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ABSTRACT 

Pakistan is a country with a population of 204.2 million. Being the 6th most populated country 

there is a lot of consumerism and with it a great deal of waste being generated. Currently there 

is no proper mechanism for treatment and proper disposal of waste and open dumping leads 

to a whole new set of environmental problems including emissions of GHGs such as CO2 and 

CH4. Additionally, Pakistan is also on the verge of energy crisis. 61.8% of the total energy 

demand of Pakistan is derived from fossil fuels. This high dependence on a depleting source 

of energy is the major force driving the exploration of renewable energy resources. This study 

provides an innovative solution to both of the major problems highlighted above in the form of 

biological production of Hydrogen. Hydrogen is a valuable gas that can be used as a clean 

source of energy Biological hydrogen production appears to be very promising as it is a non-

polluting process and hydrogen can be produced from a wide variety of biodegradable such 

as Food waste. Dark Fermentation is a biological process for hydrogen production showing 

highest potentials for sustainable hydrogen production, because of its independency on light 

and the possibility of using a range of different organic substrates. The efficiency of this 

process can be improved by pre-treatment of the organic substrate in order to screen the 

microbial diversity. Besides all the advantages of Biohydrogen production from Dark 

Fermentation it is challenged by low molar yield, large reactor size and high cost in upscaling 

to industrial scale. This study reports a research on increasing volumetric hydrogen production 

rates (VHPR) by varying organic loading rates (OLR) in Continuously Stirred Tank reactor of 

13 L. The OLR values of 25, 33 and 50 gVS/L/d with hydraulic retention time of 24, 18 and 12 

h respectively were investigated. Under thermophilic conditions with a pH of 5.5, maximum 

VHPR of about 1LH2/L/d was observed at an OLR of 33 gVS/L/d. Hydrogen yield also showed 

an increasing trend to a certain point with increasing OLR and was found maximum at 33 

gVS/L/d. 

Keywords:  Biohydrogen,  Dark  Fermentation,  Continuously  Stirred  Tank  Reactor,  Organic 

Loading Rate, Volumetric Hydrogen Production Rate 
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Chapter 1 

1. INTRODUCTION 

1.1 Background 

Every year, the energy demand of Pakistan goes on increasing because of a number of 

reasons including but not limited to alarming increase in population and industrialization. The 

major indicator for the crisis is frequent outages of power which further links to the economic 

downfall of the country. With fossil fuels depleting at a high rate, the cost of energy required 

to fulfill basic needs of everyday life has increased.   

Moreover, organic fraction of Solid Waste has a great potential to be used as substrate in 

biological processes since it is biodegradable, easily available and cheap.  

Thus, focusing on the SGD 7 that states “Ensure access to affordable, reliable, sustainable 

and modern energy for all” and SDG 12 “Sustainable consumption and production” our main 

objective is to work out a viable solution to combat energy crisis by shifting to more cleaner 

production ways and to make essential energy more affordable by using waste as a source of 

energy. 

1.2 Magnitude of Problem 

Total energy derived from fossil fuels in Pakistan is 146.10 billion kWh. Whereas the energy 

derived from renewable sources is only 16.5 billion kWh which constitute 7% to the total 

energy production of Pakistan. This high dependence on a depleting source of energy creates 

a lot of environmental concerns and is the major force driving the exploration of renewable 

energy resources. 

130,293 tons of waste is generated in Pakistan every day. MSW generation rate in Pakistan 

is 0.5-0.6 kg/person/day. Out of this 50-60% is organic and biodegradable in nature. Improper 

disposal of this waste causes Gaseous emissions, Water pollution through leachate and 

surface runoff, Soil pollution and Disease transmission by nurturing vectors.  

This present situation can be improved by employing waste to energy technologies that 

ensures a contribution in managing waste along with shifting dependence on renewable 

energy sources. 
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1.3 Hydrogen: A Potential Solution 

Hydrogen is a clean source of energy and holds a substantial contribution towards the future 

of renewable energy sources because of its high energy content, it is 2.75 times higher than 

hydrocarbon fuel. Hydrogen upon combustion produces clean water. It can be used as an 

alternative fuel for transportation because it is easier to carry and can be used directly in fuel 

cells. On top of that, shifting to hydrogen enables the country to lower its carbon emission and 

subsequently earning carbon credits. 

 

1.4 Research Motivation 

 Present situation of energy crisis in Pakistan 

 Open dumping of organic waste 

Pakistan has a potential to combat energy crisis as well as means to reduce its carbon 

footprint. Negligence has made the situation only worse thus this research has been 

conducted with a purpose to explore possible means to meet the energy demands in most 

environmentally friendly ways as possible.  

Furthermore, availability of Food Waste in abundance and its potential to be used as substrate 

for energy production added to the viability of Biological Hydrogen Production. 

 

1.5 Problem Statement 

Hydrogen production from biological processes is very attractive but it is challenged by 

 Low Molar Yields 

 High Cost 

 Larger Reactor Size 

These challenges associated with Hydrogen production are the main hurdles in its industrial 

acceptability. Thus, more attention should be paid to increase Volumetric Hydrogen 

Production Rates by varying Organic Loading Rates.  

Higher the OLR, smaller the size reactor needed for process and therefore lower the cost of 

reactor 
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1.6 Objectives 

Our main objective is to make Hydrogen an attractive solution by making its production 

economically feasible, environmentally friendly and industrially applicable. 

Considering the challenges faced in up-scaling bio hydrogen production, the main objectives 

of this study are: 

1. Design, procurement and operation of a semi-pilot scale continuously stirred tank 

reactor (CSTR) for Bio hydrogen production 

2. Optimization of Organic Loading Rate in order to obtain maximum Volumetric 

Hydrogen Production Rate. 

1.7 Existing Solutions 

Hydrogen is produced on industrial scale by several methods like Steam Reforming of natural 

gas, Gasification, Water Electrolysis etc. These processes are extremely energy intensive and 

use nonrenewable energy sources making hydrogen production expensive. Hydrogen 

production from these methods have a huge carbon footprint which is environmentally 

unacceptable.  

On the other hand, biological methods like Dark Fermentation offer a cost effective and 

environmentally friendly method for bio hydrogen production. 

1.8 Introduction to Dark Fermentation 

Dark fermentation is a process that uses fermentative bacteria for hydrogen production. It is 

preferred over other biological processes because it is faster and has several advantages like 

no light dependency, high production rates and it can use various organic wastes as substrate. 

Dark fermentation involves biological conversion of the complex organics such as fats, 

proteins and carbohydrates in to simple organic materials in the first stage and subsequent 

stabilization in the following stages. 
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Chapter 2 

2. LITERATURE REVIEW  

2.1 Background 

Annually Pakistan generates 1.3 billion tons of municipal solid waste and this is expected to 

increase to approximately 2.2 billion tons per year. Out of this MSW produced annually, 30% 

is food waste. This large fraction of waste is mainly generated due to lack of urban planning, 

inadequate waste management equipment, lack of awareness and education. Food waste has 

both environmental and economic value. This waste is recklessly dumped in open streets or 

disposed in landfill. Once anaerobic conditions prevail in the landfill it becomes a source of 

gases like Methane and Carbon Dioxide. This problem can be catered by realizing the 

potential of food waste as an asset and using it to fill the energy deficit. Controlled digestion 

of this organic waste to produce energy is presented as one possible solution. 

2.1.1    Anaerobic Digestion 

Anaerobic Digestion is a combination of processes involving microorganism activity in order 

to break down biodegradable organic material in complete absence of oxygen. This process 

is universally known and accepted for the production of biogas from suitable substrates. The 

process is known to occur where ever anaerobic condition prevails and organic biodegradable 

material is present for example in stomachs of humans to the landfills. The anaerobic process 

has four steps Hydrolysis, Acidogenesis, Acetogenesis and Methanogenesis in order. The first 

two steps are the key for hydrogen production and hydrogen production starts initially with the 

help of Hydrogen formers. In Acetogenesis and Methanogenesis, the last two steps of the 

anaerobic digestion, the hydrogen is consumed by methanogens and acidogens for the 

production of methane.  

Biohydrogen, in this process, is produced by inhibiting the last two steps by maintaining pH, 

temperature, treating inoculum and providing high organic loading rate which inhibit the activity 

of the hydrogen consumers. The activity of methanogens can be ceased by maintaining the 

pH at a value of 5.5 which has been proved to be the optimum pH for the production of 

Biohydrogen. So, at this pH no amount of hydrogen will be consumed by the methanogens. 

At HRT of 2.9 days, Temperature 55 oC and pH 5.5, biohydrogen produced from food waste 

had a yield of 147,300 L/kg and a productivity of 51,324 L/kg/d (Venegas, 2015). 
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2.1.2    

Methods for Biohydrogen Production 

Hydrogen can be produced from a number of methods but the three major biological methods 

for biohydrogen production are given below: 

 Photo fermentation 

 Dark fermentation 

 Combined fermentation 

The table on the next page is a Comparison of the above three mentioned processes in 

terms of advantages and disadvantages. 

 

 

 

 

Figure 2.1 Anaerobic Digestion Process 
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Table 2-1 Comparison of processes used for Biohydrogen Production 

Dark Fermentation Photo Fermentation Combined Process 

Advantages 

 

i. Economical 

 

ii. No external light 

source required 

 

iii. Hydrogen evolution 

rate is higher than 

other processes 

 

iv. Production of 

carbon rich 

metabolites and 

CO2 occurs which 

can be removed or 

separated from H2, 

sequentially stored 

in biomass or 

converted to other 

substances, such 

as CH4 

 

v. Microbes involved 

are spore formers 

and hence can 

function on higher 

temperatures 

 

i. Natural sunlight and 

biomass are used 

 

ii. Natural photo-

synthetic bacteria are 

used for productive 

activity 

 

iii. Higher yield of H2 

than dark 

fermentation 

 

iv. Good for large-scale 

purposes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

i. Both light and dark 

fermentation bacteria 

are used 

 

ii. Faster hydrogen 

formation 

 

iii. Higher hydrogen 

productivities 

 

iv. Lesser Volatile Fatty 

Acids (VFAs) 

formation than dark 

fermentation 

 

v. The time required by 

Combined 

Fermentation to 

reached finality of 

fermentation process 

is 6 days. Lesser 

than both Dark and 

Light fermentation 

when achieved 

separately.  

Disadvantages 

i. Low yield of H2 per 

substrate 

consumed due to 

i. Complex nutritional 

requirements of the 

Rhodobacter species

i. Inhibitions caused by 

high concentrations 

of VFAs and NH4-N 
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metabolic 

fundamentals 

 

ii. Low efficiency of the 

process 

 

 

ii. Continuous light 

source required 

 

iii. Expensive for large-

scale purposes 

 

iv. Strict control 

requirements for 

environmental 

conditions: 

 T = 30–35°C 

 pH = 6.8–7.5 

 

v. Inhibitions caused by 

high concentrations 

of VFAs (>2500 mg 

L−1) and NH4-N (>50 

mg L−1) 

 

 

ii. Severe control of 

physico-chemical 

conditions 

 

iii. The medium used to 

grow bacterial 

species is dark 

fermentation’s 

effluent, it needs 

complex nutritional 

added 

 

2.1.3    Reactors for Biohydrogen Production 

Bioreactor configuration is of prime importance in hydrogen production. Bioreactors are 

specific to the type of fermentation process that is being carried out. It is the type of reactor 

that determines the microenvironment inside the reactor, prevailing microorganisms’ 

population, contact time and face to face interaction of inoculum and substrate. For research 

purposes usually batch reactors are used as they are easy to operate and flexible in their 

operations. Most commonly for continuous operation Continuously Stirred Tank Reactor 

(CSTR) is used. A CSTR is preferred because of its high up-scaling potential. It is considered 

as the most economical option better than others.  

Comparison of some of the Reactors used for biohydrogen production is is given in the table 

2.2:  
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Table 2-2 Comparison of Reactors used for Biohydrogen Production 

Continuously 

stirred Tank 

Reactor (CSTR) 

Upflow anaerobic 

sludge 

blanket  (UASB) 

Anaerobic fluidized 

bed reactor 

 (AFBR) 

Anaerobic packed 

bed reactor 

(APBR) 

Advantages 

 Simple in 

construction 

 Easy to operate 

 Effective stirring 

prevents 

formation of 

dead zones 

 Provides good 

contact between 

the substrate 

and 

microorganisms 

 Small HRT can 

be maintained 

which is 

favorable for 

hydrogen 

production  

 

 Microbiological 

granules are 

formed on the 

gas/liquid/gas 

separator on top 

of the reactor 

 Active biomass 

sediments for a 

thick biomass 

blanked zone at 

the bottom 

 Between these 

two highly active 

sheets of 

biomass the 

process of 

hydrogen 

production takes 

place with 

greater efficiency  

 

 Characterized by 

good mixing 

 Good retention 

of biomass  

 High hydrogen 

production 

efficiency at low 

HRTs and high 

biomass 

concentration 

 The kind of 

support material 

and 

microorganism 

immobilization 

type has an 

important 

influence on 

efficiency 

 Good retention 

of biomass in the 

reactor 

Disadvantages 

 Biomass 

concentration is 

sometimes 

washed out in 

too short HRTs 

 
 Low retention of 

biomass 

 Long start-up 

period i.e. the 

time necessary 

to form large 

granules is 

approximately 5 

months 

 Energy is 

required for 

fluidization of 

bed 

 

 Excessive shear 

stress can 

 Higher mass 

transfer 

resistance 

 Low substrate 

conversion rate  

 Low hydrogen 

production rate 
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detach the 

biomass 

 Severe clogging 

issue 

2.2 Comparison Studies 

As compared to the lipid, protein and cellulose components, the carbohydrate fraction in food 

waste plays an important role in the hydrolysis step during anaerobic degradation. The only 

inhibition factor is the fat content which can be reduced by appointing a filtration mechanism 

(Yasin et al. 2013) 

According to Kumar (2018) Dark fermentation is an excellent avenue for biohydrogen 

production compared to other biological systems. 

Lee et al. (2008) evaluated the performance of CSTR with a stirring speed of 160 rpm for 

thermophilic temperature (55OC) at two different VLR (19g-COD L−1 day−1 and 28g-

COD L−1 day−1). The best performance in terms of HPR (L-H2 L−1day−1) was obtained at 28 g-

COD L−1 day−1 with a HPR of 1L-H2 L−1 day−1. Increasing the VLR from 19 to 28 not only 

increased HPR but also increased BioH2 concentration in the biogas from 35% to 48%. 

When subjected to temporary shock loading, the productivity of biohydrogen in a continuous 

reactor was increased (Monry et al. (2017). At maintained pH of 5.5, thermally pretreated 

anaerobic sludge and glucose were employed in 2 CSTRs, each Reactor was subjected to 

four organic shock loads (two at HRT = 5 h, OLR = 102.7 g COD/L-d during 6 and 24 h, 

respectively, and two at HRT = 3 h, OLR = 171.2 g COD/L-d with the same duration). H2 

productivity was improved by the temporary organic shock loads, increasing the HPR up to 

40%.   

2.3 Findings 

The major findings of the comparison studies were the following: 

2.3.1    Food Waste: A Potential Substrate  

With increasing energy demand globally, utilizing renewable resource such as food waste for 

biohydrogen production can be a novel and promising approach for substituting fossil fuels 

and solving waste disposal problem simultaneously. Suitability of substrate for biohydrogen 

production depends on several physico-chemical parameters.  

Physico-chemical characteristics of food waste are very important is designing and operation 

of an anaerobic system. Food Waste has a good potential to be digested anaerobically as it 

has a high substrate concentration in term of Carbohydrates ranging from 72 – 85.2 % and 
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COD 19.3 – 346 g/L. Carbon to Nitrogen (C/N) ratio of Food Waste also lies in the suitable 

range for biohydrogen production that is between 9 – 21.  

2.3.2    Operating Conditions of Bioreactor 

In a continuous operation, HRT and pH control the biohydrogen production in many ways. pH 

is also considered as an important performance indicator. Acidic pH indicates that the process 

of anaerobic digestion has reached the Acidogenesis stage which is characterized by 

hydrogen production. Higher pH is suitable for Methane production and hinders the activity of 

Hydrogen producers. Therefore, optimum pH value for biohydrogen production is between 5 

– 6. HRT is characterized by the time microbial cultures are allowed to grow and biodegrade 

the substrate. Longer HRT favor Methane production as methanogens required longer period 

of time to grow and prosper. So, at fixed pH, say 5.5, HRT ranging from 6 – 12 is found to be 

most effective for Hydrogen production. An HRT beyond the lower limit can cause washing 

out of hydrogen producers 

. 

2.3.3    Low Molar Yields 

Dark Fermentation has been identified as the most trusted process for biohydrogen 

production. As compared to Photo Fermentation, its independency on light and relatively easy 

bioreactor requirement makes it attractive. Besides this, Dark Fermentation is challenged by 

Low Volumetric Yields.  

At maintained pH and carefully assigned HRT, the molar yields can be increased by varying 

the volumetric organic rates. The efficiency of digestion can be noted by VS removal 

percentage. The rate of hydrogen production shows a dependence on loading rates but 

increasing the VLR beyond a limit can hinder the production mainly due to fat inhibition.  

On this basis a problem statement was developed to increase Volumetric Hydrogen 

Production Rate by varying Organic Loading Rates. 

   



 

11 
 

Chapter 3  

3. MATERIALS AND METHODS 

In this chapter, the methodology for bio hydrogen production from food waste in a semi 

continuous reactor will be discussed in detail. 

3.1    Process flow diagram for experimental study 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Collection of Food Waste from Vegetable Markets and NUST Cafeteria   

Collection of inoculum (Digested Cow Dung) from a Biogas plant near Bara Kahu, 

Islamabad and anaerobic sludge from waste water laboratory, IESE-NUST 

Storage of inoculum in a refrigerator at 4°C 

Addition of inoculum in PET bottles and creating anaerobic conditions by Nitrogen 

purging in sealed bottles 

Incubation of inoculum at 37oC for at least 21 days   

Pre-treatment of Cow Dung and anaerobic sludge inoculum by thermal shock for one 

hour at 105 degree Celsius in an Oven 

Semi-Continuous loading of feed with an Inoculum to substrate ratio 0.1 on VS basis in 

13 Liter CSTR and addition of Tap Water to create a 75% working volume    
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Startup of CSTR with Cornstarch and Inoculum with an Organic Loading rate of 

25gVS/L/d for 3 days 

Acclimatization of the Inoculum with a mixture of Cornstarch and food waste mixture with 

an OLR 25 gVS/L/d for a duration of 3 days 

  Running the CSTR at OLR 25, 33, 50 (gVS/L/d) with food waste alone as substrate  

Collection, measurement and storage of gas produced by using Devex Gas Bags, Gas-

wet meter and syringes   

  Gas Chromatography (GC) analysis of gas mixture   

Table 3-1 Flow Chart of Experimental Study 
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3.2    Substrate Collection and Preparation 

The food waste was collected from vegetable market and NUST Hostel Mess. Literature 

review suggested that organic waste is more suitable for anaerobic digestion as compare to 

inorganic waste. This is because of the fact that organic waste is easily biodegradable and 

relatively abundant. In Pakistan Organic waste is nearly 65% of the total waste generated. 

3.2.1    Composition of Food Waste 

Table 3.2 shows the components used in substrate along with their weight percentages  

  

Table 3-2 Composition of substrate 

Components of Substrate Percentage in total substrate 

Lentils 35 

Bread 10 

Boiled Rice 10 

Mixed Vegetable 25 

Tomato 20 

  

Based on our literature search the percentage composition was so decided to maintain 

Optimum Carbon to Nitrogen ratio of 20, as in literature the optimum C/N ratio for bio hydrogen 

production lies between 20-21. 

Lentils are kept in a high percentage as its TKN value is more than the rest of the components. 

So to avoid the addition of nutrients for microbial activity, lentils have a relatively high 

percentage which provides sufficient nitrogen. 

 

 

3.2.2    Shredding and Mixing of Food Waste 

The collected waste was shredded manually with 

knives and graters to reduce the particle size. 

Shredding was done for easy biodegrading of food 

waste. All the shredded substrate components were 

added in the proportions given above and mixed 

homogenously. 

 

 

Figure 3.1 Food waste Mixture 
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3.3    Inoculum Collection and Preparation 

Inoculum is a microbe rich media substance that has the ability to initiate the activity of micro-

organisms when substrate is available. These microorganisms are responsible in anaerobic 

digestion for production of biogas. 

Some of the Inoculums that can be used for bio hydrogen production are swine wastewater, 

sewage sludge, animal manure, cow dung etc. 

 

3.3.1    Collection and Storage of Cow Dung 

For this project, digested cow dung and anaerobic sludge were used as an inoculum. Digested 

cow dung was obtained from a biogas plant at Bhara-Kahu. The anaerobic sludge was 

collected from wastewater lab at IESE. Both the inoculums were stored temporarily at 4oC in 

a refrigerator to keep the microbes alive but relatively inactive. 

 

3.3.2    Sieving of Inoculum 

Both the inoculums were sieved separately using a mesh 

2mm to remove waste materials and obtain a low-solid 

inoculum. Sieving is important because efficiency of 

anaerobic digestion is effected by large particle size. 

3.3.3    Nitrogen Purging and Sealing of Inoculum 

bottles 

Once the sieving was done, digested cow dung and 

anaerobic sludge were both half-filled into two separate 

500ml glass bottles. These bottles were closed with rubber 

septum. The basic purpose of nitrogen purging was to create 

anaerobic conditions inside the bottles. 

A hypodermic needle was inserted into the rubber septum 

and was connected to the nitrogen cylinder. Another 

hypodermic needle was placed in the rubber septum for 

making a way out for air, when nitrogen supply was on. The purging was done for about 5 

minutes on each bottle. 

 

Figure 3.2 Sieving of Inoculum 

Figure 3.3 Nitrogen Cylinder 
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3.3.4    Incubation of Inoculum 

After nitrogen purging the inoculum bottles were incubated at 37 oC for at least 21 days. 

Biogas produced in the bottles was discharged daily. Incubation was done for removing any 

organic content present in the inoculum. 

                                                                                         

3.4    Inoculum Pre-treatment 

The process of anaerobic digestion has four steps Hydrolysis, Acidogenesis, Acetogenesis 

and methanogenesis. In acetogenesis and methanogenesis hydrogen consuming bacteria like 

methanogens for methane production consume the hydrogen produced during acidogenesis. 

For hydrogen to produce methanogens are required to be suppressed. 

Based on our literature search it was concluded that heat pretreatment of the inoculum at 90 
ơC for 1 hour suppressed the activity and growth of methane producing bacteria and selectively 

enriched the culture of methane producing bacteria. 

 

3.5    Parameters of Analysis for Food Waste and Inoculum 

Food waste and inoculum were characterized for the following parameters 
 

3.5.1    Moisture Content 

Substrate and inoculum sample was weighed initially and were placed in an oven at 105 

degree centigrade for 18-24 h. After this, the sample was placed in a desiccator for cooling 

and was weighed then. 

ሺ%ሻ	ݐ݊݁ݐ݊݋ܥ	݁ݎݑݐݏ݅݋ܯ ൌ 	
Wet	weight	 െ Dry	weight

wet	weight
ൈ 100 

3.5.2    Total Solids (TS) 

Total solids of the sample was simply calculated by subtracting Moisture content from a total 
100% 

Total Solids (%) = 100 – Moisture Content (%) 

3.5.3    Volatile Solids (VS) 

Same dried sample was then placed inside a muffle furnace at 550 degree centigrade for 30 

minutes. The difference of both the weights, before and after, gave the volatile solids. 

ሻܵܶ	݂݋	%ሺ	ݏ݈݀݅݋ܵ	݈݁݅ݐ݈ܽ݋ܸ ൌ 	
Dry	weight	 െ 	weight	after	ignition	

dry	weight
ൈ 100 
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3.5.4    Total Organic Carbon (TOC)   

Organic carbon were found out by dividing the VS (as % of TS) by 1.8. This conversion 

factor has been opted by literature search.                   

ሻܵܶ	݂݋	%ሺ	݊݋ܾݎܽܥ	ܿ݅݊ܽ݃ݎܱ	݈ܽݐ݋ܶ ൌ 	
ܸܵ	ሺ%	݂݋	ܶܵሻ

1.8
 

3.5.5    Total Kjedhal Nitrogen (TKN) 

TKN was found out by digesting the sample with Mercury oxide, potassium sulphate, H2SO. 

Distilling it with boric acid and then titrating against 0.1 Normal Sulphuric acid. 

 

ܶܵሻ	ሺ%	݊݁݃݋ݎݐ݅ܰ	݈݄݆ܽ݀݁݇	݈ܽݐ݋ܶ ൌ 	
	݀݁ݏݑ	2ܱܵ4ܪ	݂݋݁݉ݑ݈݋ܸ ൈ 	0.1 ൈ 	14

݃	݊݅	݈݁݌݉ܽݏ	݂݋	ݐ݄݃݅݁ݓ
 

 

3.5.6    C/N ratio 

Carbon to nitrogen ratio was found out by simply dividing Total organic carbon (TOC) by 

Total Kjedhal Nitrogen (TKN). 

 

ܰ/ܥ ൌ 	
ܥܱܶ	
ܰܭܶ

 

             

                

Figure 3.5 Substrate Sample for Characterization 

             

  

Figure 3.4 Inoculum Sample for 
Characterization 
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3.6    Experimental Setup 

 
The figure 3.6 shows the process flow diagram of the experimental setup. It has a continuously 

stirred tank reactor (CSTR) of  13L containing a mixture of substrate, inoculum and water 

whose pH was maintained at 5.5 by adding buffer solution, was, subjected to nitrogen purging 

for maintaining anaerobic conditions. A temperature of 550C was maintained by passing 

heated water through the water jacket surrounding the reactor, using a heating rod and 

temperature controller. The gas produced during this collected collected in gas collection bags 

on regular basis. Collected gas was then analyzed by Gas Chromatography (GC) analysis in 

order to find out the percentage of bio hydrogen in the biogas. 

 
Figure 3.6 Process flow diagram of experimental set-up 

 

3.6.1    Design and construction of CSTR 

Stainless steel was used in the construction of reactor as it ensured the uniform heating of 

contents and that the system was rust proof and leakages development was minimized. 

 

 Dimensions 

The reactor had total of 13 liters volume while the working volume of the reactor was 10 liters. 

The rector was cylindrical in shape to facilitate the mixing of substrate and inoculum. The 

volume is calculated using formula V= π*r^2*l. The diameter and height of the reactor were 

set in 1:1.5. Keeping the total volume 13 liters the diameter and height were calculated as 8.5 

inches and 13 inches respectively. 
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 Impeller 

The impeller was designed according to the design considerations 

found in the literature review. The total diameter of one impeller was 

kept a half of total diameter of reactor. The distance from bottom of 

reactor was kept equal to impeller diameter. The spacing between two 

impellers was also kept equal to one impeller length. The impellers 

used were Rushton turbines. The diameter of internal plate was kept 

2.7 inches. The height of blades was kept equal to total length divided 

by 5 and the blade width was kept equal to total length divided by 4 

i.e. 0.8 and 1 inch respectively. 

 

 

 Water jacket 

The reactor was provided with a water jacket to keep the temperature in control. The 

temperature suitable for the experiment was 55 degree centigrade. The water jacket had an 

external source of hot water which was supplied by a temperature control unit. The 

temperature control unit comprised of immersion heater, temperature controller and a 

thermocouple which was fitted inside the reactor. 

 

 Maintaining anaerobic conditions 

For maintaining the anaerobic conditions inside the reactor, the reactor was sealed by tightly 

nutting the lid. Furthermore, silicon glue was applied to any possible gas leakage sites. 

Nitrogen purging was done by connecting the inlet of the reactor through a pipe to the nitrogen 

cylinder. 

 

 Substrate inlet 

Reactor was provided with a single inlet for substrate and inoculum. The inlet was made 

singular as the cleaning of this inlet was quiet easy and the chances of it getting clogged were 

thin. 

 

 Gas outlets 

The reactor was provided with 2 gas outlets. This was to make sure that the second outlet 

could be used in case the first outlet is not operational. The functional outlet was connected 

via pipe to gas bag where the gas produced was being collected. 

 

Figure 3.7 Rushton 
turbine Impeller 
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 Reactor outlets 

Reactor was provided with 2 outlets as the outlets were directly in contact with the slurry inside 

and had every chance of getting clogged. The second outlet was made as a backup outlet in 

case the first outlet was clogged. 

 

 

Figure 3.8 Reactor and Impeller Dimensions 

3.7    Operating Conditions  

The table 3.3 shows the operating conditions for biohydrogen production 
 
 

Table 3-3 Operating Conditions for Dark Fermentation 

Mode of Operation Semi-Continuous 

Scale  Semi-Pilot 

Temperature 55◦C 

Inoculum-Substrate Ratio 0.1 on g VS basis 

pH  5.5 

Organic Loading Rate 25 ,33,50 g VS/L/d 

HRT 24, 18 ,12 h 
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3.8    Operational Conditions of CSTR for Semi-Continuous Mode 

 
The table 3.4 below shows the operational conditions for startup phase and operational phase 
of the CSTR. 
 
Table 3-4 Operational Conditions of CSTR for Semi-Continuous Mode 

Operational Runs of 
CSTR 

Substrate Duration OLR HRT 

CS 
Startup phase, 
Inoculum activation 
 

Corn starch 
 

3 days 25gVS/L/d 
 

24h 
 

CS+FW 
Startup phase 
Acclimatization period 
 

Corn starch + 
food waste 
 

3 days 25gVS/L/d 24h 
 

FW 
 Operational phase,  
 Semi continuous mode 
 

Food waste 10 days 25gVS/L/d 24h 
 

10 days 33gVS/L/d 18h 
 

6 days 50gVS/L/d 12h 

 

 

3.8.1    Start-up Phase 

 
In reactor startup phase auxiliary substrate like cornstarch was used to activate the 

microorganism. After this mixture of equal weights of cornstarch and food waste was used to 

acclimatize the microorganisms to food waste. 

The Hydraulic retention time was kept to be 24 hours while the Organic loading rate was 25 

gVS/L/d and the duration was 3 days each. 

3.8.2    Operational Phase 

In the operational phase food waste was used alone. Operational phase had 3 Runs. Mass of 

food waste required to provide 250 g of VS was calculated and came out to be 1200 grams. 

Since the inoculum to substrate ratio was 0.1 the amount of inoculum required was equal to 

820 grams. These quantities were calculated on the basis of VS values of substrate and 

inoculum found as results of characterization.  

The calculated quantities of both inoculum and substrate were added in 13 litre reactor and 

tap water was added in the digesters to completely cover the working volume i.e. 75% or 
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almost 10 L of the digesters leaving the remaining volume empty for the collection of biogas 

produced. 

 In Operational phase there were three Runs with organic loading rate of 25, 33, 50 (gVS/L/d) 

corresponding to HRT 24, 18, 12 (h). The duration for Run 1 and Run 2 was kept to be 10 

days while the duration of Run 3 was 6 days 

 

3.9    Gas Measurement and Collection 

The gas produced inside the CSTR was collected in 

Devex Gas storage bags and measured by gas wet 

meter. Samples were taken in syringes  

 

3.10  GC Analysis  

The gas produced from both the startup phase and operational phase  was stored in Devex 

bags and syringes was sent for GC analysis to Centre for Advanced Studies in Energy NUST 

(CASEN) to determine the hydrogen percentage  in the gas produced. 

 

  

Figure 3.9 Devex Gas storage bags

Figure 3.10 GC Apparatus 
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Chapter 4 

4. RESULTS AND DISCUSSION 

 

In this chapter we will be discussing characterization of Inoculum and Substrate used. Apart 

from this Effect of Varying Organic Loading Rate (OLR) on Volatile Fatty Acids (VFA) 

Production, Volatile Solids (VS) Removal, Hydrogen Percentage in biogas, Volumetric 

Hydrogen Production Rate (VHPR) and Hydrogen Yield (HY) for the three operational Runs 

will also be analyzed. In the end we have conclusions for the optimum Organic Loading Rate 

for which the volumetric hydrogen is maximum. 

4.1    Substrate Characterization 

4.1.1    Characterization of Components Used in Substrate 

According to a comparative study in literature it was shown that the H2 producing potential of 

carbohydrate-rich waste was approximately 20 times higher than that of fat-rich waste, 

therefore we performed physicochemical analysis on following carbohydrate rich potential 

substrates. 

The Table 4.1 shows the result for individual characterization of each component used in the 

mixture. It can be seen that out of all the substrates lentils have the highest TKN value and 

boiled rice have lowest. 

Table 4-1 Characterization of Components Used in Substrate 

Characteristics Tomato Lentils Boiled rice Bread  Mixed 

vegetables  

Moisture content 94.35 71.89 58.05 33.78 82.04 

Total solids 5.65 18.11 41.95 66.22 17.96 

Volatile solids  80.4 83.58 79.15 92.4 81.14 

TOC (% of TS) 44.66 46.43 43.97 51.34 45.07 

TKN (% of TS) 3.3 3.5 1.16 2.10 2 

C/N 13.53 13.26 37.09 24.44 22.5 
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4.1.2    Substrate Percentage Composition on Weight basis 

Based on our literature search, C/N Ratios of food waste should fall b/w 20 and 21 for optimum 

yield. 

Keeping that in view the percentage composition, shown in the table 4.2, was so decided that 

the total C/N contribution of the components was equal to 20. 

Table 4-2 Substrate Percentage Composition on Weight basis 

Component Percentage (%) 

Lentils 35 

Bread 10 

Boiled Rice 10 

Mixed Vegetable 25 

Tomato 20 

 

4.1.3    Final Substrate Characterization 

The decided percentage of each component was mixed to form a final substrate. Table 4.3 

below shows the characterization of the final substrate.  

 

Table 4-3 Final Substrate Characterization 

Parameter Unit Results 

Moisture Content % 74 

Total Solids % 26 

Volatile Solids % of TS 79 

Total organic carbon % of TS 43.7 

TKN %  of TS 2.2 

C/N --- 20 

 

 

4.2    Inoculum Characterization 

Both of the digested cow dung and anaerobic sludge that were used as inoculums were tested 

for following parameters as shown in Table 4.4. Both were added to the reactor in a ratio of 
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1:1. It can be observed that TOC of Cow dung is more than anaerobic sludge because of the 

organic food intake of cows. Also the pH is less acidic this is because of the methanogens 

present in ruminants 

Table 4-4 Inoculum Characterization 

Component Unit Cow Dung Anaerobic Sludge 

Moisture Content % 96 89 

Total Solids % 4 11 

Volatile Solids %TS 76.25 62 

TOC %TS 42.36 34 

pH -- 6.8 5.43 

4.3    Reactor Performance Indicators 

Following reactor Performance Indicators were assessed each day 

 VS Removal (%) was found out by simply measuring the VS content of the feed before 

loading and after the Hydraulic Retention time has passed. 

 Total VFA(mg/L) is also a digester control test more important than pH was determined 

by titrating the effluent of the CSTR. 

 Hydrogen % in biogas was simply measured through GC analysis from CAESN-NUST. 

 Volumetric Hydrogen production rate (LH2/Lreactor/d) was calculated by dividing the 

Litres of Hydrogen produced in one HRT dividing by reactor working volume and 

sampling time. Sampling time was equal to HRT as collection of gas was done after 1 

HRT has passed.  

 Hydrogen Yield (mmol/gVSconsumed ) is a substrate utilization efficiency parmeter and is 

found about by dividing the milli moles of hydrogen produced divided by the gVSconsumed 

(from VS removal). 

 

4.3.1    Volatile Fatty Acids Production 

The figure 4.1 shows the Effect of Varying Organic Loading Rate on Volatile Fatty Acids 

production for the three operational runs of CSTR. 

The common trend observed was that VFA generation increased with increase in Organic 

loading rate. Initially at 25 the maximum VFA generation of 3004 mg/L was recorded followed 
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by increment to 3599 mg/L (33) 4212 mg/L (50). Increase in VFA production also influenced 

pH and thus H2 production. This increase in pH gradually reduces buffering capacity inside the 

CSTR. 

The change in pH and Concentration of VFA is an indication of the metabolic processes 

involved in H2 production 

 

Figure 4.1 Effect of OLR on Volatile Fatty Acids 

4.3.2    Gas production 

The Gas produced was collected in Devex Bags for each Operational Run with different HRT 

and OLR and the volume produced was measured with gas wet meter.   

From the figure 4.2 it can be observed that maximum gas production in terms of liters per day 

was observed for OLR-33 and HRT-18 of about 28L/d.  

The minimum amount of gas was produced during the start-up phase because the Inoculum 

was not fully acclimatized to the system microenvironment at that time. 
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Figure 4.2 Effect of OLR on Volume of Gas produced 

4.3.3    Hydrogen Percentage 

Hydrogen percentages were obtained by conducting Gas Chromatography of the collected 

gas samples for both the start-up period and Operational Period.  It can be seen from figure 

4.3 that hydrogen gas produced during Run 3 corresponding to OLR-50 gVS/L/d has the 

highest percentage of hydrogen which is 39.7 while the lowest percentage is observed in 

startup phase when Corn starch was mixed with food waste. The results are also supported 

from literature, Hernandez et al. (2015) reported a H2 percentage in biogas in a range from 

25% to 55% for FW.  

 

Figure 4.3 Hydrogen percentages at Different OLR 

 

28.9 
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4.3.4    Gas Production versus Hydrogen Production 

After calculating the percentages, hydrogen volume was calculated by multiplying the 

percentage of hydrogen with the total volume. The general trend observed was that Hydrogen 

Percentage increases with increasing OLR. The reason for this might be OLR-25 and OLR-

33 has more amount of CO2 and H2S as compared to OLR-50. 

 

 

Figure 4.4 Comparison of Volume of Gas Vs Volume of Hydrogen per day 

4.3.5    Volatile Solids Removal 

Utilization of Food waste in the continuously stirred tank reactor for Hydrogen production was 

evaluated in terms of VS removal.  From Figure 4.3 the general trend observed is that VS 

removal increases with increasing loading rate. VS removal was found maximum for Corn 

starch. However the shift from corn starch reduces the VS removal at first and increases 

afterwards. Out of the three OLRs for food waste alone maximum VS removal of 55.3 ± 0.4 

was observed at 50gVS/L/d. 

From the results it can be interpreted that increase in VS removal is because of the fact that 

increase on the waste load of food waste gradually acclimatize the system micro environment 

to Higher Organic loading rate. 
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Figure 4.5 Effect of OLR on Volatile Solids Removal 

 

4.3.6    Volumetric Hydrogen Production Rate 

Figure 3.6 shows how organic loading rate influences on volumetric hydrogen production rate 

in the CSTR. It was observed that the highest VHPR of 1LH2/L/d was achieved during the 

steady state at the end of the operational run for OLR 33gVS/L/d. 

After conducting the T-test used for comparing the two data sets for statistical significance. 

For Run 1 and Run 2 the p value was less than the significance (0.05) indicating that the VHPR 

was statistically improved by the increase in OLR from 25gVS/L/d to 33 gVS/L/d. However for 

the data set of Run 2 and Run 3 the p value was a bit more than the significance value of 0.05, 

indicating that the decrease in VHPR by increasing OLR further is statistically insignificant. 

The Increase in VHPR at first can be explained by increasing the amount of fresh substrate 

fed when the HRT was shortened, also at 50gVS/L/d fat might be the inhibition factor of 

anaerobic hydrogen production. 
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Figure 4.6 Effect of OLR on Volumetric Hydrogen Production Rate 

 

4.3.7    Hydrogen Yield 

Figure 4.7 represents the effect of OLR on Molar Hydrogen yield. The trend observed was that 

Hydrogen yield increases and is found maximum at 33gVS/L/d, reduces again at 50gVS/L/d. 

The decrease in H2 yield at 50 leads us to the Interpretation that increase of the total VFA 

might affect the hydrogen yield.  

 

Figure 4.7 Effect of OLR on Molar Hydrogen Yield 

 

4.3.8    Hydrogen Production Rate and Hydrogen Yield at different OLR 

Figure 4.8 clearly shows that by comparing the Volumetric hydrogen production rate and 

Hydrogen yield at different OLR, maximum VHPR and maximum YH2 both occur at OLR 33 
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VS/L/d. This result is concordant with those obtained by Hafez et al where using glucose as a 

substrate, the maximum YH2 and VHPR were found at the same OLR. 

 

Figure 4.8 H2 Production Rate and H2 Yield at different OLR 
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Chapter 5 

5. COST AND BENEFIT ANALYSIS 

Decision to select a mechanical technology like CSTR for biohydrogen production from dark 

fermentation is always questioned as it is assumed to have high energy requirements.  Its 

feasibility can only be justified by conducting a proper cost to benefit analysis. 

5.1    Cost Discussion 

Table… below shows the Capital Cost and Maintenance cost on yearly bases.  The cost of 

stainless steel is 500/ft2. From the dimension used for the reactor the surface area of the 

reactor was calculated. The surface area conforms to the land requirement. 

Ringer et al. (2006) stated that the plants maintenance cost yearly will be 3% of the capital 

cost. Also the gas separation for obtaining pure hydrogen is 3% of the capital cost. 

Table 5-1 Cost Estimation 

Variables Semi-pilot 
Scale 

Cost (PKR) Industrial 
Scale 

Cost (PKR) 

 Capital Cost 

Stainless steel Reactor 

(Material + Manufacturing) 

13 L 20,000 13000 L 2,000,000 

Land requirement 5x5 square 
feet 

23000 5 Marla 500,000 

Motors required 1 2500 1 Motor 80,000 

Pumps required 1 1500 Water and 
Gas pump 
+ Screw 
bed pump 

6,00,000 

 

Yearly Operational and maintenance cost 

Operating Cost  Electricity + 
maintenanc
e 

3000 Running + 
maintenanc
e 

95400 

Gas separation and 
Handling Cost 

2 Gas bags 6000 Pressure 
Swing 
Adsorption 

95400 
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Total Capital Cost at Industrial Scale = PKR 31,80,000 

Operational and Maintenance Cost per year = PKR 1,90,800/yr 

Total Investment for first year= PKR 33,70,800 

5.2    Benefits Discussion 

Table below represents the benefit obtained from the Project are in terms of 

 Energy Efficiency 

 Waste disposal 

 Green house gas emissions 

Table 5-2 Benefit analysis 

Variables Semi-pilot 
Scale 

Cost 
Saving 
(PKR) 

Industrial 
Scale 

Cost 
Saving 

     (PKR) 

Money value of H2 (Rs/kg)  

1415  

Kgs of H2 produced in 1 
year 

0.4 461.2 326 461138 

Cost of Waste disposal 
(Rs/ton) 

 

1355.2  

Waste Handled in 1 year 
(ton) 

0.438 t 593.55  438  593577 

Cost of 1 Carbon Credit 
(PKR/ton of CO2) 

 

5094.9 

No. Of Certified emission 
reductions earned in 1 year 

0.000682 3.47 3.27 16216 

 

The money value of hydrogen is 1415 Rs/kg, and the total of 326 kgs of hydrogen will be 

produced per year indicating a cost saving of around 4 lakh 60 thousand. 

Another benefit was in terms of waste handled per year, the waste handled per year on an 

industrial scale will be 438 ton and the cost of disposal per ton  is Rs 1355 ,resulting in  cost 

saving of about 5 lakh 93 thousand 

The number of Certified Emission Reduction units earned in a year on an industrial scale were 

calculated by comparing the CO2 emissions from diesel with Hydrogen, the number of CERs 
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earned will be around 3, and the cost of 1 carbon credit is around 5000, resulting in a cost 

saving of 16k 

        

Total Benefit in 1 year at Industrial Scale  = 461138.4 + 593577.6 + 16216.007 

                                                                           =PKR 1,070,932/ yr 

Hence the total benefit of first year will be around 10 lakh 70 thousand 

 

5.3    Payback Period 

Total Capital Cost + O&M Cost = PKR 33, 70,800 

Annual Cash Inflows =PKR 1,070,932 

Payback Period = 

Payback period = 3 years 

On the basis of Cost Benefit the payback period of the project is around 3 years. 

   

݈ܽݐ݅݌ܽܥ	݈ܽݐ݋ܶ ݐݏ݋ܥ ൅ ܯ&ܱ ݐݏ݋ܥ
݄ݏܽܥ	݈ܽݑ݊݊ܣ ݏݓ݋݈݂݊݅
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Chapter 6 

6. CONCLUSIONS AND RECOMMENDATIONS 

6.1    Conclusions 

Following conclusions were drawn from this study: 

 The OLR has an influence on the H2 production in the CSTR, Volumetric hydrogen 

production rate increases with increasing OLR to a certain point and decreases afterwards 

on increasing OLR. 

 The maximum Hydrogen yield (YH2) Of 2.53 mmol/gVSconsumed and highest VHPR of 

1LH2/L/d was obtained at an OLR of 33 gVS/Lreactor/d. 

 VS removal of about 55…. was found maximum for OLR 55Gvs/L/d, this is because the 

system was well acclimatized to higher OLR and hence substrate utilization effiency was 

improved. 

 Highest percentage of Hydrogen content of 39.. was also observed at OLR 55gVS/L/d.  

 For a reactor to produce 10 LH2/d, OLR 33gVS/Lreactor/d, requires least reactor size and 

hence cost effective. 

 Since the maximal VHPR and YH2 are obtained at OLR-33 while highest VS removal and 

Hydrogen percentage are observed at OLR-50, a compromise could be defined if both 

VHPR, YH2 and VS removal, Hydrogen percentage, want to be maximized. However, since 

a low-cost substrate is used (OSW), it is possible to operate the reactor at the OLR which 

obtains the maximum VHPR. 

 OLR of 33gVS/L/d is therefore recommended for an industrial scale system as it gave 

maximal HPR and YH2  

 

6.2    Recommendations 

6.2.1    Recommendations for field application 

In Pakistan hydrogen is largely produced from steam reforming of natural gas, which is both 

expensive and not environmental friendly therefore the produced H2 produced, can be used 

in following industrial applications: 

 Production of ammonia in Habers process 

 Banaspati ghee Industries for Hydrogenation Reaction 
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 Energy Sector 

 Automobile industries 

 

6.2.2    Recommendations for future study 

 It is highly recommended to test the potential of industrial effluents of industries like, Food 

industry waste, Textile industry, Sugarcane industry, Fruit and pulp industry because they 

contain high organic content. 

 Conduct a study on a hybrid system that uses both Dark fermentation and Light 

Fermentation processes for better molar yields. 
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