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Spreadsheets have gained increasing popularity in engineering applications, used by both students
and practicing engineers. In addition to their low cost, they are easy to learn, and provide the user
with the flexibility to display different sets of results just upon changing the input data. This paper
illustrates the use of an Excel spreadsheet for solid waste management practices. The program,
which has been developed as part of the ‘Solid Waste Management’ course at the Faculty of
Engineering and Architecture, American University of Beirut, allows the user to determine the
chemical composition of the waste and its corresponding gas generation potential which are directly
linked to a module that allows the prediction of the temporal distribution of gas and leachate
production from landfills. The data representing the waste composition and chemistry, gas and
leachate production are then automatically plotted into a series of curves and bar charts that allow
the decision maker and designer to point out important characteristics, trends and relationships
among various parameters controlling solid waste management control systems and landfill

operations.

INTRODUCTION

DESIGNED around the year 1980, spreadsheets
were initially used in business and financial appli-
cations, allowing a dramatic development of deter-
ministic simulations throughout the years. More
recently, spreadsheets have found their way into
many engineering and mathematical applications,
where they are currently used as an educational
tool in many engineering courses [1-3]. The latter
often tend to emphasize mathematical steps and
formulas, where students often fail to make the
connection between the mathematical statement
and the actual engineering problem [4]. As such,
the widespread availability of spreadsheet software
and their low cost and simplicity, enable students
to handle complicated formulae and equations
quite easily while applying the engineering
concepts. In addition to mathematical functions,
spreadsheets include logical, statistical, and matrix
operations. Graphs can be made easily and
quickly, providing the user with the capability of
displaying intermediate results and observing the
effect of varying different parameters almost
instantly. These characteristics improve the prob-
lem-solving skills of students, and explain the
continuously increasing popularity of spread-
sheets, especially in the case of problems involving
repetitive calculations [4, 5]. The two most signifi-
cant educational disadvantages of spreadsheets are
that they cannot handle algebraic variables directly
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and they require a computer to operate them. As
such, students will not normally be permitted to
use spreadsheets during examinations.

This paper illustrates the use of an Excel spread-
sheet program in environmental education, as an
application tool for solid waste management. The
program allows the user to determine the chemical
composition of the waste and its corresponding gas
generation and leachate production rates. Such
data contribute to the design basis of landfills
(i.e. sizing gas and leachate collection systems
and the choice of management alternatives).
Output data are displayed into tables and plotted
into a series of curves and bar charts, making the
program an effective tool for designers and deci-
sion makers. These features are demonstrated
through the presentation of a typical case study.

THEORY

Elemental waste constituents

The key element in designing a proper waste
management plan is the determination of the waste
composition. However, this is not an easy task
given the heterogeneous nature of solid wastes.
The procedure involves analyzing a representative
quantity of the designated wastes, and determining
the percentage, by mass, of each component within
the analyzed sample. The chemical composition of
solid wastes is then determined through what is
referred to as ‘ultimate analysis’ of its components.
The procedure involves the determination of the
percentage of carbon (C), hydrogen (H), oxygen
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Table 1. Typical data on ultimate analysis of solid waste components [10]

Moisture

Component content % C H (0] N S Ash
Organics % by mass (dry basis)

Food waste 9 48 6.4 37.6 2.6 0.4 5
Paper 34 43.5 6 44 0.3 0.2 6
Cardboard 6 44 5.9 44.6 0.3 0.2 5
Plastics 7 60 7.2 22.8 0 0 10
Textiles 2 55 6.6 31.2 4.6 0.15 2.5
Rubber 0.5 78 10 0 2 0 10
Leather 0.5 60 8 11.6 10 0.4 10
Yard waste 18.5 47.8 6 38 34 0.3 4.5
Wood 2 49.5 6 42.7 0.2 0.1 1.5
Inorganics % by mass (dry basis)

Glass 8 0.5 0.1 0.4 0.1 0 98.9
Tin cans 6 0 0 0 0 0 0
Aluminum 0.5 0 0 0 0 0 0
Other metals 3 4.5 0.6 4.3 0.1 0 90.5
Dirt, Ash, etc. . . . 3 26.3 3 2 0.5 0.2 68

(O), nitrogen (N), sulfur (S), and ash. The results
are then used to characterize the chemical compo-
sition of the organic matter in the wastes. Table 1
presents the various components of municipal
solid wastes, along with typical data on their
moisture content and the percentage composition
by mass (dry basis) of the chemical elements within
each component.

The organic components of solid wastes are
often classified into rapidly biodegradable wastes
(RBW), moderately biodegradable wastes (MBW),
and slowly biodegradable wastes (SBW) in accor-
dance with their ease of biodegradability. The
amount of wastes within RBW, MBW, and SBW
are around 90, 75, and 50 percent, respectively.

Gas generation

Once deposited in a landfill, solid wastes are
subject to a short-lived aerobic phase (up to six
months) before the prevalence of an anaerobic
phase (more than 20 years). The latter phase is of
more significance from a design and operation
perspective. During this phase, long term anaerobic

biodegradation of the waste components result in
gas generation in accordance with Equation (1):

(CoHyONS,] + (4a—b—22+3d+2e>[H20]
da+b—2¢c—3e—2e
—>< 3 )[CH4]
+(4a_b+2§+3d+26>[C02]
+ d[NH3] + e[H»S)| (1)

When the waste components are defined, the
parameters a, b, ¢, d, and e in Equation (1) are
determined through an ultimate analysis (Table 1)
and used to calculate the volume of methane
(CHy), carbon dioxide (CO,), ammonia (NHj3),
and hydrogen sulfide (H,S) gases generated per
unit mass of wastes. Equation (1) provides the
total potential gas generation over the lifetime of
the wastes, assuming the complete conversion of
the biodegradable organic wastes into mainly CHy
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Fig. 1. Triangular gas production models over a 5-year period for RBW and MBW.
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Fig. 2. Leachate production.

Table 2. Input parameters for landfill analysis

Waste quantities

Waste deposited per day 1000 Tons

Number of operating days per 300 days
year

Waste characteristics Table 3. Waste composition

Specific weight 600 kg/m*

Time for rapid decomposition S years % by weight Moisture content

Time for moderate 15 years Waste component (wet basis) (%)
decomposition

Time for slow decomposition 45 years Organics

Amount of yard decomposing 60% Food waste 9 70
moderately Paper 34 6

Amount of yard decomposing 40% Cardboard 6 5
slowly Plastics 7 2

Land(fill characteristics Textiles 2 10

Lift height 3m Rubber 0.5 2

Waste to cover ratio 5:1 Leather 0.5 10

Number of lifts 5 Yard waste 18.5 60

Specific weight of cover 1800 kg/m? Wood 2 20
material Misc. organics 0 0
o o Total organics 79.5

Raznfa_ll quantities Inorganics

Intensity of rainfall 100 mm/year Glass 8 P

Gas generation Tin cans 6 3

Water consumed for gas 0.16 kg/m® of gas produced Aluminum 0.5 2
production OFher metals 3 3

Water vapor escaping with gas 0.016kg/m® of gas ?;2[?;2;;;;}& 23 5 8
from landfill produced Total 100 2122

Specific weight of gas

1.34kg/m>
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Fig. 3. Excel input sheet.

and CO,. The yearly gas production rates for
rapidly, moderately, and slowly decomposable
wastes can be determined graphically, using a
predefined gas production function. The amount
of gas produced at a certain period of time is
linearly interpolated along the given model. The
gas generation models assume that the time peri-
ods for total decomposition of RBW, MBW, and
SBW are 5, 15 and 45 years, respectively, with the
peak rate of gas production occurring 1, 5 and 10
years after gas production starts (Fig. 1), which
normally occurs at about 1 year after waste
deposition into the landfill.

Leachate generation

A landfill is composed of a set of cells or
compartments in which the wastes are buried.
Leachate is the liquid created when rain, melting
snow, or liquid within garbage seeps through the
waste, picking up and carrying with it dissolved
material. These cells are placed in layers, and the
calculations for leachate production are conducted
for the separate layers (Fig. 2). These calculations
involve summing up the amounts of water entering
the landfill in the form of rainfall and subtracting
those consumed in chemical reactions and leaving
as water vapor. The potential leachate formed is
thus the quantity of water in excess of the

moisture-holding capacity of the landfill material,
consisting of the minimum amount of water that
can be held in the solid wastes, which in turn
cannot be used by the reactions taking place
within the landfill. As such, leachate production
rates are calculated using the water balance
equation (2):

ASsw = Wsw + Wrs + Wenr + War

—(Weg+ Wi+ Wy + Wa) (2)

where:

ASgw = change in the amount of water stored in
solid waste in the landfill
Wsw = water (moisture) in solid waste
Wrs = water (moisture) in incoming sludge
Wcem = water (moisture) in cover material
W Ar = water from above (for upper landfill layer,
water from above corresponds to rainfall
or water from snowmelt)
Wg = water lost due to surface evaporation
Wi g = water consumed in the formation of land-
fill gas
Wwy = water (vapor) lost with the landfill gas
WpgL =water from below (for the cell placed
directly above a leachate collection
system, water from the bottom corres-
ponds to leachate)
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Fig. 4. Estimation of the waste chemical composition.

CASE STUDY

This section presents a typical case study invol-
ving the characterization of a given waste composi-
tion, and calculation of gas generation and leachate
production rates using an Excel spreadsheet. The
waste composition, biodegradability, landfill speci-
fications, and other characteristics and assumptions
were extracted from Tchobanoglous et al [10],
which is a standard reference used in the instruction
of a solid waste management course for senior or
graduate level students in Civil and Environmental
Engineering.

Problem description

The following example applies the developed
spreadsheet for the analysis of a landfill with a
S-year life period, and in which 1000 tons/day of
municipal solid wastes are to be deposited. The

amount of rainfall infiltrating the daily cover is
given during and after the first 5 years of landfill
operation. No sludge from wastewater treatment
plants is disposed with the wastes, and the peak
rate of gas production occurs 1, 5, and 10 years
after gas production starts, for RBW, MBW, and
SBW, respectively (Fig. 1). Table 2 summarizes the
input parameters for use within the spreadsheet.
The general composition and the moisture content
of the solid wastes are presented in Table 3. Such
data are normally obtained from a typical waste
characterization study conducted at the field level.

Spreadsheet implementation

The spreadsheet, written using Microsoft Excel,
is composed of multiple sheets linked to perform
the calculations and display the results into tables,
graphs, and bar charts. The user first inputs the
parameters defined in Table 2, specifying the
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Fig. 5. Calculation of gas generation rates at the landfill.
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Fig. 7. Calculation of input data used for leachate generation in the landfill.

characteristics of the solid wastes to be disposed,
the design specifications of the proposed landfill,
and the expected rainfall quantities within the areca
of concern. Typical values for waste characteristics
and essential design parameters for landfills
are included in the ‘Ranges’ spreadsheet. These
include a range for the specific weight of solid
wastes and soil cover material, as well as the lift
height and waste-to-cover ratio usually used in
landfilling practices. The ‘input’ Excel sheet is
shown in Fig. 3, and it includes the input para-
meters and composition table of the waste. The
moisture content data and percent composition of
the chemical elements within each waste compo-
nent type (Table 1) are built in within the ‘input’
sheet, and are used in the calculations performed
inside the ‘waste chemical formulae’ sheet for
determining the chemical composition of the
waste.

As such, the ‘waste chemical formulae’ sheet
retrieves the percent composition and moisture
contents of the waste elements from the ‘waste
composition table’ in the ‘input’ sheet. The moist-
ure content is used to get the dry weight of each
waste component, and then calculate the percen-
tage distribution of the chemical elements com-
posing the given wastes (ultimate analysis). The
percentages of C, H, O, N, S, and ash within the
wastes are calculated by summing up their values

for the different waste components. The molar
ratio of each element is then normalized with
respect to the element with the lowest percentage.
The negligible amounts of S and ash present in the
wastes are usually disregarded when computing
the molar compositions of the waste components.
In this example, the coefficients in the formulae are
normalized with respect to N to provide normal-
ized mole ratios of the organic wastes, as shown in
Fig. 4. The percent composition and mass of each
waste component are finally used within the ‘waste
chemical formulae’ sheet to calculate the coeffi-
cients in Equation (1). The resulting chemical
compositions for RBW, MBW, and SBW are
CpH34013N,  CgoH 306N, and  Ci9Hz709N,
respectively. The volume of CH4 and CO,, repre-
senting the total amount of gases produced from
biodegradable wastes, is then calculated using the
mass and density of each gaseous component.
The yearly gas production rate from the decom-
position of organic wastes is assumed to follow a
triangular model. The time periods for total
decomposition of RBW, MBW, and SBW are 5,
15, and 45 years respectively, with the peak rate of
gas production occurring 1, 5, and 10 years after
gas production starts (Fig. 1). The latter is
assumed to occur at the end of the first year of
landfill operation. As such, the volume of gas
produced at the end of each year from a unit
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Fig. 8. Calculation of leachate generation within the landfill.

mass of the waste materials is calculated within the
‘gas calculations’ sheet. The rate of yearly gas
production is linearly interpolated along the
adopted triangular models, while the total gas is
the area under the gas production curves for the
specific year. As such, the first three tables in Fig. 5
determine the yearly rate and volume of gases for a
unit mass of RBW, MBW, and SBW, each calcu-
lated separately. Note that the triangular models
depicting the gas production rate from the various
waste components are plotted in the ‘gas models’
sheet.

In order to express the gas production in terms of
unit mass of the total wastes, the ratio (by mass) of
each waste classification is multiplied by the rates
obtained from their corresponding triangular
models. This is done in the rightmost table of the
‘gas calculations’ sheet, where the cumulative gas
volume is determined by summing the individual
yearly amounts. Finally, the total gas volume
produced in the landfill is calculated by multiplying

the cumulative gas rate per unit mass by the total
amount of wastes deposited over each year
(Fig. 6).

The final module in the spreadsheet calculates
the amount of leachate generated during and after
landfill operation. Equation (2) is used to deter-
mine the quantity of leachate produced in the
landfill over a 50-year period, by summing the
amounts of water entering the landfill and
subtracting those consumed in chemical reactions
and leaving as water vapor. Variables such as the
total weights of soil cover material, solid wastes,
and water within every lift and the area required
for the proposed landfill are first calculated within
the ‘temporary calculations’ sheet. The potential
leachate is thus the quantity of water in excess of
the moisture-holding capacity of the landfill mate-
rial. As such, the different parameters in Equation
(2) are calculated within the ‘input for leachate
calculation’ sheet (Fig. 7), while the amounts of
leachate produced at the end of each year are



Use of Spreadsheets in Environmental Education: an Application for Solid Waste Management 917

A | B =SEREE] Laackain caloidanees TRAES BATED Loach i calrulation s C 3 BCREZ 1)

2

B

e
a
5

H

Leschsia producsd {1 haus s cuomj
=

]
:

o2

Fig. 9. Leachate generation during and after landfill operation.

e “Lum.. = = =SEREST Cumu brtie leachate” Leachate coloubtons ats b a45d Leschales calulationsVREES G462 1)

3500

o

2500 n/

d
=
L=}

Leachme (Thousands cu-mj
=
=

",

-
(1] 2
i k! 1 15 n 15 k[ 35 a0 5 o
Tihrtiad fyray
| _ Leachaiee o : Leachate plal | Tenpiiey colodamons

Fig. 10. Cumulative amount of leachate generation at the landfill.



918

computed inside the ‘leachate calculations’ sheet
(Fig. 8).

The amount of water consumed in the formation
of gases is first calculated. As such, the volumes of
the gases tabulated in the ‘gas calculations’ sheet
are used to calculate their corresponding weights,
and are then multiplied by the factor for water
consumption by gases, provided by the user in the
‘input’ sheet. The emitted gases carry additional
amounts of water in the form of water vapor,
which are computed by multiplying the volume
of the evolved gases with the ratio of water vapor
present within the gases. The formation of leachate
in the landfill occurs when the moisture content of
the soil and wastes, as well as water supplied by
rainfall, minus the amount of water needed for the
formation and generation of gases, exceed the field
capacity factor of the landfill. These calculations
are followed along the different layers of the land-
fill, during the 5-year operation period. Note that
at the end of year 4 for example, lift 4 is equivalent
to lift 3 in year 3; lift 3 is equivalent to lift 2 in year
2; and so on (Fig. 2).

The disposal of wastes into the landfill termi-
nates at the end of the fifth year of operation, and
the landfill is covered with a final soil layer, which
is different from the intermediate layers of the
landfill. As such, the computations of leachate
generation are different after year 6, since the
final cover material reduces the amount of water
infiltrating into the landfill, and hence the amount

M. El-Fadel et al.

of leachate produced. After year 6, a steady rate of
leachate production is established, where the
amount of leachate from each lift is calculated
along with the total lift weight, the latter being
used in the calculations of the successively lower
lifts. The yearly rates in addition to the cumulative
amounts of leachate produced in the landfill over a
50-year period are outlined in Figs 9 and 10.

CONCLUSION

A spreadsheet program was developed to deter-
mine the chemical composition of waste materials,
and compute gas generation and leachate produc-
tion in a landfill during operation and after
closure. The program is menu-driven and inter-
active, where repetitive calculations are avoided.
The data are entered in a user-friendly environ-
ment, which allows the user to conduct a sensitivity
analysis while observing the effect of changing
various variables and parameters in graphical
form. This design implication tool constitutes a
first attempt at introducing the use of spreadsheets
in environmental education (solid waste manage-
ment). Besides its usage at the educational level in
a classroom setting, the spreadsheet can contribute
to the design of the most important elements of a
landfill: gas and leachate collection systems and
corresponding management alternatives.

10.
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