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ABSTRACT 

Questionnaire survey, satellite images of 1987, 1997, 2002 and 2017 were used to assess 

energy sources, demand and the impact of fuel wood use to forest cover changes in Meru and 

Mwanga districts. The major energy sources identified in the study areas included cow dung 

cake, fire wood, charcoal, biogas and liquefied petroleum gas. The total energy demand 

consumed from these sources were 1400, 6289, 724 and 21 kg per day per total sampled 

households respectively. The area covered with forest in Meru district was found to be 1510, 

1723, 1612 and 1327 ha for 1987, 1997, 2002 and 2017, respectively. Area covered with 

forest in Mwanga was 31 705, 31 988, 17 939 and 30 960 ha for 1987, 1997, 2002 and 2017 

respectively. A batch study to verify the appropriate and optimal mixing ratio of feedstocks 

was also done. The mixing ratios of cow dung to water ranged from 2:1, 3:1 and 4:1. Total 

solids determined were 120, 150 and 170 mg/g of fresh sample for the ratios 2:1, 3:1 and 4:1, 

respectively. Biogas yield for 2:1, 3:1 and 4:1 were 21.4, 22.7 and 46.4 mL/gVS, 

respectively. These results showed a promising future of the technology which can be 

adopted by all solid state digester users living in dry areas. Lastly, fuel wood consumption is 

a real threat to forest, however, use of renewable energy such as biogas could save forest 

degradation. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background  

Forests are important sources of livelihoods to millions of people globally and contributes to 

national economic development of many countries (Sunderlin et al., 2005). Forests provide 

fuel wood as the primary sources of energy, which occasionally meets as much as 90% of 

energy requirements in developing countries (Trossero, 2002). Forest and wood resources in 

Tanzania, which covers about 48 million hectors (MNRT, 2014) provide various goods and 

services including energy, construction materials and medicine. 

The country is facing extraordinary loss of its forests up to present. Between 1990 and 2010, 

it lost an average of 403 350 ha per year which were estimated to be 19.4% (about 8 067 000 

ha) of the forest cover within a period of twenty (20) years (Miya et al., 2012). Through the 

periods of 1980‐2010, the forest reserves in Tanzania have shown a substantial degradation 

mainly due to charcoal burning, logging, shifting agriculture, fire wood, pole cutting, 

expansion of commercial farms and climate change (Specht et al., 2015). Forest degradation 

in Tanzania has been identified as a function of social, economic and governance factors such 

as human population growth, political instability of neighboring countries, poverty, 

urbanization, trade, expansion of agricultural lands, developing of new economic paths and 

infrastructure development (Miya et al., 2012).  Studies conducted in 1980s and 1990s report 

a strong relationship between population growth and deforestation in Central America, 

Africa, and South Asia (Rudel et al., 2000). Deforestation is clearly linked with population 

growth if and only if the growing community depends much on forest products such as fuel 

wood, building materials, other goods and services (Miya et al., 2012). Most studies rarely 

report that the greater part of consumption is by poor households. Sawe (2004) reported that, 

fuel wood are the most widely used sources of domestic energy in Tanzania and are among 

the most significant cause of forest degradation in many developing countries (Luoga et al., 

2000). The consumption of fuel wood in rural areas includes all dwellers, however limited 

studies have been carried out in pastoralist communities to find out the level of forests 

degradation and has remained the subject of significant discussion (Specht et al., 2015).  

Statistically cleared forest in semi-arid areas are not well known (Specht et al., 2015). Maasai 

communities residing in semi-arid areas previously were depending on milk and fresh meat 

as their main food but due to climate change, pastures for the cattle have been reduced 
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allowing these communities to change their living style (Specht et al., 2015). Changing of 

climatic conditions requires these communities to adopt new strategies including change of 

diet (from milk and fresh meat feeding to other types of food that entail more energy during 

preparation) (Specht et al., 2015). Due to the dependence on fuel wood, forests goes on 

decreasing converting semi-arid areas into arid areas completely.  

As the means of rescuing forest from further degradation, biogas technology which is a 

renewable and environmentally friendly source of energy has to be introduced. Since water is 

the great problem to semi-arid areas, solid state anaerobic digesters that require little amount 

of water during operation are of important. 

This study was carried out to determine the operational performances of the Solid State 

Digester (SSD) installed in Mwanga cluster in northern Tanzania with the aim of improving 

their biogas production potentials. The prior purpose for establishment of SSD plants was to 

have a design with low water requirements and high biogas production per unit volume. The 

estimated biogas production was 1-1.5, 1.5-2.25 and 3 m3/ day for digester with capacity of 4, 

6 and 9 m3 respectively (Kileo and Akyoo, 2014). However it has been reported that 34.1% of 

the installed digesters still produce insufficient biogas (Kileo and Akyoo, 2014), the main 

reason being poor feeding of the digesters using inappropriate mixing ratios of the feedstocks. 

The consequence is that even communities which could use biogas turn to non-environmental 

friendly sources of energy.  

Findings from the field showed, the often use of mixing ratios such as 2:1 and 3:1 by the 

household might be affecting the availability of TS (Total Solids) and VS (Volatile Solids) in 

the substrate which consequently affect biogas production. This correspond with the study by 

Yi et al. (2014) which found out that when waste/cow dung is diluted, availability of TS and 

VS are affected. The more the waste is diluted, VS and TS do decrease. The decrease affects 

the amount of biogas to be generated since the production depends mostly on the availability 

of high amount of VS. Factors like: breed, growth stage of the animal and diet contributes 

much on the availability of VS, which vary significantly from area to area with time (Santana 

and Pound, 1980). Due to variations of VS from area to area, investigation of the right mixing 

ratio that gives the best and proper VS content for the selected study area (Mgagao) is of 

great importance. Additionally, this study provided basis for improving the biogas digesters 

planned for construction in similar dry areas such as Oldonyosambu and Ngarenanyuki in 
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Meru District. And lastly contributed on identifying the rate of forest degradation due to fuel 

wood use that was previously not known. 

1.2 Problem statement 

Forests in various places including the northern parts of Tanzania goes on being depleted due 

to high dependence on fuel wood as source of energy and other activities, consequently 

changing semi-arid areas into arid areas completely. However, the extent of forest cover 

depletion in the northern Tanzania remains poorly documented. In order to rescue forest 

deterioration, biogas technology which is a renewable and environmentally friendly source of 

energy has been seen and used as the alternative to fuel wood. Nevertheless, in semi-arid 

areas of the northern parts of Tanzania, biogas is produced in low amount (about 34.1%) of 

the installed wet and dry digesters (Kileo and Akyoo, 2014). Efforts have been made by 

Tanzania Domestic Biogas Program (TDBP) through modifying the wet reactor configuration 

to be used also for solid state digesters (Ng’wandu et al., 2008). Despite the modifications, 

insufficient biogas production is still being reported. Factor like mixing ratio of feedstocks 

might be affecting the availability of TS and VS (which vary with time depending on breed, 

growth stage of the animal and diet) in the substrate. These factors need to be studied and 

improved. This study therefore, aims at documenting the extent of deforestation and 

optimizing biogas production process (through assessment of the mixing ratios and evaluate 

their contribution to ideal biogas production) in solid state digesters as the means for 

minimizing forest degradation in water scarce areas of Meru and Mwanga districts. 

1.3 Justification of the problem 

Lack of renewable sources of energy and insufficient production of biogas influences people 

to search for other energy sources like fuel wood which are detrimental to the environment 

(Panwar et al., 2011; Renaud et al., 2013). The dependence on fuel wood by the pastoralist 

communities living in arid and semi-arid areas contribute much to deforestation. 

Deforestation in semi-arid areas is poorly documented allowing the communities continue 

relying on the depleted resource, hence converting semi-arid to arid areas completely (Specht 

et al., 2015). In order to save deforestation in arid and semi-arid areas, biogas technology 

which is a renewable and environmentally friendly source of energy has to be used. The 

available 27 digesters in Mgagao produce less amount of biogas that fails to suffice the need. 

Often use of mixing ratios such as 2:1 and 3:1 by the households in Mgagao affects the 

availability of TS and VS in the substrate which vary with time depending on breed, growth 
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stage of the animal and diet, hence affecting biogas production. Therefore this reason called 

for assessing the effect of cow dung/water mixing ratios on biogas production in solid state 

digesters.  

1.4 Objectives 

1.4.1 General objective 

To assess the energy demand and their impact on forest cover in water scarce areas of 

Mwanga and Meru district, and to undertake optimization of biogas production process in 

solid state digesters as possible option for minimizing deforestation. 

1.4.2 Specific objectives 

(i) To analyze existing energy sources, evaluate the energy demand and find out the 

impact of fuel wood use on forest cover within the pastoralists communities of 

Mwanga district (Mgagao) and Meru district (Ngarenanyuki and Oldonyosambu). 

(ii) To optimize existing (in Mgagao) and new solid state digesters in (Meru) as 

alternative sources of energy. 

1.5 Research questions 

(i) What are existing energy sources, the current energy demand, and the impact of using 

the existing energy sources on forest cover in Maasai pastoralist communities of 

Mwanga and Meru district?  

(ii) Can mixing ratios of the feedstock alone lead to improvement of biogas production in 

solid state digesters? 

1.6 Significance of the study 

The proposed study intended to provide solutions to problems of low biogas production in 

solid state digesters and forest cover deterioration to semi-arid areas. Similarly, adoption of 

the biogas technology by communities will reduce pressure on fuel wood use and thus 

reducing deforestation. 
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CHAPTER WO 

LITERATURE REVIEW 

2.1 Energy sources, demand and their impact on forest cover 

The energy usage in most of developing countries constitutes of bio-energy, mainly in the 

form of fuel wood and cattle manure (Luoga et al., 2000). There are various existing energy 

sources such as fuel wood, cow dung, biogas, kerosene, coal, fossil fuels, electricity and solar 

energy which are used in cooking, lighting and other activities (Odhiambo, 2009). Due to 

inaccessibility of some of these sources of energy, people opt to rely on fuel wood.  

Several studies report that, 89% of the total energy consumption in Tanzania is estimated to 

come from fuel wood while 9% and 2% comes from petroleum and electricity respectively, 

the remained percent is from biogas (Arvidson et al., 2006; TDBP, 2012). As report earlier, 

reliance on certain type of energy depends on its availability, although this is indirectly 

connected with its demand (Arvidson et al., 2006). Demand of a certain type of fuel depends 

on its calorific value, thermal efficiency and the useful heat it contains (Wargert, 2009). 

Energy demand in cooking from fire wood, charcoal and biogas can be estimated by 

measuring the amount (in kg or L) that is used in cooking per day by the respective number 

of people in the household. Fuels with higher useful heat are only required in less amount 

while those with lower useful heat they are required in large amount during cooking 

(Ng’wandu et al., 2008). Energy fuel with high useful heat are more costly and less available 

to people with lower income, this influences most of the poor people to depend on the less 

costly fuel that is more available (Wargert, 2009). However to large extent the less costly and 

mostly used fuel such as fuel wood are not environmentally friendly since they result into 

clearance of forests (Saud et al., 2012).  

Biogas production is less costly and environmentally friendly, it is now becoming popular in 

many places and its demand can be calculated basing on the number of people and the type of 

food that is prepared per household per day. If 0.26 m3 is the amount of biogas required to be 

consumed by one person per day in cooking (Deublein and Steinhauser, 2011), then total 

amount of biogas required to be spent by a certain number of people in a household can be 

determined. With a daily biogas production of about 3 m3 per day for methane content of         

55-70%, the probability of lighting even a lamp for about 20 hours per day is possible 

(Deublein and Steinhauser, 2011).  
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Forests provide fuel wood as the primary sources of energy which occasionally meets as 

much as 90% of energy requirements in developing countries (Trossero, 2002). Forests 

mostly provide fuel wood and other products however, the most unavoidable challenge 

associated with these consumptions is how to access them in terms that facilitate economic 

growth while respecting environment (Gorte and Sheikh, 2010). Consumption of fuel wood 

has been identified as one of the most significant cause of forest decline in most of 

developing countries which contributes to about 6% worldwide (Bhatt and Sachan, 2004; 

Miya et al., 2012). About 58% of the energy supply in Africa comes from fuel wood. This 

cannot be neglected as a possible source of environmental distraction since its damage due to 

fuel wood harvesting can be significant if too many people depend on too few forested areas 

(Salim and Ullsten, 1999). Recently it has been reported that forest are being increasingly 

subjected to deforestation and degradation as demand for arable land, furniture, fuel wood 

and infrastructure (URT, 2012).  The country is facing extraordinary loss of its forests where 

by between 1990 and 2010, the country has lost an average of 403 350 ha per year (Luoga et 

al., 2000; Miya et al., 2012).  

From 1980‐2010, forest reserves in Tanzania have shown a substantial degradation chiefly 

due to charcoal burning and logging, encroachment for agriculture, fire wood, pole cutting, 

expansion of farms and climate change (URT, 2012).  

Statistically the cleared forest areas due to fuel wood use in arid and semi-arid areas are not 

well known (Specht et al., 2015). Since the impact of fuel wood use on forest cover is rarely 

reported in semi-arid areas, this study aimed at carrying out satellite image classification, 

determining energy sources that are used in cooking and calculating the energy demand from 

these energy sources. Due to the minimal production of biogas from the digester existing in 

semi-arid areas, this study also opted to find out the factors that affect biogas production and 

coming out with the solution that could optimize the production. Improvement of biogas 

production to these areas will allow the pastoralist communities to shift from fuel wood use 

to biogas which in no time could leave the environment safe. 

2.2 Historical background of biogas and its production 

Biogas is produced when organic matter undergo fermentation process in the closed system 

known as digester (Rasi et al., 2007). Biogas is mainly composed of 50 to 70% methane, 30 

to 40% carbon dioxide (CO2) and low amount of other gases like hydrogen sulfide, water 

vapor, hydrogen sulfide and ammonia (Kavuma, 2013). In order to control biogas production 
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process, some or all of the factors that affect the process need to be regulated through 

optimization process.  

Biogas technology has been used for many years in different places of the world and its 

impact to conservation of forest has been experienced (Chaudhary, 2000). The process of 

producing biogas is a technology which is acquiring attractiveness daily and is more broadly 

accepted for use (Okonkwo et al., 2016). Biogas has been used in the world as a renewable 

and environmental friendly source of energy since 1895 (Tietjen, 1975). To many places of 

the world like China, India, Europe, South America and Africa especially in sub Saharan 

countries including Tanzania, biogas has been used (Surendra et al., 2014). Biogas is rarely 

used in many places especially to Maasai pastoralist communities living in semi-arid areas of 

Africa (Chaudhary, 2000). These communities proceed depending on non-environmentally 

friendly sources of energy such as fuel wood where by the dependence from these sources of 

energy affect mostly the environment since their availability and usage are directly linked 

with forest dilapidation. In Tanzania biogas use gained its popularity since 1990s, however, it 

has been operated successfully in few places only (Rasi et al., 2007). Biogas in most areas of 

Tanzania has been initiated although after sometimes the production process failed due to 

circumstances which are known and some which are not known (Surendra et al, 2014). Since 

biogas is the only renewable energy that is less costly and can be generated easily, there is a 

great need for Tanzania to advocate biogas production and use rather than other sources of 

energy which are more costly and environmentally non-friendly.  

2.3 Optimization of biogas production 

Optimization of biogas production can be done by varying some or all of the factors affecting 

biogas production from the digester (Vetter et al., 1990; Adelekan and Bamgboye, 2009; 

Dobre et al., 2014). Optimization of biogas production in digesters involves various 

optimization techniques depending on the factors, therefore before performing it there is a 

need for selecting the specific techniques to be used in the process (Dobre et al., 2014). In 

determining the specific technique to be improved, characteristics of the feedstock such as 

Total Solids (TS), Volatile Solids (VS), CN (Carbon/Nitrogen) ratio and mixing ratio need to 

be known and their effect on biogas production need to be studied (Kavuma, 2013). 
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2.4 Effect of TS, VS, CN and mixing ratio of substrates on biogas production 

The total solid content (TS), volatile solids (VS) and carbon/nitrogen (CN) ratio of organic 

wastes influences anaerobic digestion performance (Pavan et al., 2000). These parameters 

affect the performances of anaerobic digestion and may lead to the change of microbial 

morphology in the system (Yi et al., 2014). Abbassi-Guendouz et al. (2012) and Yi et al. 

(2014) report that, for anaerobic solid state digesters, as %TS increases from 10-25, methane 

production increases and when %TS is 30 methanogens activities are inhibited. At high %TS 

content greater than 25%, substrate degradation is reduced and contributes to reduction of 

methane and biogas production (Fernández et al., 2008; Forster-Carneiro et al., 2008; Motte 

et al., 2013). In wet digesters, biogas production do increase with increase in %TS from 7-

10% where by above and below this percentage biogas production decreases (Yavini et al., 

2014; Ranade et al., 1990). The study on the effect of  %TS in biogas production was again 

report by Maamri and Amrani (2014) where the results on their research findings show that, 

as % TS concentration increases the amount of biogas produced also increase. 

Biogas production rate and the volatile solids concentration in the digestion process have a 

great relationship (Gelegenis et al., 2007). Biogas production tend to increase when 

percentage of volatile solids increases (Gelegenis et al., 2007; Ozturk, 2012). According to 

KeChrist et al. (2017), volatile solids are indicators of potential methane production. The 

specific methane yield with regards to the source of volatile solids has been found to be not 

constant (KeChrist et al., 2017), although when % volatile solids fall into the range of 28-

90% it result into more biogas production (Ozturk, 2012).  

The quality and availability of nutrients in feed show how much is fed to meet nutritional 

requirements and how much will be excreted in the manure (Egilson and Grieger, 2014). The 

available nutrients excreted in animal manure include: macronutrients (N, C, P, K,), 

micronutrients (Cu, Mn, Zn, Co, Mo, B) and trace elements (Dick, 2003). Nutrients that are 

not kept back by the animal are excreted and end in the manure. Livestock generally excrete 

50 to 90 % of the nutrients they are served, basing on the animal species, stage of growth and 

the portion provided (feed source and supplements) (Dick, 2003). Nitrogen is excreted in 

feces and the urine. Soluble N is excreted in the urine while, organic N is excreted in the 

feces. The excreted quantity of C and N make the so called CN ratio which has a greater 

influence on biogas production (Egilson and Grieger, 2014). CN is the ratio of elemental 

carbon to elemental nitrogen present in the material (Ozturk, 2012). Each material has its own 
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CN ratio, but mixing two or more different materials can alter the overall CN ratio of the total 

feedstock (Ghasimi et al., 2009). CN ratio is of great  importance in biogas production since 

the bacteria responsible for anaerobic process require both C and N, as all living organisms 

do, but they consume carbon roughly 30 times faster than nitrogen (Ozturk, 2012). For 

optimal biogas production, CN ratio should range from 25 to 30 (Maishanu and Hussani, 

1991). Its variation affect the pH of the slurry. The increase in carbon content gives rise to 

more carbon dioxide formation and hence lowers the pH value while high nitrogen value 

enhances production of ammonia gas that upturns the pH to the detriment of the micro-

organisms (Dioha et al., 2013). The variation of CN ratio was report by Dick (2003), which 

ranged from 6-28 for cattle dung in Manitoba (Fig.1). This was report to be caused by factors 

like: livestock type, stage of growth and feeding practices (all of which determine nutrient 

excretion rates), amount of bedding or water added to the sample, type of sample storage, 

time that the samples spends in storage and weather conditions (Dick, 2003). Therefore, these 

mighty be the reasons also for the variations of CN ratios to various places. 

 

Figure 1: Distribution of C: N ratios for 93 dung samples collected from beef cattle farms in 

Manitoba (Dick, 2003) 

Substrate/water mixing ratio have a very remarkable effect on %TS (Budiyono and 

Sumardion, 2014). %TS is affected when water is added to the substrate which leads to its 

decrease (Budiyono and Sumardion, 2014). Mixing ratio of substrates contributes much on 
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the availability of microbial communities responsible for biogas production. Investigation on 

the effect of mixing ratio of wastes/water as presented by Adelekan and Bamgboye (2009) 

revealed that animal waste types and water mixing ratios jointly affect biogas yield. 

Therefore this study aimed also at evaluating the effect of fresh cow dung/water mixing ratio 

on biogas production in solid state anaerobic digester specifically in semi-arid areas. 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Study area description 

The study was conducted in Mwanga district (Lembeni and Njoro wards) Kilimanjaro region 

and Meru district (Oldonyosambu and Ngarenanyuki wards) Arusha region which are both 

semi-arid areas with approximately same climatic condition (Fig. 2). 

 

 

Figure 2: A map showing selected study areas surveyed in Meru and Mwanga districts 
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3.2 The impact of fuel wood use on forest cover: the case of semi-arid areas in northern 

Tanzania. 
 

3.2.1 Analysis of existing energy sources and their demand 

To understand the existing energy sources (fire wood, charcoal, biogas, cow dung cake and 

liquefied petroleum gas) and their demand a questionnaire survey was administered. The fuel 

wood demand quantification was done by weighing the amount of charcoal and fire wood 

used per day for each family surveyed. Before conduction of the questionnaire survey, 

sample size to be used was determined by using precision rate (e) of 7 and 93% confidence 

level for Meru and Mwanga (Dell et al., 2002). The sample size obtained was 207 for the 

population with 5281 households in Meru. For Mwanga district, sample size was also 

calculated using equation 1 at the precision rate of 7% and 93% confidence level. The sample 

size obtained was 100 for the population with 1278 households. The type of interview 

conducted was both structured and unstructured. The interviewee who were not having the 

ability of reading and writing, oral interview was used where by the interviewer filled in all 

the answers given by the interviewee into the prepared questionnaires. The Statistical 

Package for the Social Sciences (SPSS) method was used in analyzing the data corrected 

from interview. Data were analyzed in frequencies and percentages after coding and 

presented by using charts. Unique identifier to each individual data were used and the text 

responses were coded in numerical form for easy analysis (example: 1 to reflect fire wood 

users, 2 to reflect charcoal users, 3 to reflect Liquefied Petroleum Gas users and 4 to reflect 

cow dung cake users). The data analyzed by the SPSS software were presented as shown in 

Figs. 5 and 6. 

Through interview (Questionnaire survey,) energy sources existing in the study site were 

determined. The average domestic demand of charcoal, fire wood, dry cow dung cake and 

liquefied petroleum Gas used in cooking were identified.  

1 

e = precision rate, n =Sample size, N = Total population 
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3.2.2 The effect of fuel wood use on forest cover 

(i) Remote sensing data 

Three-time series pairs of Landsat (TM and OLI) images for the year 1987, 1997, 2002 and 

2017 covering the study area were utilized as the principal source of data. In order to avoid 

differences in vegetation phenology, the used images were captured on the same day or 

season (Dry periods of January-February and July-August), collected under relatively clear 

sky conditions. 

(ii) Image pre-processing and processing 

Images were radiometrically and geometrically calibrated and registered to the Universal 

Transverse Mercator (UTM) map coordinate system (i.e. UTM Zone 36 and 37 South, 

Spheroid Clarke 1880, Datum WGS 1984). Distinct features on the image (e.g. roads 

intersections, hills and other features) were used to establish Ground Control Points (GCP) 

for geometric calibration in order to match their corresponding coordinates on the ground. 

Atmospheric corrections were applied to correct the images for atmospheric scattering such 

as haze. Both radiometric and atmospheric correction were achieved through use of the 

Atmospheric Correction Tool in PCI (PCI, 2017). Imageries were then clipped to a boundary 

of study wards before classification, with a purpose of quick processing and better collection 

of sample points. 

Stratified-random sampling technique following methods described in Foody (2002) was 

employed in acquiring training and validation samples for land use/cover classification in the 

study area. Fifty sample points per land use/cover class were randomly generated over the 

study area (Congalton, 1991; Lillesand et al., 2014). The method was chosen because it 

reduces biases in collection of sample points, ensures that all classes are adequately 

represented, and an equal chance for samples (Foody, 2002). Samples were spaced 500 m 

interval to avoid auto-correlation (Rutherford et al., 2007). The collected samples were 

initially assigned to 8-10 land use/cover classes using High resolution Google earth 

imageries, in case, for difficult and/or confusing classes to identify in Google image were 

assessed during the field work and based on expert knowledge of the study area. Image 

spectral signatures were visualized in scatter and/or signature plots to evaluate class signature 

separability using the Bhattacharyya Distance and or Transformed Divergence in PCI (PCI, 

2017). Classes with an index (unit less) between 1.9 and 2.0 were considered separable. 
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Iterative process of merging and editing signature classes was performed until reasonably 

high-quality signature separability (For those classes of less than 1.9) achieved per class. The 

classification accuracy which is an indication of how well the image classified was calculated 

following procedures described by Zhan et al. (2002). The classification error and/or 

confusion matrix, per each land cover map was also calculated. Image classification was 

performed using the Maximum Likelihood Classification (MLC) in PCI Geomatica (PCI, 

2017) using the approach in Fig. 3.  

 

Figure 3: Approach for image classification using the Maximum Likelihood Classification 

(MLC) 

(iii) Change detection/post classification analysis 

Post-classification change detection method is the most widely used technique to ascertains 

the type, magnitude and spatial aspect of cover and use changes between two temporal 

images to detect the differences (Mengistu and Salami, 2007). In this study, a post-

classification comparison between three time (1987-1997, 1997-2002 and 2002-2017) series 

images was performed using Semi-Automatic Classification Plugin in QGIS software 

(Congedo, 2013) to assess the land use changes that occurred between 1987-1997, 1997-2002 

and 2002-2017.  
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3.3 Optimization of biogas production process in solid state digesters: the case of semi-

arid areas in northern Tanzania. 

3.3.1 Site selection and sample size  

A survey was done at Mgagao using questionnaires to collect information from selected 

households. Information collected involved the management of the digesters from biogas 

users. About ten (10) questions were prepared where interviewee devoted fifteen minutes to 

answer the questions. Sample size was determined at precision rate (e) of 1% and 99% 

confidence level as recommended by Dobbin and Simon (2005). The sample size was 

calculated using equation 1 was 20.  

  

e = Precision rate, n =Sample size, N = Total population 

3.3.2 Characterization of the feedstock 

Fresh cow dung from the selected households of Mwanga (Kilimanjaro) and Meru (Arusha), 

were collected for analysis at the Nelson Mandela African Institution of Science and 

Technology (NM-AIST). In order to characterize the feedstock and provide more evidence of 

the best ratio to feed the digesters, experiments were carried out in the laboratory. The cow 

dung was characterized in terms of total carbon (C), total nitrogen (N), total Solids (TS) and 

volatile Solids (VS). Total Solids (TS) was determined at 105 ± 3°C, VS at 550°C in muffle 

furnace and carbon/nitrogen ratio by THERMO SCIENTIFIC™ FLASH™ 2000 ORGANIC 

ELEMENTAL ANALYZER operated at 950°C. Percentage total solid (TS) was determined 

by drying the fresh sample at 105°C for 12 hours and calculated (Equation 2) according to 

Singh et al. (2008). 

 

Volatile Solids were determined by drying the fresh samples at 105°C for 12 hours then 

heated at 550°C for three hours. The samples were left to cool for one hour, then weight of 

ash content and weight loss (VS) were calculated as per equation 3 (Singh et al., 2008). 
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3.3.3 The effect of mixing ratio on biogas production 

The feedstock samples were obtained from cattle which are fed/pastured locally. A ratio of 

cow dung to water of 2:1, 3:1 and 4:1 were prepared in the laboratory. Anaerobic batch mode 

digesters were made from polyethylene bottles with a capacity of 10 L. The bottles were 

plugged with rubber plug fitted with delivery tube, the delivery tube were connected to 

measuring cylinder for biogas measurement. Due to solubility of biogas in water, measuring 

cylinders were filled with acidified saline water (prepared at pH of 0.5 and 95% NaCl). 

During preparation of the feedstock, 2, 3 and 4 kg of cow dung were mixed with one kg of 

water per each to prepare 2:1, 3:1 and 4:1 mixing ratio respectively. Batch anaerobic 

digesters configuration and operation studies were performed to understand the best ratio of 

the feedstock mixture. Three experimental setup were set at the start of the experiment 

(Fig.4). The yielded biogas was measured per day by downward water displacement method 

using calibrated 2 litres cylindrical jar for each reactor.  Average of the results obtained per 

each setup were calculated. The batch digesters were monitored for 60 days however daily 

production stopped on the 45th day in the 4:1 digester, 30th day in the 3:1 and 2:1 digesters. 

 

Figure 4: Experimental laboratory set up for biogas production basing on different mixing 

ratios 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 The impact of fuel wood use on forest cover: the case of semi-arid areas in northern 

Tanzania 

4.1.1 Analysis of existing energy sources and their demand  

The existing energy sources identified included liquefied petroleum gas, biogas, charcoal, fire 

wood and cow dung cake (Fig. 5). Fire wood was recognized to be the most preferred source 

of energy (by 63 and 78% of the users in Meru and Mwanga respectively) while LPG was 

used by 6% only of the user’s surveyed (Fig. 6). For the 207 and 100 households assessed, 

96.6 and 94.6% (N = 200 and 82) use fuel wood as the main source of energy for cooking 

respectively (Fig. 6). These included both households that depend on fire wood completely 

(N = 130 and 76), those that reported mixed use (fire wood, charcoal, dry cow dung, biogas 

and LPG) (N = 70 and 6). The remained number (7 and 18 households) for Meru and 

Mwanga reported to depend on Charcoal as the energy source in cooking. 

The 2012 census conducted in Meru (Ngarenanyuki and Oldonyosambu wards), Lembeni and 

Njoro wards of Mwanga district reported a population of 31 623 people at the average family 

size of 4.8 which is approximately to 6588 households (NBS, 2012). With respect to the 

census total population, about 5102 household equivalent to 96.6% in Meru and 1048 

households’ equivalent to 94.6% in Mwanga depend on fire wood. 1400 kg of cow dung cake 

(in Meru), 2093 and 4196 kg of fire wood, 308 and 416 kg of charcoal for 100 and 207 

households surveyed in Mwanga and Meru respectively were spent per day.  

With 1278 and 5281 households in Mwanga and Meru respectively, 107 and 27 tons of fire 

wood, 4 and 11 tons of charcoal and 36 tons of cow dung cake (Meru) calculated to be used 

per day. Finding out the energy demand for Mwanga and Meru per year gives several tons of 

fire wood, charcoal and cow dung cake equivalent to 48 838, 5312 and 13 037 tons 

respectively. The calculated total amount of tons of trees cleared per year due to fuel wood 

usage was 101 953 tons. As reported by Kilahama (2008), in order to produce one tone of 

charcoal, about 10 tons of wood are required. Furthermore, 1 ha in Africa may contain up to 

109 tons of wood (Engel and Frey, 1996). With this comparison, if more than 101 953 tons of 

wood are used annually then 935 ha/year of forest mighty be cleared for wood. 
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Figure 5: Type and amount of energy sources used for cooking 

 

 

Figure 6: Energy sources that are used in cooking per respective number of households  

 (Mixed use: Fire wood, charcoal, dry cow dung, biogas and LPG) 
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Fuel wood (Fire wood and charcoal) constitute the major cooking fuels (Trossero, 2002), this 

has also been reflected in the current study, however to some of the surveyed households, all 

fuels (Fire wood, charcoal, cow dung cake and LPG) were used in a mixed way. The 

dependency on fuel wood as a source of energy in the study area is increasing. Experimental 

evidence suggest that there are a number of factors which influence the increase (Luoga et 

al., 2000). The main factors being unavailability of alternative sources of energy and 

increasing prices of the available non-wood fuels. The findings from this study suggest that 

while efforts to adopt other sources of fuels alternative to fuel wood in the study area are 

highly recommended, renewable and less costly source of fuel such as biogas should be 

adopted and used. 

4.1.2 The effect of fuel wood use on forest cover 

Statistical data from the extracted and classified images indicated fluctuations in areas 

covered by forest. Key findings from the classified images (Fig. 7-14) and Table 1 presented 

total forested area for Meru in 1987, 1997, 2002 and 2017 to be 1510, 1723, 2061 and 1722 

respectively. In Mwanga, the area covered with forest found to be 31 705, 31 988, 17 939 and 

30960 for the year 1987, 1997, 2002 and 2017. An increase of 283 ha of the forested area was 

observed in 1987-1997.  From 1997-2002 the loss of 14 049 ha was identified. In 2002-2017 

the forest cover increased by 13 022 ha (Table 1) The regeneration in forest cover from 2002 

to 2017 was due to the introduction of biogas technology that transformed the community 

from fuel wood dependence to biogas use. In Meru district, an increase of 213 ha was 

observed within a period of 10 years (1987-1997). This was followed by a decrease of 111 ha 

in a period of 5 years (1997-2002), a rapid change was once more recognized in 2002-2017 

where by 285 ha were lost in this period of time. Forest degradation observed in Meru district 

was mainly contributed by fuel wood use and clearing of trees for fencing. 

Table 1: Trends in total (net) forest cover in Meru and Mwanga from 1987 to 2017 

 

 

Year 

 

 

Forest 

cover (ha) 

Mwanga 

 

 

Forest cover 

(ha) Meru 

Change Rate (ha/year) 

 

1987-1997 

 

1997-2002 

 

2002-2017 

Mwanga Meru Mwanga Meru Mwanga Meru 

1987 

1997 

2002 

2017 

31 705 

31 988 

17 939 

30 960 

1510 

1723 

1612 

1327 

 

28.3 

 

21.3 

 

-2809.8 

 

-22.2 

 

868.1 

 

-19 
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Figure 7: Image classification for 1987 land cover classes in Meru district (Arusha) 
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Figure 8: Image classification for 1997 land cover classes in Meru district (Arusha) 
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Figure 9: Image classification for 2002 land cover classes in Meru district (Arusha) 
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Figure 10: Image classification for 2017 land cover classes in Meru district (Arusha) 
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Figure 11: Image classification for 1987 land cover classes in Mwanga district (Kilimanjaro) 
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Figure 12: Image classification for 1997 land cover classes in Mwanga district (Kilimanjaro) 
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Figure 13: Image classification for 2002 land cover classes in Mwanga district (Kilimanjaro) 
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Figure 14: Image classification for 2017 land cover classes in Mwanga district (Kilimanjaro) 

The dependence on fuel wood has a great meaning and implication to forest cover change 

over time (Arnold and Persson, 2003).  Consumption of fuel wood per person per year is 

estimated to be very high and in satisfying this, great pressure on forest cover has to be 

generated (Miya et al., 2012). In this study, a considerable number of the total population still 

rely on fuel wood as the basic energy source for cooking, consuming over 1.7 tons of fuel 

wood per capita per year. This general pattern of fuel wood consumption identified looks 

similar with results presented by D'Agostino et al. (2015). 

Official data on fuel wood consumption and their impact on forest cover is often focused on 

industrial demands and neglects domestic use (Specht et al, 2015). In the current study, the 

amount of fuel wood needed to fuel the estimated levels of consumption requires that        

101 953 tons of trees be harvested from forests per year. Due to this, it is estimated that 935 
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ha of forest are needed to meet the fuel wood demand of households in the surveyed area. 

The estimated level of fuel wood consumption reported in this study look also similar with 

what report by Hoffmann et al. (2015) where the increase in levels of consumption resulted 

into the increase of the deforested area.  

A study by Boberg (2017) report fuel wood use by domestic and its effect on forest cover, the 

link obtained between the two seems to vary inversely proportional. Also a study conducted 

by Sassen et al. (2015) investigating the relationship between fuel wood use and forest cover 

change observed that, forest goes on decreasing due to fuel wood extraction. Results 

presented in this study suggest that fuel wood harvesting should not be ignored as an 

important source of forest degradation. Since they reveal the extent to which rural 

populations are depending on fuel wood and their impact on forest cover. Similar suggestions 

were also reported by Hojas-Gascón (2016) on the negligence of fuel wood use and their 

impact on forest degradation, however their study based mostly on industrial use leaving out 

the domestic use. 

In this study, statistical data from the extracted and classified images showed the decrease in 

areas that are covered with forest. Forest degradation is contributed by factors such as: 

logging, shifting agriculture, pole cutting, expansion of commercial farms and fuel wood use 

(Arnold and Persson, 2003). Excluding fuel wood use, the previously mentioned factors are 

rarely/completely not practiced in the study area since the communities that live in these 

areas engage themselves on pastoralism and seldom in agricultural activities. Therefore these 

factors are less/not counted on deforestation process. Fuel wood (Fire wood and charcoal) 

observed to be the most frequently used source of energy in the study area. The sources are 

obtained from fresh trees and some from dead branches (as reported in the conducted survey), 

therefore it is likely that, deforestation process existing in Mwanga and Meru is due to the 

serious dependence on fuel wood use, clearing of trees for fencing and settlement expansion.  
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4.2 Optimization of biogas production process in solid state digesters: the case of semi-

arid areas in northern Tanzania. 

4.2.1 Characterization of the feedstock 

TS (%), VS as %TS and CN ratio of fresh (undiluted) samples of cow dung collected from 

Mwanga and Meru district ranged from 16-23, 51-83 and 20-41 respectively (Tables 2 and 3).  

Table 2: TS, VS and C/N ratio for samples from semi-arid areas of Meru 

 

Sample name TS (%) VS (%) C/N ratio 

Losinoni Kati 20.0 67.3 25 

Engutukoit 22.9 83.2 25 

Lemanda 20.0 67.9 25 

Losinoni Juu 21.2 76.4 28 

Mkuru 20.2 69.5 25 

 

When a sample with 20 % TS  and 69% VS as % of TS was diluted at ratios of 2:1, 3:1 and 

4:1, resulted into diluted  samples with TS% and VS (as % of TS)  of 12, 15 and 17; and 68.2, 

68.5 and 68.7% correspondingly. 
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Table 3: VS, TS and C/N ratio for samples collected from biogas users in Mgagao (Mwanga) 

    Sample Name TS% VS% C/N ratio 

Household 1 20.4 69.5 20 

Household 2 20.0 69.1 25 

Household 3 16.2 51.4 20 

Household 4 20.1 69.3 25 

Household 5 20.0 69.0 25 

Household 6 20.3 69.4 21 

Household 7 20.0 68.9 25 

Household 8 20.2 69.3 25 

Household 9 21.2 73.0 20 

Household 10 22.0 83.2 25 

Household 11 19.8 68.4 25 

Household 12 20.1 69.4 24 

Household 13 21.3 73.2 41 

Household 14 20.0 69.0 30 

Household 15 22.2 79.2 25 

Household 16 20.0 68.1 20 

Household 17 20.3 69.0 25 

Household 18 20.0 69.2 20 

Household 19 22.8 83.0 25 

Household 20 20.0 68.5 25 

Household 21 22.7 68.0 25 

Household 22 20.6 67.9 25 

Household 23 23.7 69.0 24 

Household 24 25.0 70.2 26 

Household 25 21.2 83.0 25 

Household 26 20.8 69.1 25 

Household 27 23 69.0 25 

 

The optimal %TS for solid state digesters is reported to range between 10 and 20 (Yi et al., 

2014). In this study, feedstock with TS of 17% produced biogas yield of up to 46.4 mL/g VS 

which was the highest production in all %TS tested. These results were in line with those 

reported by Widiasa and Seno (2010) when cattle manure were used as feedstock. Their 

results showed the increase in biogas production as %TS was changed from 7.4 to 9.2%. A 

similar relationship was established by KeChrist et al. (2017) using cattle manure as 

feedstock, where similar trend of results as of this study were obtained. Comparably Brown 

and Li (2013) reported an increase in biogas yield from 42 mL/gVS to 72 mL/gVS as %TS 

increase from 15 to 20 mL/gVS. However, study by Abbassi-Guendouz et al. (2012) reported 

contrary results for the effect of %TS on biogas production when similar feedstock as of this 

study were used.  
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CN ratio in this study ranged from 20 to 41 (Tables 2 and 3). Sample with optimal CN ratio 

(25) in the present study was selected for testing production of biogas in the laboratory. 

Feedstock with this CN ratio suggest a significant amount of biogas to be generated since the 

ratio is at its optimal point (Ghasimi et al., 2009). 

When %VS fall into the optimal range of 28-90% more biogas is produced (Ozturk, 2012). 

Concentration of VS in this study ranged from 54-83%, this is an indication that the feedstock 

is rich in organic solid content that can be converted into biogas during anaerobic digestion. 

Substrate with VS (69%) was sampled to be used in this study, however upon dilution VS 

slightly changed to 68.2, 68.5 and 68.8% for the 2:1, 3:1 and 4:1, respectively. Biogas 

production tend to increase when percentage of volatile solids increases (Gelegenis et al., 

2007; Ozturk, 2012). This have been confirmed in this study where feedstock with 68.8% 

generated high amount of biogas than others at 68.2 and 68.5%. 

4.2.2 The effect of mixing ratio on biogas production  

The laboratory experiment carried out revealed that, daily biogas production varied 

continuously for the 2:1, 3:1 and 4:1 mixing ratios. Fig. 15 shows the cumulative biogas 

production for the reactors operated at three different mixing ratio during the whole 

experiment. Each curve represents the average of three replicates. The best performance of 

biogas production was observed in the digester with mixing ratio of 4:1. This ratio provided 

cumulative biogas of 20.94 L equivalent to 46.4 mL/g VS biogas yield for 30 days while 3:1 

and 2:1 gave 9.08 L (22.7 mL/g VS) and 7.39 L (21.4 mL/gVS), respectively as shown in      

Fig. 15. 
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Figure 15: Effect of mixing ratios of cow dung to water on biogas production 

The results obtained in this study clearly illustrate that, increase in substrate/water mixing 

ratio gives enhanced biogas production. This could be explained by the fact that, as substrate 

mixing ratios increase, volatile solids also increase resulting into higher production of biogas. 

Working with cow dung/water feedstock, Adelekan and Bamgboye (2009) reported an 

increased biogas yield that was directly proportional to the increase in mixing ratio. 

Similarly, Haryanto et al. (2018) using comparable feedstock reported a potential increase in 

methane yield of up to 122 mL/gVS at 2:1 mixing ratio of waste/water as compared to 1:1 

that produced only 78 mL/gVS. All of the finding obtained from the previous study were 

similar with those obtained in this study. 

The impact of shifting from fuel wood use to biogas has been reflected to areas of Mwanga 

district. The classified images for Mwanga shows that since 2002 to 2017, forested area 

increased from 17 939 to 30 960 ha respectively. The rapidly use of biogas in Tanzania report 

to commence since 1990s (Rupf et al., 2015), however biogas use to northern parts of 
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Tanzania gained its popularity in the year 2008 (Ng’wandu et al., 2008). Though, biogas to 

these areas report to be produced in little amount (Kileo and Akyoo, 2014), its positive effect 

in forest cover change has been revealed. To semi-arid areas of Meru, the forest cover goes 

on decreasing (Table 1), biogas is completely not used to these areas and hence community 

goes on relying in fuel wood as their main energy sources.  

Deublein and Steinhauser (2011) report that, 0.26 m3 of biogas is estimated to be used up by 

one person per day in cooking. For the household owning a digester sized 9 m3 which is fed 

with 80:20 kg of cow dung/water per day have an ability of producing 12 564 L of biogas per 

month that can save an average of 2.4 people within 30 days (Deublein and Steinhauser, 

2011).  

The conducted survey in Lembeni, Njoro, Mgagao, Ngarenanyuki and Oldonyosambu 

identified that 283 tons of wood are consumed by 31 623 people per day, equivalent to 9 kg 

per person. With this population of 31 623 people (equivalent to 4.8 people per household), if 

the surveyed community (with 6559 households) opt to shift from using wood fuel to biogas, 

about 15 812 people will be excluded from using wood fuel. Again, if 9 kg of wood are 

consumed by one person in cooking per day then the total number of 15 812 people will save 

about 142 tons per day equivalent to 51 003 tons per year. About 51 003 tons of wood would 

be saved per year if households in the surveyed areas were to shift from wood fuel use to 

biogas, 468 ha of forest that were to be cleared for fuel wood will be saved per year. 
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

This study focused on determining the energy sources that are regularly used, pinpointing the 

impact of wood fuel use, biogas use to forest cover change and reviewing on the effect of 

cow dung/water mixing ratios on biogas production in batch solid state anaerobic digester. 

The identified energy sources included cow dung cake, fire wood, charcoal, biogas, and LPG. 

The demand for the mentioned energy sources excluding biogas amounted to 1400, 6289, 724 

and 21 kg per total number of household surveyed per day respectively. The decrease in 

forest cover for selected areas was 927 ha for the past 30 years from 1987-2017.  

Cow dung/water ratio of 4:1 showed high production of biogas than that of 3:1 and 2:1. 

Improper mixing of the feedstock, feeding lower mixing ratios characterized with low 

amount of TS and VS resulted into low production of biogas.  

Conclusively: This study contributed a scientific knowledge on right use of mixing ratios in 

solid state digesters for optimal production of biogas. It also presents data on forest 

degradation to semi-arid areas of Mwanga and Meru where previously were not known.  

5.2 Recommendations 

Sensitization of the pastoralist to shift from using fuel wood to biogas could save the ongoing 

degradation of forest. 

Maintaining maximum production of biogas in SSD, proper mixing of the feedstock to obtain 

homogeneous mixture of the feedstock, use of appropriate mixing ratios should be taken into 

action. 

Investigation of the feeding frequencies of the feedstock as among the factors that affect 

biogas production especially for SSD need further study. 
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