ft}/well)

Ve, excavated volume (yd3)

V¢, volume of soil required for final cover (yd3)

V), volume of soil for liner construction (yd3/cell)

Vmsw, average landfill airspace volume per landfill surface area (yd*/acre)
VNT G_A CO2_BM, total biomass CO, emissions from a vent (Ib/ton waste)
Vpvc1, volume of PVC per unit length (ft/ft)

Vpyc3, volume of single PVC pipe in a single well (ft3)

Vg, volume of soil required to cover leachate collection system (yd3)

Vsa, volume of soil additive required (yd3)
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Vgp, Volume of soil excavated usable for berm and final cover (yd3)

Vspp, volume of soil required to be purchased for berm construction (yd3)

Vgpx, Volume of soil excavated usable for berm construction but excess (yd3)

Ve, volume of soil excavated usable for daily cover (yd3)

Vscp, Volume of off-site soil required to be purchased for daily cover (yd3)

Vsex, Volume of soil excavated usable for daily cover but excess (yd3)

Vsfe, volume of soil excavated usable for final cover (yd3)

Vstep, volume of soil purchased for final cover (yd3)

Vstex, Volume of soil excess after final cover (yd3)

Vgh, volume of soil to be hauled off site (yd3)

V|, volume of soil excavated usable for liner construction (yd3)

Vslp, volume of soil required to be purchased for liner construction (yd3)

Vsix, Volume of soil excavated usable for liner construction but excess (yd3)

Vgnd, Volume of sand in the first layer (yd3)

Vgnd2, volume of sand in the second layer (yd3)

Vi, volume of soil excavated usable for cover liner construction (yd3)

Vstlp, volume of soil required to be purchased for cover construction (yd3)

Vstix, Volume of soil excavated usable for cover liner construction but excess (yd3)
Visa, Volume of soil additive to decrease permeability of liner and final cover (yd3)

Vw, required landfill capacity for waste (yd3)

w

Wh), width of the bottom of the berm (ft)

Wy, width of the top of the berm (ft)

Wy, width of disposal volume (ft)

wleyr, percentage of the fuel used by a wheel loader at a site with no daily cover (0.5%, 0.5%, 0.5%)

W, total site width (ft)

X-Z

YTL P_As, the percent contribution of leaves to arsenic in landfill leachate (%)
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71, logical input, = +1 if septic system is used instead of public sewer, 0 otherwise

Zo, logical input, = +1 if on-site well water is used instead of public water, 0 otherwise

z3, logical input, = +1 if gas is used on site, 0 otherwise

74, logical input, = +1 if a liner is used, 0 otherwise

zg, logical input, = +1 if a double composite liner is used, 0 otherwise (single composite)

Zg, logical input; = +1 if sand is used for leachate collection piping channels; O otherwise (for gravel) (+1, +1, +1)
Z12, logical input, = +1 if the turbine used for primary landfill gas treatment, 0 otherwise

Z12a, enter 1 to use the ultimate gas yield predicted by SWANA or enter 0 to use the laboratory ultimate gas yield
713, logical input, = +1 if the turbine used for secondary landfill gas treatment, 0 otherwise

214, logical input, = +1 if the turbine used for the third landfill gas treatment, O otherwise

z15, logical input, = +1 if the internal combustion engine used for the primary landfill gas treatment, 0 otherwise
716, logical input, = +1 if the internal combustion engine used for the secondary landfill gas treatment, 0 otherwise

717, logical input, = +1 if the internal combustion engine used for the third landfill gas treatment, O other wise
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