
1

Vol.:(0123456789)

Scientific Reports |         (2022) 12:2970  | https://doi.org/10.1038/s41598-022-06722-6

www.nature.com/scientificreports

Simulation of heat transfer 
in a landfill with layered new 
and old municipal solid waste
Tao Zhang  1*, Jianyong Shi2,3, Xun Wu2,3, Shi Shu2,3 & Hai Lin4

Due to rapid degradation of the newly filled municipal solid waste (MSW), the local temperature 
of the waste layer increases greatly. The mechanical parameters related to waste degradation and 
the deformation of high-density polyethylene (HDPE) pipes in the waste body will be affected by 
the elevated temperature. To predict the temperature distribution in the anaerobic landfill, a one-
dimensional heat transfer model is established in this study. This model considers the stratification of 
the saturated and unsaturated zones, and the layering of new and old waste. Furthermore, a single 
peak model for heat production is applied as the source term of heat production. The stratification 
of the unsaturated and saturated zones is considered by distinguishing the difference in heat 
conductivity and specific heat capacity. The layering of the new and old waste layers is considered 
by distinguishing the difference in the length of time that waste has been degraded to produce heat. 
Based on the numerical calculation method, the temperature distribution in a landfill with layered 
new and old MSW is well simulated. The position where the maximum temperature occurs and the 
variation in the temperature at the edge of new and old waste are elucidated. The sensitivity analysis 
shows that the influence of the density on the temperature distribution is more significant. Besides, 
the stratification of saturated–unsaturated waste should also be considered in landfills.

The biodegradation reaction causes an increase in waste temperature, and the normal working performance 
of HDPE pipes and the geomembrane in the landfill will be affected by high temperatures1,2. In addition, the 
temperature also affects the mechanical behavior of the waste pile3, which increases the uncertainty in the sta-
bility analysis of the landfill4. Therefore, to ensure the safe operation of landfills, the exploration of the thermal 
response has become an important research interest. Rees5, Spokas and Bogner6, Hanson et al.7–9, Yesiller and 
Hanson10, Yesiller et al.11,12, Bonany13, Shariatmadari et al.14, Hunte et al.15, Koerner and Koerner16, and Vaverkova 
and Adamcova17 investigated the waste temperature in different landfills. It was found that a shallow waste 
temperature was influenced by atmospheric temperature. In terms of the temperature distribution, Spokas and 
Bogner6 and Van Elk18 found that waste temperature increased with depth; Yoshida and Rowe19, Hanson et al.9,20, 
Reinhart et al.21, and Jafari et al.22,23 indicated that the maximum temperature was near the middle of the landfill; 
Zhang et al.24 analyzed the temperature distribution in a newly filled waste layer and concluded that the high-
est temperature appeared near the leachate level. In terms of the variation in temperature over time, Lefebvre 
et al.25, Hanson et al.7, Bouazza et al.26, Jafari et al.22, and Nocko et al.27 pointed out that the waste temperature 
increased rapidly in the early stage. Yoshida and Rowe19 found that the waste temperature began to decrease 
approximately 10 years later. Magyar and Faitli28 summarized the temperature variations of different filling age 
wastes in the Gyal landfill, and proposed a trend function for the temperature variation; Moreau et al.29 found 
that the waste temperature in the Caen landfill increased significantly during the waste placement period, but the 
waste temperature decreased after the closure of the landfill. The stratification of the new and old waste existed 
in an operating landfill24,25,30,31. The temperature variations in this kind of landfill also should be estimated using 
theoretical calculations.

Currently, many scholars have obtained the temperature distribution in landfills using numerical19,29,32–44 and 
analytical45,46 calculations. The landfills in these studies were generally regarded as landfills with a homogeneously 
unsaturated waste layer19,29,32–46 or a continuously placed waste layer19,32,33,35,36,39–43,45,46. The current theoretical 
method can be used to evaluate the temperature distribution in most landfills. However, the current theoretical 
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methods used to predict the variation trend and longitudinal distribution of temperatures in operating landfills 
in areas with abundant rainfall may produce significant errors. If it is necessary to predict the temperature in 
such landfills, the stratification of the new and old waste and the stratification of the saturated–unsaturated waste 
should be considered in the establishment of theoretical methods.

Based on numerical methods, a one-dimensional heat transfer model for estimating the temperature in a 
landfill with layered new and old waste and layered saturated and unsaturated waste is presented in this study. The 
differences in the length of time that waste has been degraded, the specific heat capacity and the heat conductiv-
ity in the waste layers are considered in this model. The stratification of the unsaturated and saturated zones is 
considered by distinguishing the specific heat capacity and heat conductivity of waste in the different zones. The 
stratification of the new and old waste layers is considered by distinguishing the length of time that the waste 
has been degraded to produce heat in the different waste layers. The results of the numerical calculation are then 
compared with the temperature in the newly filled waste layer measured by Zhang et al.24. The validity of the 
theoretical model in simulating the temperature distribution in the newly filled waste layer is determined. The 
evolution of the temperature distribution in the landfill with the layered new and old waste layers is analyzed. 
The position where the maximum temperature occurs and the variation in temperature at the edge of the new 
and old waste are elucidated. In addition, the significant sensitive parameters of the temperature distribution 
are discovered.

Materials and methods
Numerical model of the heat transfer.  To establish a model for predicting temperature in landfills, 
it was assumed that the density, heat conductivity and specific heat capacity of waste are isotropic, and these 
parameters do not vary with time. According to the law of energy conservation, the heat flowing into the unit 
body plus the heat brought into the unit body by the fluid plus the heat produced by the unit body are equal 
to the increase in the internal energy of the unit body, which can be represented using the following equation:

where λ is the heat conductivity of waste (W (m K)-1); T is the temperature in the unit body (℃); t is the time; 
ρw is the density of the fluid (kg m-3); uw, vw, and ww are the velocity of the fluid in the direction x, y, and z, 
respectively (m s-1); ρ is the density of waste (kg m-3); C and Cw are the specific heat capacity of the waste and 
fluid, respectively (J (kg K)-1); QT is the amount of heat produced by biodegradation per unit volume of waste 
per unit time (J (m3 d)-1).

The waste can be divided into easily degraded, moderately degraded, and difficultly degraded according to 
the biodegradability of the waste47–49. According to the equation of waste biodegradation rate presented by Liu 
et al.50, the amount of heat generated by biodegradation per unit volume of waste per unit time can be presented, 
as shown in the following equation:

where i = 1, i = 2, and i = 3 represent easily degraded, moderately degraded, and difficultly degraded components 
in the waste, respectively; ωi is the proportion of a component; AT = ρ0qTA

/
Mw , and ATi are the parameters 

related to the peak heat production rate (J m-3 d-1); ρ0 is the initial density of the waste (kg m-3); qT is the amount 
of heat generated by the biodegradable per unit amount of substance of waste (J mol-1); A is the parameter related 
to the biodegradation (d); Mw is the molar mass of the waste (g mol-1); BTi is the time of the peak heat production 
rate (d); The DTi is the length of time that the waste has been degraded to produce heat (d).

Substituting Eq. (2) into Eq. (1). The estimation of the temperature distribution in the landfill is a one-
dimensional problem, because the heat is only considered to transfer to the outside and into the waste layer. 
Therefore, the following equation can be obtained:

Equation (3) is the one-dimensional transient basic difference equation of the heat transport in the MSW 
layer. The following equation can be obtained by the difference in Eq. (3):

where fT1 = � ; fT2 =
∑

3
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ωi

ATi(t+DTi)
BTi

e
−
(t+Di)
BTi  ; fT3 = ρC ; hz is the step length in the vertical direction; τ is 

the step length of time.
Equation (4) is the difference equation of a one-dimensional transient difference scheme for heat transfer in 

a landfill. The difference equation is in the classical implicit format, indicating that the difference equation can 
be solved via iterative methods.
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Results and discussion
Temperature distribution in the Wuxi landfill.  Wuxi landfill, where Zhang et  al.24 conducted their 
field test, is located in the southeast of China. The average annual rainfall is approximately 1900 mm, and the 
atmospheric temperature ranges from −9 °C to 39°C24. Wuxi landfill is a typical valley-type landfill and also an 
anaerobic landfill. Designed to accommodate 4.20 million m3 of MSW. During the year 2016, 2200 t d−1 of MSW 
were placed in this landfill. Zhang et al.24 monitored the temperature in the newly filled waste layer from January 
18, 2016 to June 18, 2017. The waste at the bottom of the Wuxi landfill has been placed for 20 years. Hanson et al.9 
observed that the temperature for the waste with a filling age of approximately 20 years was stable at 20 ℃. There-
fore, the lower boundary was considered as a constant boundary (the Dirichlet boundary condition) during the 
process of calculation. The surface temperature of the landfill fluctuates with the atmospheric temperature, and 
the upper boundary can be represented by a cosine function36,45,51. Therefore, the cosine function was used to fit 
the observed data of the surface temperatures. The fitting results are shown in Fig. 1, and the upper boundary 
was also the Dirichlet boundary condition. The average initial waste temperature in the newly filled waste layer 
was found to be approximately 20 ℃. However, the temperature of the measuring point was still the measured 
temperature. Hanson et al.9 observed that the temperature of waste with a filling age of approximately 10 years in 
the middle of the landfill was 30 ℃, and it was also found that the temperature in the middle of the landfill was 
the highest. Then the quadratic function was used to simulate the temperature distribution in the old waste layer. 
The physical model for simulating heat transfer in the Wuxi landfill is shown in Fig. 1.

According to Eq. (3) and Fig. 1, the following mathematical model was obtained:

When Eq. (5) is differenced and according to Eq. (4), the following mathematical model of difference scheme 
was obtained:

(5)






Governing equation : �
∂2T

∂z2
+

3�

i=1

ωi
ATi

BTi
(t + DTi)e

−
t+DTi
BTi =

∂T

∂t
ρC

Initial condition: T(z, t = 0) =

�
20, 0 ≤ z ≤ 8.5

−0.0444z2 + 2.0889z + 5.4556, 8.5 < z ≤ 38.5

Upper condition: T(z = 0, t) = 25.18− 9.985 cos

�
2π

365
(t + 4.054)

�

Lower condition: T(z = 38.5, t) = 20

Figure 1.   Physical model for heat transfer in the Wuxi landfill.
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where ot(t) and oz(z) are the node functions in time and the vertical direction, respectively.
In order to select reasonable calculation parameters, the parameters collected from the Wuxi landfill and 

those suitable for the Wuxi landfill were selected as far as possible. The parameters used in the numerical cal-
culation are shown in Table 1. The variation in the waste temperature with time in the newly filled MSW layer 
of the Wuxi landfill was obtained using numerical calculation, as shown in Fig. 2. Although the local surface 
temperature fluctuated greatly due to the random change in weather, the surface temperature was higher during 
the summer and lower during the winter in general. Therefore, this rule was well expressed using the surface 
temperature curve fitted by a cosine function in this study. In the earlier period after the waste was placed in the 
landfill, the waste biodegradation was relatively rapid, and more cellulose and hemicellulose were involved in 
the biodegradation reaction50. Then more heat was produced by the aerobic and anaerobic reactions of the waste. 
Therefore, the waste temperature increased faster during this period, and vice versa during the later period. In 
addition, the waste temperature in the shallow layer was easily influenced by the atmospheric fluctuation after 
the waste temperature reached the peak temperature. This was due to the reduced rate of biodegradation and the 
heat production from non-dominant biodegradation. The calculation value is compared with the field test value 
in Fig. 2, and it can be also seen that the variation in temperature in the newly filled MSW layer with time was 
better simulated using the calculation method and the numerical model presented in this study.

The variations in the waste temperature with height in the Wuxi landfill are shown in Fig. 4. The waste in 
the old MSW layer had been degraded for many years, the waste biodegradation was relatively slow, and less 
cellulose and hemicellulose were involved in the biodegradation reaction. Then less heat was produced by the 
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Table 1.   Parameters of heat transfer model in the Wuxi landfill. a The heat conductivity of waste in the 
saturated zone was larger than that in the unsaturated zone19,33, and then the heat conductivities of waste 
in the saturated zone and the unsaturated zone were reasonably selected within the range of the literature 
value; b Based on the equation of the specific heat capacity of waste provided by Garg and Achari35, as shown 
in Eq. (7), the specific heat capacities for the unsaturated and saturated zones can be calculated according 
to the waste composition of Wuxi landfill provided by Zhang et al.24, and the specific heat capacity of each 
component provided by Yoshida et al.53 and Miller and Clesceri54. C =

Cs(1−n)ρs+ClnSlρl+Cgn(1−Sl)ρg
ρ

(7) 
where, C is the specific heat capacity of waste (J (kg K)-1); Cs, Cl and Cg are the specific heat capacities of each 
component, leachate, and landfill gas, respectively (J (kg K)-1); ρ, ρs, ρl and ρg are the densities of waste, each 
component, leachate, and landfill gas, respectively (kg m-3); n is the porosity of the waste; Sl is the liquid phase 
saturation. c In order to simulate the temperature at the bottom of monitoring well, which was placed after 
the waste body was excavated, the length of time that the waste in the new waste layer had been degraded to 
produce the temperature was set to 0; 40 was the average length of time for the existence of the new waste layer 
(d); 8.5 was the thickness of the new waste layer (m); 1.5 was the average height for placing the waste in the 
old waste layer each year (m); d AT/e was the peak value of heat production rate in this model, so AT in Fig. 3 
was equal to the peak heat rate in the literature multiplied by e (natural constant). AT = ωi

∑
3

i=1
ATi and 

BT = ωi
∑

3

i=1
BTi were based on the data provided by Hanson et al.9,55 and the actual situation of the Wuxi 

landfill, ATi and BTi were obtained using the method of empirical fitting, as shown in Fig. 3.

Parameter Value Value from reference Reference

λ
(W (m K)-1)

{
0.1, Unsaturated zone

0.2, Saturated zone

a

0.035—0.242 52

C
(J (kg K)-1)

{
557.4, Unsaturated zone

1376.2, Saturated zone

b

– 53,54

ρ
(kg m-3) 700.0 – 24

DG
(d) DT =

{
0, Newly filled waste layerc

40+ z−8.5
1.5 × 365, Old waste layer – –

ω1, ω2 and ω3 0.15, 0.55 and 0.30 0.15, 0.55 and 0.30 47–49

AT1, AT2 and AT3
(W m-3) 15.0, 5.0 and 0.6d – 9,24,55

BT1, BT2 and BT3
(d) 30, 50 and 350d – 9,24,55
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Figure 2.   Comparison of the calculation and test values of temperature with time at the bottom of the different 
wells: (a) Surface (Depth: 0 m); (b) #4 well (Depth: 5.88 m); (c) #5 well (Depth: 3.58 m); (d) #6 well (Depth: 
6.56 m); (e) #7 well (Depth: 1.34 m); (f) #8 well (Depth: 2.05 m).
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times: (a) Day 50; (b) Day 150; (c) Day 300; (d) Day 517.



7

Vol.:(0123456789)

Scientific Reports |         (2022) 12:2970  | https://doi.org/10.1038/s41598-022-06722-6

www.nature.com/scientificreports/

own degradation of the old waste. Therefore, the waste temperature in the old waste layer varied rarely, which 
was mainly affected by the heat conduction of the waste in the new waste layer. In addition, the closer to the new 
waste layer, the greater the influence on the temperature of the old waste. In the newly filled waste layer, the waste 
biodegradation was relatively fast, and more cellulose and hemicellulose were involved in the biodegradation 
reaction. Then more heat was produced by the own degradation of the new waste, which led to an increase in the 
new waste temperature. However, the increasing rate of temperature in the middle of the newly filled waste layer 
was faster than that at both ends. This was because a portion of the heat generated by the waste near the surface 
and the boundary between the old and new waste was transferred to the atmosphere and the old waste layer in 
the form of heat conduction, respectively. Another reason why the highest waste temperature occurred near the 
leachate level was that the specific heat capacity of the waste in the unsaturated zone was less than that in the 
saturated zone19. If the same amount of heat was generated by biodegradation, the increment in temperature in 
the saturated waste was smaller than that of the unsaturated waste. Then the waste temperature below the leachate 
level did not increase with depth. When the biodegradation rate in the newly filled waste layer decreased, the 
increasing rate of the temperature also slowed down until the waste temperature increased to the peak value. 
After that, the heat was transferred by heat conduction from the site with a higher temperature to the site with a 
lower temperature until a new heat equilibrium was reached. It can be also seen from Fig. 4 that the calculation 
method and the numerical model used in this study better reflected the temperature distribution in the new and 
old waste layers by comparing the calculation value with the test value.

Sensitivity analysis.  A comparison of the temperature distribution under the conditions of the different 
division methods for the saturated–unsaturated waste zones is shown in Fig. 5a. If the entire waste layer in the 
landfills was regarded as a fully unsaturated zone, the waste temperature in a new waste layer would be greater 
than that under the condition of stratification of the saturated–unsaturated waste. Because the saturated zone in 
the saturated–unsaturated zones was considered as an unsaturated zone, the heat conductivity and specific heat 
capacity of the waste in the saturated zone needed to take the corresponding values in the unsaturated zone. The 
heat conductivity of the waste in the unsaturated zone was smaller than that in the saturated zone. When the 
same amount of heat was generated due to the waste biodegradation, the temperature of the equivalent mass of 
waste in the fully unsaturated zone increased significantly. Moreover, the heat conductivity of the waste in the 
fully unsaturated zone was relatively small, then the heat transfer to the surrounding area was relatively slow. 
Therefore, when the entire waste layer in landfills were regarded as a fully unsaturated zone, the estimated value 
of the temperature in the new waste layer will be larger, and vice versa.
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A comparison of the temperature distribution under the conditions of the different heat conductivities of the 
waste in the unsaturated waste zone is shown in Fig. 5b. The smaller the heat conductivity of waste in the unsatu-
rated waste zone, the higher the waste temperature in the newly filled MSW layer. This was because if the heat 
conductivity of waste in the unsaturated zone was relatively small, the heat generated by the waste biodegradation 
have difficulty transferring to the surrounding area, hence, the heat would accumulate in the original position. 
In addition, more heat would be generated by the biodegradation of the new filled waste, which would make the 
waste temperature increase significantly. A comparison of the temperature distribution under the conditions of 
the different specific heat capacities of the waste in the unsaturated waste zone is shown in Fig. 5c. The smaller 
the specific heat capacity of the waste in the unsaturated waste zone, the higher the waste temperature in the 
newly filled MSW layer. This was because if the specific heat capacity of the waste in the unsaturated zone was 
relatively small, the same amount of heat generated by the waste biodegradation would make the temperature 
increment of the equivalent mass of waste increase. A comparison of the temperature distribution under the 
conditions of the different densities is shown in Fig. 5d. The smaller the density of the waste, the higher the waste 
temperature in the newly filled MSW layer. This was because when the same amount of heat was generated by 
the waste biodegradation, if the density of the waste was relatively small, the temperature increment for the same 
volume of waste was greater under the condition that the specific heat capacity of the waste changed slightly. Due 
to the small heat production of the old waste in the deeper zone, the temperature difference was not obvious.

Using the mathematical model of heat transfer developed in this study, the primary sensitive parameters to 
the quantification of temperature were analyzed. If the heat conductivity and specific heat capacity of the waste 
were relatively small, or the waste layer in the landfill was fully unsaturated zone, then the waste temperature 
would be relatively high. High temperature was beneficial for the collection of landfill gas. However, the larger 
temperature has an effect on the deformation of the HDPE pipe in the landfill, and when the temperature exceeds 
a certain range, it was not conducive to waste biodegradation and gas production from waste. When the heat 
conductivity, specific heat capacity and density of the waste both increased by 1%, the maximum temperatures 
decrease by 0.30%, 0.17% and 0.22%, respectively. Therefore, the temperature was most sensitive to the density. 
It is very important to select parameters that are suitable for a specific landfill when the temperature distribution 
is estimated. In particular, the heat conductivity and the stratification of the saturated–unsaturated waste layers 
are irrational, which will cause a large error in the temperature estimation. Furthermore, if it is assumed that the 
heat conductivity, specific heat capacity and density of the waste increase with time, it can be judged from Fig. 5 
that the temperature distribution in the newer waste layer is underestimated, and vice versa.

Conclusions
A one-dimensional heat transfer model for heat response in a landfill with layered new and old waste was estab-
lished in this study. This model considered the stratification of the saturated and unsaturated zones, and the 
layering of new and old waste. Furthermore, a single peak model for heat production was applied as the source 
term of heat production. The stratification of the unsaturated and saturated zones was considered by distinguish-
ing the difference in heat conductivity and specific heat capacity. The layering of the new and old waste layers was 
considered by distinguishing the difference in the length of time that waste has been degraded to produce heat. 
Therefore, the established heat transfer model is suitable for anaerobic layered MSW landfills with leachate level.

Based on the numerical calculation method, the temperature distribution in the new and old waste layers 
was obtained. After the results of calculation were compared with the test result, the following conclusions were 
found: (1) The temperature distribution in the landfill with the layered new and old waste was better simulated 
using the heat transfer model and the calculation method developed in this study; (2) The highest temperature 
occurred near the leachate level in the newly filled waste layer; (3) The temperature at the boundary of the new 
and old waste was lower than that in the middle of the new and old waste layers at the earlier period after the new 
waste was placed; (4) The density was a more sensitive parameter that influenced the temperature distribution; 
(5) When the temperature distribution needs to be estimated, the stratification of the saturated–unsaturated 
waste should also be considered. In this study, the heat transfer model, the calculation method, and the selection 
method of the parameters provide a theoretical basis for evaluating the variation in temperature in an anaerobic 
landfill with layered new and old waste.
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