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ABSTRACT 

Covered lagoon biodigesters are widely used in Brazil for treatment of agro-industrial 
effluents; however, under natural conditions, they operate at temperatures below the ideal. 
Thus, external sources for heating the effluent can enhance reactor performance and 
optimize thermal exchanges between the biodigester and the environment. This study 
aimed to evaluate the thermal exchanges in the internal and external environments of a 
covered lagoon biodigester from the influence of effluent heating through solar energy. 
Mathematical modeling (EnergyPlus software) was used as a tool to simulate thermal 
exchanges and obtain heat transfer rates. To do so, two scenarios were considered: with 
and without heated effluent. The results showed that solar radiation is the primary source 
of heating for anaerobic reactors and that the high thermal inertia of the soil contributes 
to a small variation in temperature of the resident biomass over the course of the day, 
even in the scenario with heated effluent. The temperature of the resident biomass reached 
and stabilized at 30°C, even after thermal exchanges with biogas and soil, in both hot and 
cold periods when heating was applied.  

 
 
INTRODUCTION 

In Brazil, covered lagoon biodigesters (CLB) have 
been increasingly used in treatment of agro-industrial 
effluents due to their low technological demand and because 
they fit within investment conditions of producers of 
different sizes (Sousa et al., 2022; Cheng et al., 2018). The 
stabilization of organic matter in these reactors occurs 
through anaerobic conditions, but process speed and 
efficiency can be influenced by different factors (Náthia-
Neves et al., 2018). Temperature is considered the most 
critical variable from an operational point of view, as it has 
a direct effect on the microbial activity inside reactors 
(Adrover et al., 2020).  

According to Deng et al. (2016), mesophilic 
anaerobic digestion (with internal temperatures between 30 
and 35°C) affects the economic viability of biodigesters for 
organic matter degradation. However, most full-scale 

systems operate at ambient temperature, compromising 
treatment efficiency and biogas production (Sousa et al., 
2022). Given this scenario, new alternatives have been 
proposed to optimize anaerobic reactors, such as effluent 
heating using internal and external sources. In this sense, 
solar energy presents itself as a viable alternative due to its 
sustainability and permanence.  

Most research related to heating effluent takes place 
through bench studies (Cao et al., 2020; Chae et al., 2008; 
Deng et al., 2016) and mathematical modeling (Gunjo et al., 
2017; Liu et al., 2017) for different configurations of 
anaerobic reactors. Using computational models for 
modeling and simulation of heating systems can benefit 
technical and economic feasibility studies and later large-
scale implementation, reducing costs and achieving more 
effective results (Meister et al., 2017).  

In Brazil, there are few studies on full-scale heating 
systems in covered lagoon biodigester models. 
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Additionally, biodigester monitoring typically occurs only 
in terms of inlet and outlet temperatures, without 
considering heat exchanges between biodigesters and the 
external environment. CLBs are semi-submerged models 
with exposure to ultraviolet rays. Hence, the analysis of 
temperature behavior and heat exchanges between a reactor 
and its surrounding environment is of great relevance, as it 
allows for a more detailed study of interactions both inside 
and outside the system (Tápparo et al., 2021). This enables 
identifying operating conditions for systems that result in 
greater utilization of solar radiation, lower heat losses to the 
external environment, increased microbial activity rate, 
optimization of treatment, and selection of materials with 
more favorable thermal properties (Sousa et al., 2022).  

The analysis of thermal exchanges with heated 
effluent in anaerobic reactors is a pioneering approach and 
can bring interesting discussions in the field of operational 
and construction aspects of covered lagoon-model 
biodigesters. Still, understanding the mechanisms and 
thermal exchanges of the biodigester with the interface 
environments is necessary (Mahmudul et al., 2021). Studies 
indicate that heating the effluent inside the biodigesters can 
increase biogas production, as well as reduce hydraulic 
retention time (HRT), eliminate pathogens, and ensure 
stability of biogas production throughout the year 
(Makamure et al., 2021). Therefore, studying heat transfers 
between internal and external components of biodigesters, 
considering the heated effluent, allows for assessment of 
whether the resident biomass is capable of maintaining 
temperature throughout the day, as well as quantifying rates 
of energy gain and loss between the heated effluent, biogas, 
soil, and external environment.  

The objective of this work was to evaluate, through 
simulations, the thermal exchanges that occur in the 
internal and external environments of a covered lagoon 
biodigester, based on the influence of effluent heating 
through solar energy.  
 
MATERIAL AND METHODS 

Study site characterization 

The study of thermal exchanges in covered lagoon 
biodigesters (CLBs) was conducted using data from a 
treatment system located in a pig farm in the municipality 
of Teixeiras, in the Zona da Mata of the state of Minas 
Gerais – Brazil. The location lies at 20° 34' 07.2'' S latitude, 
42° 52' 01.6'' W longitude, 03:00 UTC window, 678-m 
altitude, and inclined 30° from the north-south direction. 
The wastewater treatment system consists of a distribution 
tank that receives incoming wastewater by gravity, which is 
directed to two CLBs operating in parallel. After treatment 
in the biodigesters, outgoing wastewater (digestate) is 
directed to a stabilization pond. 

The biodigesters were constructed in an inverted 
pyramid trunk shape and lined with a flexible HDPE 
geocomposite of 1.25 mm thickness on the bottom and 
walls. They were covered with another blanket of the same 
material, creating a biogas reservoir of 1.0 mm thickness. 
Each biodigester had a volumetric capacity of 1,250 m³. 
Figure 1 shows the main dimensions of the biodigesters. 
The arrow indicates the flow of effluent inside the reactor. 
Biogas produced in the CLBs was converted to electrical 
energy using a generator with 120 kVA power, model 
GMWM120.

  

 

FIGURE 1. Details of the internal and external dimensions of the biodigesters. 
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Monitoring of effluent treatment system 

The wastewater treatment station of the farm was also 
monitored in terms of temperature using 3-wire Pt100 
sensors, with a PCA/S class B design. Sensor 1 (Figure 2) was 
located near the generator house and was used to monitor    
the external temperature. Sensor 2 was located 1 meter deep 
in the soil and near the first biodigester, monitoring                
soil temperature. Sensors 3 measured the temperature of the  

resident biomass and were located in the passage boxes next 
to the respective biodigesters. Sensor 4 was positioned 
between the two biodigesters to measure biogas temperature. 
Finally, sensors 5 were installed in the biodigester’s exit 
boxes and measure the temperature of the effluent (digestate) 
at the exit. Figure 2 shows the representation of the 
wastewater treatment units in the farm and locations where 
temperature measurement sensors were installed. 

 

 

FIGURE 2. Schematic diagram of the effluent treatment station and location sites of the temperature sensors. 
Source: Sousa et al. (2022). Temperature sensors: 1- Environment, 2- Soil, 3- Resident biomass, 4- Biogas, 5- Digestate 
Line colors:              effluent at the inlet/outlet                    biogas  

 
Here, we monitored temperatures from January 2018 

to December 2019. For this purpose, monthly average 
temperatures of the environment, soil, resident biomass, and 
biogas were considered to validate the biodigester simulation. 

Biodigester modeling  

Mathematical modeling was used to simulate 
thermal exchanges and heat transfer rates between the 
biodigester and internal and external environment, 
considering two scenarios: without heated effluent and with 
heated effluent. The proposal for heating the effluent 
considers the use of solar panels under optimized 
temperature conditions, as reported by Maradini (2021). 
Biodigester geometry was developed in the SketchUp 
software (version 17.2), while the modeling and simulation 
were performed simultaneously using the Energy Plus 
software (version 8.7) and the Legacy Open Studio plugin.  

The input data for the biodigester simulation were: 
(i) climatic file and location of the study; (ii) soil 
temperature data; (iii) physical and thermal properties of 
soil, resident biomass, and biodigester building materials; 
and (iv) simulation run period. Hourly climatological data 
was extracted from the climatic file of Viçosa (Zona da Mata, 

Minas Gerais - Brazil), since a weather station is close to the 
rural area of Teixeiras, representing climate of the region.  

Soil temperature data was obtained through sensors 
installed at the effluent treatment station on the farm. 
Measured values were tabulated and organized into monthly 
averages considering two simulation run periods: (i) hot 
period (Jan., Feb., and Mar./2018 and 2019) and (ii) cold 
period (Jun., Jul., and Aug./2018 and 2019). The numerical 
method described by Xing (2014) was selected to evaluate 
thermal exchanges between resident biomass and soil 
around biodigester.  

Table 1 presents the thermal and physical properties 
of the biodigester building materials and internal and 
external components considering two scenarios: (i) 
saturated soil for the hot period; and (ii) dry soil for the cold 
period. In the Energy Plus software, each internal 
environment is considered a homogeneous thermal zone. 
This study considered two thermal zones, one for biogas and 
one for resident biomass, as this configuration provides a 
detailed and specific evaluation of temperatures and thermal 
exchanges of the two components separately. The same 
thermal physical properties were assigned to the surface 
separating the biogas zone and resident biomass zone.
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TABLE 1. Physical and thermal properties of the biodigester building materials and internal and external components of the 
biodigester. 

Physical properties 
Components / Materials 

Resident biomass Saturated soil Dry soil Biodigester blanket 

Thermal conductivity (W m-1 K-1) 0.581 1.582 0.252 0.353 

Specific heat (J kg-1 K-1) 4186.801 1550.002 890.002 1700.003 

Specific mass (kg m-³) 1040.001 2000.002 1600.002 950.003 

References: 1(Almeida et al., 2017); 2(Oke, 2002); 3(DIN 52612 – 2). 
 
The corresponding mass of biogas was not modeled in 

Energy Plus due to limitations of the software and due to 
having similar thermal-physical properties to air. The resident 
biomass inside the CLB was approximated as a uniform 
internal mass for the calculation of material's inertia effects. 
To model the internal heating of the effluent to reach the 
desired temperature of 30°C, considered an ideal value for the 
operation of biodigesters (Chae et al., 2008), a heating source 
was modeled inside the reactor with a power of 19900 W.  

Energy budget  

Thermal exchanges between the biodigester and its 
surrounding environment was assessed by analyzing heat 
flows between external environment, plastic cover (upper 
blanket), and biogas (q1); between biogas and resident 
biomass (q2); and between resident biomass and the soil (q3) 
(Figure 3).

 

 

FIGURE 3. Schematic diagram of the thermal exchanges among biodigester, external environment, and soil. 
 
Table 2 displays the main heat transfers between internal and external components of biodigesters, considering two 

scenarios: (i) reality and (ii) simulation. This is because certain assumptions were adopted in simulation, affecting the existing 
heat exchange. The main difference is that, in the model, resident biomass was regarded as a uniform internal mass without 
temperature gradient, whereas, in reality, it is a fluid in a liquid state. 

 
TABLE 2. Thermal exchanges between internal and external components of biodigesters 

Component 
Heat exchange type 

Reality Simulation 

Environment-Upper blanket Radiation + Convection Radiation + Convection (q1) 

Environment-Biogas Radiation / Diffraction Thermal radiation (q1) 

Upper blanket-Biogas Radiation + Convection Convection (q1) 

Biogas-Resident Biomass Convection Convection + Radiation (q2) 

Resident Biomass-Soil Convection Conduction + Radiation (q3) 

 
Main forms of heat transfer between external 

environment and biodigester are solar radiation and 
convection (q1), while energy exchange between soil and 
resident biomass in reactor mainly occurs through 
convection (reality) or conduction (simulation) and thermal 
radiation (q3). Finally, biogas and resident biomass exchange 
heat through convection and thermal radiation (q2).  

The upper blanket of the biodigester is primarily 
heated by incident solar radiation. However, heat exchange 
also occurs between the blanket and external air through 

convection, as air temperature varies temporally within the 
domain. Then, the blanket exchanges heat with the biogas 
inside the reactor through convection. Additionally, some of 
the solar radiation that strikes the dome undergoes 
diffraction and reaches the biogas, heating it. In this study, 
we admitted a direct heat exchange between the biogas and 
resident biomass through convection and thermal radiation. 
This is because the same thermal physical properties of the 
resident biomass were adopted for the separation surface 
between both zones. Heat exchange also occurs between the 
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resident biomass and soil through conduction (simulation) 
and thermal radiation. The model allowed us analyzing the 
temperature behavior of the environment, biogas, resident 
biomass, and soil, as well as quantifying heat transfer rates 
between internal and external components of biodigester. 

Simulation validation 

For simulation validation, a statistical analysis was 
performed comparing the simulated data in the scenario 
without heating to the experimental data obtained through 
temperature monitoring in real scale. The validated values 
were the temperatures of the environment, biogas, resident 
biomass, and soil.  

Root mean square error (RMSE) and root mean 
square relative error (RMSRE) were adopted as 
performance indicators (Equations 1 and 2). Results closer 
to zero indicate better performance of the models and better 
validation fit (Hallak & Pereira, 2011).  

RMSE = ට
∑ (ଢ଼౟ିଡ଼౟)

మ౤
౟

୬
                                              (1) 

 

RMSRE = ට
∑ (𝐘𝐢ି𝐗𝐢)

𝟐𝐧
𝐢

𝐧
   x  

𝟏𝟎𝟎

𝐗ഥ
                                (2) 

Where: 

Y: simulation value;  

X: observed value;  

n:  number of analyzed values; 

RMSE: root mean square error; 

RMSRE: root mean square relative error; 

Xഥ: mean of observed values. 
 

RESULTS AND DISCUSSION 

Simulation validation  

Table 3 shows the results of performance indicators 
for average hourly temperatures of the environment, biogas, 
resident biomass, and soil obtained by the model, 
considering the scenario without heating, and compared to 
temperatures measured by sensors installed in the effluent 
treatment unit of the farm. The temperature results obtained 
by the simulation are from the climate file used in                 
the model. The evaluation was conducted for the hot and 
cold periods.

 
TABLE 3. Performance indicators for different temperature profiles and considering hot and cold periods. 

Temperature  / 
Period 

Environment Biogas Resident biomass Soil 

Hot Cold Hot Cold Hot Cold Hot Cold 

RMSE (°C) 4.10 1.75 8.10 4.20 6.80 1.90 7.30 0.20 

RMSRE (%) 16.20 10.10 29.00 24.60 25.70 9.00 26.00 1.10 

RMSE: root mean square error; RMSRE: root mean square relative error. 
 
Overall, simulated results were closer to monitored 

data in the cold period (Table 3). Soil temperature during 
the cold period was the most reliable (1.10%), while biogas 
temperature during the hot period was the furthest from 
actual values (29.00%). There was no homogeneity between 
hot and cold periods, and the results regarding resident 
biomass and soil showed the greatest discrepancies between 
the periods. In sum, the values were consistent with those 
reported in the literature (Leonzio, 2018; Liu et al., 2017). 

In general, errors cannot be associated with the 
model since the simulated environmental temperature came 
from the climate file, hence independent of the geometry, 
and it did not show such large discrepancies compared to 
other parameters. Thus, discrepancies between simulated 
and monitored data are likely associated with difficulties 
inherent in real-scale studies, as there are external sources 
that can compromise data accuracy such as measurement 

failures, sensor irregularities, and model limitations 
(Meister et al., 2017).  

Another aspect to consider is that the representative 
year that makes up the climate file is obtained through a 
statistical treatment of a time series of meteorological data, 
while the actual data used in this study were obtained by the 
average of the data measured in the years 2018 and 2019, 
making them more sensitive to climatic variations. 

Energy budget  

Figure 4 shows the variations in the average 
temperatures of the environment and biogas obtained from 
the simulation and the behavior of heat flow between the 
environment, the upper blanket of the biodigester, and the 
biogas, considering hourly averages for the warm (a) and 
cold (b) periods in the scenario without heating and warm 
(c) and cold (d) periods for the scenario with heating. 
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FIGURE 4. Variation in temperature of the environment and biogas, and heat flow (q1) from hourly averages for hot (a) and cold 
(b) periods in the scenario without heating and for hot (c) and cold (d) periods in the scenario with heating. 

 
Figure 4 demonstrates that the heat flow does not 

change when evaluating between the scenarios with and 
without heating in the respective hot and cold periods. The 
upper blanket is heated by direct solar radiation during the 
day, with a maximum heat transfer rate by direct solar 
radiation of 41% higher in the hot period (1593.6 W m-2) 
than in the cold period (945.7 W m-2) due to the higher 
incidence of solar radiation in the months related to the hot 
period. The results show that solar radiation is the primary 
source of heating for the covered lagoon biodigesters. 

The environment also exchanges heat with the 
biodigester's upper cover through convection. During the 
day, the cover loses heat to the environment, while at night 
the heat exchange is reversed, since due to the low thermal 
inertia of the cover's construction material and the high 
incidence of solar radiation during the day, the cover has a 
temperature that is more pronounced in relation to the 
external environment, so as to give off heat to the 
environment and reach thermal equilibrium. In the hot 
period, the maximum heat transfer rate from the environment 
to the cover (-310.1 W m-2) is about 71% greater than the heat 
transferred from the cover to the environment (90.1 W m-2); 
while in the cold period, the maximum heat transfer rate from 
the cover to the environment (175.2 W m-2) is 68% greater 
than the heat transferred from the environment to the cover  (-
56.1 W m-2). Thus, the cover gains more heat in the hot period 
and loses more heat in the cold period, coinciding with the 
result of radiation. 

The heat transfers between biogas and upper blanket 
and between biogas and the outside environment happen 
through both convection and thermal radiation, 

respectively. During the day, the blanket loses heat to biogas 
and, at night, it receives heat from biogas. In hot conditions, 
the maximum heat transfer rate from the upper blanket to 
biogas is 39% higher (-41.6 W m-2) than that from biogas to 
the upper blanket (25.4 W m-2). In cold conditions, the 
maximum heat transfer rate from the upper blanket to biogas 
is 24% higher (-31.4 W m-2) than that from biogas to the 
blanket (23.8 W. m-2). Biogas only receives heat from the 
sun that has been converted into thermal radiation by the 
blanket. The maximum values were -942.0 W m-2 and -
648.8 W m-2 during the hot and cold periods, respectively. 

The temperatures of the surrounding air in the 
scenarios with and without heating showed similar 
maximum values for the hot (26.6°C) and cold (22.6°C) 
periods. A similar behavior was noted for biogas 
temperatures in both scenarios, with maximum values of 
28.3°C in the hot and 20.2°C in the cold periods. Both 
environment and biogas temperatures are strongly 
influenced by the weather conditions that biodigesters are 
susceptible to, leading to variations throughout the day 
(Mahmudul et al., 2021). Such a behavior of biogas 
temperature was also observed by Hreiz et al. (2017), who 
analyzed a temperature range of up to 10°C throughout the 
daily cycle.  

Figure 5 exhibits the average temperature variation 
plots for resident biomass and soil obtained by simulation. 
The plots also display the heat flow pattern among biogas, 
resident biomass, and soil. They were plotted using hourly 
averages for the hot (a) and cold (b) periods in the scenario 
without heating, as well as hot (c) and cold (d) periods in 
the scenario with heating. 
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FIGURE 5. Temperature variation for resident biomass and soil, and heat flows (q2 and q3), from hourly averages for hot (a) and 
cold (b) periods in the scenario without heating, and hot (c) and cold (d) periods in the scenario with heating.  

 
The items in Figure 5 display different behaviors 

between the scenarios with and without heating, with heat 
transfers being stronger under heating conditions. It should 
be noted that heat flow ranges have different maximum and 
minimum limits between both scenarios 

Biogas exchanges heat with resident biomass 
through convection and thermal radiation. During the day, 
the biogas loses heat to the resident biomass through 
convection, with maximum values of 3.4 W m-2 and 2.4 W 
m-2 in the hot and cold periods, respectively. At other times 
of the day, the biogas receives heat from the resident 
biomass, with maximum values of -2.2 W m-2 and -2.1 W 
m-2 in the hot and cold periods. The values of heat losses 
and gains were similar, so a thermal balance between the two 
components can be assumed throughout the day, especially in 
the cold period. These relationships and values were equal for 
both the studied scenarios (with and without heating). 

Heat is exchanged between biogas and resident 
biomass through radiation. During the day, biogas releases 
heat to the resident biomass and receives heat at night, with 
a maximum rate of 29.9 W m-2 between biogas and resident 
biomass, which is 60% greater than the heat transferred 
from resident biomass to biogas (-11.8 W m-2) in the hot 
period. During the cold period, heat transfer rate was 48% 
greater between biogas and resident biomass (19.9 W m-2) 
than from resident biomass to biogas (-10.4 W m-2). These 
relationships and values were the same for both the heated 
and unheated scenarios. 

Heat exchange between biogas and resident biomass 
was stronger through radiation than convection. Notably, 

heat transfer rates between the environment, upper blanket, 
and biogas were significantly higher than those between 
biogas and resident biomass. This result might be due to 
biogas forming a highly insulating layer for heat transfer, as 
well as the large thermal capacity of resident biomass and 
its high response time to changes in climatic conditions 
outside the biodigester (Amaral et al., 2022).  

Resident biomass, in turn, exchanges heat with soil 
through conduction and thermal radiation. Regarding 
conduction, values were negative for the entire day, thus 
resident biomass loses heat to the soil, whether under heated 
and unheated conditions, and for both periods studied (hot 
and cold). In the scenario without heating, values showed 
small variations throughout the day, with maximum values 
of -7.9 W m-2 and -6.8 W m-2 in the hot and cold periods. In 
the heating scenario, results varied with the studied period 
when effluent was hotter, as heating source was 
programmed to run from 07:00 to 17:00. In the hot period, 
maximum heat flow was -104.6 W m-2, while in the cold 
period it was -89.7 W m-2. In both scenarios (with and 
without heating), heat transfer rates in the hot period were, 
on average, about 14% higher than in the cold period; 
therefore, soil saturation does not have a significant 
influence on heat exchanges with resident biomass.  

Heat exchanges between resident biomass and soil 
by radiation showed positive values. Thus, resident biomass 
loses heat to soil both in the heating and non-heating 
scenarios and for both periods studied (hot and cold). Heat 
exchange by conduction has a similar behavior, as in the 
non-heating scenario, values showed lesser variations 
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throughout the day, with maximum values of 6.43 W m-2 
and 6.0 W m-2 in the hot and cold periods. In the heating 
scenario, results varied with periods when effluent was 
hotter. Therefore, maximum heat flow was 43.9 W m-2 in 
the hot period and 33.7 W m-2 in the cold period. Heat 
exchange by conduction between resident biomass and soil 
was more intense than heat exchange by radiation, 
especially in the heating scenario. 

The soil temperature in both scenarios (with and 
without heating) for the hot and cold periods showed a 
linear behavior with small variations throughout the day. In 
the scenario without heating, average temperature was 
about 24.3°C for the hot period and 21.9°C for the cold 
period. On the other hand, in the scenario with heating, 
average temperature was about 28.4°C for both hot and cold 
periods, hence the soil receives heat from the heated 
resident biomass.  

Biomass temperature showed a linear behavior in the 
scenario without heating. The results were very close to soil 
temperatures in the same scenario, with an average of 
24.2°C during the hot period and 21.9°C in the cold period. 
In the heating scenario, however, temperatures were higher 
during the day, with averages of 32.5°C, and, at other times 
of the day, they averaged 28.4°C during both hot and cold 
periods. Vaz et al. (2020) evaluated the influence of 
automation on the same CLB using heating of the effluent 
and internal recirculation processes through Computational 
Fluid Dynamics (CFD). These authors observed an increase 
in velocity gradient in the CLB from 0.210 s-1 (without 
heating) to 1.747 s-1 (with heating), as well as a greater 
thermal amplitude for resident biomass in the scenario with 
heating, which was also reiterated in our study.  

The relationship between heating and increased 
temperature in resident biomass was also reported by Hreiz 
et al. (2017) . This behavior is justified by the high thermal 
inertia of the material, which results in small and slow 
temperature variations over time. Such characteristic is 
essential for the proper functioning of biodigesters, as it 
prevents abrupt temperature fluctuations within reactors and 
allows maintaining metabolic activities of the anaerobic 
bacteria in degradation process (Amaral et al., 2022).  

Resident biomass and soil temperatures were very 
similar, especially in the scenario without heating. This is 
because soil is responsible for maintaining temperature 
inside biogas reactors, due to its high thermal inertia (Souza 
et al., 2011). A similar behavior was observed in Vietnam 
(Pedersen et al., 2020) for unheated and insulated biogas 
reactors. The study showed that resident biomass 
temperature was driven by the temperature in the 
surrounding soil, but the main source of heat for 
maintaining internal temperature was solar radiation. 
Furthermore, the authors of that study identified that in 
heated biogas reactors, energy flow was predominantly 
from the horizontal movement of heat mass exchanges 
between heat exchanger and resident biomass. 

Additionally, resident biomass temperature was able 
to reach and stabilize at 30°C, which is considered ideal for 
bioreactor operation, even after thermal exchanges with 
biogas and soil. Thus, an external source to increase resident 
biomass temperature, such as the sun, is an alternative to 
optimize operation of bioreactors and maintain their internal 
temperature in response to fluctuations in the environment 
and solar radiation (Wang et al., 2017).  

 

CONCLUSIONS  

The study of thermal exchanges in heated anaerobic 
reactors is still an incipient approach, particularly in Brazil, 
making our results of paramount importance for optimizing 
the operation of covered lagoon biodigesters. For instance, 
by selecting materials for construction and improvements in 
energy flow inside and outside the reactors. 

Our findings showed that solar radiation is the 
primary heating source for the biodigesters, and the high 
thermal inertia of the soil contributes to the low variation in 
resident biomass temperature throughout the day, even in 
the scenario with heated effluent. 

Biogas exchanges heat with the external 
environment through solar radiation, convection, and 
thermal radiation, thus exhibiting similar behavior to the 
ambient temperature with high daily amplitudes. It also 
exchanges heat with resident biomass through convection 
and thermal radiation, but heat transfers between these two 
components were much lower than those between it and the 
external environment. Moreover, thermal exchanges among 
biogas, resident biomass, and external environment were 
the same in scenarios with and without heating.  

On the other hand, heat exchanges between resident 
biomass and soil were different in the scenarios with and 
without heating. Resident biomass and soil exchange heat 
through conduction and thermal radiation, with higher heat 
transfer rates in the scenario with heating, due to a larger 
thermal difference between them. Furthermore, conductive 
exchanges were more intense than radiative exchanges, 
especially in the scenario with heating. 

Finally, in the scenario with heating, even after 
thermal exchanges with biogas and soil, resident biomass 
temperature is able to reach and stabilize at 30°C, which is 
considered an ideal temperature for biodigesters.  
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