Heat mitigation in compacted clay liners in municipal solid waste landfills
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ABSTRACT

In municipal solid waste (MSW) landfills, the degradation of organic materials produces elevated temperatures in the
waste mass and basal liner. These high temperatures can lead to significant moisture loss in the clay component of
the basal liner, eventually causing desiccation cracking. Such cracking compromises the liner’s structural integrity,
enabling the uncontrolled release of contaminants into the environment and leading to serious ecological challenges.
This research explores the temperature-moisture dynamics within a compacted clay liner (CCL) subjected to varying
constant elevated waste temperatures (CETS). It evaluates the effects of two distinct heat reduction methods:
rockwool insulation layers of varying thicknesses and galvanized steel cooling pipes operating at different flow rates.
Both techniques were found to effectively mitigate the thermal and desiccation impacts on the CCL. Increasing the
thickness of the rockwool insulation consistently reduced the liner's temperature, whereas higher flow rates through
the cooling pipes under turbulent flow conditions had a limited effect on reducing temperature and moisture loss.
These findings underscore the feasibility of employing the proposed heat reduction strategies to reduce desiccation
risks and enhance the functional lifespan of CCLs exposed to elevated temperatures in MSW landfills.
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1 INTRODUCTION Various methods to mitigate liner heating and
desiccation have been proposed, including increasing
bentonite content in geosynthetic clay liners (GCLs),
introducing air gaps for heat attenuation, and polymer
enhancements. Numerical studies also suggest cooling
pipes or insulation layers (e.g., sand, geofoam, or
shredded tires) could reduce liner temperatures.
However, these approaches lack experimental
validation.

This study addresses this gap by experimentally
examining the temperature-moisture profiles of CCLs
exposed to elevated temperatures (40°C-70°C) and
assessing the effectiveness of cooling pipes and
insulation layers in reducing heat.

Municipal solid waste landfills (MSWLs) use basal
liners to isolate waste and prevent leachate migration
into groundwater. These liners, often composed of
compacted clay or geosynthetic materials, act as critical
barriers. Elevated temperatures within MSWLs arise
from exothermic reactions associated with waste
decomposition and industrial by-products, ranging from
35°C to 135°C for waste and 30°C to 70°C for liners,
while groundwater remains cooler at 5°C to 25°C. This
temperature gradient induces heat flow, triggering
water vapor migration from the liner to cooler regions.
The resulting desiccation reduces the liner's moisture
content, forming cracks compromising its integrity,
leading to leachate leakage and environmental
contamination.

In low- and middle-income countries, compacted
clay liners (CCLs) are favored due to cost-effectiveness
and the use of local materials. Despite their widespread
use, research on the impact of elevated temperatures on
CCLs is limited. Studies have shown desiccation and
permeability increases due to micro-cracking under
heat, but comprehensive investigations into
temperature-moisture variations along the liner's depth
are lacking.

2 MATERIAL

2.1 Compacted Clay Liner (CCL)

Marine clay, commonly found in coastal regions
worldwide, is abundant along Malaysia's Peninsular
coast, particularly in Johor, Malacca, Klang, Jeram,
Penang, and Alor Star (Emmanuel et al., 2019;
Anggraini et al., 2017). Due to its physical properties,
low hydraulic conductivity, heavy metal adsorption,
resistance to desiccation cracking, and ability to retain



pathogenic bacteria in landfill leachate, marine clay is
recommended as a landfill liner (Anuar and Chan,
2017; Chalermyanont et al., 2009; Sandhya and Shiva,
2017; Sobha and Jose, 2008). It is already in use in
landfill liners in Malaysia, Singapore, and Japan (Azme
and Murshed, 2018).

Table 1. Basic geotechnical and thermal properties of marine
clay (Jayawardane et al, 2024)

Soil Properties Value
Natural Water Content (%) 60.46
Specific Gravity 2.48
Atterberg Limits
Liquid limit (%) 66
Plastic limit (%) 31
Plasticity Index (%) 35
Organic Content (%) 3.79
Activity 0.81
British ~ Standard  Classification CH
System (BSCS)
Maximum Dry Density (MDD)
(g/cm?) 1.54
((?)/E)tlmum Moisture Content (OMC) 24.20
Linear shrinkage (%) 14.2
Particle size distribution (%)
Gravel -
Sand 12
Silt 45
Clay 43
Fines Content (Clay + Silt) 88
Unconfined Compressive Strength 704
(UCS) (kPa)
Thermal Properties
Thermal conductivity (W/m°C) 1.160
(chr)rlgg?:e)trlc Heat capacity 1.893
Thermal Diffusivity (mm?/s?) 0.613
Thermal Resistivity (°C.cm/W) 86.230

The basic geotechnical and thermal properties of
the collected marine clay are provided in Table 1. It
should be mentioned here that all water contents
mentioned in Table 1 were calculated using the
gravimetric method, and that the thermal properties
reported were calculated for marine clay compacted
(using the mini-compaction apparatus) at a moisture
content that was 2% wet of optimum, which was the
moisture content that was used to prepare marine clay
for all experiments in this research (Sridharan and
Sivapullaiah, 2005).

2.2 Cooling pipe

Several key factors were considered when
selecting the material for the cooling pipe network.
First, as most countries using compacted clay as a
landfill barrier are low- and middle-income, the pipe
material needed to be cost-effective. Second, the
material should be easily available for both construction
and quick replacement in case of damage. Third, the
pipe material must have high thermal conductivity for
efficient heat exchange. Finally, it should be resistant to
corrosion. Galvanized steel (GS) met all these criteria
and was chosen for the cooling pipe network (Ben
Cheikh El Hocine et al., 2017; Mendrinos et al., 2017,
Saber, 2021; Touafek et al., 2015). Fig. 1 shows the
heat exchange component made from GS.
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Fig. 1. Cooling pipe materials galvanized steel

2.3 Thermal insulator

This study proposes rockwool (Fig 2) as an
effective thermal insulation material for MSW landfills
to reduce CCL desiccation due to elevated waste
temperatures. Rockwool is a sustainable, renewable
volcanic stone material with thermal conductivity 3 to
26 times lower than other previously suggested
insulation materials.  Additionally, its moisture
resistance and vapour permeability allow water vapour
to pass through, helping hydrate the CCL and prevent
desiccation.

Fig.2. Rockwool insulation board



3 METHODOLOGY

3.1 Cooling pipe design Concept

The proposed cooling pipe concept, inspired by
previous numerical studies (Hoor, 2012; Rowe et al.,
2009), involves installing a closed-loop horizontal pipe
array within a fine sand layer (pipe sand layer (PSL)
above the basal compacted clay liner (CCL) in a
municipal solid waste (MSW) landfill. Coolant
circulating through the pipes absorbs heat from waste
biodegradation passing through the PSL, reducing heat
transfer to the underlying CCL.

The heated coolant is transported to external
facilities for energy extraction, which can be

repurposed for onsite applications such as preheating
domestic water, greenhouse heating, or intensifying
leachate evaporation (Faitli et al., 2015). After energy
extraction, the coolant passes through a cooling tower
to return to its initial temperature before recirculating
through the system. This process repeats continuously,
as illustrated hypothetically in Fig. 3.
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Fig. 3. A three-dimensional illustration of proposed cooling pipe
configuration in a municipal solid waste landfill

3.2 Experimental program

For the cooling phase experiments, the following
alterations were made to the experimental setup
employed for the base phase experiments:

a) A cooling pipe system that comprised a single
four-pass module embedded within a fine sand layer
(PSL) was installed directly above the CCL

b) Additional thermocouple probes were inserted into
the CCL along the horizontal direction at a depth of 15
mm to capture the influence of cooling pipes on the
temperature variation along the horizontal direction of
the CCL’s uppermost region.

Marine clay that was oven dried, crushed and
sieved, was compacted into the wooden tank in five
lifts at a water content that was 2% wet of its optimum
up to a total height of 130 mm. Thermocouple probes
were inserted into the CCL at designated locations and
connected to the data logger to measure temperature
variation within the CCL during the experiment. A
single 4-pass pipe module, that was embedded within a
fine sand layer (i.e., the pipe sand layer or PSL), was
installed directly above the CCL. The entry and return
pipes of the 4-pass pipe module were connected to a
laboratory-scale cooling pipe system located outside the
wooden tank. The temperature detection sand layer
(TDSL), along with the Resistance Temperature
Detector (RTD) probe, was placed above the PSL, and
the heat pad was positioned on top of the TDSL.
Following the assemblage of the experimental setup,
the heat pad circuit, data logger and the cooling pipe
system were switched on. While the TDSL was
maintained at a designated constant, elevated
temperature by the heat pad circuit, cool water was
pumped into the 4-pass pipe module at a designated
flow rate with the aid of a submersible fluid pump fully
immersed in water inside a water supply tank. The
returning warm coolant was passed through a cooling
tank for heat dissipation before it was returned to the
water supply tank. The heat pad’s top surface was
insulated during heat application, and the wooden tank
was closed from above to minimize heat loss to the
external environment. Schematic diagrams of the
cooling phase experimental setup and laboratory-scale
cooling pipe system are provided in Fig 4.
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Fig. 4. A three-dimensional illustration of the proposed cooling
pipe configuration in a municipal solid waste landfill



4 RESULTS

4.1 Effect of cooling pipes

Figs. 5(a) and 5(b) show that the Final Temperature
(FT) profiles measured along the CCL depth reduced
when cooling pipes were introduced, regardless of the
applied constant elevated temperature (CET). This
observation is attributed to the heat exchange that
would have occurred between the coolant, cooling pipe
wall and the sand layer that surrounded the cooling pipe
(i.e., the PSL). Heat is known to flow from hot to cold
regions, as described by the second law of
thermodynamics. When a constant elevated temperature
(CET) was applied to the top surface of the PSL, the
heat would have flowed downwards through the fine
sand grains via conduction towards the CCL and the
cooling pipes would have intersected the heat flow
before it reached the CCL. Subsequently, the heat
would have transferred from the sand grains to the pipe
wall via conduction and from the pipe wall to the
coolant via convection.

Convection that occurs in a fluid when in motion,
is classified as natural and forced based on the motion’s
initiation mechanism. Simply stated, convection that
occurs in a fluid that is forced to flow by external
means is termed forced convection, whereas convection
that occurs in a fluid whose motion is caused via
natural means (such as the buoyancy effect) is termed
natural convection. Accordingly, since the coolant was
pumped into the pipe network via a water pump in the
present study, it is presumed that the heat transfer from
the pipe wall to the coolant would have occurred via
forced convection. The transfer of a significant
magnitude of heat from the PSL to the coolant would
have led to a reduced heat flow towards the CCL. This
would have ultimately led to the formation of a final
temperature profile along the CCL depth that was lower
than that formed in the absence of cooling pipes.

In order to further analyse the effectiveness of
cooling pipe utilization on CCL temperature reduction,
the FT attenuation percentages (FTAPs) were
calculated using Eq. (1) where the terms Ty, Tec, refer
to the base case FT and cooling case FT, respectively.
The FTAPs calculated along the CCL depth denote the
percentages by which the base case FT profile along the
CCL depth reduced when cooling pipes were
introduced.

T c ch
FTAP (%) = bTix 100

bc Eq1l

Fig. 6 portray the variation of calculated FTAPs
along the depth of a CCL subjected to CETs of 40°C
and 70°C in the presence of cooling pipes. From Fig. 18,
it is apparent that under a CET of 40°C, the
introduction of cooling pipes (with a flow rate of 0.75
m3/h) led to a significant reduction of the base case FT
by 15.3-25.3%. The maximum temperature recorded
along the depth of the CCL for the 0.75 m3/h GS 40°C
CET experiment was 29.9°C, which occurred at the
CCL’s top surface. Since this temperature was lower
than the adverse 35°C elevated liner temperature limit,
the proposed cooling pipe system in its current state
was deemed appropriate to be employed in MSW
landfills that encounter ETs equal to or lower than 40°C.
Meanwhile, the FTAP values calculated for the 0.75
m3/h GS 70°C CET experiments were of the range
36.1-40.9%. From Figs. 17(b) and 18, it is clear that the
cooling pipes (regardless of the flow rate employed)
struggled to attenuate the heat that flowed towards the
CCL when a CET of 70°C was applied. This is because
the application of a 70°C CET triggered an intense
downward heat flow due to the high temperature
difference that existed between the heat source and the
cool CCL bottom at the time of heat application. The
maximum temperatures recorded along the depth of the
CCL’s mid region for the 0.75 m3/h and 1.5 m3/h GS
70°C CET experiments were 41.4°C and 37.8°C,
respectively, both of which are higher than the adverse
35°C elevated liner temperature limit adopted in the
present study.
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Fig. 5. Final temperature variation along CCL depth in the
absence and presence of cooling pipes: (a) 40°C CET; (b) 70°C
CET

Accordingly, the proposed cooling pipe system in
its present state is not recommended to be deployed in
MSW landfills that experience ETs close to 70°C,
without economical adjustments being made to enhance
the heat exchange efficiency that the cooling pipe
system currently possesses. A few recommended
adjustments include reducing the pipe spacing,
increasing the pipe diameter, or even changing the
medium surrounding the pipes from pure fine sand to
materials with higher thermal conductivities such as
mixtures of lime, concrete, sand and cement
(Noorollahi et al., 2018). Fig. 7 displays the FTs
measured at three specific points located 15 mm below
the CCL’s top surface for the 0.75 mdh GS
experiments. The three points, as shown in Fig. 7, were
located below the entry pipe (point-A), below the centre
of the PSL (point-B) and below the return pipe
(point-C), respectively. From Fig. 7 it is apparent that
for the 40°C CET experiment, the temperature
difference between the three measured locations was
minimal, most likely due to the low heat flow
associated with the applied 40°C temperature.
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variation along CCL depth in the presence of cooling

pipes

On the contrary, a clear temperature pattern is
noticed for the 70°C CET experiment. The CCL
temperature measured under the inlet and outlet were
lower than that measured in the centre region. This is
due to the absence of any cooling pipes in the
immediate vicinity of the CCL’s centre region.
Moreover, for both 40°C and 70°C GS experiments, the
CCL temperature measured under the inlet was slightly
lower than that measured under the outlet. The coolant
temperature would have been lower in the entry pipe
than in the return pipe, since the coolant would have
absorbed a certain amount of heat from the PSL and
become warm by the time it reached the return pipe.
Accordingly, the temperature difference between the
PSL and the coolant would have been higher in the
entry pipe than in the return pipe. As a result, the heat
exchange rate would have been higher in the entry pipe
than in the return pipe, which would have resulted in
the CCL located region underneath the entry pipe
experiencing a higher cooling than that located
underneath the return pipe.
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Fig. 7. Final temperature variation along the horizontal
distance of a CCL subjected to constant elevated
temperatures of 40°C and 70°C in the presence of cooling

pipes

5. CONCLUSION

The present study examined the variation of
temperature-moisture profiles along the depth of a
compacted clay liner (CCL) exposed to constant
elevated waste temperatures (CETs) of the range
40°C-70°C in the absence and presence of two heat
reduction techniques, viz. cooling pipes and rockwool
insulation. Following analysis of the results obtained in
this study, the following conclusions were drawn:



1. The introduction of rockwool insulation (in the
insulation case) led to significant temperature
reductions along the CCL depth under CETs of 40°C
and 70°C. However, while rockwool thickness
increments led to a progressive reduction of CCL
temperature, the rate of temperature reduction
attenuated with increasing thickness.

3. Introduction of rockwool insulation led to
significantly reducing the desiccation experienced by
the CCL exposed to CETs of 40°C and 70°C.
Desiccation of the CCL generally reduced as the
insulation thickness increased.

4. Rockwool thicknesses of 20 mm and 35 mm were
recommended to be employed for liner insulation in
MSW landfills that encounter temperatures near 40°C
and 70°C, respectively. The recommended thicknesses
were the minimum thicknesses (from those tested) that
were found to be sufficient to maintain the CCL’s
temperature below the 35°C elevated temperature limit,
above which temperatures can adversely affect the
liner’s performance.

5. Introduction of cooling pipes (in the cooling case)
led to significant reductions in temperature rise and
desiccation along the CCL depth under CETs of 40°C
and 70°C. The CCL region located underneath the entry
pipe carrying cool water, experienced a higher cooling
than that located underneath the return pipe carrying
warm water. In general, the two proposed heat
reduction techniques were found to be effective in
successfully reducing the temperature rise and
desiccation experienced by a CCL that is subjected to
elevated temperatures in MSW landfills.
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