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ABSTRACT

Root Analogous Municipal Solid Waste System “RA-MSW” is a novel management system that manages waste, biogas,
and leachate in bioreactor landfill. Different than conventional disposal at landfills, waste is penetrated by synthetic
roots that serve dual mission for biogas collection and leachate recirculation. RA-MSW roots are permeable hydropho-
bic polymer material that are formed on-place or prefabricated at factory from recyclable material available on the
dumping area. Since the material is hydrophobic, it does not contain water in the voids providing more space for gas
transport and collection. The roots are also interchangeably used for leachate recirculation where the parameters of wa-
ter content, nutrients, pH, and temperature are optimized to enhance biogas production simultaneously with leachate
treatment. RA-MSW provides new approach of waste management and control; it has new virtues of landfill operation;
new material medium for biogas collection; new biocell design configuration; new manipulation for leachate and biogas.
The approach adds new merits for solid waste management, bio-energy utilization, and the concept of 5 R’s cycle for

MSW management.
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1. Introduction

Leachate and biogas are two discharges that are charac-
teristic of municipal solid waste (MSW) landfills. The
anaerobic decomposition of landfilled MSW generates
large amounts of gas composed of 50% - 60% CH, (by
volume), 40% - 50% CO,, and other trace gases such as
nitrogen and volatile organic hydrocarbons [1,2]. Meth-
ane (CH,4) gas is one of the most important GHGs be-
cause its global warming potential is more than 20 times
of carbon dioxide (CO,) [3]. Atmospheric CH, gas has
more than doubled in concentration over the last 150
years [4].

Leachate recirculation is one option for inexpensive
leachate disposal and for reducing the cost of post-clo-
sure care and long-term liability [5,6]. It could participate
to improve leachate quality; reduce volume of leachate to
be treated; and enhance gas production [7]. Leachate re-
circulation reduces waste stabilization time. In addition,
it is effective in enhancing gas production and improving
leachate quality especially in terms of COD. Leachate
recirculation has a positive effect on CH, formation [8].

Landfill gas production rate is influenced by functional
parameters such as abiotic factors and landfill operation
procedures [9]. The abiotic factors of concern can be
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summarized as: pH, nutrients, inhibitors, temperature,
and water content, while the landfill operation proce-
dures of concern can be summarized as: waste composi-
tion, sewage sludge addition, shredding, compaction, soil
cover, recirculation of leachate, and pre-composting.

The methane producing bacteria is called methanogens
which operate within 6 - 8 pH in methanogenesis process.
Anaerobic ecosystem requires much less nitrogen (N)
and phosphorous (P) than the aerobic system does. The
optimal ratio for organic matter (as COD), N, and P con-
tent, is 100:0.44:0.08 [9]. Nutrients and metal supple-
mentation have a positive effect on biogas production
rate [10].

The temperature for mesophilic bacteria is in the range
of 30°C - 35°C, while 45°C - 65°C is for the thermophilic
bacteria. The active temperature for methanogens is in
the range of 30°C - 50°C. The optimum temperature
range of gas generation is between 30°C - 45°C during
the main landfill gas generation phase [11]. The change
of temperature will have an impact on the growth and the
activity of the microorganisms [12].

The range of moisture content in a typical landfill is 15
to 40% with a typical average of 30% [11]. Some studies
have indicated that refuse samples containing greater
than 55% (wt/wt) moisture content produced increased
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amounts of CH, while those that contained less than 33%
moisture content did not produce any CH, [13]. The rate
of gas generation increases with the increment of mois-
ture in landfill site [14]. The water content in landfill
sites assists to exchange of substrate, nutrients, buffer,
dilution of inhibitors, and spreading of microorganisms
[15].

The MSW at landfill undergo biochemical processes
that are consisted of three phases: hydrolysis, acidifica-
tion, and methanogenesis. The first and most important
part in the biodegradation process of organic material in
sanitary landfill is the hydrolysis, which is likely to be
the rate-limiting step for methane production from solid
waste [16]. First-order kinetics is used to represent the
hydrolysis of refuse constituents:

dCsi
dr

where: K; is first-order hydrolysis rate constant of refuse
constituent i (day '), C(s) is solid organic carbon concen-
tration of refuse constituent i (kg/m3), and Cg; is aque-
ous organic carbon concentration of refuse constituent i
(kg/m?).

The second phase of the biochemical process is the
acidification, where carbon dioxide and acetate are pro-
duced from the biodegradation of organic matter. In this
phase, the pH value has important effect on the methano-
gens [17]. The third phase is the methanogenesis, where
the acetic acid is converted to methane and carbon diox-
ide.

The mass balance coupled with the Monod formula is
used to describe the microbial growth within landfill:

Mass balance:

=—K,,C, a5 Cg, +H,0 5 C

_re _d
Cloy =S =S
Monod formula:
KzlumaxSX
dt K +S

where: C ,, is net formation rate of carbon concentra-
tion (kg/m’-day), C(’i( is generation rate of carbon con-
centration (kg/m’-day), C‘i( is depletion rate of carbon
concentration (kg/m’-day), (dX/dt) is rate of microbial
growth (kg/m’-day), fmex is maximum rate of substrate
utilization (day "), X is microbial concentration (kg/m?),
S is substrate concentration (kg/m®), and Kj is half satu-
ration constant (kg/m®) [17].

The most commonly used reaction rate equation in en-
gineering practice for gas production estimation is:

E:—k—”’XS; S<K,
dr K,

where: dS/dt : rate of substrate utilization (kg/m’-day),
k,,: maximum utilization coefficient (day '), X: is micro-
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bial concentration (kg/m’), S: substrate concentration
(kg/m®), K: half saturation constant (kg/m”).

The above equation implies an environment capable of
supporting biological activity in accordance with sub-
strate availability [18]. A necessary condition in applying
this kinetic model to the decomposition of organic matter
in a sanitary landfill is that the organic matter is limiting
for the rate determining by methanogenic bacteria [19].
Although the rate determining nature of methanogenic
bacteria has been studied in great detail for applications
to anaerobic digestion, it is difficult to directly apply this
information to organic decomposition in sanitary land-
fills because of the undefined nature of the landfill envi-
ronment [19].

The gas pressure and composition vary during the life
of the landfill. The methane and carbon dioxide genera-
tion increases the pressure gradients leading to the gas
advective flow. The concentration gradients lead to the
gas diffusion. Following the path of least resistance, gas
will migrate either vertically to the atmosphere or later-
ally beyond landfill boundaries in surrounding geological
formations. In the latter case, gas eventually reaches the
atmosphere [20].

In isobaric systems, gas transport occurs by diffusion,
whereas in non-isobaric systems gas transport occurs by
advection and diffusion. The equation of mass conserva-
tion accounting for gas in a porous media can be written
as:

C
6[ ]T +8_N+ra =0
ot Ox
where:
)
" ox

[C],=(pK, +6,+¢, HC)[C]W

where, Cr: total gas concentration in multi-phases (g/L),
C,: gas concentration in porous pore water (g/L), K
linear adsorption constant (m*/kg), p,: bulk density (kg/
m3), &: gas fraction in the porous pores, 6,: volumetric
water content in the porous medium, H,.: Henry’s con-
stant, D,,.: the effective diffusivity coefficient of gas
(mz/s), r,: rate of reaction for gain or loss [21].

The following equation of mass conservation gas dif-
fusion-convection in a porous media can be written:

- o(U,C, .
¢£=_M+i Djk% +Gi
ot ox, ox;, ox;

where: ¢ is porosity of the landfill (m® of voids per m® of
refuse), C; is concentration of the i component of the
gas mixture (kg/m®), Uy is advective velocity in the &™
direction (m/day), Dy is diffusion coefficient of gas i in
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the k™ direction (m?*/day), x; is k™ direction (m), and G, is
generation rate of the /" component of the gas mixture
(kg/day) [17].

Since the Reynolds number characterizing the flow of
gases generated in sanitary landfills is typically smaller
than 1, the velocity field can be described by the gener-

alized form:
k ( oP
U :__[__ k3ng
Hyy \ O,

where: k is permeability of the landfill (Darcy), 4, is
viscosity of the gas mixture (N-day/m?), P is total pres-
sure inside the landfill (N/m%), p is density of the gas
mixture (kg/m3), O 1s Kronecker’s delta: 63 = &3 = 0;
&3 = 1 (dimensionless), and g is acceleration due to grav-
ity (m/day?) [17].

The previous literature introduces to the processes of
biogas generation, biogas correlation with functional
parameters, and biogas transport, which all are amended,
controlled, and/or optimized in the approach of this arti-
cle.

2. The Approach

The main contribution of this research is to provide a
novel system for efficient management and utilization for
biogas and leachate in biocell landfills. The novel ap-
proach of Root Analogous Municipal Solid Waste Man-
agement System (RA-MSW) is a system that serves dual
mission for biogas and leachate management. The RA-
MSW is mainly consisted of network simulates tree roots
in which the role of these permeable roots is to recircu-
late leachate and collect biogas interchangeably where
the circulation of leachate is controlled as shown in Fig-
ures 1 and 2.

The biological biogas production and leachate treat-

A

y

ment are affected by the major parameters of nutrients,
water content, pH, and temperature. Hence, the process
of leachate recirculation is controlled by fitting the above-
mentioned parameters to optimal biogas production and
leachate treatment (Figure 2) The advantages of RA-
MSW are summarized to the following major points:
e Dual handling for leachate and biogas;
e Hydrophobic permeable roots for gas collection [22-
24];
Efficient and smooth biogas transport;
Controllable system for waste management;
Enhanced biogas production;
Fast waste stabilization;
The system raw material are available on the dump;
The application of 5 R’s concept for solid waste man-
agement.
This new system provides amendment on leachate re-
circulation, biogas production, leachate treatment, and
biogas collection as shown in Figure 3.

3. The RA-MSW System Design

The permeable medium of roots is a hydrophobic mate-
rial such as polymers (e.g. polystyrene (PS), polyethyl-
ene (PE)---) that could be found in the refuse frequently.
For investigation of gas transport within root-like poly-
mer, permeability test is conducted using air flow through
different comparable media where hydrophobic styro-
foam polymer shows high permeability (Figure 4). The
temperature, porosity, and water content are vital factors
affecting the biogas transport in porous media. Due to
high porosity and low water content in styrofoam; more
efficient biogas transport (convection and diffusion) could
be predicted. The temperature effect could vary from one
gas to another. Figures 5 and 6, show the effect of tem-
perature variation on coefficient of diffusion (D) and
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Permeable Synthetic
_-~ Roots
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- Temperature
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©

Figure 1. RA-MSW biocell system.
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Figure 2. The parameters that are controlled in RA-MSW management system for efficient waste manipulation.
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Figure 3. The affected processes benefited by applying RA-MSW system.

coefficient of conductivity (K) for simulation of biogas
transport in permeable polymer (polystyrene medium).
To fulfill sustainable development principles, polymers
used for permeable medium is formed from recyclable
materials available on the landfill mass. Another source
of sustainable materials for roots is the wasted polymers
during flawed polymerization processes taking place
occasionally in the factories.

4. RA-MSW Fabrication and Operations

RA-MSW roots are hydrophobic and porous polymer
medium. These roots can be formed either on site or in
factory. At a landfill, there are many sources of plastic
and hydrophobic materials available at the dump. Styro-
foam material is one of the hydrophobic materials that
can be reformed for RA-MSW roots fabrication. There
are two scenarios suggested of operation; the first is to
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pack the solid waste and compact it and then bore holes
are drilled. The melted polymer is then poured and re-
formed with steam bubbling for high porosity; in this
case porous roots should not be clogged. The other sce-
nario is to have the tube-like roots formed with the re-
quired specification at factory and then roots are installed
while cell is being operated. In this case the roots must
not be compacted and should still be hollow for leachate
and biogas conveyance. However, in any condition, roots
have to be properly oriented with full consideration of
avoiding compaction and shearing.

5. Waste Stabilization in RA-MSW

In landfill cells, waste biodegradation is accomplished by
aerobic processes that are followed by anaerobic proc-
esses. These two processes are important for waste deg-
radation and biogas generation. The permeable polymer
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Figure 4. Head loss vs air flow rate within different media
(at standard conditions).
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Figure 5. Effect of temperature variation on coefficient of
diffusion (D) for simulation of biogas in polystyrene roots.
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Figure 6. Effect of temperature variation on coefficient of
conductivity (K) for simulation of biogas in polystyrene
roots.

is used to collect biogas and recirculate leachate gener-
ated through biological processes. In addition, these roots
could be used to intrude air in a third aerobic process that
follows the anaerobic process to stimulate waste biodeg-
radation in the cells. In each finished cell, roots are con-
nected to valves and piping system that convey biogas to
a storage volume (Figure 1).

Furthermore, biogas produced within RA-MSW sys-
tem begins to move in the least resistant pathway toward
the areas of less pressure and concentration. Biogas
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transfer could be forecasted as shown in Figures 5 and 6,
biogas smoothly moves through the homogenous roots
where there is no pressure build up, no inactive zone ob-
struction, and no heterogeneous gas transfer. Biogas
tends to transport toward the permeable evacuated RA-
MSW and then they are collected at ports.

6. RA-MSW Management System

RA-MSW controls the fluid wastes (leachate and biogas).

It is also a platform to enhance biogas production and it

is flexible to apply successive aerobic-anaerobic proc-

esses and leachate recirculation which in turn increase
waste degradation and stabilization.

US EPA developed the solid waste management pyra-
mid, which ranked the most preferable ways to address
solid waste management. Source reduction and reuse,
was listed as the best approach; followed by recycling,
recovery, and disposal (Figure 7). This approach is being
modified in RA-MSW management system, which pro-
vides enhanced biogas production, better control of green-
house biogas emissions, and landfill leachate treatment.

RA-MSW system is also a modern method for reusing
and recycling materials at the dump. It is then a state of
the art technology for solid waste management with new
5 R’s approach. The 5 R’s cycle approach suggests the
following:

Reduce the waste from source;

Reuse the waste for the same function;

Recycle the waste for other functions;

Recover energy and material from waste;

Reprocess the residual output waste in new product.
The 5 R’s cycle approach suggests no place for waste
refuse as shown in Figure 8. Prospective advantages of
RA-MSW management system include:

o Integrated operation system that combines waste dis-
posal, biogas production enhancement, biogas collec-
tion, and leachate recirculation;

o Fast decomposition and biological stabilization of the
waste;

e More control on released waste (biogas and leachate);

e Smooth and fast transfer of biogas from waste to the
1oots;

¢ Control on waste toxicity and mobility via control on
both aerobic and anaerobic conditions;

e [t is a new generation of bioreactor landfill (biocells);

e Application of “5 R’s” cycle approach in solid waste
management.

7. Conclusion

This paper provides a novel MSW management system
for waste utilization for bioreactor landfill (biocell). The
(RA-MSW) provides new approach of hydrophobic
polymer roots for dual mission of biogas and leachate
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Waste Management Hierarchy

Source Reduction & Reuse

Recycling/Composting

Energy Recovery

Treatment
& Disposal

Figure 7. U.S. EPA solid waste management pyramid [25].

Reduce

Reprocess

Recover

Figure 8. The new 5 R’s cycle approach for solid waste
management.

manipulation. It gives amendments for landfill configu-
ration, waste operation, biogas collection, and leachate
treatment. RA-MSW system is a modern method for re-
using and recycling materials at the dump. It is a state of
the art technology with new 5 R’s cycle approach for
solid waste management and energy utilization.
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