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Abstract 

Background: Heat energy is essential for the anaerobic digestion of organic materials such as 

household, human or agricultural waste. Many developing countries have witnessed efforts to 

implement anaerobic digestion technology for biogas production as a strategy to enhance 

energy supply and poverty eradication in rural communities. Underground, brick, and mortar 

built fixed dome type digesters are the most deployed small-scale biogas technology in sub-

Saharan Africa (SSA) countries such as Rwanda, Ethiopia, Tanzania, Kenya, Uganda, Burkino 

Faso, Cameroon, Benin, Senegal, and South Africa despite their relatively high initial costs. 

They have a long lifespan and no moving or rusting parts involved. The basic design is 

compact, saves space, is well insulated, and does not need additional heating, hence suitable 

for developing countries. The technology is labour-intensive that involves digging the pit and 

constructing the structure from underground, thus creating local employment. Unlike 

prefabricated biogas digesters, underground, brick, and mortar-built fixed dome type digesters 

are more robust than the latter, with minimal gas pipes corrosion experienced. 

However, little literature on this type of digesters' actual field operation and performance within 

the SSA context is available. The end-user must know what needs to be done and what the 

system's outcome is supposed to be. Besides determining parameters like total solids, volatile 

solids, carbon-nitrogen ratio, hydrolysis rate, organic loading rate, and hydraulic retention time, 

the temperature inside the digester becomes one of the metrics to evaluate the anaerobic 

digestion process. The digestion temperature critically affects the biogas yield, considering all 

other conditions unchanged. Knowing the operational temperature, one can estimate the 

maximum specific growth rate of the microorganisms and the biogas production rate. 

Prediction models for the internal operating temperature of these digesters under local 

conditions typical of Limpopo province of South Africa, where most of these digesters have 
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been installed, are still lacking. To ordinary users in rural areas, the prediction of the possible 

'duration of use,' for example, the duration of continuous cooking, is essential. However, 

regardless of fulfilling all other operational requirements to predict daily gas production, 

internal digester temperature remains the missing link to having a complete set for a quick and 

easy gas yield estimation.  

Aim of the study: The overall objective was to develop a locally applicable model for 

predicting the bio-slurry operating temperature of underground brick-built domestic size biogas 

digesters. The work established a correlation of ambient air temperature with the slurry 

temperature inside the digester using a heat transfer mechanism through the media between the 

fermenting slurry and the ambient air.  

Methodology: A thermodynamic study of a small-scale fixed-dome Deenbandhu biogas 

digester model was performed by monitoring the digester's temperature and surroundings.  The 

K-type chromium-nickel temperature sensors with a sensitivity of 41 μV/°C and a response 

time of 0.8 s in liquids were positioned at the centre of the digester to measure the slurry 

temperature. Another temperature sensor was placed 2.0 m above the ground to measure 

ambient air temperature. The sensors were connected to the data logger and programmed to 

record temperature readings every second, automatically averaged hourly and daily. The soil 

surface heat flux was computed using Fourier's law of heat conduction to strengthen the model. 

Results: The average daily bio-slurry temperature of the digesters ranged between 

psychrophilic and mesophilic ranges. The results show a strong correlation between bio-slurry 

and ambient air temperature. A strong correlation was obtained between the measured and 

predicted temperature of the fermenting slurry inside the digester with a ( )Pr | t |> value less 

than 2e-16 ***, showing that the model is most significant. A Q-Q plot was also used to measure 

the importance of each observation to the regression.  
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Conclusion: The developed models can accurately estimate the bio-slurry temperature inside 

the digester using local ambient air temperature data. The set equation adds value as input to 

the research of small-scale household biogas digesters. Furthermore, the biogas production rate 

was calculated using data on predicted slurry temperature. It was found that the biogas 

production rate is satisfactory, given the condition of the study area. The biogas production rate 

varies from as low as 0.18 m
3
m

-3
d

-1
 during the cold month to 0.48 m

3
m

-3
d

-1 
during the warmest 

month. Temperatures above 20 ℃ were more conducive to a high biogas production rate. 

Keywords: Temperature, Biogas digester, Heat transfer, Thermodynamics, Radiation, Heat 

Loss, Heat Gain. 
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CHAPTER 1: INTRODUCTION 
1.1.    Background  

1.1.1. Anaerobic digestion technology for bio-energy 

Poverty has been seen in most African countries as a barrier to economic growth, especially in 

rural areas. Nations around the globe need energy for economic, social, cultural, and 

technological development. With the increasing concern about harmful fossil energy sources, 

countries worldwide are implementing renewable energy sources (Assabumrungrat et al., 

2010). The anaerobic digestion (AD) technology is traced back to the 17th century, when Volta 

noted that biogas production is a function of decomposing plant material (Prathmika & Patel, 

2014). One of the AD product sources is biogas. Efforts to implement biogas technology to 

enhance energy supply and poverty eradication have been witnessed in many developing 

countries (Bha et al., 2001; Laichena & Wafula, 1997; Msibi & Gerrit, 2017; Mulu et al., 2016, 

Tewelde et al., 2017). Biogas energy plays a vital role in improving the living standard in 

communities. Scientific knowledge associated with biogas production and risk management, 

such as low gas production, is still lacking to reach the end-user in a more simplified manner., 

1.1.2. Scientific understanding of biogas  

1.1.2.1. Formation of biogas  

Biogas is a composition of gases generated from the AD of organic degradable material such 

as above-ground biomass wood, agricultural and forest wastes, human and animal excreta, and 

food waste (Nichols et al., 2019; Wright et al., 2019). Livestock farming has become the most 

significant anthropogenic source of global methane since 1983, contributing 113.1Tg methane 

in 1994 (Zhou et al., 2007). Ruminant animals (cattle, buffalo, sheep, goats, and camels) 

produce significant amounts of methane as part of their normal digestive process (Tauseef et 

al., 2013). The methane production rate from above enteric fermentation is affected by the 

quantity and quality of the animal feed, body weight, age, and exercise. It varies among 
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individuals and animal species (Zhou et al., 2007). The methane (CH4) that the ruminant 

animals exhale is impossible to capture. However, a large proportion of CH4 produced by the 

manure of these animals can be captured. Waste deposited on fields and pastures also has 

significant amounts of CH4. Agricultural wastes such as cow manure represent the second-

largest source of greenhouse gases. Cow dung as a feedstock produces efficient biogas 

production (Baba & Nasir, 2012; Caruso et al., 2019; Prayoonkhama et al., 2017). It is 

estimated that fresh cow dung contains 28% water (Sruthy et al., 2017). For an AD to generate 

biogas, raw material such as fresh cow dung is mixed with water at a widely used ratio of 1:1 

(Baba & Nasir, 2012). The mixture undergoes biological and physical stages that have been 

well-studied (Appels et al., 2008). In all steps mentioned above, responsible bacteria 

decompose the mixture with little or no oxygen (Rabbi et al., 2015). Alfa et al. (2014) and Bove 

& Lunghi (2005) indicated that biogas production also depends on the physical and chemical 

properties of the feedstock type used. There are four stages of the digestion process, as shown 

in Figure 1-1 (Sarker et al., 2019). 

 

Figure 1-1. Biological and chemical stages of the digestion process.  
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Biogas is one of the most sustainable fuels and environmentally friendly if used responsibly 

and is intended to power cooking stoves and generate electricity from small watts to megawatts 

and as transport fuel (Bhat et al., 2001; Gaby et al., 2017). Anaerobic digestion occurs within 

distinct types of physical structures. The quality of biogas and quantity of biogas are essential 

in evaluating the success of the process.  

1.1.2.2. Hydrolysis  

Hydrolysis disintegrates complex carbohydrates, fats, and proteins into soluble monomers and 

dimers such as sugars (glucose, sucrose, and fructose), fatty acids, and amino acids (Rajendran 

et al., 2012). The hydrolysis process is described as a simple first-order process due to extensive 

variations in substrate composition and is not applicable in all circumstances (Mani & 

Sundaram, 2016). Park et al. (2005) identified hydrolysis of particulate matter as the rate-

limiting step in AD when particulate matter is not readily degradable or in systems with high 

loading rates (Mani & Sundaram, 2016). It is crucial to maintain the uniform mixing and 

temperature and concentrated organic substrate and the microbial population inside the digester 

system during the hydrolysis process so that extracellular hydrolytic enzymes produced by the 

bacteria can have intimate contact with complex organics without limiting the overall 

stabilization reaction (Mani & Sundaram, 2016). The hydrolysis process rate depends on 

particle size and pH (Ziemiński & Frąc, 2012). The size of solids negatively affects the rate of 

the hydrolysis process, influencing the performance of the whole process. To avoid 

disadvantages due to the size of solids, expensive pre-treatments aimed at disintegrating and 

solubilizing substrates are conducted before AD. Pre-treatments to improve hydrolysis account 

for 20–40% of total process costs (Menzel et al., 2020). However, some organic substrates, 

although particulate, once immersed in water, tend to solubilize immediately (Panico et al., 

2014). Hydrolytic microorganisms favour a slightly acidic pH of around 5.0–6.0 (Menzel et 

al., 2020). Myint et al. (2007) studied a mathematical model for the hydrolysis and acidogenesis 



4 
 

reactions in the anaerobic digestion of cattle manure. Still, they did not consider the effect of 

pH on the hydrolysis rate due to the poor statistically significant dependence of the linear 

regression. Hydrolysis can be viewed from a chemical perspective by (Anukam et al., 2019);  

    (𝐶𝐶6𝐻𝐻10𝑂𝑂5)𝑛𝑛 + 𝑛𝑛 𝐻𝐻2𝑂𝑂 →  𝑛𝑛 𝐶𝐶6𝐻𝐻12𝑂𝑂 6 +  𝑛𝑛𝐻𝐻2                   (1.1) 

Where, 𝐶𝐶6𝐻𝐻10𝑂𝑂5 represents cellulose via the addition of water (H2O) to form glucose 𝐶𝐶6𝐻𝐻12𝑂𝑂 6 

as the primary product and giving off hydrogen (H2). The concentration of degradable organic 

materials can be simulated using a first-order kinetics model (Mani & Sundaram, 2016). 

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −𝑘𝑘ℎ𝑦𝑦𝑑𝑑𝑠𝑠                        (1.2) 

where 𝑆𝑆 is the volatile solids (VS) concentration, 𝑘𝑘ℎ𝑦𝑦𝑑𝑑 is the first-order coefficient and 𝑡𝑡 is 

time in days. Eq. (1.2) shows that the observed solids conversion rate depends on the solid 

substrate concentration and the first-order hydrolysis rate constant (Guo et al., 2021). 

Integrating Eq. (1.2) will lead to the following solution. 

𝐼𝐼𝑛𝑛𝑆𝑆 = −𝑘𝑘ℎ𝑦𝑦𝑑𝑑𝑡𝑡 + 𝑏𝑏                   (1.3) 

Where 𝑏𝑏 is the constant of the integration. ln 𝑆𝑆 can be plotted against 𝑡𝑡  to find the slope  −𝑘𝑘ℎ𝑦𝑦𝑑𝑑 

and intercept (𝑏𝑏). Luo et al. (2012) show that the hydrolysis rate constant increases with a 

rising temperature: 

𝐼𝐼𝑛𝑛𝑘𝑘 = 𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅

+ 𝐼𝐼𝑛𝑛𝐴𝐴                (1.4)

  

Where 𝐴𝐴 is the pre-exponential factor, 𝐸𝐸𝑔𝑔(Jmol-1) is the reaction activation energy,𝑇𝑇(𝐾𝐾) is the 

absolute temperature, and 𝑅𝑅 is the gas constant(J⋅K−1⋅mol−1). The plot of 𝐼𝐼𝑛𝑛𝑘𝑘 and 1
𝑅𝑅
 can be used 
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to find the activation energy since the linear relationship predicted by the Arrhenius equation 

gives a slope equal to − 𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅

. (Kothari et al., 2018) shows that the expression can find the 

activation enthalpy. 

𝛥𝛥𝐻𝐻 =  𝐸𝐸𝐸𝐸 –  𝑅𝑅𝑇𝑇                     (1.5) 

Where enthalpy ∆H(Jmol-1) is enthalpy,  𝑇𝑇(𝐾𝐾) is the absolute temperature, and 𝑅𝑅 is the gas 

constant(J⋅K−1⋅mol−1), respectively. We have found that hydrolysis represents a bottleneck 

stage, which requires higher temperatures to increase the degradation rate. 

 

1.1.2.3.Composition of biogas 

Biogas is a mixture of various gases besides CH4, such as hydrogen sulphide (H2S) and carbon 

dioxide (CO2) (Jiang et al., 2011). Methane in biogas constitutes 40-75%. However, when 

conditions are best, some organic materials can produce biogas containing up to 80% volume 

of CH4 (Huang & Crookes, 1998; Msibi & Kornelius, 2017; Yang et al., 2019). Methane (CH4) 

is the most desired gas for energy supply. Compounds such as H2S and CO2 are removed using 

different methods, such as absorption and adsorption, as shown in Figure 1-2. The energy 

content of biogas is directly proportional to the CH4 concentration (Jiang et al., 2011); Torii & 

Rashed Al Mamun, 2017).  
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Figure 1-2. Purification of raw biogas (Torii & Rashed Al Mamun, 2017) 

 

 

1.1.3. Household biogas digesters 

Biogas digesters range from small-scale systems primarily found in rural areas to industrial-

scale biogas systems for electricity generation (Shukla et al., 2018). As for the family-type 

small-scale biogas digester or household biogas digester, there exist many types: fixed dome 

digester, floating drum digester, and plastic tubular bio-digester (Ho et al., 2015). The 

disadvantages and advantages of household fixed dome digesters, floating drum digesters, and 

plastic tubular bio-digester systems are shown in Table 1-1. 

Table 1-1: Advantages and disadvantages of three types of household biogas digester 
systems. 

Digester type            Advantages Disadvantages 
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The fixed dome digester types are the most deployed small-scale biogas technology in sub-

Sahara Africa (SSA). However, little or no literature on this type's actual field operation and 

performance within the SSA context because monitoring anaerobic digestion is difficult and 

complex (Mane et al., 2015). However, the monitoring complexity should not increase the cost 

of the investigation (Schievano et al., 2016). The development of the first biogas digesters in 

South Africa (SA) dates to the 1950s. Since their introduction, the number of digesters 

installations has been about 700 (Amigun & Blottnitz, 2010; Mutungwazi et al., 2018)  

Fixed dome digester        Low initial cost 

                                        Long useful lifespan 

                                 No moving parts         

               Less land is required if built underground 

                                       Low maintenance 

 

Requires high technical skills. 

Difficult to repair in case of 
leakage. 

Requires heavy construction 
materials 

The amount of gas produced 
is not immediately visible. 

Floating drum digester        Simple and easy to understand 

                                             Visible stored gas volume 

                                             Constant gas pressure 

                                              Relatively easy construction 

High material costs because of the 
extra steel drum 

Short lifespan because of steel 
drum corrosion 

 High maintenance because of 
the regular painting of drum  

Plug flow digester                Low cost.  

                                             Ease of transportation 

                                             Low construction sophistication 

                                            Uncomplicated maintenance  

                                             Less subject to climatic variations for   

                                            fixed dome type (Kalia, 1988) 

 

Short lifespan 

High susceptibility to damage 

 Low gas pressure 

 Limited creation of local 
employment 

High impact on the environment, 
less environmental-friendly (Pérez 
et al., 2014) 
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1.1.4. Anaerobic digestion process evaluation. 

Like any other existing technology, specific measures ensure its success. The metrics to 

evaluate the AD process, such as Biochemical Oxygen Demand (BOD), provide an estimate of 

biodegradable organics present in sludge and, in turn, can be used for the overall effectiveness 

of an anaerobic digester. Chemical Oxygen Demand (COD) measures the oxygen in a sludge 

sample. The general gas equation to find a theoretical molar and volumetric output of CH4 is 

given by (Buswell & Mueller, 1952). 

𝐶𝐶𝑔𝑔𝐻𝐻𝑔𝑔𝑂𝑂𝑏𝑏 + �𝑛𝑛 − 𝑔𝑔
4
− 𝑏𝑏

2
�𝐻𝐻2𝑂𝑂 → �𝑔𝑔

2
− 𝑔𝑔

8
+ 𝑏𝑏

4
� 𝐶𝐶𝑂𝑂2 + �𝑔𝑔

2
+ 𝑔𝑔

8
− 𝑏𝑏

4
�𝐶𝐶𝐻𝐻4  (1.6) 

Eq. (1.6) shows that only CH4 and CO2 are produced. 

1.1.5. Operational Challenges affecting Household biogas digester system 

Biogas digester has vast potential in many rural areas and can generate environmental, health, 

and social benefits with a net positive impact on energy access but its use are minimal (Pilloni 

& Hamed, 2021). Low acceptance of biogas technology in many African countries has been a 

technology barrier (Msibi & Kornelius, 2017; Prasad, 2012). Some installed household 

digesters system has been abandoned due to expected lower biogas production. Failure of these 

household digesters may be caused by poor feeding due to water unavailability, lack of 

technical knowledge, or low digester operating temperature (Gebreegziabher et al., 2014; 

Kornelius & Msibi, 2017; Rastogi et al., 2008). Rennuit & Sommer (2013) indicated that, 

among other factors, the operational temperature of the biogas digester is the most critical 

parameter for optimum biogas production. Dhaked et al. (2010), Mane et al. (2015), and 

Ramaswamyy & Vemareddy (2015) showed that there are four temperature ranges for the AD 

process: thermophilic (>40–70 °C), mesophilic (30 – 40 °C), and Psychrotrophic (20 – 30oC) 

and psychrophilic (<20 °C) although in principle an AD process can take place between 3 oC 
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and approximately 70 oC (Rabbi et al., 2015). Thermophilic fermentation is characterized by 

rapid digestion, high gas yield, and short retention time. Mesophilic fermentation has the 

advantage of a slower death rate for bacteria (Uzodinma et al., 2007). Singh et al.(2017) 

indicated that the mesophilic bacteria could withstand a temperature change of ±3℃.  The 

mesophilic temperature change influences biogas production a little, unlike the Thermophilic 

type bacteria, which can only withstand a temperature change of ±1℃, affecting biogas 

production. The temperature regimes and the methanogenic microorganism growth rate are 

shown in            Figure 1-3. 

 

 

 

 

 

 

 

 

 

Figure 1-3.The temperature regimes and the methanogenic microorganism growth rate. 

Anaerobic digestion in the digester is a slow process, especially under unheated conditions, 

and it requires a long hydraulic retention time (HRT) (>30 days). Ezekoye et al. (2011) reported 

HRT varying between 10 to 30 days, depending on the temperature. Gaby et al. (2017) said 

that HRTs lower than 8–10 days might lead to instability of the methanogenic process. 

Hydraulic retention time (HRT) refers to the mean length of time liquids remain in a digester. 

HRT can be calculated using the equation (Cooper, 2014); 

𝜃𝜃 = 𝑉𝑉𝑑𝑑
𝑄𝑄𝑑𝑑

                         (1.7) 
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The equation is a quotient of active digester volume, 𝑉𝑉𝑑𝑑 , and volume flow rate of feed of a 

digester, 𝑄𝑄𝑑𝑑 which often appears as 𝜃𝜃,  

The AD technology has been applied worldwide, and its associated heat transfer has been 

studied (Merlin et al., 2012). Ambient temperature is regarded as the independent variable 

because the heat transferred to the digester comes from the sun and no other heating except the 

internal energy of the feedstock due to the presence of bacteria. The decrease in biogas 

production during the winter makes it difficult for cold countries to adapt to this technology, 

especially without heating. Some digesters depend on the ambient air temperature, requiring 

no heating; these digesters often see seasonal fluctuations in methane production (Meegoda et 

al., 2018). 

1.1.6. Fuelwood usage in household 
 

According to (STATSSA, 2012), the number of households with energy sources for cooking 

and heating using firewood in Limpopo province is 616312 and 541947. These are the most 

significant numbers compared to other regions. Research on the use of firewood for thermal 

energy uses shows that firewood largely contributes to GHG emissions and other 

environmental problems (Montoya et al., 2008; Sesan, 2012; Verma et al., 2010). Indicators 

show that cutting trees may be accelerated by poverty, lack of knowledge, unemployment, 

unclear land policy, law enforcement, traditional practices, and economic gains (MDM, 2011). 

People in rural areas continue to use a range of energy sources like wood to meet their needs, 

irrespective of whether their houses are electrified or not (MDM, 2011). In the Mopani District 

municipality alone, 89.1% of the population of 1 068 569 in the Greater Giyani Local 

Municipality earns less than 𝑅𝑅800 per month. According to (MDM, 2011), the situation is 

worse in Greater Letaba, where the earning population makes less than 𝑅𝑅800 per month.  
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1.1.7. Fuelwood usage in educational institutions  
 

The department of basic education nationally introduced the National School Nutrition 

Programme (NSNP) to secondary schools in 2009 (DOE, 2009). The NSNP guide indicated 

that there had been improved punctuality, regular school attendance, concentration, and the 

general well-being of participating learners in many schools. In addition, the NSNP guide also 

indicated that each school should have three - liquid petroleum gas burners’ gas stoves and 

three twenty litres pots (DOE, 2009). However, most schools do not have those facilities for 

learners, and their alternative energy source is fuelwood. Hamilton’s (2008) report shows 

primary schools in Vhembe, Capricon, and Sekhukhune districts with learners taking part in 

the school feeding scheme in 2008. The report also indicated that in most rural schools, the 

communities deliver firewood to schools as their contributions. 

In contrast, in semi-urban schools, parents contribute minimal amounts of money, such as 

R10.00 a month, towards purchasing firewood (Hamilton, 2008). Makhado et al. (2009) show 

that a household of seven uses 7.8 kg of wood to cook daily meals. The primary schools, with 

722087 learners, consumed about 804611 kg of fuelwood per day, equivalent to 1472438,54 

kilograms of CO2 in 2008. These calculations assumed that 1kg of firewood emits 1.83 kg CO2 

(Khanal, 2010). However, it should be noted that different trees emit more CO2 when burnt 

due to their carbon content.  

1.1.8. Untapped biogas in the agricultural sector 
 

According to (NDA, 2013), Limpopo province had a lot of livestock. The statistical data 

published by (VDM, 2013) shows that the whole district has 180673 cattle.  Furthermore, Wang 

et al. (2011) assumption is that the estimated dung produced per day is 10286 tons and 1043 

tons of volatile solids. This estimation only leads to the total estimated methane production of 

130 896 500 (130896.5 m3) to 173 450 900 (1734 50.9 m3) per day in Vhembe District 

Municipality. Assuming that 1m3 of biogas is equivalent to 5.0 kWh/day, the herd of 180673 
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cattle is estimated to produce 6.54 to 8.67 GWh/day of heating (Wahyuni et al., 2018). 

However, this potential is not realized because of economic and socio-cultural barriers. 

Implementation of biogas technology requires high investment costs. Biogas plants are 

disregarded due to the usage of waste materials for cooking 

1.2. Problem statement 
 

Few organizations took the initiative to install biogas digester systems in Limpopo province. 

The motive was to show their environmental friendliness and potential to improve the 

province’s energy and waste management status. Existing demonstration biogas digesters in 

Limpopo province are crucial for guiding interested communities, government departments, 

private sectors, farmers, and funders (regionally, nationally, and internationally) on the 

technology. However, there still exist constraints to technology development and specific and 

easy-to-understand operational issues for predictable performance. The more each multi-factor 

dependence is understood and controllable, the better the performance of the digester system 

is predicted and the enhanced trust in the technology. In Limpopo, the most deployed digester 

type is underground brick-built and fixed-dome because they have a long lifespan, no moving 

or rusting parts, and the basic design is compact, saving space. These small-scale household 

digester types are unheated, receiving only heat from solar radiation flux striking the soil 

surface and transmitted through the biogas digester's cover. The digester is relatively cheap and 

easy to build, and materials are locally available, with low maintenance compared with the 

prefabricated fixed-dome plastic digester and tube digester. Most of the installed digesters are 

6 m3, with expected daily gas production of 2 m3. Only 13% of the incoming solar radiation is 

transmitted into the soil, with approximately 27% reflected with plants and soil absorbing about 

60% (Ayata et al., 2011). The absorbed and transmitted solar energy into the ground is essential 

for raising soil temperature, allowing the biogas digester system to heat up and increase the 

slurry temperature. With all other factors in the rightful ranges, correct quantity and quality of 
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daily, and proper mixing ratios with water and pH, slurry temperature determines the maximum 

specific growth rate of microorganisms and biogas production rate. The digester gas production 

is not predictable due to ambient temperature variations. The unpredictable gas production 

results in negative perceptions affecting biogas acceptance in Limpopo Province. Therefore, 

predicting the slurry temperature inside the digester under ambient air becomes important for 

proper digester systems and performance prediction. The average ambient temperature is one 

of the most easily accessible parameters, even in rural areas without weather stations through 

weather reports on televisions and radios. In numerous studies involving slurry temperature 

inside the digester, such as those reported by (Axaopoulos et al., 2001; Perrigaulta et al., 2012 

and Wu et al., 2009), little information is available about heat transfer problems related to 

unheated brick-built fixed-dome household size biogas digesters, especially Deenbandhu 

model. The gap that this research intends to fill in the biogas digester technology is the 

development of an accessible, user-friendly calculator to predict the daily biogas production 

rate for unheated brick-built fixed-dome household size biogas digesters fed with cow dung 

under ambient air temperature. 

1.3.    Aim and objectives of the study 

1.3.1. Aim of the Study 

The study aimed to determine the relationship between bio-slurry and ambient air temperature 

and subsequent biogas production for completely covered and unheated brick-built household 

size Deenbandhu biogas digester. Studying the heat transfer and hence temperature correlations 

between ambient and digester slurry of these unheated underground buried brick-built biogas 

digesters can make new recommendations for innovative design and construction to improve 

their gas production efficiency. Weatherford & Zhai (2015) noted that people in colder climates 

and higher altitudes could not take advantage of AD due to low inside digester slurry 

temperatures. However, they reached this conclusion by investigating a tubular bio-digester.  
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1.3.2. Objectives of the Study  

The work was arranged to study heat transfer through underground, unstirred, and unheated 

biogas digesters fed with cow dung to; 

1. Develop and validate a direct relationship between slurry and ambient air temperature.  

2. Compute the daily biogas production rate based on the predicted slurry temperature and 

ambient temperature data. 

1.4.    Research questions 

• Can we promote/improve the uptake of biogas digester technology in Limpopo province 

by improving beneficiaries' technical knowledge and operational conditions of the systems?  

• How does the slurry digester temperature vary with ambient air temperature? 

• Can a heat transfer model be used to predict slurry temperature based on local ambient air 

temperature as an input? 

• Can we predict biogas production rate using ambient air temperature? 

1.5.    Thesis arrangement 

The thesis comprises five chapters, with Chapter 1 giving the introductory background and 

justification for the research work, clearly showing the research problem and, therefore, the 

research objectives. Chapter 2 provides a literature review of research related to the current 

study showing its limitations to fill the existing gap in the physical operation of AD technology 

more significantly in the fixed dome brick-built model and their gas production predictability 

with ambient temperature. Chapter 3 presents the methods and materials to gather the 

information and data needed to answer the research questions. It also provided a detailed 

description of the methods and how they have been executed. Chapter 4 presents the results of 

the measurements and processing data captured for this research. The chapter presents the 

developed linear regression equation to forecast slurry temperature from daily ambient 



15 
 

temperature variation even though the soil temperature is unavailable. Finally, the correlation 

between slurry temperature and ambient air temperature, model validation, and model testing 

are reported and discussed. In Chapter 5, the overall work is concluded, and recommendations 

and future scope are presented. 

 

 

CHAPTER 2: LITERATURE REVIEW 

2.1. Introduction  

A few studies about Deenbandhu fixed dome digester types are in the literature. Verma et al. 

(2010) studied the cost analysis of this type of digester and the KVIC digester. They found that 

Deenbandhu fixed dome generated more profit compared to KVIC. A similar study on the 

economics of different biogas digester models, including the Deenbandhu fixed dome model 

for Punjab, India, showed that the annual profit for the Deenbandhu fixed dome model is higher 

than the rest of the digesters (Singh & Sooch, 2004). The profitability depends on how the 

produced CH4 is used (Axaopoulos & Panagakis, 2003). Although profitability is not a concern 

in developing countries like South Africa, as this technology improves human life in these 

areas, poor performance is a concern due to technical limitations (Khan & Martin, 2016; Michal 

& Mark Mba, 2020). Lack of technical knowledge during an operation led to failed biogas 

digesters (Nevzorova & Kutcherov, 2019). During the process of a biogas digester, several 

factors such as temperature inside the digester, hydraulic retention time, organic loading rate, 

the composition of the feedstock, PH, Volatile fatty acids (VFAs), Pressure inside the digester, 

the ratio of content carbon and nitrogen (C/N), mixing, ammonia (NH3), salinity, trace element 

supplementation affects the efficiency of biogas production (Dobre et al., 2014; Nevzorova & 
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Kutcherov, 2019; Rajendran et al., 2012; Spyridonidis et al., 2020). Since this research focuses 

on ambient, slurry temperature, and biogas production rate, other factors were not reviewed in 

detail. The temperature inside the digester is the principal factor influencing microbial activity 

and growth or microbial consortia's survival (Mir et al., 2016; Sabbir et al., 2021). By its nature, 

AD is a temperature-sensitive process with three different temperatures regions: psychrophilic 

(<30 ◦C), mesophilic (30–40 ◦C), and thermophilic (50–60 ◦C) (Sabbir et al., 2021).  

2.2.    The link between hydraulic retention time, organic loading rate, and temperature 

Rajendran et al. (2012) noted some observations that the amount of biogas produced by high 

temperature (mesophilic) and low HRT is comparable to those produced with low 

(psychrophilic) temperature and high HRT. However, shorter HRT is desirable as it directly 

reduces capital costs (Shi et al., 2017).  Shi et al. (2017) studied the effect of HRT on the 

anaerobic digestion of wheat straw in semi-continuous stirred-tank reactors at a controlled 

temperature of 35oC. Their results show that the average biogas production with HRT of 20, 

40, and 60 days was 55.2, 94.3, and 105.2 mL/g volatile solids, respectively. The digestion 

with HRT of 20 days showed lower stability than those with 40- and 60-days HRT. HRT is an 

important operational parameter for determining the organic loading rate (OLR) (Feng et al., 

2019). Spyridonidis et al. (2020) showed that increasing OLR reduces HRT, which requires a 

higher temperature for best biogas production. The thermophilic digester achieved a greater 

biogas yield when run at a 5-day HRT than at a 7.5-day HRT (6.3 versus 4.7 L/L)/day). In 

contrast, the mesophilic digester had a stable biogas yield of about ((1.0 L/L)/day) (Wen et al., 

2016). The OLR is an essential parameter for the AD process since it shows the daily number 

of Volatile solids (VS) fed into the digester. VS concentrations give helpful information about 

biogas yield that can be expected and process efficiency (Orhorhoro et al., 2017). Volatile 

solids (VS) reduction is an indirect measurement of organic matter utilization (Castano et al., 

2014). The biogas production may decrease if the feeding rate in the reactor is beyond the best 

https://www.sciencedirect.com/topics/engineering/operational-parameter
https://www.sciencedirect.com/topics/engineering/organic-loading-rate


17 
 

level. Then, system failures can occur due to overloading (Pramanik et al., 2019). At different 

temperature conditions, the HRT can significantly affect the metabolic rate of anaerobic 

microorganisms (Feng et al., 2019).  

2.3.   Heat transfer in small scale anaerobic digesters 

Real-time digesting temperature affects biogas production rate, especially in winter, since this 

low-temperature condition increases the retention period (Karimov & Abid, 2012; Yang et al., 

2019). Estimating the impact of heat transfer is crucial since this may help answer significant 

changes in the biogas production caused by temperature fluctuations in the AD (Merlin et al., 

2012). Research shows several approaches to computing heat transfer through the AD biogas 

digester. The studies include experimental, theoretical, and simulation models. Some studies 

compute heat transfer by solving equations without considering the ambient temperature. In 

addition, since these studies also do not involve brick-built digesters covered with soil, their 

results may be suitable only for limited conditions. The following studies address various 

aspects of heat transfer in AD systems and are in the order of years they were carried out 

(Axaopoulos et al., 2001; Gebremedhin et al., 2005; Guo et al., 2019; Mukumba et al., 2015; 

Perrigaulta et al., 2012; Shaheen & Nene Anita, 2014; Terradas-III et al., 2014; Wu & Bibeau, 

2006). These studies have both similarities and differences. The differences found were the 

digester type studied, environmental conditions, exposure of the digester cover, physical 

parameters employed, and the model assumption for a chosen method.  

 Axaopoulos et al. (2001) investigated AD's dynamic behavior and employed ambient, biogas, 

and slurry temperature parameters. However, the study did not show the relationship between 

slurry temperature response to ambient temperature. Later (Gebremedhin et al., 2005) 

developed a one-dimensional model for predicting energy requirements for a plug and flow 

AD digester to run at a specified temperature. The study includes solar energy, soil properties 
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as well as weather conditions. The setup of this study resembles the study of (Axaopoulos et 

al., 2001), which used hot water pipes to heat the slurry inside the digester. Wu & Bibeau 

(2006) studied the three-dimensional heat transfer model to predict the heat losses for 

underground digesters under cold weather conditions considering the constant ambient 

temperature.  Perrigaulta et al. (2012) developed a 1-D thermal model with input data for fixed 

dome digesters that are not heated, stirred, or insulated. Shaheen & Nene Anita (2014) studied 

thermal simulation to understand the heat transfer from the slurry and the gas holder to the 

surrounding earth and air. Terradas-III et al. (2014) developed a simple 1-D thermal model 

with input data for a fixed dome, unheated, unstirred, uninsulated fiberglass digester. They 

predicted temperatures in the dome cover, biogas, and inside the digester resulting in biogas 

production. 

The model was validated using data from a fixed-dome digester with a total volume of 7 m3 

and a working capacity of 5 m3 fed with pig slurry. The model was well able to estimate the 

temperature inside the digester. Terradas-III et al. (2014) study is helpful, although the 

feedstock used and digester type and size differ from what is used in the present study. 

Mukumba et al. (2015) assessed the performance of a biogas digester first without insulation 

and later with insulation. The digester was not underground. The results for biogas digester 

without insulation show that biogas and slurry temperatures depend entirely on ambient 

temperature. When the biogas digester is not insulated, there is an increase in temperature 

fluctuations because of heat transfer from the environment into the digester through the double 

wall brick structure of the biogas digester. The relationship between ambient temperature and 

the slurry temperature was developed for the insulated digester following the fluctuation in 

slurry temperature due to the lack of insulation of the digester. Guo et al. (2019) developed a 

multiphase flow anaerobic digester to improve the biogas production rate and keep constant 

temperature digestion during winters. The slurry temperature, slurry flow rate, ambient air 
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temperature, and biogas production were measured, among other parameters. As a result of the 

study, a relationship between slurry temperature and biogas production rate was established.  

2.4.    Equations for computing heat transfer for different digesters 

Axaopoulos et al. (2001) conducted a simulation and experimental performance of a solar-

heated anaerobic digester and employed the following equations; 

�̇�𝑄𝑑𝑑 = �̇�𝑄𝑐𝑐𝑜𝑜𝑔𝑔𝑐𝑐 + �̇�𝑄𝑟𝑟𝑔𝑔𝑑𝑑                      (2.1) 

where, �̇�𝑄𝑑𝑑, �̇�𝑄𝑐𝑐𝑜𝑜𝑔𝑔𝑐𝑐, and  �̇�𝑄𝑟𝑟𝑔𝑔𝑑𝑑 represent heat transferred to the digester, convection, and radiation 

heat losses. �̇�𝑄𝑐𝑐𝑜𝑜𝑔𝑔𝑐𝑐 is given by  

 �̇�𝑄𝑐𝑐𝑜𝑜𝑔𝑔𝑐𝑐 = ℎ𝑐𝑐(𝑇𝑇 − 𝑇𝑇𝑏𝑏)𝐴𝐴𝑚𝑚                     (2.2)   

where  ℎ𝑐𝑐 is the convection heat transfer coefficient, T is manure temperature   𝑇𝑇𝑏𝑏 is the biogas 

temperature and 𝐴𝐴𝑚𝑚 is the (slurry-biogas interface) manure surface area, �̇�𝑄𝑟𝑟𝑔𝑔𝑑𝑑 can be calculated 

using the following equation; 

  �̇�𝑄𝑟𝑟𝑔𝑔𝑑𝑑=𝜀𝜀𝛿𝛿(𝑇𝑇4 − 𝑇𝑇𝑏𝑏4)𝐴𝐴𝑚𝑚                    (2.3) 

where 𝜀𝜀 is the manure emissivity averaged over the infrared spectrum (IR) and 𝛿𝛿 is the Steffan-

Boltzman constant. The following equation computes the heat losses through the digester walls 

and floor;  

�̇�𝑄𝑊𝑊 = (𝑈𝑈𝑑𝑑𝑑𝑑𝐴𝐴𝑑𝑑𝑑𝑑 + 𝑈𝑈𝑑𝑑𝑑𝑑𝐴𝐴𝑑𝑑𝑑𝑑)(𝑇𝑇 − 𝑇𝑇𝑔𝑔)                  (2.4) 

where 𝑈𝑈𝑑𝑑𝑑𝑑 is the average heat transfer coefficient of the digester wall of the area, 𝐴𝐴𝑑𝑑𝑑𝑑, 𝑈𝑈𝑑𝑑𝑑𝑑                  

is the average heat transfer coefficient of the area’s digester floor 𝐴𝐴𝑑𝑑𝑑𝑑 , and  𝑇𝑇𝑔𝑔 is the ambient 
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temperature. The average heat transfer coefficient of the digester wall was calculated using the 

equation; 

𝑈𝑈𝑑𝑑𝑑𝑑 = 2𝜆𝜆
𝜋𝜋𝜋𝜋
𝐼𝐼𝑛𝑛(1 + 𝜋𝜋𝜋𝜋

2𝜆𝜆𝑅𝑅
)                  (2.5) 

where 𝜆𝜆 is the soil thermal conductivity, 𝐻𝐻 is the depth of the digester, and 𝑅𝑅 is the thermal 

resistance of the digester wall. (Gebremedhin et al., 2005) study where the top surface may be 

covered with synthetic or concrete material is exposed to ambient air. The solar radiation 

distributed to the digester cover is computed using the following equation; 

 𝑄𝑄𝑠𝑠𝑜𝑜𝑠𝑠𝑔𝑔𝑟𝑟  =  𝑞𝑞"�𝐴𝐴𝑐𝑐𝑜𝑜𝑐𝑐𝑔𝑔𝑟𝑟𝜏𝜏(𝜆𝜆)                                     (2.6) 

where 𝜏𝜏(𝜆𝜆) and 𝐴𝐴 are transmitivity and the area of the digester covering material. 𝑞𝑞�" is the 

average daytime solar radiation flux and is calculated by the equation; 

𝑞𝑞�"  = 𝑞𝑞𝑠𝑠𝑜𝑜𝑠𝑠𝑔𝑔𝑟𝑟" /(𝛺𝛺𝑠𝑠2  −  𝛺𝛺𝑠𝑠1)                              (2.7) 

where, 𝛺𝛺𝑠𝑠2  and  𝛺𝛺𝑠𝑠1) represent sunset hour and sunrise angles. The heat exchange between 

the digester cover material and ambient air is by conduction and is given by equation; 

�̇�𝑄𝑐𝑐𝑜𝑜𝑐𝑐𝑔𝑔𝑟𝑟 = �̇�𝑄𝑐𝑐𝑜𝑜𝑔𝑔𝑑𝑑  = �̇�𝑄𝑐𝑐𝑜𝑜𝑔𝑔𝑐𝑐 + �̇�𝑄𝑟𝑟𝑔𝑔𝑑𝑑                    (2.8) 

where, �̇�𝑄𝑐𝑐𝑜𝑜𝑔𝑔𝑐𝑐 and �̇�𝑄𝑟𝑟𝑔𝑔𝑑𝑑 represent heat transfer by convection and radiation, respectively. �̇�𝑄𝑐𝑐𝑜𝑜𝑔𝑔𝑑𝑑 

is the heat transfer by conduction. Eq. (2.8) is the same as Eq. (2.1); the only difference is the 

definition of �̇�𝑄𝑐𝑐𝑜𝑜𝑔𝑔𝑐𝑐 and �̇�𝑄𝑟𝑟𝑔𝑔𝑑𝑑 as well as �̇�𝑄𝑐𝑐𝑜𝑜𝑔𝑔𝑑𝑑 𝐸𝐸𝑛𝑛𝑎𝑎 �̇�𝑄𝑑𝑑. 

Perrigaulta et al. (2012) used the following equations to find the solar radiation heat flux 

absorbed by the gas holder and the slurry. Since the model accounts for solar gains and heat 
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transfer with the ground, the air inside the greenhouse, the plastic greenhouse cover, the 

greenhouse walls, the ambient air, and mass transfer via the influent and effluent flows.   

𝑆𝑆𝑔𝑔ℎ = 𝜏𝜏𝑔𝑔𝑐𝑐𝛼𝛼𝑔𝑔ℎ𝐹𝐹𝑔𝑔ℎ𝐴𝐴𝑔𝑔ℎ𝐼𝐼𝑔𝑔ℎ,𝑅𝑅                                 (2.9)  

and  

𝑆𝑆𝑠𝑠 = 𝜏𝜏𝑔𝑔ℎ.𝛼𝛼𝑠𝑠.𝐹𝐹𝑠𝑠 .𝐴𝐴𝑠𝑠𝐼𝐼𝑠𝑠,𝑅𝑅                               (2.10) 

where, 𝑆𝑆𝑔𝑔ℎ, 𝑆𝑆𝑠𝑠 𝜏𝜏𝑔𝑔𝑐𝑐𝛼𝛼𝑔𝑔ℎ𝐹𝐹𝑔𝑔ℎ𝐴𝐴𝑔𝑔ℎ𝐼𝐼𝑔𝑔ℎ,𝑅𝑅𝜏𝜏𝑔𝑔ℎ.𝛼𝛼𝑠𝑠.𝐹𝐹𝑠𝑠 .𝐴𝐴𝑠𝑠𝐼𝐼𝑠𝑠,𝑅𝑅 represent solar radiation heat flux absorbed 

by the greenhouse cover, slurry, and shading factors.  

2.4.   Importance of predicting operational temperature using ambient temperature 

Household digesters are operated at ambient temperatures throughout the year, with 

temperatures in the range of 20℃ − 25℃ in most developing countries (Jegede et al., 2019). 

Perrigaulta et al. (2012) assumed that the mean monthly air temperature represents the mean 

monthly operational digester temperature. The operating temperature in anaerobic digestion 

strongly affects biogas yield, process stability, and process optimization potential (Westerholm 

et al., 2018). Biogas production rate increases with slurry temperature, as shown by (Guo et 

al., 2019);  

𝑌𝑌 =  −0.000090629𝑋𝑋2  +  0.01604𝑋𝑋 +  0.03032             (2.11) 

where Y and X are biogas production rate and slurry temperature, respectively. Mukumba et 

al. (2015) showed that when the biogas digester is not insulated, there is an increase in 

temperature fluctuations. Because of heat transfer from the environment into the digester 

through the double wall brick structure. Following the change in slurry temperature due to the 

lack of insulation of the digester, the relationship between ambient temperature and the slurry 

temperature was developed and is as follows; 



22 
 

𝑇𝑇𝑠𝑠 =  0.6221 𝑇𝑇𝑔𝑔 +  9.4007                                (2.12) 

where 𝑇𝑇𝑠𝑠  and 𝑇𝑇𝑔𝑔 are slurry and ambient temperature, respectively. On the other hand, the effect 

of insulation on slurry and ambient temperatures was noted. It was found that ambient 

temperature had a minor impact on slurry temperatures for biogas with insulation. (Castano et 

al. (2014) indicated that insulating and burying the digester increases the digester temperature 

above the ambient winter temperatures. Wang et al. (2019) studied the influence of temperature 

on biogas production efficiency and microbial community in a two-phase anaerobic digestion 

system. One of the most significant results was that biogas in the methanogenic phase is 

maintained at temperatures ranging from 25 − 35℃. Wang et al. (2019) emphasized that the 

methanogenic phase could significantly decrease at temperatures less than 20oC. Pham et al. 

(2014) investigated the main factors influencing the temperature of digesters in Northern 

Vietnam and identified ways to keep the temperature high during the winter. More specifically, 

insulating the digesters affects the temperature inside the digester. The results showed that 

insulation and ambient air temperature significantly influenced digester temperature. The AD 

at the ambient temperature can lower the thermal energy needed to keep the AD operational 

temperature (Wen et al., 2016). The operating temperature plays a significant role in 

determining the maximum specific growth rate (µm (𝑇𝑇𝑠𝑠)) of the microorganism, which is given 

by the equation; 

μ𝑚𝑚(𝑇𝑇𝑠𝑠) = 0.013𝑇𝑇𝑠𝑠– 0.129                                                (2.13) 

and 

μ𝑚𝑚(𝑇𝑇𝑠𝑠) = 0.0039𝑒𝑒0.118(𝑅𝑅𝑠𝑠)                                                (2.14) 
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where (𝑇𝑇𝑠𝑠)   is the slurry temperature. Eq. (2.13) holds for temperature (𝑇𝑇𝑠𝑠) between 20°C and 

60°C. Equation (2.14) holds for temperature (𝑇𝑇𝑠𝑠) in the temperature interval from 10°C to 30°C. 

The maximum specific growth rate is, in turn, used to compute methane yield given by 
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where 𝐵𝐵𝑜𝑜is the overall production yield, 𝑆𝑆𝑜𝑜is the concentration of organic components in the 

cow dung; HRT is the hydraulic retention time; (µm) the maximum specific growth rate of 

microorganisms of cow dung as a function of the temperature (𝑇𝑇𝑠𝑠)  of the slurry inside the 

digester and 𝑘𝑘 represents the kinetic constant.  Nielsen et al. (2017) indicated that an increase 

in slurry temperature correlated positively with methane yield. 

2.5. Conclusions  

Researchers used various biogas digester types for their AD studies to develop biogas digesters 

that produce the required biogas throughout the year. Sometimes lack of technical knowledge 

during an operation leads to failed biogas digesters due to factors affecting the efficiency of 

biogas production. The temperature inside the digester is regarded as the principal factor 

affecting biogas efficiency. The temperature inside the digester has been thoroughly studied; 

However, further study of the temperature, specifically, the temperature inside the digester, 

will better understand why some biogas digesters fail. Studies associated with the temperature 

inside the digester were reviewed to see if they could be used in the current study. From the 

literature reviewed, the study of the fixed dome, unheated, unstirred, uninsulated digester, and 

prediction of temperatures in the dome cover, biogas, and inside the digester resembled the 

present study’s design. Still, it differed in the material used to build the digester and the 

feedstock type used to feed it. The lack of information on a brick-built fixed dome biogas 

digester fed with cow dung makes it necessary to develop a mathematical model suitable for 
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where the biogas digester has been installed. The main reason for the model will be to plan if 

low temperatures are detected since this may restrict biogas production in the winter and cold 

days. Such restriction makes biogas a less reliable energy source and can often be a reason for 

choosing alternative sources (Bruun et al., 2014). 

 

 

CHAPTER 3: METHODOLOGY 
 

3.1.    Introduction  

The present chapter is made up of nine sections and five sub-sections. The arrangement of this 

chapter is in the following order. Section 3.1 is the introduction and gives an outline of the 

methods employed in the study. Section 3.2 describes the experimental site and the soil type 

where the study was conducted. Section 3.3 outlined how workshops were used to promote the 

uptake of biogas digester technology in Limpopo Province. Section 3.4 outlines the 

experimental design of the instrument used to collect data and how the system was activated. 

Data collection is described in Section 3.5, and data analysis in Section 3.6. Statistical modeling 

of data collected is conducted in section 3.7. Biogas digester performance is presented in 

section 3.8, where the method used to predict the biogas production rate is given. The 

conclusion is given in section 3.9. 

3.2.    Experimental Site and Soil type 

Since the experience from one area can be helpful for others, the present research was confined 

to Vele Secondary School (geographical coordinates 22°45'56.08"S, 30°20'34.44"E) in rural 

Gogogo village due to insufficient funds to acquire measuring equipment. The school was 
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chosen because they planned to construct a biogas digester and offered agricultural science 

subjects. In addition to that, the school consisted of a vegetable garden. The village is under 

Thulamela Local Municipality (TLM), situated in the Northern region of the Vhembe District 

of Limpopo Province in South Africa. The area’s diverse range of soil types is shown in Figure 

3-1. The most prominent soil is sandy soil, which warmed rapidly because of its low heat 

capacity and thermal conductivity (Akter et al., 2015).  

 

(a)                                        (b)                                  (c) 

Figure 3-1: Soil type (a) Clay (b) Silt (c) Sand (ISRIC - World Soil Information, 2016). 

3.3.    Workshop research  

3.3.1.  Promoting the uptake of biogas digester technology in Limpopo province 

The workshops as a research method were used to investigate what could support the 

technology uptake and accelerate the utilization of biogas technology in Limpopo province. 

The technique employed community-based approaches, which in the end, allowed rural 

communities to understand biogas digester systems. Training workshops on biogas digester 

technology have been conducted in communities since 2012 targeting between 20 to 50 
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participants per workshop. Technical knowledge and operational conditions of the designs 

where the two main aspects considered the most crucial tools that could be used to promote the 

uptake of the technology. 

 

 

3.4.    Experimental design 
 

The current work aimed to study heat transfer problems associated with an underground brick-

built biogas digester to understand the temperature inside and outside the digester. To achieve 

the above, three fixed-dome brick-built biogas digesters of bulk size 6.0 m3, each shown in 

Figure 3-2, were constructed following a fixed-dome Deenbandhu model in India (Cheng et 

al., 2013). The outlet chamber was covered with rectangular slabs to avoid substantial heat loss 

and protect against the possible danger of animals and children falling in. The bottom part of 

the dome is where the bio-slurry is stored to initiate the fermentation process. The upper part 

is where the generated gas by the fermenting slurry is stored before utilization. The upper part 

is also known as the gas chamber, and its volume is equivalent to the capacity of the outlet 

tank. The digesters were built using the following materials: 

• Standard sand and cement bricks (0.20 m ×  0.10 m ×  0.065 m) usually used for building 

houses in the area, each with thermal conductivity of 0.8 W/mK,  a value that agrees with the 

thermal conductivity of a brick in the study of 

• A 0.20 m concrete slab at the bottom of the digester and the inner and outer walls of the 

digester were plastered and only painted with waterproofing paint inside the digester to prevent 

gas and water leakage. 
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Figure 3-2. Schematic diagram of the Deenbandhu digester with model components built at 
Vele Secondary School.  

The digesters were filled with 2500 L of clean water and 2500 kg of cow dung to initiate the 

process with a pH of 6.07. A compressor was used to pressurize the digesters to check for 

leakages. A maximum of 10 kpa was pumped into each digester through the gas outlet pipe, 

and the change in pressure was observed for nine hours. When it was confirmed that there was 

no change in pressure, fresh cow dung was collected from local cattle owners and feedlots 

around the village. Cow dung was chosen because it is the best input to digesters at room 

temperature (Prasad, 2012). The digesters were continuously fed with 35 kg (or 

4,6kgVS/m3/day) cow dung mixed with 35 L of water to allow them to completely close the 

opening at the outlet side of the digester. The organic loading rate calculations were done using 

Ramaswamy & Vemareddy (2015) and Nsair et al. (2020). The properties (specific heat 

capacity, thermal conductivity, and density) of the daily feed were assumed to be equivalent to 

the properties of the mixture throughout any location inside the digester.  

 

3.5. Data collection 

Just after detecting methane gas(> 51 % CH4 ) by a hand-held Riken Niken gas detector of 

model GLX 2012 after 42 days, measurement of slurry temperature, soil temperature, and air 
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temperature commenced. The fermenting slurry temperatures inside each digester were 

measured using a MultiCon CMC-141 data logger (Simex Sp, 2015). The data logger was fitted 

with three K-type NiCr-Ni temperature sensors of sensitivity of approximately 41𝜇𝜇𝑉𝑉/ ℃ and 

response time of 0.8𝑠𝑠 in liquids. The temperature sensors were connected to the logger using 

wires of about 10𝑚𝑚 in length to measure soil temperature, ambient air temperature, and slurry 

temperature. The sensors to measure slurry temperature were located at each digester’s center 

(Baral et al., 2013). The choice of measuring the slurry temperature at one point within the 

digester assumed that there is no significant gradient in slurry temperature inside the digester 

at any depth (Sabbir et al., 2021). Terradas-III et al. (2014) showed that the average slurry 

temperature related to depths was 24.80 °C at 1m, 24.50 °C at 1.4 m, and 24.40 °C at 1.8 m, 

and the mean and standard deviation of the temperature at the three depths were 0.5 °C. The 

measurements of temperature started on 01 May 2015. The data were recorded every second, 

while the logging device automatically measured hourly and daily averages.  

3.6.    Data analysis 

The data was retrieved and imported to the Matlab and R studio to study heat transfer problems 

and model temperature variation. 

3.6.1. Heat transfer to the slurry through the digester 

Eq. (3.1) was used to determine the heat transferred to the soil where the digester is buried 

(Wang & Brass, 1999); 

𝜕𝜕𝑅𝑅
𝜕𝜕𝑑𝑑

= 𝐷𝐷0
𝜕𝜕2𝑅𝑅𝑠𝑠𝑠𝑠
𝜕𝜕𝑧𝑧2

                                                                                     (3.1) 

Where 𝑇𝑇𝑠𝑠𝑠𝑠 represents soil temperature, 𝑧𝑧  is the soil depth and 𝐷𝐷0 is a constant thermal 

diffusivity. Hence, the soil heat flux equation obtained from the diffusion equation was used to 
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compute the soil surface heat flux. The heat supplied to the digester equals the soil surface heat 

flux since solar influx calculations do not consider soil properties. The expression developed 

by (Wang & Brass, 1999) to compute soil surface heat flux is applied and is given by the 

following;   

 sup 0

( )( )
ts s sk C dT sQ G t

t sπ
= =

−∫                                                                                         (3.2) 

where 𝐺𝐺(𝑡𝑡)  and 𝑘𝑘𝑠𝑠, and 𝐶𝐶𝑠𝑠 represents the soil surface heat flux, volumetric heat conductivity, 

and the soil material's heat capacity. 𝑇𝑇𝑠𝑠𝑠𝑠 is the soil surface temperature over the period t, and s 

is the variable of integration. Eq. (3.2) is a time series of soil surface temperature. Heat gained 

( gainedQ ) by the slurry inside the digester is given by the equation; 
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𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟𝑦𝑦is the mass of the slurry inside the digester, slurryC is the specific heat capacity of the 

slurry inside the digester, ∆𝑇𝑇𝑠𝑠 = 𝑇𝑇𝑔𝑔+1 − 𝑇𝑇𝑔𝑔is the temperature of the slurry, t  represents the 

period when the temperature starts to rise from minimum until the maximum value of 

temperature is reached. Calculations of soil surface heat flux and heat gained by the slurry were 

carried out using hourly average temperatures each month. Analyses of soil surface heat flux 

and heat acquired by the slurry were conducted using hourly average temperatures each month. 

3.6.1.   Model for determining slurry temperature inside the digester  

The ambient air temperature 𝑇𝑇𝑔𝑔 causes temperature changes in the soil. The changes are driven 

by transient one-dimensional heat conduction given by the heat diffusion Eq. (3.1). Eq. (3.1) is 
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applied for isotropic and homogenous media with uniform properties. The physical structure 

in Figure 3-3 comprises three media (i.e., soil., cement plaster, and bricks). The above equation 

can only determine ground heat flux near the soil’s surface. When heat is transferred to the 

digester, convective and conductive heat transfer exists between air and soil surface and from 

the soil surface to the digester wall to the slurry.  

The two sides at the top of the digester in Figure 3-3 are exposed to two fluids at temperature 

𝑇𝑇𝐴𝐴𝑔𝑔𝑟𝑟 and 𝑇𝑇𝑠𝑠𝑠𝑠. The heat is assumed to flow to and from the digester wall by convection and 

conduction. We apply the convective heat transfer equation to compute the heat flux to the near 

surface of the soil from mixed air.  

�̇�𝛷𝑜𝑜 = ℎ𝑔𝑔𝑔𝑔𝑟𝑟−𝑠𝑠𝑜𝑜𝑔𝑔𝑠𝑠(𝑇𝑇𝐴𝐴𝑔𝑔𝑟𝑟 − 𝑇𝑇𝑠𝑠𝑠𝑠)                                                                                   

(3.4.) 

The conduction heat flux from through the soil cover to the top outer surface of the digester is, 

�̇�𝛷𝑠𝑠𝑜𝑜𝑔𝑔𝑠𝑠−𝑑𝑑𝑔𝑔𝑔𝑔𝑔𝑔𝑠𝑠𝑑𝑑𝑔𝑔𝑟𝑟 = �𝑘𝑘
𝛿𝛿
� (𝑇𝑇𝑠𝑠𝑠𝑠 − 𝑇𝑇𝑑𝑑)                                       (3.5.) 

Where ,𝛿𝛿 = (𝛿𝛿𝑠𝑠𝑠𝑠 + 𝛿𝛿𝑑𝑑) is the thickness of the soil and the cover and 𝑘𝑘 = (𝑘𝑘𝑠𝑠𝑠𝑠 + 𝑘𝑘𝑑𝑑) the soil's 

thermal conductivity and the digester cover. The convective heat flux from the inner top of the 

digester cover to the near surface of slurry, which is in contact with enclosed biogas is.                                                                    

�̇�𝛷𝑔𝑔 = ℎ𝑑𝑑𝑔𝑔𝑔𝑔𝑔𝑔𝑠𝑠𝑑𝑑𝑔𝑔𝑟𝑟−𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑦𝑦(𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑠𝑠)                                  (3.6.)  

Combining the three equations in Eq. (3.4), (3.5), and (3.6), we get 

  𝑇𝑇𝑠𝑠 = 𝑇𝑇𝐴𝐴𝑔𝑔𝑟𝑟 − �̇�𝛷𝑜𝑜−𝑔𝑔 �
1
ℎ0

+ 𝛿𝛿
𝑘𝑘

+ 1
ℎ𝑖𝑖
�                    

 𝑇𝑇𝑠𝑠 = 𝑇𝑇𝐴𝐴𝑔𝑔𝑟𝑟 − �̇�𝛷𝑜𝑜−𝑔𝑔 ∑𝑅𝑅𝑑𝑑𝑜𝑜𝑑𝑑                                                          (3.7) 
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where ∑𝑅𝑅𝑑𝑑𝑜𝑜𝑑𝑑 is the total thermal resistances of the air-soil, digester cover, or outer and inner 

fluid. Eq. (3.7) can be solved for 𝑇𝑇𝑠𝑠 provided that the heat flux and  𝑇𝑇𝐴𝐴𝑔𝑔𝑟𝑟 , as well as the thermal 

resistance parameters 𝛿𝛿,𝑘𝑘,ℎ𝑜𝑜ℎ𝑔𝑔, are known. Again Eq. (3.7) also shows that the slurry 

temperature is the difference between ambient air temperature and heat flux to the digester.  

The model shown in Eq. (3.7) is comprehensive to account for all relevant parameters of heat 

transfer associated with the selected biogas digester system. The goal of this study was to 

establish a direct relationship between 𝑇𝑇𝑠𝑠 and  𝑇𝑇𝐴𝐴𝑔𝑔𝑟𝑟 with the minimum of restrictions. It turns 

out that both 𝑇𝑇𝑠𝑠 and  𝑇𝑇𝐴𝐴𝑔𝑔𝑟𝑟  may need to be checked for their relationship. 

3.7.    Statistical modeling  

Data containing a total of 20220 observations and two variables collected in pairs were 

categorized by the notation; 

(𝑥𝑥1,𝑦𝑦1), (𝑥𝑥2,𝑦𝑦2), . . . . . . . . , (𝑥𝑥𝑔𝑔,𝑦𝑦𝑔𝑔)                 (3.8) 

Where x1 is the first value of the X variable, and y1 is the first value of the Y variable. In this 

study, the variable X is denoted by TAir, the air temperature, and Y, represents the slurry 

temperature denoted by Ts,. The pairs of data were uploaded to the statistical software (R 

studio) to enable the start-up of the modeling process. The data were graphically represented 

with variables subjected to building a model to predict slurry temperature by showing a 

mathematically meaningful relationship between air temperature and slurry temperature using 

the observed values. A typical scatter plot was drawn to visualize the linear relationship 

between the two variables. The next step was establishing a linear model using a mathematical 

formula represented by Equation (3.9.) to predict slurry temperature as a function of air 

temperature.  
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𝐸𝐸(𝑇𝑇𝑠𝑠|𝑇𝑇𝐴𝐴𝑔𝑔𝑟𝑟 = 𝑥𝑥) = 𝛽𝛽0 + 𝛽𝛽1𝑥𝑥                            (3.9.) 

Where the unknown parameters 𝛽𝛽0 and 𝛽𝛽1 determine the theoretical 𝑇𝑇𝑠𝑠-intercept and the 

theoretical slope of the specific straight line. 

3.7.1.  Model testing 

The original dataset was randomly split into a 75:25 sample (training: test). The linear model 

was then built on the 75% sample. The linear model was constructed thus to predict the slurry 

temperature variable on test data. The linear model predicted values for the 25% data (test) and 

the actuals (from the original dataset).  

3.8. Biogas digester performance  

3.8.1. Prediction of biogas production rate 

This section aimed to predict the daily biogas production rate using slurry temperature averaged 

for the three digesters. The rate of biogas produced per the rated volume of biogas storage is 

one of the most crucial measures of digester performance. Predicting the biogas production 

helps users plan since the exact cooking time is hard to predict when using biogas. By doing 

so, the daily biogas production rate was computed using Eq. (2.11). Thus, the fermentation 

process was more stable concerning biogas production. However, the methane content of 

biogas was not measured daily but during the first stage.  

3.9. Conclusions 

The focus of this chapter was to outline the methodology used in this study. Firstly, information 

on research approaches and the type of biogas digester was given. Secondly, the method for 

data collection and analysis was provided. Thirdly, the technique used for modeling data 

collected was presented. Lastly, the section on biogas performance was outlined. 
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CHAPTER 4: RESULTS AND DISCUSSION 

4.1. Introduction  
 

To complete this research correctly, it is necessary to discuss the data collected to answer the 

research questions outlined. The following chapter comprises the presentation and 

interpretation of the results.  

4.2.    Promoting the uptake of biogas digester technology in Limpopo province 
 

4.2.1. Impact assessment of initial biogas uptake study 

A review of barriers to the broader implementation of biogas as a source of energy revealed 

that the unavailability of local biogas technologies could challenge the deployment of biogas 

as a source of energy (Nevzorova & Kutcherova, 2019). Looking at the African context, Bensah 

& Hammond (2010) showed that biogas technology dissemination has been unsuccessful in 

Africa due to poor dissemination strategies. In Africa, biogas installations are family-sized or 

domestic digesters that generate heat for cooking (Kemausuor et al., 2018; Mengistu et al., 

2015). However, Gosens et al. (2013) and Berhe et al. (2017) indicated that the dissemination 

of household biogas digester is one of the strategies used to determine biogas' use and adoption 

in rural areas of developing countries. The construction of a digester is essential for 

disseminating biogas technology. The investment cost cannot be ignored since many rural 

people are within or below the low-income level (Osei-Marfo et al., 2018). 

In Limpopo province, active harnessing and development of biogas energy began in 2007 in 

rural villages by a non-profit organization (NPO) called the Mpfuneko Community Support 

organization in conjunction with the Netherlands Wild Goose Dutch Development 

Organisation. The aim was to promote socio-economic development in rural areas (Hlungwani, 

2009). The organization installed fixed dome, brick-built design models since they play a 
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significant role in disseminating household biogas technology in Africa (Mulinda et al., 2013). 

Later, the project attracted local and national institutions to develop a biogas program. The 

South African National Energy Development Institute (SANEDI) helped the Mpfuneko 

Community Support organization construct more digesters in the area. The NPO targeted the 

low-income group willing to sign a contract with a minimum of three households nearby and 

allowed them to use an unlimited gas supply for a collective amount of R125 per month. There 

was no information in the literature about the amount of daily biogas production that 

households were paying for since no gas meters were installed. Surprisingly, the group could 

not pay monthly fees to the organization in the end. Financial constraint is one of the most 

often cited challenges limiting the expansion of biogas technology (Mengistu et al., 2015). 

Many households stopped feeding the digester due to cost implications since cow dung is the 

province's primary feedstock for biogas digester. Most beneficiaries of these digesters do not 

own any cattle, and those with cattle were selling cow dung which was not the case before. 

Kabir et al. (2013) indicated that adopting new technology requires incentives for encouraging 

potential adopters. Among other things was ownership, which resulted in the operational 

failures of many installed digesters and negatively impacted the image of biogas technology in 

the province. 

4.2.2. Accelerating the dissemination of biogas technology through research  

Five years of appreciation of biogas technology and the lack of research on maximizing the 

uptake of biogas technology in Limpopo Province paved the way for research institutions to 

get involved in research work. Biogas technology is a new concept in many rural communities. 

Social acceptance and demonstration of new technologies are necessary to understand potential 

barriers to uptake (Smith & Everson, 2016). Mulinda et al. (2013) highlighted that where there 

are contributions from various scientists and engineers, there is a promising startup in 

developing household digesters. A collaboration between the University of Cape Town and the 
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University of Venda introduced a biogas innovators workshop in 2012 to promote the 

implementation of biogas technology in Limpopo province. Educational awareness in schools, 

colleges, and community centers was conducted to improve biogas energy in the region. 

Education increases information acquisition ability, thereby understanding innovative 

technologies and beneficial practices (Mwirigi et al., 2018). The awareness was made since 

biogas technology, and implementation is not taught in colleges and schools' technical courses.  

Active stakeholders were set up to solve the prevailing constraints in accelerating biogas 

technology in the province, as shown in Figure 4-1. Political representatives were included 

since literature shows that a lack of political support can also hinder the promotion of biogas 

technology (Nevzorova & Kutcherova, 2019). Mwirigi et al. (2018) indicated that customers 

might reject some technologies because technologies are not in line with their values, beliefs, 

and past experiences. Through formal presentation, participants were informed that the 

implementation of biogas technology comes with benefits such as; 

1. Reducing and re-using waste through agricultural recycling,  

2. Reducing the GHG emission of gases implicated in causing global warming.  

3. Biogas technology helps the Department of Environmental, Forestry, and Fisheries 

(DEFF) to control deforestation. 

4.  Alleviate poverty by creating job opportunities during the biogas plant construction 

and operational phase.  

5. Have a Positive impact on Eskom electricity if many digesters are rolled out. The load 

shedding will be minimal if local people promote the technology. Furthermore, 

dissemination of the systems' technical knowledge and operational conditions resulted 

in many meetings about biogas technology, as shown by (Univen, 2020). 



37 
 

 

Figure 4-1. Field trip for active stakeholders at Maila. 

 

4.2.3. Technical knowledge and operational conditions of the system 

Shane et al. (2015) indicated that sometimes biogas digesters operators lack technical 

knowledge on repairing and maintaining biogas digesters. It was thus necessary to conduct 

workshops related to the technicality of a biogas digester. Community members contributed to 

the developmental planning process of the technology. It was vital to allow participants to share 

their views of biogas technology. Amongst other statements, the following were pivotal 

knowledge sharing for regional-scale dissemination of biogas technology. 

• Quality of the biogas produced: Technical error such as poor feeding of the digester was 

observed during the site visit. A beneficiary feeds a biogas digester using cow dung and 

water directly from the pipe in Figure 4-2 below. Whether the beneficiary added the 

required water to the mixing tank is questionable. Such an essential requirement was 

addressed since it is well-known that the quality of the feedstock mixture affects the biogas 

produced, and beneficiaries did not consider that. The proportion of water and cow dung is 
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essential. Berhe et al. (2017) indicated that a well-functioning plant is the best possible 

promotional tool, and the satisfied user is the best potential promoter for biogas technology. 

 

Figure 4-2. Possible technical error when feeding a biogas digester. 

• Safety of biogas: As far as safety is concerned, we discussed the health hazard of biogas. 

Montoya et al. (2008) indicated that little information is available in the published work on 

in-home monitoring studies of carbon monoxide (CO) levels. However, these studies are 

not shared with rural communities due to the lack of communication. Monitoring the levels 

of CO assisted in advising biogas end users on what they inhale in their kitchens when 

using poor-quality biogas. Broken digester caps and gas valves that are not airtight can 

cause significant environmental problems, such as gas escaping into the atmosphere, as 

depicted in Figure 4-3. There is the potential for a fire outbreak since mixtures of biogas 

and air in specific concentrations (6 - 12 % CH4) could be explosive. It may cause damage 

to human life and property (Bensah & Hammond, 2010). 
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Figure 4-3. Biogas digester corrosive valve caused by H2S. 

 

4.3.    Temperature profile inside the digester 

The results are presented and discussed based on the first digester because no significant 

differences were observed between temperature values. Five graphs were plotted and presented 

for better graphical analysis to compare slurry and ambient air temperature, average daily 

temperature, average monthly temperature, monthly minima, maxima, and average hourly 

temperature. 

The graph in Figure 4-4.  represents the bio-slurry temperature across the period of eight 

months. It is evident from the chart that weather conditions played a significant role in the heat 

transferred to the digester. This feature observes fluctuating temperatures and might be due to 

the lower absorption of heat by the bio-slurry. The figure shows the daily average bio-slurry 

temperature profiles inside the digester varying from as low as 10.20 °C during winter to only 

about 28.80 °C during summer.  

http://www.scielo.org.za/scielo.php?pid=S1021-447X2017000300009&script=sci_arttext&tlng=en#f02
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Figure 4-4. Bio-slurry temperature profile for the combined daily average for eight months. 

The graph in Figure 4-5.  represents both slurry and ambient air temperature across five days 

during May. The days are 11(A) ,12 (B), 13(C) ,14(D) and 15(E) May 2015. The graph shows 

that the slurry temperature was mostly higher than the ambient air temperature. On the 11th 

day, the temperature reading showed that the maximum ambient air temperature was 22.69 ℃  

at 15h51 and the maximum slurry temperature was 24.00 ℃  at 16h34, giving the thermal time 

lag of 0.7h and a decrement factor (DF) of 0.9.The thermal time lag of 0.7h which shows the 

time delay of heat transfer to the slurry through the digester and is defined as the difference 

between the time of maximum inner temperature (hr) and the time of maximum ambient air 

temperature(hr) (Quagraine et al., 2020). On the 15th, the maximum for the day was 26.46 for 

the air temperature at 13h10, and the corresponding maximum slurry temperature recorded was 

27.20 ℃ at 13h53 giving a time lag of 0.7h and a DF of 0.6. The dependency of slurry 

temperature is also shown for the remaining days, as depicted in Fig 4-4. Like the study (Qiu 
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et al., 2016), ambient air temperature is usually less than the slurry temperature. Similar results 

were obtained in the study by (Sabbir et al., 2021) 

 

Figure 4-5. Comparison of ambient air temperature and bio-slurry air temperature. 

 

Figure 4-6. represents the monthly average bio-slurry temperature profile. May was 

characterized by a daily average temperature as low as 16.70 °C with a maximum of 22.90 °C 

and a standard deviation of 4.38°C. June saw a daily average temperature down to 10.20 °C, 

rising to a maximum of 19.30 °C with a standard deviation of 6.43°C. July and August were 

also very cold, recording slurry temperatures ranging between 13.20 °C and 20.80 °C and 12.50 

°C to 23.20 °C, respectively. The warmer months of September, October, November, and 

December recorded, as expected, relatively higher daily average temperatures inside the 

digester bio-slurry, ranging from 12.80 °C to just above 24.80 °C, between 15.80 °C and 27.00 

°C, from 16.70 to 28.8 and from 19.10 °C to 28.40 °C. It shows that during May, which marks 

the beginning of the winter season, the average temperature was 19.80 °C. June had a monthly 

average of 14.75 °C, and July and August recorded 17.0 °C and 17.85 °C, respectively. The 

warmer months of September, October, November, and December recorded a relatively higher 

http://www.scielo.org.za/scielo.php?pid=S1021-447X2017000300009&script=sci_arttext&tlng=en#f03
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monthly mean of 18.18 °C, 21.40 °C, 22.75 °C, and 23.75 °C, respectively. The standard 

deviation, which measures the diversity of the data set from the mean, was slight, meaning that 

the data were close to the mean. The standard deviation for July, August, September, October, 

November, and December are 5.37°C,7.5°C, 8.48°C,7.9°C, 8.5°C, and 6.5°C, respectively, 

which shows that data were most spread in November and tightly packed in May.  

   
Figure 4-5. A monthly minimum, maximum and average bio-slurry temperature. 

Figure 4-7 shows the measured bio-slurry temperature on the coldest and hottest days. Day 10 

of June was recorded as the coldest, with a monthly average temperature of 15.90 °C. On the 

coldest day of June, the temperature rises and attains a maximum of 18.81°C for three hours 

between 14H00 and 16H00. The minimum was 4.70 °C, around 07H00. There was a substantial 

difference between the coldest and hottest temperatures. The temperature difference was from 

May Jun Jul Aug Sep Oct Nov Dec
5

10

15

20

25

30

Month ( Year 2015)

Te
m

pe
ra

tu
re

 ( 
o  

C)

 

 
Min Max Average



43 
 

a minimum of 5.05 °C at 05H00 on 10 June to 38.76 °C at 13H00 on 2 November. The graph 

also shows that the temperature was above 30.00 °C from 08H00 until 17H00 on 2 November. 

 
Figure 4-6. Slurry temperature profile for the hourly average for the winter and summer 

peaks. 
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4.4.    Heat transfer to the slurry through the digester 

Figure 4-8 shows the total monthly energy accumulated by the slurry inside the digester. It can 

be seen from the bar graph that the slurry acquired more heat during December compared to 

the other months (November, September, October, July, August, and June, May) . 

 
Figure 4-8. Total heat gained by the fermenting slurry. 

While still focusing on the information presented in Figure 4-8, the increment of the heat gained 

values by the fermenting slurry was found using Equation 3.3. The heat gained was found to 

be 52.46 kW, 54.76 kW, 57.53 kW, 60.75 kW, 75.37 kW, 75.56 kW, and 76.85 kW during 

December, November, September, October, July, August, and June, then 78.09 kW during 

May. However, looking at the averages of the slurry temperature over nine hours of each 

month, the increment is in the order of 20.90 ℃, 21.26 ℃, 23.01 ℃, 23.08 ℃,2 4.38 ℃, 

26.56 ℃, 27.20 ℃, and 29.25 ℃ during June, July, August, September, May, October 

November, and December.  From this observation, it can be emphasized that the warmest 

months (e.g., December and November) warrant the possibility of low heat requirement of the 

digester. This study investigated why the warmer month (December) yields the lowest heat 

requirement than the colder month (June). It was found that during the colder month, the 

minimum temperature is 5.00℃,    and the maximum temperature is 30.65 ℃. During 
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December, the minimum temperature is 19.95 ℃, and the maximum temperature is 38.75 ℃ 

Hence the temperature difference on an hourly basis was higher during colder months than in 

warmer months. Another point to note is that as the difference between the cold and hot 

temperatures in each period increases, the total heat also increases, which helps keep warm 

digesters. This is beneficial to the biogas operators to harness more biogas because if the 

dissipated energy from the digester is less than that absorbed from the sun, the digester can 

experience a temperature drift, which can endanger the stability of the biomethane process in 

the biomass substrate (Matteo et al., 2014).  

Figure 4-9 shows the estimated results of soil heat flux. The horizontal axis presents the days, 

and the vertical axis shows soil heat flux. The starting time of the integration was set to 

07h00am and ended at 16h00pm of each day to enable soil heat flux estimates. The daily sums 

of the soil heat flux depend on the temperature difference of the soil at its surface. 

 
Figure 4-9. Results of soil surface heat flux 

 

Figure 4-10 shows the relationship between the total heat gained for 245 days and soil surface 

heat flux. The figure shows that the horizontal axis presents the heat gained, and the vertical 

axis shows soil heat flux. The variation of heat acquired by the slurry was in good agreement 

0 50 100 150 200 250
0

50

100

150

200

250

300

Time ( Days)

So
il H

ea
t F

lux
 ( 

wm
-2

 )

 

 



46 
 

with the soil surface heat flux variation. The linear polynomial curve obtained a linear slope 

nearly to 1 and the RMSE of 5.33 x10-6. The relation obtained from the linear fit in Figure 4-

10 suggests that the heat gained by the slurry may be obtained from the soil surface heat flux 

given by Equation 4.1. 

130.358 ( ) 3.44gainedQ G t e−= +                  (4.1) 

Where G(t) is soil heat flux in W/m-2 and can be measured directly using any soil heat flux 

detector.  

 

                                                          

Figure 4-10. Relationship of heat gained  by the slurry and soil surface heat flux. 

Figure 4-11 shows the relationship between the average slurry temperature for 245 days and 

the soil surface temperature. The figure shows that the horizontal axis presents the soil surface 

temperature, and the vertical axis shows the slurry temperature. Figure 4-11 shows that slurry 
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and soil surface temperature are closely related (R2=0.949), leading to a linear regression 

Equation.   

𝑇𝑇𝑠𝑠 = 1.13𝑇𝑇𝑠𝑠𝑠𝑠 + 0.18                      (4.2) 

Using the Equation (Kätterer & Andrén, 2009) to express Tslurry in Eq. (4.2) leads to the 

extended regression equation.  

𝑇𝑇𝑠𝑠 = 1.13{𝑇𝑇𝐴𝐴𝑔𝑔𝑟𝑟[�𝑠𝑠1 + (1 − 𝑠𝑠1)𝑒𝑒�−𝑠𝑠2�𝐿𝐿𝐴𝐴𝐿𝐿−𝐿𝐿𝐴𝐴𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟���} + 0.18               (4.3) 

LAI denotes the leaf area index, and  LAIref is the standard leaf area.  Eq. (4.3) suggests that 

ambient air temperature could be a substitute for predicting slurry temperature even if soil 

surface temperature data are unavailable.  The Eq. (4.3) holds for  𝑇𝑇𝑔𝑔𝑔𝑔𝑟𝑟≥0 for non-standard 

conditions �𝐿𝐿𝐴𝐴𝐼𝐼 ≠ 𝐿𝐿𝐴𝐴𝐿𝐿𝑟𝑟𝑔𝑔𝑑𝑑�.  𝑇𝑇𝑠𝑠𝑠𝑠 differs from  𝑇𝑇𝑔𝑔𝑔𝑔𝑟𝑟    to an extent governed by estimated 

parameters values for the general model where  𝑠𝑠1 = 0.95 and 𝑠𝑠2 = 0.40 for mineral soils .The 
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meaning of  𝑠𝑠1 is that soil surface temperature is 95% of air temperature, and 𝑠𝑠2 is that soil surface is 

40% of air temperature (Kätterer & Andrén, 2009). 

 

Figure 4-11 Relationship of slurry temperature and soil temperature. 

4.5.    Statistical modelling  

4.5.1. Correlation between slurry and air temperature variables 

Looking closely at the three comparatively plots in Figure 4-12 below, we see that for most 

instances where air temperature increases, the slurry temperature also increases along with it. 

The increased pattern of both variables shows a high positive correlation between them. 

Therefore, the correlation between them could be closer to 1. For example, the computed 

correlation between the slurry temperature of digester one and the air temperature was 0.967. 

For digesters 2 and 3, the correlation was 0.954 and 0.955. Thus, the two variables are 

correlated.  
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Figure 4- 7. Relationship of bio-slurry temperature and air temperature. 

 

Table 4-1:Linear model summary of full data. 

Digester Adjusted R2 Multiple R2        Pr(>|t|)   

1 0.9365 0.9365 <2e-16 *** 

2 0.9102 0.9102 <2e-16 *** 

3 0.9126 0.9126 <2e-16 *** 

In summary, Table 4-1 shows that for digester 1, multiple R-squared values are 0.9365. The 

Adjusted R-squared value is 0.9365, which is remarkably high. Multiple R-squared values and 

Adjusted R-squared values for digester 2 are 0.9102 and 0.9102, which is also extremely high. 

Multiple R-squared values and Adjusted R-squared values for digester 3 are 0.9126 and 0.9126, 

which is also extremely high. The other thing to notice is that both values are non-zero for all 

digesters, influencing the prediction model. As for the Pr(>|t|) values, intercept and theoretical 

slope have the three most significant stars. The predicting models for digesters 1, 2, and 3 are 

given by; 

𝑇𝑇𝑠𝑠 = 6.6 + 0.77𝑇𝑇𝐴𝐴𝑔𝑔𝑟𝑟                  (4.4) 
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𝑇𝑇𝑠𝑠 = 4.56 + 0.81𝑇𝑇𝐴𝐴𝑔𝑔𝑟𝑟                            (4.5) 

𝑇𝑇𝑠𝑠 = 4.91 + 0.81𝑇𝑇𝐴𝐴𝑔𝑔𝑟𝑟                  (4.6)   

4.5.2. Model diagnostic 

Figure 4-13 shows the plot in the upper left shows the residual errors plotted versus their fitted 

values. The residuals are randomly scattered and spread more to the right than to the left. The 

plot in the lower left is a standard Q-Q plot, which shows that the residual errors are normally 

distributed. The scale location plot in the upper right shows the square root of the standardized 

residuals (a square root of relative error) as a function of the fitted values. Finally, the plot in 

the lower right shows each point leverage, which measures its importance in determining the 

regression result. A smaller distance means that removing the observation has an insignificant 

effect on the regression results. Spaces larger than 1 are suspicious and suggest the presence of 

a possible outlier or a poor model. Hence in our case, the spaces are less than one, as shown in 

Figure 4-13. 

 

Figure 4-8. Residuals errors plotted versus their fitted values, normal Q-Q, Cook’s distance 

and residuals versus point leverage. 
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4.5.3. Model testing  

In summary below, we found that the Multiple R-squared values, Adjusted R-squared values, 

and ( )Pr | t |> values are close to each other. Again, Table 4-2 shows the observed and predicted 

slurry temperature, confirming the two relations. Thus, both the experimental and the predicted 

slurry temperatures are closely related. For this reason, the three equations are valid despite 

some discrepancies in the model, which can be improved by installing more temperature 

sensors with a data logger. 

Table 4-2: Summary of observed and predicted slurry temperature. 

No of 

Trial       Digester 1  

         Digester 

2   Digester 3 

 Tobserved (oC) TPredicted (oC) Tobserved (oC) T Predicted (oC) Tobserved (oC) T Predicted (oC) 

3 16.73 18.59 16.00 17.51 15.60 17.12 

14 17.81 19.86 18.10 19.43 16.71 18.46 

23 18.80 20.42 18.10 19.43 17.70 19.04 

27 19.16 20.42 18.46 19.43 18.06 19.04 

29 19.35 19.60 18.65 18.57 18.25 18.18 

33 19.75 20.76 19.05 19.79 18.65 19.40 
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Figure 4-14. Performance of trained and tested model of Slurry Temperature and air 

temperature derivatives descriptor dataset. 

Table 4-3:Linear model summary of derivatives descriptor dataset. 

 Adjusted R2 Multiple R2        Pr(>|t|)   

Digester 1 0.9364 
 

0.9364 <2e-16 *** 

Digester 2 0.9100 0.9100 

 

<2e-16 *** 

Digester 3 0.9123 0.9123 

 

<2e-16 *** 

From the graph in Figure 4-14 and Table 4-3, for digester 1, multiple R-squared values are 

0.9364. The Adjusted R-squared value is 0.9364, which is remarkably high. Multiple R-squared 

values and Adjusted R-squared values for digester 2 are 0.9100 and 0.9100, which is also 

extremely high. Multiple R-squared values and Adjusted R-squared values for digester 3 are 

0.9123 and 0.9123, which is also remarkably high. As for the Pr(>|t|) values, both intercept and 

theoretical slope have the three most significant stars 
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4.6.    Biogas digester performance 

4.6.1. Prediction of biogas production rate  

This section aimed to predict the daily biogas production rate using slurry temperature averaged 

for the three digesters. The rate of biogas produced per the rated volume of biogas storage is 

one of the most crucial measures of digester performance. Predicting the biogas production 

helps users plan since the exact cooking time is hard to predict when using biogas. The three 

models have been developed and tested to predict the slurry temperature and agree with the 

measured data. It was crucial to average the three models to get the general model to predict 

slurry temperature, representing the temperature of each digester system as shown in Eq. (4.7). 

𝑇𝑇𝑠𝑠 = 0,79T𝐴𝐴𝑔𝑔𝑟𝑟+5,35                  (4.7) 

 By doing so, the biogas production rate was computed using Eq. (2.11). The fermentation 

process in the biogas digester was stable concerning biogas production. The methane content 

of biogas was not measured daily but was measured after 42 days of initial feeding. Figure 4-

15 shows the daily rate of biogas production of the fermentation of cow manure. The difference 

between the biogas production rate shows the influence of a temperature slurry on the process. 

Looking closely at the plot in Figure 4-15, we see that for most instances where slurry 

temperature increases, the biogas production rate increases along with it. For example, when 

the slurry temperature is the lowest at 15.0  during June, the biogas production rate varies 

from as low as 0.24 Nm3 d-1. May was characterized by a daily average biogas production rate 

as low as 0.31 Nm3 d-1 at 21.0  with a maximum of 0.36 Nm3 d-1 at 27.0 . July and August 

were also very cold, recording biogas production rates as low as 0.27 Nm3 d-1 at 16.0   and 

with a maximum of 0.35 Nm3 d-1and 0.37 Nm3 d-1, respectively. The warmer months of 

September, October, November, and December recorded a higher biogas production rate, 

ranging from 0.25 Nm3 d-1 to 0.41 Nm3 d-1. 
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Figure 4-15. Daily Predicted biogas production rate. 

The digester's biogas production rate varies because of the average ambient temperature. Figure  

4-16 presents the values of average ambient temperature ranges with their biogas production 

rate per day. Figure 4-16 below shows that the biogas production rate increases for a day as the 

average ambient air temperature increases and vice versa. There is a strong relationship 

between the biogas production rate and the ambient air temperature with R2=0.99. Figure 4-16 

is crucial for users to predict daily biogas production using ambient air temperature as input 

using Eq. (4.8). 

𝑌𝑌 = 0.019𝑇𝑇𝐴𝐴𝑔𝑔𝑟𝑟 + 0.1929                                                                                                                 (4.8.) 
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Where Y and TAir are biogas production rate (Nm3/day) and ambient temperature, respectively. 

Equation 4.8 is valid for temperatures ranging from 10℃ to temperatures 40℃. Table 4-4 below 

shows how biogas production rate varies with the change of ambient temperature. We put the 

production rate in the table because Biogas meter readings display m3 not Nm3. 

 

Figure 4-16. Relationship of biogas production rate and ambient temperature. 
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Table 4-4: Biogas production rate for biogas plant of rated gas storage capacity of 2.0 𝑚𝑚3 and 
digester volume 6 𝑚𝑚3 fed with 35 kg cow dung and 35 L of water per day.  

Ambient air temperature 

TAir (℃)  

Estimated biogas production 

rate (m3/day)  

Estimated biogas production 

(m3/m3/day)  
10-15  0.36 - 0.50  0.18 - 0.25  

16-20  0.53 - 0.63  0.26 - 0.31  

21-25  0.65 - 0.75  0.33 - 0.37  

26-30  0.77 - 0.86  0.39 - 0.44  

31-35  0.88 - 0.96  0.44 - 0.48  

36- 40  0.98 - 1.05  0.49 - 0.53  

 4.7. Conclusions   

Firstly, workshops conducted with biogas digester beneficiaries revealed that active harnessing 

and developing of small-scale biogas digester technology in Limpopo province began in 2007. 

It was also found that there was a lack of research on maximizing the uptake of biogas 

technology in Limpopo Province paved the way for research institutions to get involved in 

research work. During workshops, technicality surrounding biogas digester technology, such 

as the quality of biogas produced, was discussed. Secondly, the chapter reported the monitored 

operational temperature of fermenting slurry inside an underground, unheated, unstirred 

Deenbandhu model biogas digester by orientating a temperature sensor at the center of a 

digester. 

The emphasis was on showing how important it is to conduct a long-term study of the slurry 

temperature profile at the local level. Based on the obtained results, the average daily 

operational temperature of the digester at Vele Secondary School ranged between 10.32 °C and 

29.80 °C. Again, the biogas digesters sometimes operated at an optimum mesophilic 

temperature range in summer hours. For example, in the hottest month (November), the 

system's temperature was over 35.00 °C for seven hours, between 11H00 and 17H00. Thirdly, 
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the results of the calculations of the heat absorbed by the digester over a given period were 

discussed. Using the soil layer as an insulator of the cover was to avoid implications on digester 

economics. The forecast of slurry temperature depending on the daily ambient temperature 

variation, even though the soil temperature is unavailable, was developed. However, a more 

reliable model was then developed using the measured data of slurry temperature and ambient 

air temperature. Lastly, the biogas production was computed based on the data of the predicted 

slurry temperature. It was found that the production rate also increases as the temperature 

increases. 
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS 

5.1.    Conclusions  

In conclusion, we draw our attention to the aim of the thesis to present the results of the research 

work undertaken. This research aimed to study the relationship between bio-slurry temperature 

and the ambient air temperature for a completely covered and unheated brick-built household 

size Deenbandhu biogas digester, relevant at a local level. Numerous studies on household 

biogas digester systems in the literature focused more on biogas digesters that are heated, 

stirred, and not covered with soil. Therefore, it appeared appropriate to conclude this work by 

providing answers to the research questions formulated. Firstly, the rigorous selection of 

suitable locations and potential stakeholders for biogas digester facilities is of utmost 

importance in Limpopo province and must be approached with renewed interest. We have also 

found that biogas projects fail whenever organizations choose locations for biogas projects 

without the involvement of key research institutions such as universities, technical colleges, 

and SANEDI. 

Secondly, a background check was conducted on household biogas digesters installed in 

Limpopo province. The study found that many were unstirred, unheated, brick-built systems. 

Some were not operational due to low gas production, especially during winter and rainy days. 

The background check study enabled us to set up a data acquisition system to investigate the 

operational temperature of biogas digester fermenting slurry. The study shows that the average 
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daily operating temperature of the digesters studied ranged between psychrophilic and 

mesophilic regimes.  

Thirdly, the bio-slurry temperature was successfully predicted and evaluated. The temperature 

of the fermenting bio-slurry inside the digester studied is influenced by the ambient air 

temperature. The study showed a strong correlation between bio-slurry and ambient air 

temperature. The study also shows a strong correlation between the measured and predicted 

temperature of the fermenting slurry inside the digester. The two developed models could 

estimate the temperature of the fermenting bio-slurry inside the digester. In addition, the biogas 

production was computed based on the data of the predicted slurry temperature. It was found 

that the production rate also increases as the temperature increases. 

5.2.    Recommendations and future scope 

Many things can be improved in the future study of heat transfer using temperature as one of 

the significant input parameters. Data loggers and temperature sensors can improve the 

sophistication level to reduce inconvenience. Since the digesters were operating at three 

different temperature ranges. I recommend the following future studies. 

• Field study on Hydrolysis rate at three temperature ranges (Mesophilic, Psychrotrophic 

and Psychrophilic). 

• Validation of the biogas production rate using experimental measurement  

Field study of effect of soil moisture, thermal conductivity on bio-slurry temperature. 

• Validation of slurry temperature predictions using ambient temperature, heat flux and 

thermal resistance of the soil, digester cover, biogas. 

• Characterization of organic materials for biogas optimization during three temperature 

ranges (Mesophilic ,Psychrotrophic and Psychrophilic). 
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