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Abstract  

Treatment of municipal sewage sludge is a problem in Zimbabwe. However, if the appropriate waste 

to energy technologies are applied, sewage plants can generate their own electricity thus minimizing 

municipalities’ reliance on the already strained national grid. An experimental study was therefore 

conducted on the Chitungwiza, Firle and Crowborough sewage plants, assessing the potential to 

harness biogas for electricity generation. These plants have sewage treatment capacities of 19.6 

ML/day, 140 ML/day and 54 ML/day, respectively. Plant tours and inspections of the plants were 

conducted and an understanding of the plant designs as well as the current process flow was attained. 

Particular emphasis was placed on establishing the availability and state of infrastructure available for 

the production, handling and storage of biogas. All three plants have bio-digesters on site, however, 

the Chitungwiza digesters are open at the top thus releasing gas to the atmosphere. Firle and 

Crowborough plants are equipped with the basic infrastructure for biogas generation and storage; 

however, major refurbishments are required. Samples of sewage sludge were collected from the 

plants and placed under conditions that mimic a typical digester, the resultant biogas was analysed. 

The biogas was predominantly composed of methane (53-65%), CO2 (22-27%), trace gases such as 

H2S, N2 and H2 accounted for the balance. Experimental results revealed that the use of 50 g/m
3
 Acti-

zyme as a bio-catalyst increases the quantity of methane produced to 72-78%. Based on the 

experimental results and the design capacities of the plants, the estimated power generation potential 

was 0.57-1.20 MW, 4.2-8.1 MW and 1.53-4.56 MW for the Chitungwiza, Firle and Crowborough, 

respectively. These capacities vary depending on whether it is the wet or dry season. An economic 

assessment indicated the viability of harnessing biogas from the three plants especially after 

incorporating Acti-zyme as the digestion catalyst to actively increase the electricity generated. 

Keywords: Acti-zyme, biogas, digestion, electricity generation, municipal sewage sludge 

1. Introduction  

The energy demand in Sub-Saharan Africa (SSA) continues to grow on a yearly basis. This 

is mainly driven by increasing population as well as increased industrial, mining, agricultural 

activities.  The rise of these activities results in higher levels of pollution and waste 

generation; municipal waste water treatment plants are particularly affected. Government 

and private sectors are constantly on the lookout for technologies that will allow for more 

efficient and cost-effective waste treatment. One such technology is the ability to successfully 
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treat municipal sewage sludge through digestion in biogas plants. When fully optimized, 

biogas plants with anaerobic digesters not only provide pollution reduction, but also allow for 

sustainable energy, compost and nutrient recovery. Thus, waste water treatment with the aid 

of biogas plants converts a waste disposal problem into a profit making venture.  

Municipal sewage sludge biogas collection and utilization for power generation is also a 

proven technology to deal with municipal sewage sludge in a sustainable manner. Municipal 

sewage sludge biogas plants can thus be seriously considered for implementation at the 

Chitungwiza, Firle and Crowborough municipal sewage plants in Harare, Zimbabwe. This 

consideration stems from a win-win situation that realizes several environmental benefits and 

the provision of a renewable source of energy for potential usage at the plant. Methane 

(CH4), which is the main component of biogas, is a greenhouse gas (GHG) that has to be 

mitigated in line with the COP 21 and according to the Kyoto protocol. The Chitungwiza, Firle 

and Crowborough municipal sewage plants are currently releasing methane into the 

atmosphere but have the potential of harnessing the biogas for usage in the plant resulting in 

sustainable development.  

The amount of municipal sewage inflow feeding into the Chitungwiza, Firle and Crowborough 

municipal sewage plants is a rapidly increasing beyond the installed capacity of the plants 

due to increased population growth, development of new residential areas coupled with 

higher standards of living, which result in a substantial increase in the amount of daily 

household and commercial waste. Environmental and health concerns, coupled with the 

ever-increasing cost of new municipal sewage plants, have forced the authorities to look for 

alternative methods to deal with the problem of municipal sewage sludge disposal looking 

into more sustainable and profitable ways of dealing with solid waste such as composting 

and municipal sewage sludge conversion to biogas.  

The harnessing of the biogas in the municipal sewage plants will change the situation by 

eliminating many negative environmental impacts and also provide a renewable source of 

energy that can be used to provide power in the plants and this formed the basis of this 

study. 

1.1 Problem Statement  

Currently the sewage plants are not harnessing biogas from sewage sludge which can be 

converted to electricity yet they are using electricity from the national grid which is currently 

facing a large energy deficit.  

1.2 Project objectives  

The main objectives of the project were 

i. Evaluating the existing infrastructure for suitability of biogas production. i.e. 

currently existing bio-digesters or ponds 
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ii. Conduct a techno-economic assessment for applying the Acti-zyme technology in 

optimizing sewage sludge conversion to electricity 

2. Background 

2.1 Biogas production process 

Biogas is a gas produced from the anaerobic digestion of any biomass in the absence of 

oxygen to produce a mixture of gases comprising of methane, carbon dioxide, hydrogen 

sulphide and other trace gases depending on the type of the organic material. Biogas can be 

produced under mesophillic (20-40 °C) and thermophilic (>50 °C) conditions and if 

harnessed, it can be used for cooking, heating and electricity generation purposes (Arthur 

and Brew-Hammond, 2010). The natural anaerobic degradation of municipal sewage sludge 

in a digester follows similar pathway as the one that takes place in any anaerobic digester 

with net production of biogas (mainly methane). Figure 1 depicts the biological 

transformations that the municipal sewage sludge undergoes under anaerobic conditions 

such as hydrolysis, fermentation, acetogenesis and methanogenesis respectively. These 

steps occur simultaneously within in a digester and the microorganisms involved with each 

phase are metabolically dependent upon each other for survival. 

 

 

Figure 1: Basic anaerobic biochemical steps that transform organic municipal sewage 

sludge in municipal sewage plants to methane 
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2.2 Description of the biogas production processes 

Hydrolysis 

The hydrolysis phase consists of breaking down complex particulate matter into lower 

molecular weight compounds using hydrolytic enzymes such as proteases, cellulases, and 

lipases. The large compounds, for examples proteins, carbohydrates, and lipids, are 

hydrolysed into smaller units such as amino acids, sugars and fatty acids. These small units 

will be taken in by microbial cells.  

Acidogenesis  

Acidogenesis is known as the beginning of fermentation. It continues breaking down the 

small units from the hydrolysis phase into more simple ones. The facultative and obligate 

bacteria used in this phase break down amino acids and sugars that resulted from hydrolysis 

into acetic acid and volatile fatty acids such as propionic and butyric acid. These bacteria 

also break down fatty acids existing in the digester into hydrogen, carbon dioxide and more 

of volatile fatty acids. The simple molecules including acetic acid, hydrogen and carbon 

dioxide can be taken by the bacteria in the last phase – methanogenesis. The volatile fatty 

acids are more complex and need to undergo another phase called acetogenesis. The role of 

facultative bacteria is essential for the whole digestion process. They can metabolize through 

the oxidative pathway, and thus remove any dissolved oxygen within the mixture. Oxygen is 

toxic to some microorganisms, especially the methanogenic bacteria.  

Acetogenesis  

During acetogenesis, volatile fatty acids which are formed during the acidogenesis phase 

react with water in the presence of acetogenic bacteria. The products of these reactions are 

acetate, hydrogen and carbon dioxide. These products are also formed during the 

acidogenesis phase, but the complete acid break down is only achieved during 

acetogenesis. The reactions below show how propionic acid and butyric acid react with water 

as examples of volatile fatty acids getting broken down to form methane (Beam, 2011).  

Breakdown of propionic acid:  

Step 1: Acetogenesis  

CH3CH2COOH + 2H2O                     CH3COOH + CO2 + 3H2 

Step 2: Methanogenesis  

CH3COOH                        CO2 + CH4 

Breakdown of butyric acid:  

Step 1: Acetogenesis  

CH3CH2CH2COOH + 2H2O                         2CH3COOH + 2H2 

Step 2: Methanogenesis  

CH3COOH                          CO2 + CH4 
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The first step occurs during acetogenesis while the second step is seen in methanogenesis. 

These two steps occur simultaneously. The products of acetogenesis are converted to 

biogas at the same rate at which they are produced.  

Methanogenesis  

Methanogenesis is the last stage of digestion. Methanogenic microorganisms break down 

the end products of acetogenesis which are acetate, carbon dioxide and hydrogen to form 

biogas, predominantly made up of methane and carbon dioxide. About 70% of methanogens 

use acetoclastic pathway to form methane; while the other 30% use carbon dioxide 

reduction.  

Splitting of Acetic Acid:  

CH3COOH                     CO2 + CH4  

Reduction of carbon dioxide:  

CO2 + 4H2                      CH4 +2H2O  

 

Acetotrophic methanogens break down acetate into methane and carbon dioxide. 

Hydrogenotrophic methanogens further the formation of methane by utilizing hydrogen to 

convert carbon dioxide to methane. Figure 2 shows a summary of biogas production to 

electricity generation. 

Figure 2: Biogas production stages for electricity generation 

2.3 Use of Acti-zyme in enhancing biogas production 

Acti-zyme is an immotile biocatalyst which contains several enzymes that can be used in 

sewage treatment such as catalase, protease and amylase. However, Acti-zyme does not 
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produce urease which promotes ammonia production which has a potential to cause 

eutrophication. From its biochemical tests, Acti-zyme does not promote hydrogen sulphide 

production meaning that the biogas produced will be of good quality and will not need to go 

through further treatment processes. Lastly Acti-zyme does not contain Enterobacteriaceae 

especially E. Coli and Salmonella which are pathogenic and are found in sewage. Therefore, 

Acti-zyme usage is not associated with health hazards and can efficiently promote and 

enhance biogas production in anaerobic sewage treatment.  

 

Sewage sludge, like any other wastewater sludge, can be used for biogas production using 

Acti-zyme as bio-catalyst anaerobically (Duncan, 1970; Cail et al., 1986; Manyuchi, 2015). A 

typical biogas generation trend from the sewage sludge is shown in Figure 3 whereby the 

maximum amount of biogas is produced during the exponential phase whereby the bacteria 

is at its optimum. 

 

Figure 3: Typical biogas production trend (Manyuchi, 2016) 

 

A summary of cases where biogas was used using Acti-zyme was used as the digestion 

catalyst during biogas production is shown in Table 1.   
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Table 1: Summary of biogas generated in Acti-zyme catalysed systems 

 
Type of 
wastewater 

Acti-
zyme 
loading 

Retention 
time 
(days) 

Organic 
loading 
rate 

T (°C ) pH Biogas 
production 
rate 

Bio-
methane 
content 

Ref 

Wool 
scouring 
wastewater 

1% (w/v) 207-211 0.75-
0.99 
kg/kg 
VSS 

35 °C 7.1-
7.4 

2.9-3.3 
m

3
/(m

3
.day). 

30% higher 
compared to 
an Ao system 

68%  Cail et al., 
1986 

Hog waste 0.00625
%  

50 0.5-1.5 
L/day 

35 °C 7.1-
7.2 

 60% CH4 , 
38% CO2, 
1% N2, 1% 
water and  
H2S traces  

Duncan, 
1970 

Sewage 
sludge 

50 g/m
3
 40 7.5 

g/L.day 
37 °C 400 

mL/
day 

400 mL/day 72-78% 
CH4 , 16-
20% CO2, 
and traces 
(H2S, N2, 
H2) 

Manyuchi, 
2016 

3. PROCESS DESCRIPTION OF CHITUNGWIZA, FIRLE AND 

CROWBOROUGH MUNICIPAL SEWAGE PLANTS 

3.1 Detailed process description for the municipal sewage plants 

The Chitungwiza, Firle and Crow borough municipal sewage plants all have two different 

types of plants at their water works, namely the conventional municipal sewage treatment 

plant and the biological nutrient removal (BNR) plant. Figure 4 shows the general flow 

diagram of both plants.  

 

Figure 4: Municipal sewage treatment plants processes 
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3.2 Bio digester section description 

Municipal sewage sludge from the primary settling tanks is sent to the digester section where 

it is treated in the manner shown in Figure 5. Once the sludge has been distributed into the 

different digesters which typically have a volume of 1 400 m3 are of concrete construction. 

Anaerobic digestion of sludge takes place in the digesters, with microorganisms acting on the 

digestible matter and converting it to biogas. There are several conditions and variables that 

must be applied to obtain proper breakdown of the organic compounds. The operating 

parameters of the digester must be controlled so as to enhance the microbial activity and 

thus increase the amount of biogas produced. These parameters include: total solid content, 

temperature, retention time, pH and mixing. 

 

 

Figure 5: Schematic presentation of the biogas plants at the three plants 

4. MAIN FEATURES OF CHITUNGWIZA, FIRLE AND 

CROWBOROUGH MUNICIPAL SEWAGE PLANTS BIOGAS PLANTS 

4.1 Chitungwiza plant 

Chitungwiza has two plants with a design capacity of 19.6 megaliters per day (ML/day) 

however currently it has an operating capacity of 23.5 ML/day in the dry season and 33.0 

ML/day in the wet season. The biological nutrient removal (BNR) plant has two open primary 

digesters; however, this plant is currently not operational. The conventional plant where 

municipal sewage is currently being treated has no infrastructure to harness biogas although 

municipal sewage sludge is produced. 
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4.2 Firle plant 

Firle has a design capacity of 140 ML/day; it is fitted with 19 primary digesters which have a 

residence time of 21 days and 3 secondary digesters however currently the plant is operating 

at 170-175 ML/day during the dry season and 220-230 ML/day during the wet season. 

Operation is under mesophillic conditions. The plant is also fitted with a heater room which 

consists of boilers which are heated by the biogas produced in the digesters. The heated 

water is then fed into heat exchangers that maintain the digester temperature at its optimum 

of 37 °C. This temperature is one of the parameters necessary for optimizing biogas 

generation together with good mixing and adequate residence time. The plant is also 

equipped with 2 biogas holding tanks which store and pressurize the gas. Currently no 

biogas is being harnessed despite the infrastructure being available, but Firle has a capacity 

to produce 97 000m3 in 3 hours of biogas if the plant is operating normally 4 megawatts per 

day and can save up to $280 000.00 annually if the biogas is harnessed.  

4.3 Crowborough plant 

Crowborough has a design capacity of 54 ML/day but currently it is operating at 67.5 ML/day 

in the dry season and 125 ML/day in the wet season. The sludge treatment section consists 

of 7 x 1400 m3 primary digester with a residence time of 21 days under mesophillic 

conditions and 1 secondary digester. It also has a heat exchanger room and 1 biogas holding 

tank. No biogas is being harnessed at the moment. 

Features inherent to the Chitungwiza, Firle and Crowborough municipal sewage plants 

energy system have determined the important requirements for comprehensive energy 

planning, these features include: (i) Chitungwiza, Firle and Crowborough municipal sewage 

plants has limited energy resources (ii) The infrastructure for harnessing biogas is available 

(iii) The current treatment being employed does not cater for biogas collection. 

The summary of the design, dry and wet season capacities of the plants is given in Table 2 

based on the information found in the plant documents. The current operational capacities 

are way higher than the set design due to the increased population in Harare. 

Table 2: Municipal sewage capacities for the three plants 

Plant Design capacity Dry season 
capacity 

Wet season 
capacity 

Chitungwiza 19.6 22-25 28-38 

Firle 144 170-175 220-230 

Crowborough 54 65-70 120-130 
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5. EXPERIMENTAL RESULTS 

5.1 Municipal sewage sludge characterization 

The raw municipal sewage sludge for all the three plants was characterized for its 

physicochemical parameters to determine the quality of the municipal sewage sludge and the 

results are shown in Table 3. The total solids (TS) which comprises of about 10% of the 

sewage is critical in determining the amount of biogas produced. 

Table 3: Average raw municipal sewage sludge characteristics 

Parameter Value 

pH 6.3-8.3 

COD 750±12.5 mg/L 

TS 1143±14.35 mg/L 

VS 2.5±0.05% 

Moisture content 60±20%/ 

TKN 245±5.1 mg/L 

TP 52.5±2.7 mg/L 

BOD5 557±2.5 mg/L 

5.2 Biogas quality produced 

The composition of the gas produced with and without Acti-zyme inoculation is shown in 

Table 4. Both sets of results show that methane (CH4) is the predominant gas formed. 

Addition of the Acti-zyme biocatalyst significantly increased the amount of CH4 formed by 

between 20 and 36%. The substantial amount of CO2 and trace gases formed has a negative 

impact on the calorific value of the biogas this may therefore necessitate a scrubbing stage 

before the gas is used. The experimental results were used for quantifying and estimation of 

the amount of biogas produced from the three municipal sewage plants at industrial scale. 

Table 4: Biogas composition from anaerobic digestion of municipal sewage sludge for 

systems with and without Acti-zyme 

Gas % (without Acti-zyme) % (Acti-zyme) 

CH4 53-65 72-78 

CO2 22-27 16-20 

Traces (H2S, N2, H2) 8-12 5-9 

6. MUNICIPAL SEWAGE SLUDGE BIOGAS PRODUCTION IN THE 

MUNICIPAL SEWAGE PLANTS 

The possible amount of biogas to be generated from the 3 plants is indicated in Table 5 for 

all the various seasons of municipal sewage at the three plants. The electricity production 

potential was estimated according to Arthur and Brew-Hammond (2010) conversions and 
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methodology (Table 6). The values presented hold within a deviation of ±20% of the current 

values in the sewage plants. 

Assumptions: (i) The flow rate during the design and dry season have the same solids 

content which is about 10% of the sewage of which 0.5% of it is convertible to sewage 

sludge. The high flow rate is due to increased populations as well as legal and illegal 

settlements. (ii) During the wet season, there is an increase in flow rate due to surface runoff 

which mainly composes of soil and is removed during grit removal during sewage treatment. 

The remaining sewage has about 10% solids however about 0.4% is convertible to sewage 

sludge due to the dilution by surface runoff. 

 

Table 6: Potential electricity generation from bio-methane (Arthur and Brew-

Hammond, 2010) 

Parameter Values 

Bio-methane heating value 37.78 MJ/m
3
 

Bio-methane content 65 % 

Biogas engine efficiency 29 % 

Conversion factor 1KWh = 3.6 MJ 

 

7. ECONOMIC ASSESSMENT FOR HARNESSING BIOGAS 

7.1 Energy balance for electricity produced in the three plants 

A detailed energy balance was conducted so as to determine the amount of electricity that 

can be generated from the Chitungwiza, Firle and Crowborough plants. From the 

assessment indicated in Table 5, it is possible to generate bio methane than can sufficiently 

power the sewage plants especially systems which are inoculated with Acti-zyme. Excess 

electricity can also be generated and this can be sold to ZESA so that the energy deficit in 

the country is minimised.  

7.2 Economic balance for biogas production at the Chitungwiza, Firle and 

Crowborough 

Production of electricity from bio methane is a feasible process especially when Acti-zyme is 

incorporated as the digestion catalyst. For all the three plants an average of 20% increase 

was obtained for Acti-zyme incorporated digestion in terms of the electricity generated (Table 

7). This shows the economic viability of generating biogas for reuse in municipal sewage 

plants resulting in sustainable development. The following was considered in conducting the 

economic balance: 

 60% on average is generated in sewage plants without biocatalysis 

 75% on average is generated in sewage plants with the aid of Acti-zyme as 
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biocatalyst 

 The internal rate of return was calculated over a 15 year sewage biogas harnessing 

period  

 The economic assessment was based on refurbishment of the digestion section only 

 

8. CONCLUSIONS AND RECOMENDATIONS 

8.1 Conclusions 

The Chitungwiza, Firle and Crowborough plants have potential to harness biogas for 

production of electricity for usage in the sewage plants, excess electricity can be sold to the 

national grid and alleviate part of the energy deficit. There is however need for refurbishment 

on infrastructure as well as optimizing the operation of the plants.  

8.2 Recommendations 

As for the sewage biogas energy harnessing, the following are recommended: (i) 

Cooperation/collaboration links should be established between ZERA, research institutes, 

the relevant ministries and Chitungwiza, Firle and Crowborough municipal sewage plant’s for 

harnessing the biogas for reuse and transfer to national grid (ii) In the new municipal sewage 

plants, new proven technologies should be investigated and possibly adopted such as the 

Acti-zyme technology for optimal biogas production. This specific technology has been 

implemented in other developing countries like Canada, Australia and America. (iii) A 

detailed feasibility must be done for refurbishment of the 3 plants for biogas production and a 

comprehensive energy audit.  

 

Table 5: Energy balance for electricity generated, usage and potential surplus at the 

three plants 

 

Plant Flowrate (ML/day) Electricity 

produced 

without Acti-

zyme (KWh 

per annum) 

Electricity 

produced 

with Acti-

zyme (KWh 

per annum) 

Electricity 

required in 

plant (KWh 

per 

annum) 

Surplus to 

the grid 

(without Acti-

zyme) 

Surplus to 

the grid (with 

Acti-zyme) 

Chitungwiza Design 19.6 5010203.74 6262754.68 4905600 104603.74 135715.68 

Dry 

season 

23.5 6007132.04 7508915.05 4905600 1101532.04 2603315.05 

Wet 33.0 6748437.70 8435547.12 4905600 1842837.70 3529947.12 
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season 

Firle Design 144.0 36809660.16 46012075.20 36441600 368060.16 9570475.20 

Dry 

season 

172.5 44094905.40 55118631.75 36441600 7653305.40 18677031.75 

Wet 

season 

225.0 46012075.20 57515094.00 36441600 9570475.20 21073494.00 

Crowborough Design 54.0 13803622.56 17254528.20 13665600 138022.50 3588928.20 

Dry 

season 

67.5 17250528.20 21568160.25 13665600 3588928.20 7902560.25 

Wet 

season 

125.0 25562264.00 31952830.00 13665600 11896664.00 18287230.00 
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Table7: Summary of economic potential for producing biogas from the three plants 

Plant Flowrate  
(ML/day) 

Sewage 
sludge 

quantity 
(t/day) 

Biomethane 
produced 

without 
Acti-zyme 
(t/day) 

Biomethane 
produced 

with Acti-
zyme 
(t/day) 

Electricity 
produced 

without 
electricity 
(MW) 

Electricity 
produced 

with Acti-
zyme 
(MW) 

Capital 
investment 

without 
Acti-zyme 
(US$) 

Capital 
investment 

with Acti-
zyme (US$) 

Payback 
period 

without 
Acti-zyme 

Payback 
period 

with Acti-
zyme  

Net present 
value 

without 
Acti-zyme 
($) 

Net present 
value with 

Acti-zyme 
($) 

Internal 
rate of 

return 
without 
Acti-zyme 

(%) 

Internal 
rate of 

return 
without 
Acti-zyme 

(%) 

Chitungwiza Design 
 

19.6 101.92 2.65 3.31 0.57 0.71 3355882.13 3641852.67 10.30 8.19 1587009.34 2166049.64 5 9 

Dry 
season 

23.5 122.20 3.18 3.97 0.69 0.86 3583491.33 3926364.17 8.51 6.97 2050304.30 2074561.80 8 12 

Wet 
season 

33.0 137.28 3.59 4.46 0.77 0.96 3752739.20 4137924.00 7.63 6.35 2394805.68 3174737.52 10 13 

Firle Design 

 

144.0 748.0 19.47 24.34 4.20 5.25 23468032.00 25869040.00 7.56 6.51 15113253.84 19338210.02 10.0 13.0 

Dry 172.0 897.0 23.32 29.15 5.03 6.29 25131330.00 27948162.50 6.62 5.78 1849870.85 23565798.91 13  15 

Wet 225.0 936.00 24.34 30.42 5.25 6.57 25569040.00 28495300.00 6.42 5.62 19389822.70 24678322.30 13 16 

Crowborough Design 
 

54.0 280.80 7.30 9.13 1.53 1.97 7781 512.00 8 569 390.00 6.97 5.97 5438 015.59 7033033.72 12 15 

Dry 67.5 351.00 9.13 11.41 1.97 2.46 8569 390.00 9 554 237.50 5.93 5.15 7 041 728.91 9 035 872.82 15  18 

Wet 125.0 520.00 13.52 16.90 2.92 3.65 10466133.33 11925166.67 4.67 4.19 10902520.25 13856807.51 20 23 
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Achieving Solutions for Renewable Energy and Sustainable Development 

REFERENCES 

ALPHA (2005) ‘Standard Methods for the Examination of Water and Wastewater’, 21st 

Edition, America Public Health Association, American Water Works, Association, Water 

Environment Federation, Washington, DC, USA.  

Arthur, R. and Brew-Hammond, A. (2010) ‘Potential Biogas Production from Municipal 

sewage Bio-solids: A Case Study of the Municipal sewage Treatment Plant at Kwame 

Nkrumah University of Science and Technology, Ghana’, International Journal of Energy and 

Environment, 1 (6), p. 1009-1016. 

Anlin, Xu, (2013) ‘Biogas from municipal sewage sludge – Safe disposal of municipal 

sewage sludge in the People’s Republic of China, 2013.’Universität Rostock Agrar- Und 

UmweltwissenschaftlicheFakultät. 

Banks, C. (2009). ‘Optimising Anaerobic Digestion’. University of Southampton. 

Berruti,F and Briens, C. (2011),’Water Sludge Treatment Project’, Faculty of Engineering 

Science, Department of Chemical and Biochemical Engineering. 

Cail, R. G., Barford, J. P., and Linchacz, R. (1986) ‘Anaerobic Digestion of Wool Scouring 

Wastewater in Digester Operated Semi-Continuously for Biomass Retention, Agricultural 

Wastes’, 18, p. 27-38.  

Duncan, A. C. (1970) ‘Two Stage Anaerobic Digestion of Hog Wastes’, Master of Science 

Thesis, University of British Columbia,. 

Manyuchi, M. M. (2016) ‘Bio-nutrient removal from municipal sewage sludge using Acti-

zyme: Recovering biogas and bio-solids from sewage sludge’. Doctor of Technology in 

Chemical Engineering Thesis, Cape Peninsula University of Technology, Cape Town, South 

Africa. 

Manyuchi, M. M., Ikhu-Omoregbe, D. I. O. and Oyekola, O. O. (2015) ‘Innovative Biogas and 

Bio-solids Generation from Anaerobic Municipal sewage Sludge Digestion Using Acti-zyme 

as Biocatalyst as a Sustainable Measure for Developing Countries’, Third International 

Conference:Micro Perspectives for Decentralized Energy SupplyBangalore, April 23-25, 

Practitioner Proceedings, p. 46-49, 2015. 

Manyuchi, M. M., Marisa, R. L., Ikhu-Omoregbe, D. I.O.and Oyekola, O. O. (2015) ‘Design 

and development of an anaerobic bio-digester for application in municipal sewage sludge 

digestion for biogas and bio-solids generation using Acti-zyme as bio-catalyst’, 2nd 

International Renewable Energy Conference and Exhibition, Meikles Hotel, Harare, 

Zimbabwe, 29 July-1 August, 2015. 



Proceedings of the DII-2016 Conference          31 August - 2 September 2016  
on Infrastructure Development and      Livingstone, Zambia 
Investment Strategies for Africa    ISBN 978-0-620-70336-9 
 

 

Achieving Solutions for Renewable Energy and Sustainable Development 

Mes, T. Z .D., de; Stams, A. J. M.; Zeeman, G. (2003): ‘Chapter 4. Methane production by 

anaerobic digestion of wastewater and solid wastes’. In: Reith, J. H. (Editor); Wijffels, R. H. 

(Editor); Barten, H. (Editor) (2003): Bio methane and Bio hydrogen. Status and perspectives 

of biological methane and hydrogen production, 58-94. PDF 


