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Abstract:

Background:

In bio-reactor landfills, both moisture and temperature have a significant impact on the bio-degradation processes. In order to speed
up the leachate recirculation, a new drainage system is proposed to build a space network of bonded whole waste tyres in landfills.

Objective:

In this study, a coupled dual-permeability flow and the heat transfer model was constructed to study the interaction between leachate
migration and temperature evolution.

Results and Conclusion:

The established model was applied to a simplified bio-reactor landfill and the simulation results demonstrated that the presence of
waste tyres could significantly speed up the heat transfer. And the intermittent injection and the varying injection pressure might
affect the distribution of temperature as well. Additionally, cooling the leachate injected could be another measure in avoiding the
occurrence of hot spots in landfills.

Keywords:  Bioreactor  landfill,  Leachate recirculation,  Bonded waste tyres,  Temperature distribution,  Cooling,  Bio-degradation
processes.

1. INTRODUCTION

In  recent  years,  bioreactor  landfills  have  become  an  innovative  and  efficacious  means  for  the  safe  disposal  of
Municipal Solid Waste (MSW) and biogas harvesting [1, 2]. The biogas production is influenced by water content,
temperature, pH, and other factors, e.g., availability of oxygen, alkalinity, nutrients and inhibitors [3]. In bioreactor
landfills,  the  collected  leachate  is  recycled  into  municipal  solid  waste,  eventually  increasing the  water  content  and
accelerating the biodegradation of municipal solid waste [4 - 9]. In the presence of recirculated leachate, pH tends to
remain stable probably because the injected leachate serves as a buffer solution; whereas, pH of the landfill without
leachate recirculation declines too much below neutrality which inhibits biodegradation after a certain period [10]. The
field  data  has  proved  the  more  rapid  degradation  and  distinctly  higher  proportion  of  methane  of  the  landfill  with
leachate recirculation compared with those without recirculation [11]. Furthermore, leachate recirculation can maximize
the efficiency and waste volume reduction rate of landfill sites [12]. However, the leachate should be recirculated to all
part of landfills by the employment of a recirculation system, because non-uniform distribution could result in short-
circuiting which could reduce gas production rate [13].
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The  leachate  recirculation  system  in  bioreactor  landfills  includes  vertical  wells  (VWs)  [14  -  17],  Horizontal
Trenches (HTs) [18 - 21], and Drainage Blankets (DBs) [22, 23]. Waste tyre chips are commonly used to form the
leachate drainage layer, but there is still controversy over whether spontaneous combustion will occur in the leachate
trench [24].

There is a consensus that reducing the thickness of the tire-filled layer would help to avoid potential combustion of
the tire. On the other hand, laboratory experiences demonstrated that increases in temperature from 20°C to 40°C raise
considerably the CH4  generation rate,  while further temperature elevation causes cessation of methanogenesis [25].
Therefore, the heat needs to be controlled for the sake of both efficiency and safety of bio-reactor landfills.

The recirculation of leachate is extensively operated under pressure in order to distribute the liquid within a limited
time [26]. However, the high injection pressure may lead to a excessive pore water near the slope, which potentially
results in a slope failure. Therefore, the manner of injection, namely, continuous or intermittent operation has been
investigated [27] to mitigate the crisis due to pressured injection.

In the authors’ preceding work [28],  a spacial  network of bonded whole waste tyres is assumed to be buried in
municipal waste during landfill. Interfaces between tyres and waste are anticipated to make preferential flow paths for
the leachate, and the connection of tyres would contribute to the enforcement of waste when subjected to any potentials
of slope slide.  Meanwhile,  the new pattern of dispersed tyres results in a thinner drainage layer compared with the
conventional  tire  grooves,  thereby  reducing  the  risk  of  underground  fire.  A  dual-permeability  mathematical  model
combined with the momentum balance equation is employed to simulate the flow of leachate in the bio-reactor landfill
and local safety factor for slope under the condition of a pressured leachate injection. The results have proved that the
spatial tire network can obviously accelerate the uniform distribution of leachate and enhance the slope stability as well.

Based on the theory of heat transfer and fluid mechanics, this study continues to establish a coupled mathematical
model to investigate the interaction between leachate recirculation and heat distribution in a landfill with waste tyres
embedded. The numerical simulation of both fluid and the temperature field for a simplified landfill aims to provide
fundamental knowledge for the future practice of this newly proposed drainage system.

2. METHODS

2.1. Leachate Flow Model

The Richards equation is used to describe the flow of landfill leachate without tyres, whilst the dual- permeability
model combines two Richard’s Equations to represent the flow within the domain of waste matrix and the priority flow
at the tire-waste interface separately. The two domains influence and act on each other. When using w, denoting the
volumetric ratio of the priority domain or matrix domain with respect to the total soil volume (-), the multiple bulk soil
properties are constituted by domain-specific matrix and fracture pore system properties as shown in Eq (1a-1e).

The two flow domains are considered to be overlapped and interacted [29] (Eq. 2 and 3)

where the subscript f indicates the preferential flow domain and the subscript m indicates the matrix domain,C is the
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differential water capacity (dθ/dh) (L-1), Se is the effective saturation (–), h is the pressure head (L), t is the time (T), K is
the hydraulic conductivity (LT-1), Ss is the specific storage (L-1), and Γw denotes the water exchange term (T-1) between
the two domains.

The van-Genuchten function is used to describe the hydraulic properties of both the matrix and preferential flow
domains  [30].  The  water  exchange  rate  is  assumed  to  be  proportional  to  the  pressure  head  difference  between  the
fracture and matrix pore systems as follows [31] (Eq. 4).

in which αw

Where  β  is  a  dimensionless  geometry  coefficient  for  describing  the  shape  of  the  matrix  structures,  a  is  the
characteristic length of the matrix structure (L), γw is a dimensionless scaling coefficient for water absorption, and Ka is
the  relative  hydraulic  conductivity.  A  single  average  value  of  0.4  for  γw  was  found  to  be  applicable  for  different
hydraulic  properties  and  initial  conditions  [32]  and  the  coefficient  β  is  equal  to  3  [33].  The  relative  hydraulic
conductivity Ka is calculated by averaging the hydraulic conductivities of two pore domains as Ka = (Km+Kf)/2 [34, 35].

2.2. Heat Transfer Model

According to Fourier’s law and the law of conservation of energy, we can get (Eq. 6).

Where,

In the above formulas (Eq. 7), the subscript s  denotes the skeletal of waste, and l  is the pore liquid, namely the
leachate in this study.T is the temperature (K), t represents time (s), cs is the heat capacity of solid portion of waste

(kJ/(m3K)), cl is the heat capacity of pore liquid, λ is the body of the heat conduction coefficient (J/(ms)·K),  is the
Darcy flow rate of pore liquid (m/s), Φ is the heat source, Se is the effective saturation (-).

In the landfills,  the temperature rise is mainly due to waste heat caused by degradation. The instantaneous heat
released by the degradation of organic waste at any time t is approximated as [36, 37] Eq. (8).

and the coefficient k is a function of temperature:

2.3. Coupled Dual-Permeability and Thermal Model

For  the  temperature-dependent  dynamic  viscosity  coefficient, it can be calculated according to empirical formula
[8, 11] (Eq. 9).
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Where T denotes the temperature in a unit of degree (Celsius), and the resultant µ in cm2/s. Taking into account the
relationship between conductivity and permeability coefficient, the conductivity at current temperature can be obtained
provided that the conductivity is known as listed in Table 1.

Table 1. Summary of parameters used (at normal temperature).

Symbol Parameter Value Unit
γa Unit weight 5.5 kN/m3

α Inverse of air-entry pressure 1.4 1/kPa
θr Residual moisture content 0.14 -
θs Saturated moisture content 0.58 -
n Van Genuchten fitting parameter 1.6 -
a Van Genuchten fitting parameter 0.37 -
b Van Genuchten fitting parameter 0.5 -
c Van Genuchten fitting parameter 0.5 -
kv Hydraulic conductivity 1×10-7 m/s

Kh/kv Hydraulic conductivity anisotropy of MSW - -
λb

s Thermal conductivity of waste solid 0.216 W • m-1 • K-1

cl Heat capacity of Leachate 4600.1 kJ/(m3 • K)
cs Heat capacity of waste solid 1200.5 kJ/(m3 • K)

a The van Genuchten model parameters of MSW are after [18]
b Thermal analysis parameters refers to [22]

Two Richards  equations  are  coupled  by the  water  exchange term,  and provide  the  pore  liquid  pressure  and the
associated liquid velocity for the calculation of the convective flux of heat transfer. The schematic diagram of coupling
approach  is  illustrated  in  Fig.  (1).  The  detailed  computational  method  and  the  verification  of  dual-permeability
modelling  refer  to  the  authors’  previous  work  [28].

Fig. (1). Coupling method of dual-permeability flow and heat transfer models.

3. RESULTS AND DISCUSSION

3.1. Application to a Landfill Profile

The configuration of the landfill  considered is  analogous to the previous studies [26] as shown in Fig.  (2).  The
leachate was injected through the horizontal trench both at a constant pressure and in a one-week on-and-off pattern,
respectively. The Leachate Collection and Removal System (LCRS) is located at the bottom of the landfill and consists
of sand and other substances, which has a thickness of 0.3 m. The pore water pressure at the bottom is fixed to zero
because of the drainage layer. Since the bottom is in contact with the leachate for long-term, the temperature is assumed
to be 50°C. For both leachate migration and heat transfer, the top and side slope are no-flux boundaries while the left-
side is a symmetric boundary. At the top, there is no flux of leachate and the calculated annual average temperature is
specified (22.5°C in the present study) to describe its contact with the atmosphere.
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Fig. (2). Conceptual model for leachate recirculation using horizontal trench system.

Since  the  present  study  focuses  on  the  effects  of  the  presence  of  bonded  tyres  on  the  leachate  flows  and  heat
transfer, the influences of site-specific situations, such as the location of the landfill, abd the composition of waste, are
represented by appropriately choosing the parameters used in the following simulations, which are listed in Table 1. In
this study, the unsaturated hydraulic properties of the MSW are not varied with respect to the depth because: (1) very
little published information is available on the evolution of unsaturated hydraulic properties of MSW as a function of
overburden pressure;  and (2)  the unsaturated hydraulic  properties  have a relatively small  impact  on the key design
parameters at steady flow state conditions [22].

3.2. Effect of Heat Transfer on the Rate of Leachate Recirculation

A base scenario without thermal effect is simulated using dual-permeability model and the flow rate, namely,  the
integration  of leachate  flux  around injection  trench is  taken as  an  index to  measure the  effectiveness of  injection.
Fig. (3) demonstrates that the coupled models include the influence of varying temperature on dynamic viscosity of
leachate  and  lead  to  a  much  higher  unit  flow  rate.  This  implies  the  importance  of  considering  the  influence  of
temperature in predicting the leachate flow in landfills.

Fig.  (3).  Effect  of  temperature  field  on  the  flow  rate:  Red  and  blue  colors  are  for  injection  pressure  of  49  kPa  and  98  kPa,
respectively.

3.3. Effect of Tyres on the Distribution of Temperature

Four representative points are used to probe the temperature distribution in landfill.  They are located at point 1
(15,10), point 2 (15,25), point 3 (15,40), point 4 (55,25) and the coordinates are in the unit of meter. Fig. (4) illustrates
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that the temperature is higher in deeper location and the leachate recirculation speeds up the release of internal heat. The
indicates  that  the  convective  heat  flux  due  to  the  leachate  flow significantly  decreases  the  subsurface  temperature,
which consequently avoids too hot temperature where consequently the microbial activity would otherwise be inhibited.

Fig. (4). Effect of leachate recirculation on the temperature field.

3.4. Effects of Injection Method on the Distribution of Temperature

3.4.1. Influence of Injection Pattern

Intermittent injection is commonly utilized to avoid excessive pore pressure and the slope failure. Here, Fig. (5)
shows the temperature evolution with time for point  1,  2 and 4.  The temperature at  shallower location experiences
larger fluctuation than deeper points. The reason is probably because of the location of the trench. Whatever the depth
is, the average temperature for intermittent injection is slightly higher than that for a continuous pattern. Further, the
same trend is also confirmed in the contour illustrations as shown in Fig. (6).

Fig. (5).  Effect of intermittent leachate recirculation on the temperature field (injection pressure = 98 kPa): solid curves are for
intermittent injection, and dotted curves are for continuous injection.
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Fig. (6). Evolution of the temperature field for both continuous (left) and intermittent (right) injection: The temperature is in unit of
°C.
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3.4.2. Influence of Injection Pressure

Fig. (7) demonstrates that raising the injection pressure results in a lower temperature due to the quicker leachate
flow and the related larger convective heat flux. However, the influence of higher injection pressure on the heat transfer
is not as significant as the contribution of tyres. Therefore, the importance of waste tyres as a new leachate drainage
system has been approved.

Fig. (7). Effect of injection pressure on the temperature field: solid curves are for pressure of 98 kPa, and dotted curves are for
injection pressure of 49 kPa; and red, blue and black curves are for point1, point2 and point3, respectively.

3.5. Effect of Cooling on the Distribution of Temperature

To account for the possible extra heat generation because of the presence of tyres, a preliminary discussion is made
here in the absence of an accurate description due to the scarcity of field data. The initial temperature for the cases with
tyres is designated to be 10°C above the normal temperature. To meet the challenge of rising temperature (which would
exceed  the  favorite  temperature  range  for  biodegradation),  cooling  by  adding  ice  to  the  recirculated  leachate  is
attempted by specifying the temperature of leachate injected at 10°C below the normal temperature (Fig. 8). It has been
found  that  cooling  makes  a  considerable  difference  in  the  upper  part  of  the  landfill,  but  much  smaller  at  a  deeper
section. Therefore, the cooling well should be placed near the hot spots. In addition, further investigations of in-situ
temperature monitoring need to be performed to improve the accuracy of heat generation and the bottom temperature
boundary condition for numerical simulation.

Fig. (8). Effect of cooling on the temperature field when enhanced heat generation due to tyres is considered: solid curves are for
cases with cooling, and dotted curves without cooling; and red, blue and black curves are for point1, point2 and point4, respectively.
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3.6. Feasibility Discussion

When compared with the conventional practices for a landfill which does not accept waste tyres, the additional costs
of  the  proposed  drainage  system  in  this  study  arise  from  waste  tyres  baling  and  cooling  of  leachate.  These  two
spendings  are  both  routine  for  a  waste  tyres  monofill  or  an  inert  waste  landfill  which assign certain  cells  for  tyres
exclusively. Regularly, a landfill operator requires that the waste tyres should be baled prior to delivery because it will
be easier to handle, help save the valuable landfill space, and will have a greater potential for recovery in the future
[38].  Especially  for  the  passenger  tyres,  landfilling  will  be  a  better  choice  than  recycling.  Since  the  large  capital
investment  required  for  a  relatively  low  return,  due  to  the  high  percentage  of  fibre  and  lower  volumes  of  rubber
compared with other tyres, makes it unlikely to be recycled in the short to medium term. Therefore, receiving the waste
passenger tyres to construct drainage system would be an excellent choice and the fee paid by tyres collectors would
help cover the expense related to tyres baling and possible cooling of leachate.

Further,  the  high  temperature  in  bio-reactor  landfill  appears  to  cause  methanogenic  mesophile  and thermophile
bacteria become dormant or perish. Meanwhile, hyperthermophilic bacteria will thrive and the hot zone expands until
the entire landfill is converted to a high-temperature environment, which presents many operational challenges [39]. It
would be more cost-efficient if the cooling facility is integrated with a geothermal retrieval system. A case of small-
scale landfill in New Hampshire, USA, has demonstrated that the payback period of the cooling system was around 7
years [39]. However, the method proposed here in this study could help alleviate the emergency for a landfill without
looping in a simple manner.

Finally, floating of tyres [40] to break through the daily cover soil will help mitigate the slope stability problem,
which is caused by the low conductivity of the cover soil. The cover soil was demonstrated to bring risk in the slope
stability because it intercepts the leachate and causes a subsequent lateral transmission of leachate to the side slope [4].
Therefore, the improvement in safety by virtue of this new drainage system is an extra benefit besides the economic
consideration.

CONCLUSION

This study coupled dual-permeability with heat transfer model to describe the non-isothermal leachate migration in
a bio-reactor landfill with waste tyres embedded. The effectiveness of leachate recirculation was found to be improved
by the decreasing dynamic viscosity of leachate due to the increasing temperature, which implies the importance of
including the interaction between leachate seepage and heat transfer. Further, the injection method, namely, the pattern
of intermittent or continuous injection and the injection pressure would influence the distribution of the internal heat in
landfill. However, the presence of waste tyres net leads to a more significant lowering of temperature. Therefore, it
would  help  release  the  concern  of  occurring  of  subsurface  hot  spots  when  applying  this  new  drainage  system  to
landfills. Additionally, cooling the leachate before injecting back at a trench near a potential hot spot could be another
effective measure in avoiding the excess internal temperature. Finally, the limitations remain in this study because of
the assumption of the heat generation in the presence of waste tyres and the temperature boundary condition at the
bottom, which need to be resolved in further field monitoring. However, the preliminary work aims to shed light on the
interaction of leachate seepage and heat transfer, and draw more attention to this alternatively new drainage system in
bio-reactor landfills.
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