
 
 

POTENTIAL RECOVERY OF BIOGAS FROM CITRUS AURANTTFOLIA 

WASTE (LIME WASTE) 

 

 

BY 

 

OGUNDARE, OLUWATOSIN JACOBS 

(11CI012273) 

B.Eng Civil Engineering, Covenant University, Ota 

 

 

 

A DISSERTATION SUBMITTED TO THE SCHOOL OF POSTGRADUATE 

STUDIES IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE 

AWARD OF MASTER OF ENGINEERING (M.Eng) DEGREE IN THE 

DEPARTMENT OF CIVIL ENGINEERING, COLLEGE OF ENGINEERING, 

COVENANT UNIVERSITY. 

 

 

 

 

 

 

 

 

AUGUST, 2020



i 
 

ACCEPTANCE 

This is to attest that this dissertation is accepted in partial fulfilment of the requirements 

for the award of the degree of Master of Engineering in Civil Engineering in the 

Department of Civil Engineering, College of Engineering, Covenant University, Ota, 

Nigeria. 

 

 

 

 

 

Mr. Philip J. Ainwokhai    ___________________________ 

(Secretary, School of Postgraduate Studies)   Signature and Date 

 

 

 

Professor Abiodun H. Adebayo   ___________________________ 

(Dean, School of Postgraduate Studies)   Signature and Date 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ii 
 

DECLARATION 

I, OGUNDARE, OLUWATOSIN JACOBS (11CI012273) declares that this research 

was carried out by me under the supervision of Professor David O. Olukanni of the 

Department of Civil Engineering, College of Engineering, Covenant University, Ota, 

Nigeria. I attest that the dissertation has not been presented either wholly or partially for 

the award of any degree elsewhere. All sources of data and scholarly information used in 

this dissertation are duly acknowledged. 

 

 

 

 

 

Ogundare, Oluwatosin Jacobs   ___________________________ 

       Signature and Date 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 
 

CERTIFICATION 

We certify that this dissertation titled “POTENTIAL RECOVERY OF BIOGAS 

FROM CITRUS AURANTIFOLIA (LIME WASTE)” is an original research work 

carried out by OGUNDARE, OLUWATOSIN JACOBS (11CI012273) in the 

Department of Civil Engineering, College of Engineering, Covenant University, Ota, 

Ogun State, Nigeria under the supervision of Professor David O. Olukanni. We have 

examined and found this work acceptable as part of the requirements for the award of 

Master of Engineering in Civil Engineering. 

 

 

 

 

 

Professor David O. Olukanni   ___________________________ 

(Supervisor)       Signature and Date 

 

 

Professor David O. Olukanni   ___________________________ 

(Head of Department)      Signature and Date 

 

 

Professor Jimmy A. Osunbitan   ___________________________ 

(External Examiner)      Signature and Date 

 

 

Professor Abiodun H. Adebayo   ___________________________ 

(Dean, School of Postgraduate Studies)   Signature and Date 

 

 

 

 

 



iv 
 

DEDICATION 

I dedicate this research work to God Almighty, my creator and source of wisdom, 

knowledge, and understanding. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

ACKNOWLEDGEMENTS 

I would like to express my deepest gratitude to God Almighty for giving me the strength, 

knowledge, and ability to undertake this research study. Without His grace and blessings, 

this achievement would not have been possible. 

My sincerest appreciation goes to the Chancellor, Covenant University, Dr. David O. 

Oyedepo, for providing me the scholarship opportunity to complete my study. I am 

grateful for your words and actions that has been a guide through the journey of life. Also 

I would like to acknowledge the tireless efforts of the Vice-Chancellor, Prof. A.A.A. 

Atayero, the Deputy Vice-Chancellor, Prof. Akan Williams, the Dean School of 

Postgraduate Studies, Prof. Abiodun H. Adebayo, of Covenant University, to actualize 

Vision 10:2022. May God Almighty bless you all immeasurably. 

I would like to specially thank my supervisor, Prof. David O. Olukanni, for his 

conscientious support. Without his loving advice, guidance and mentorship, I cannot 

know how far I can reach on the way to the completion of this research work. I appreciate 

you sir. Furthermore, I would like to thank the entire Academic and Non-Academic staff 

in the Department of Civil Engineering for their guidance, suggestions and contributions 

to this research work. 

My warm thanks go to my friends and colleagues: Christiana, Dotun, Chinyere, Favour, 

Ewarezi, Victor, Mmemek, King and Engr. Tope to name a few, for their ideas, support 

and encouragement.  

A special thanks goes to Mr. Durodola for his research ideas and support in the course of 

this project, and the Department of Industrial Chemistry, Covenant University for 

providing me necessary equipment for the experiments and access to the Chemistry 

laboratory. 

Lastly, my genuine appreciation goes to my parents and siblings. I love you all deeply. 

 

 

 

 

 

 



vi 
 

TABLE OF CONTENTS 

TITLE PAGE 

ACCEPTANCE                                                                                                                    i 

DECLARATION                                                                                                                 ii 

CERTIFICATION                                                                                                             iii 

DEDICATION                                                                                                                    iv                                                                                                                        

ACKNOWLEDGEMENTS                                                                                                v                                                                                                 

TABLE OF CONTENTS                                                                                                   vi                                                                                                         

LIST OF FIGURES                                                                                                           ix                                                                                                                

LIST OF TABLES                                                                                                              x                                                                                                                   

LIST OF PLATES                                                                                                             xi                                                                                                                   

ABSTRACT                                                                                                                       xii                                                                                                                            

 

CHAPTER ONE: INTRODUCTION                                                                               1 

1.1 BACKGROUND STUDY                                                                                          1 

1.2 AIM                                                                                                                             3 

1.3 OBJECTIVES                                                                                                             3 

1.4 PROBLEM STATEMENT                                                                                         3 

1.5 JUSTIFICATION                                                                                                        3 

1.6 SCOPE OF STUDY                                                                                                    4 

 

CHAPTER TWO: LITERATURE REVIEW                                                                  5 

2.1 CITRUS WASTE MANAGEMENT                                                                          5 

2.1.1 Citrus Fruits                                                                                                          5 

2.1.2 Citrus Wastes                                                                                                        6 

2.1.3 Utilization of Citrus Waste                                                                                   6 

       2.1.3.1 Citrus Waste as Livestock Feed                                                                 6 

       2.1.3.2 Citrus Essential Oils                                                                                   6 

       2.1.3.3 Thermal Treatment                                                                                     7 

       2.1.3.4 Biofuel                                                                                                        7 

2.1.4 Renewable Energy                                                                                                7 

2.2 ANAEROBIC DIGESTION                                                                                        9 

2.2.1 The Biochemical Process of Anaerobic Digestion                                               9 

     2.2.1.1 Hydrolysis                 10 

     2.2.1.2 Acidogenesis                 10 



vii 
 

     2.2.1.3 Acetogenesis                 10 

     2.2.1.4 Methanogenesis                11 

2.2.2 Anaerobic Digestion Process Parameters                                                           11 

     2.2.2.1 Temperature                  11 

     2.2.2.2 pH value                 12 

     2.2.2.3 Volatile Fatty Acids                12 

     2.2.2.4 Ammonia                 12 

     2.2.2.5 Nutrients and Toxic Compounds              13 

     2.2.2.6 Organic Loading Rate                13 

     2.2.2.7 Hydraulic Retention Time               13 

2.3 BIOGAS PRODUCTION FROM CITRUS WASTE                                               14 

2.3.1 Citrus Waste Composition                                                                                  14 

2.3.2 Citrus Essential Oils                                                                                           15 

2.4 LIMONENE EXTRACTION FROM CITRUS WASTE                                         17 

2.4.1 Introduction                                                                                                        17 

2.4.2 Review of Limonene Extraction from Citrus Wastes to Boost Biogas  

         Production Potential                                                                                           17 

 

CHAPTER THREE: METHODOLOGY                                                                      21 

3.1 RAW MATERIALS                                                                                                 21 

3.2 EXPERIMENTAL DESIGN                                                                                    21 

3.3 PRE-TREATMENT OF LIME WASTES AND RECOVERY OF  

      ESSENTIAL OILS                                                                                                   22 

3.4 PREPARATION OF SUBSTRATE AND INOCULUM                                        25 

3.5 BATCH DIGESTION SET-UP                                                                               27 

3.6 BIOGAS MEASUREMENT                                                                                   29 

3.7 ECONOMIC EVALUATION                                                                                 31 

 

CHAPTER FOUR: RESULTS                                                                                       33 

4.1 PRE-TREATMENT OF LIME WASTE AND RECOVERY OF  

      ESSENTIAL OIL                                                                                                     33 

4.2 TOTAL SOLIDS (TS) AND VOLATILE SOLIDS (VS)                                       33 

4.3 pH OF DIGESTION SYSTEM                                                                                34 

4.4 BIOGAS YIELD                                                                                                      34 



viii 
 

4.4.1 Untreated Lime Wastes                                                                                      35 

4.4.2 Untreated Lime Wastes Co-Digested with Poultry Litter                                  37 

4.4.3 Treated Lime Wastes                                                                                          39 

4.4.4 Treated Lime Wastes Co-digested with Poultry Litter                                       41 

4.4.5 Analysis of Total Biogas Production                                                                  41 

4.5 ECONOMIC ESTIMATION                                                                                    43 

4.5.1 Capital Cost                                                                                                        44 

4.5.2 Operating Cost                                                                                                    45 

4.5.3 Value of Biogas and Cost of Upgrade                                                                46 

 

CHAPTER FIVE: DISCUSSION                                                                                    47 

5.1 ESSENTIAL OIL YIELD                                                                                         47 

5.2 DAILY BIOGAS PRODUCTION                                                                            47 

5.3 TOTAL BIOGAS YIELD                                                                                         49 

5.4 ECONOMICS OF BIOGAS PRODUCTION                                                           50 

 

CHAPTER SIX: CONCLUSION AND RECOMMENDATIONS                              52 

6.1 SUMMARY                                                                                                              52 

6.2 CONCLUSION                                                                                                         52 

6.3 CONTRIBUTIONS TO KNOWLEDGE                                                                  53 

6.4 RECOMMENDATION                                                                                             53 

 

REFERENCES                                                                                                                  54 

 

APPENDICES                                                                                                                   60 

 

 

 

 

 

 

 

 



ix 
 

LIST OF FIGURES 

Figure 2.1 World citrus fruit production                                                                               5 

Figure 2.2 Anaerobic digestion process                                                                                9 

Figure 2.3 Biochemical process of anaerobic digestion                                                      10 

Figure 2.4 Percentage composition of citrus waste                                                             15 

Figure 2.5 Structural formula of limonene                                                                          16 

Figure 3.1 Solid-liquid extraction process                                                                          22 

Figure 3.2 Bio-reactor                                                                                                         28 

Figure 4.1 Cumulative biogas production of untreated lime wastes and blank over the  

                  incubation period                                                                                               36 

Figure 4.2 Cumulative biogas production of untreated lime wastes co-digested with  

                  poultry litter and blank over the incubation period                                           38 

Figure 4.3 Cumulative biogas production of treated lime wastes and blank over the  

                  incubation period                                                                                               40 

Figure 4.4 Cumulative biogas production of treated lime wastes co-digested with  

                  poultry litter and blank over the incubation period                                           42 

Figure 5.1 Comparison of daily biogas yield in all substrates and blank over the incubation 

                  period                                                                                                                 48 

Figure 5.2 Comparison of cumulative biogas yield in all substrates and blank over the  

                  incubation period                                                                                               49 

Figure 5.3 Comparison of total biogas generated in all substrates and blank                     50 

 

 

 

 

 

 

 

 

 

 

 

 

 



x 
 

LIST OF TABLES 

Table 2.1 Composition of biogas                                                                                          8                                                                                             

Table 2.2 Characteristics of biogas                                                                                       8 

Table 2.3 Anaerobic digestion under mesophilic and thermophilic conditions                  12 

Table 2.4 Physical and chemical characteristics of limonene                                             16 

Table 4.1 Oil yield from solid-liquid extraction process                                                    33 

Table 4.2 Results of TS and VS measurement                                                                    33 

Table 4.3 pH value of substrates and inoculum mixture before and after digestion           34 

Table 4.4 Average daily biogas yield of untreated lime wastes and blank                         35 

Table 4.5 Average daily biogas yield of untreated lime wastes co-digested with  

                poultry litter and blank                                                                                        37 

Table 4.6 Average daily biogas yield of treated lime wastes and blank                             39 

Table 4.7 Average daily biogas yield of treated lime wastes co-digested with  

                poultry litter and blank                                                                                        41 

Table 4.8 Total biogas production results                                                                           43 

Table 4.9 Summary of variance components                                                                      43 

Table 4.10 Analysis of Variance                                                                                         43 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xi 
 

LIST OF PLATES 

Plate 3.1 Soxhlet apparatus                                                                                                 24 

Plate 3.2 Substrates before mixture with distilled water                                                     25 

Plate 3.3 Total solid content analysis                                                                                  27 

Plate 3.4 (a) and (b) Laboratory batch digestion setup                                                       29 

Plate 3.5 Biogas measurement technique                                                                            30 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xii 
 

Abstract 

Roughly 50% of the fruit mass remains as waste after fresh consumption or processing of 

citrus fruits. The build-up of these wastes typically signifies an economic and 

environmental nuisance owing to disposal problems. However, studies have shown that 

biogas can be recovered as a valuable product from citrus wastes due to its high 

concentration in soluble sugars, making it a suitable source of cellulosic biomass. D-

Limonene, the major constituent of essential oil present in citrus peel, is however known 

to hamper the conversion process of citrus wastes to biogas. To improve biogas 

production, a study to reduce the effect of D-Limonene was carried out on specific citrus 

fruit waste (Lime waste) after juice extraction. Co-digestion of lime wastes with other 

wastes of high organic content and pre-treatment of lime wastes was studied. From the 

pre-treatment procedure, 42.6 mL of essential oil was recovered from 1 kg pulverized lime 

waste, indicating an oil yield of 3.8%. The co-digested substrate of treated lime waste and 

poultry litter gave the best biogas yield of 138.1 mL/g VS after 28 days. Substrates of co-

digested untreated lime waste and poultry litter, untreated lime waste, and treated lime 

waste yielded 66.8, 66.9, and 93.2 mL/g VS biogas, respectively. ANOVA showed that 

the methods employed to reduce D-Limonene concentration in lime waste had no 

significant effect on biogas generation. Furthermore, an economic estimation of the biogas 

production process from lime waste revealed that gas can be produced at a rate of 

₦574.28/cm3 which is less than the current market price of ₦620.69 for cooking gas in 

Nigeria. The findings of this research show that there is a viable recovery option of biogas 

from lime waste, and recommendations of this research can be further explored to develop 

an economically viable biogas plant process that efficiently utilizes citrus wastes. 

Keywords: Citrus Wastes; Lime Waste; D-Limonene; Biogas; Pre-treatment; Co-

digestion 
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