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ABSTRACT 

Biowaste to Bio-products through Hybrid Thermo-chemical and Biochemical 

Conversion: A Circular Economy Concept 

Subhash Paul      Advisor: Professor Animesh Dutta 

University of Guelph, 2017    Co-Advisor: Dr. Fantahun M. Defersha 

The circular economy concept is a recent waste management strategy, which aims to eliminate 

waste and convert it as resources into various products for reduction of greenhouse gas (GHG) 

emission and release of contaminants into soil and water. Municipal food waste (MFW) and corn 

residue (CR) are two undervalued carbonaceous and nutrient rich biomass. High moistured 

MFW mixes with impurities during handling, which need immediate disposal and CR contains 

high moisture in the fall. Ontario farmers traditionally keep CR mostly unharvested in the fall but 

a small portion is harvested in the spring for livestock bedding and feed. On the other hand, 

demand for research on production of alternative energy is increasing for reduction of 

environmental pollution from traditional fossil fuel. This study reports the results of bioenergy 

and nutrient recovery from non-rooted standing plant fall harvested CR and MFW of a city. 

MFW was hydro-mechanically pretreated and CR was treated mechanically and hydrothermally 

for enhancement of biomethane production through mesophilic anaerobic digestion (AD). For 

excellent bioenergy recovery from CR, a recommended hydrothermal (HT) process condition 

was determined to maximise biocarbon recovery and HT process water (HTPW) suitable for 

biomethane production in AD process. For further enhancement of bioenergy production, the 

most favourable alkaline HT process was determined to maximize biocarbon production and its 

AD favorable alkaline HT process water (AHTPW) for excellent biomethane production. Finally 

the most favourable composition of “as received” MFW with i) mechanically treated CR, ii) 

HTPW and iii) AHTPW were separately determined for anaerobic co-digestion for the highest 

biomethane production. 

This study focuses on the most advantageous bioenergy and nutrient recovery in the circular 

economy concept from both “as received” MFW and CR by determining the most favourable HT 

and alkaline HT processes and their optimum AD co-digestion compositions, which has not been 
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previously researched. The CR enhanced bioenergy production for mechanical, HT and alkaline 

HT treatment, which were further enhanced by 30%, 21% and 49%, respectively when their 

liquid parts were separately AD co-digested with MFW. The best composition of AHTPW and 

MFW in mesophilic AD co-digestion recovered the highest bioenergy and biofertilizer. 
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Chapter I Introduction 

1.1 Background 

Decomposed bio-waste in landfill produces Greenhouse gas (GHG), which is a considerable 

reason for climate change. Bio-waste is the biodegradable biomass containing carbonaceous 

materials, which is a potential source of bioenergy. Bioenergy can be produced from bio-waste 

and it can be utilized in energy substitution of fossil fuel. Therefore bio-waste should be 

processed with the highest possible efficiency for energy recovery, instead of being discarded 

(Howaniec and Smolinski, 2017). Bio-waste to resource recovery and management system 

produces sustainable green energy from a climate change mitigation point of view (Thomsen et 

al., 2017). The recent waste management strategy launched by the Ontario Government, Canada 

is the circular economy which aims to eliminate waste, keep resources in use to extract the 

maximum value, minimize waste generated at the end-of life, deliver a more competitive 

economy and help to reduce the environmental impacts. The Circular Economy is beyond 

recycling compared to the traditional linear economy of make-use-dispose (landfill) strategy 

(Ontario, 2016, WRAP 2017, Geissdoerfer, et al., 2017).  The concept of a Circular Economy 

was started in Europe in 2015 and has attracted agendas of policy makers (Geissdoerfer, et al., 

2017). It has recently been employed as the waste management strategy of Europe, China and 

Ontario (European Commission, 2015; Lieder and Rashid, 2016; Ontario, 2016). 

Municipal food waste (MFW) and corn residue (CR) are two undervalued biodegradable biomass 

(bio-waste) of which MFW needs to be disposed immediately. Global estimated yearly food 

waste (FW) is 1.2–2 billion tonne which accounts for 30–50% of total food production (IME, 

2013). In 2011 the world collectively wasted 1.3 billion tonnes food with a $200 billion value, 

which was one third of the global produced food (FAO, 2011; UNEP, 2013). The FW generation 

in Europe and North America are 280 kg and 295 kg per person per year, respectively (IME, 

2013). USA, Canada and Japan discard 40% of their food into waste, which was estimated to the 

value of $390 per person per year (USDA, 2013; Faulder, 2014; Melikoglu et al., 2013) and 

global annual wasted food value is of $27 billion (VCMC, 2010; VCMC, 2012). A Canadian 

family throws more than $1000 per year in the kitchen trash, which is a major contributor of 

GHG emission via landfills (Faulder, 2014). The traditional practice of municipal solid waste 

http://www.sciencedirect.com/science/article/pii/S0959652616321023#bib31
http://www.sciencedirect.com/science/article/pii/S0959652616321023#bib59
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(MSW) collection in a single stream system and burying it in landfills is rapidly changing into 

recycling and composting. Zero land filling is being introduced in Europe and it is discouraged in 

North America. Due to increasing population and urbanization, FW generation is increasing 

rapidly and it is creating management problems. USA recycles only 2.5% of their food waste 

mostly in composting and the rest 97.5% is buried into landfill (USEPA, 2008; Levis et al., 

2010). Ontario is dealing with roughly 12.5 million tons of MSW annually by Ontario residents 

and businesses which equates to almost a ton per Ontarian of which 35% is residential and 65% 

is IC&I (Industrial, Commercial and Institutional). The population of Ontario is about 12.85 

million of which 20% is in Toronto, 11% is in Peel, 4.% in Hamilton and 1% in Guelph 

(Statistics Canada, 2016) where FW is being collected separately from individual households. 

Europe and North American countries’ produced FW fraction is 25% of its MSW, which has the 

potential to produce biogas or quality compost (Krogmann and Woyczechowski, 2000; Otten et 

al., 2002).  

Demand of research on production of alternative energy is increasing for the reduction of 

environmental pollution from traditional energy (Elsharnouby et al., 2013). Lignocellulosic 

biomass such as agricultural residues (crop residues and manure), wood and grass are promising 

sources of alternative energy (Hu and Ragauskas, 2012) along with FW. Estimated Global 

anthropogenic methane emission for 2010 was 6,875 Mt CO2e of which 11% was from landfill 

(GMI, 2017). But in Canada about 20% of national methane emission comes from landfill waste 

(buried organics), which is a key contributor to the production of GHGs (ECCC, 2017). In USA 

about 29% of CH4 is produced from the waste sector, which is mostly from landfills (Barry, 

2012). Biodegradation of organic fraction of FW has long been known to generate CH4, CO2, 

N2O etc. GHGs along with H2S, NH3 and some other odorous gases and their control are of a 

concern for scientists and engineers. Carbon compounds are produced from CO2 taken by plants 

from atmosphere. Decomposition of FW produces CH4, which holds 25 times global warming 

potential compared to CO2 which increased GHG emission. If CH4 can be captured from this 

source and used as energy, then GHG reduction will be doubled. Avoiding FW composting can 

reduce GHG emission because it produces Nitrous Oxide (N2O) with a global warming potential 

of 300 in a 100 year time period (Froster et al., 2007) which is the dominant ozone-depleting 

GHG in the 21
st
 century after the decline of chlorofluorocarbon i.e. CFC (Ravishankar et al., 

2009). A significant number of North American cities are still dumping food waste in landfills 
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which creates air pollution and GHGs emissions. But countries like South Korea, China and 

Denmark banned landfilling and are encouraging their cities to reuse FW. Biogas production by 

AD process can capture energy from FW. FW has 3 times and 15 times the methane production 

potential of biosolids and cattle manure, respectively. Biosolids produce 120 m
3
t
-1

, cattle manure 

produces 25 m
3
t
-1

 and food waste produces 376 m
3
t
-1

 methane respectively (EPA, 2014; EPA, 

2014
a
; Garcia and Perez 2013; Zang, et al., 2007; Bothi, 2007). In the past, AD was mostly used 

for manure treatment in farms and some wastewater treatment plants in North American 

municipalities which was deployed in USA during 1982-2012. EPA restarted research study on 

AD in 2012 and after that FW is being co-digested with biosolids to increase methane production 

and reduce operational cost due to receiving tipping fee (EPA, 2014). Ontario Government also 

has been providing subsidy to AD (agricultural, mostly manure based) since 2012 and recently 

introduced the circular economy strategy for waste management (Ontario, 2016). Anaerobic 

digestion of farm manure produces very low amount of methane which can be increased by co-

digestion with another bio-waste and it is being practised in Europe where tipping fees and feed 

in tariff (FIT) benefit are received. Ontario Government has legalised agriculture based AD 

plants to use up to 50% off-farm organics to increase methane production since 2012. 

Global annual production of lignocellulosic biomass (LB) is about 181.5 billion tonne, which is 

an abundantly available bioresource (Kumar et al., 2008). USA alone produces about 1.25 billion 

tonne of LB annually (Limayem and Ricke, 2012). LB produces biogas in AD process and its 

(rice straw) production can be increased to 132% and 226% by alkali (NaOH) and hydrothermal 

(HT) pretreatment followed by alkali, respectively, compared to its untreated digestion (Chandra 

et al., 2012). HT pretreatment of biomass is a new approach which is performed in a water 

submersed condition. Submersed biomass is heated in a confined system at 180-260
o
C 

temperature for 5 to 240 minutes (Kambo and Dutta, 2015). HT process produces solid 

biocarbon, liquid soluble organic and gas (mainly CO2). HT liquid has potentiality (contain about 

40% of organic carbon at 260
o
C temperature) to be used for anaerobic digestion (Wirth and 

Mumme, 2014, Kambo, 2014) by adjusting its pH from 2.5 - 3.5 to neutral. 

For AD treatment of biomass slurries produced after hydrothermal pretreatment, where it is 

mandatory to add NaOH for maintaining optimum pH for AD treatment (Chandra et al., 2012).  

Phenolic compounds have inhibition in anaerobic condition both in gas production and 
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autoxidation in wet condition (Kayembe et al., 2013). Bio-waste with too low or high C/N ratio 

produces less methane. CR, switch grass, wheat straw and sugarcane bagasse contain C/N ratio 

of 63, 90, 60, and 118, respectively (Karthikeyan and Visvanathan, 2013; Li et al., 2014; Brown 

et al., 2012). On the other hand a Canadian restaurant and a grocery FW C/N ratio were 4.3-9 

and 2.8-20, respectively (Adhikari et al., 2008) whereas a university canteen FW contained C/N 

ratio of 14.2 (Browne et al., 2013). Because they contain low pH (2.5 to 3.5) value and high C/N 

ratio of HT pretreated LB, their co-digestion with low C/N ratio organics such as FW can 

maintain perfect C/N ratio of AD digester to increase biogas production. The AD technology is 

able to extract bioenergy and recover valuable nutrients such as N, P, K and S of biomass. 

Therefore AD process can recover green energy and biofertilizer from bio-waste (Thomsen et al. 

2017). 

There are several co-digestion researches on manure with other biomass which could improve 

biomethane production. The degradable part of VS in biomass is higher than in manure which is 

the reason for higher methane production in co-digestion compared to manure alone. The easily 

degradable portion of VS of food for herbivore is digested in their stomach and the tough 

degradable portion of VS (lignin is not degradable) stays in their manure. Therefore, when LB is 

mixed with manure, the easily degradable portion of VS is increased (Lehtomaki et al., 2007).  

Till now most of the MFW of North America is disposed into landfills and paying tipping fee 

whereas CR is kept unharvested in the farm where GHGs (CH4, CO2 and N2O) are produced 

after decomposition. But these two undervalued biomass have potentiality to produce CH4 in AD 

for various applications as a renewable energy source. Pretreatment of CR can enhance 

biomethane production and reduce the digestion time of AD process. Soluble organics produced 

in HT process has the potential to produce biomethane whereas its solid part is high combustible 

biocarbon which can be used as the substitution of coal. Until this research LB was pretreated in 

HT process to produce only biocarbon and its soluble part was considered as waste though it can 

produce biomethane in AD process. 

Both solid and soluble parts of treated LB in HT process have the potential to produce bioenergy. 

Therefore determination of the most favourable HT process condition of CR to maximize 

biocarbon production and biomethane from its process water in AD process is important. The 
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main aim of this study is to recover the highest amout of bioenergy (biocarbon and biomethane) 

from HT treated CR. Increasing the pH (until neutral) value of HT process water (HTPW) with 

minimum phenolic compound can enhance biomethane production. Alkaline HT process can 

overcome this problem. Therefore determination of the most favourable alkaline hydrothermal 

process is also important for the highest recovery of bioenergy aiming to keep minimum ash in 

biocarbon. Alkaline HT pretreatment of CR can also enhance its degradability. MFW with low 

C/N ratio alone and CR with high C/N ratio alone can face inhibition problems during individual 

AD process. But their most advantageous mixture can maintain perfect C/N ratio to produce 

excellent amount of biomethane. Therefore co-digestion of MFW with CR can enhance 

biomethane and nutrients recovery. The composition of feedstock mixture is important for 

individual anaerobic co-digestion to maximize biomethane production. 

1.2 Objectives 

The main objective of this research is the development of a biomass conversion processes for 

low grade undervalued feedstocks to produce renewable energy and recover nutrients by 

improving basic understanding in hydrothermal pre-treatment and anaerobic digestion through 

following specific sub-objectives. 

The specific objectives of this study are: 

1. Anaerobic digestion of municipal food waste under batch conditions (controlled) to determine 

biogas production. 

2. Determine the most favourable hydrothermal process of corn residue for the foremost 

production of biocarbon and soluble organic enriched HTPW for excellent biomethane 

production in anaerobic digestion under batch conditions (controlled). 

3. Determine the suitable mechanical treatment process of corn residue to maximize biomethane 

production in anaerobic digestion. 

4. Determine the alkaline hydrothermal process for the highest hybrid useable bioenergy 

production (biocarbon and biomethane) and its comparison with mechanically treated corn 

residue. 
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5. Investigate the anaerobic co-digestion of MFW with mechanical, hydrothermal and alkaline 

hydrothermal treated corn residue as a means to improve digestibility with and without 

hydrothermal pre-treatment. 

1.3 Novelty of Research 

MFW and CR are presently undervalued bio-waste but they have high potential of bioenergy 

production as well as high nutrient contents in their AD digestate. To date, research on the 

foremost HT process determination for the outstanding production of useable biocarbon with 

good combustion properties and excellent biomethane production in AD process has not yet been 

studied. Also the most advantageous alkaline HT process determination for the highest amount 

of useable biocarbon and biomethane production from CR or LB also has not yet been studied. 

Research on MFW anaerobic co-digestion with HT treated CR or LB has yet not been studied. 

This study was a novel study for recovering the foremost bioenergy of biocarbon and bimethane 

from HT treated (non-alkaline and alkaline) CR alone and its co-digestion with MFW for further 

enhancement of their total bioenergy production from two undervalued bio-waste. The nutrients 

enriched AD digestate as biofertilizer in each case would reduce chemical fertilizer application 

in corn/crop fields. Using biocarbon as the substitute of coal and biomethane as the substitute of 

natural gas would reduce GHG emissions. On the other hand MFW and CR management 

problem would be solved. Available nutrients enriched AD digestate as biofertilizer would be 

used as the substitute of chemical fertilizer. Dual bioenergy and biofertilizer producers would 

have opportunity to use green energy and biofertilizer, manage environmental problems and 

opportunity to reduce MFW and CR management cost by saving tipping fee, receiving carbon 

credit or FIT benefit. The above three approaches are novel approaches in the circular economy 

concept of Ontario. 

1.4 Scope and limitation of the study 

This research comprises of five objectives mentioned in section 1.2. In the first objective MFW 

of a city was the substrate of laboratory AD. The hydro-mechanical pretreated MFW broth was 

used in laboratory AD which was collected about 1 to 3 days prior to process and after produced 

broth was stored for up to two days in a storage tank where some degradation may happened 

which was not considered. In the laboratory batch AD process, some inhibition would happen 
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compared to industrial AD plant in continuous system. Inoculum was collected from Toronto 

city MFW AD plant (digestate), which might contain some inhibition parameters. In the case of 

the second substrate, CR was collected from an Ontario corn farm during harvesting time, dried 

and stored before use. CR mechanical treatment of chopped and grinding, hydrothermal 

treatment and alkaline hydrothermal treatment were carried out based on available laboratory 

equipment. Some tests were carried out from laboratory services and Chemistry department of 

the University of Guelph. All AD experiments were carried out in laboratory which might have 

limitation to be precisely developed and its daily gas removal system might provide little 

variations in gas compositions. Co-digestion of MFW and hydrothermally and alkaline 

hydrothermally pretreated CR process water mixture were based on laboratory prepared samples. 

1.5 Structure of Thesis 

This thesis is divided into eight chapters for main research and one chapter of appendix. Each 

chapter represents individual separate paper format. Say as such information within the 

limitation of the objective framework. 

Chapter I contains the basic introduction of the complete research, research objectives, scope and 

limitation of the research, problem identification and achievements of the research. 

Chapter II represents the challenges and opportunity of lignocellulosic biomass for anaerobic 

digestion based on review of published literature. It identified available technologies for 

pretreatment of CR and LB to enhance biomethane production in anaerobic digestion. 

Chapter III represents the techno-economic assessment of Ontario CR based on information 

collection from corn growers and CR harvesting person, CR production experimental data, 

published reports (Government and universities) and data from published journal papers. It also 

discussed available CR harvesting technologies and storage facility in Ontario where it pointed 

out the fall harvesting CR for maximizing bioenergy recovery, minimizing the way of harvesting 

and storage cost and determined the way of the reduction of GHG emission from corn farms of 

Ontario. 

Chapter IV explains food waste scenario of North America and maximum biomethane and 

biofertilizer recovery from impure “as received” municipal food waste of a city. It also 
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represents the determination of perfect feedstock and inoculum ratio for batch anaerobic 

digestion for the highest biomethane production as the reference for next anaerobic digestion 

experiments. Nutrients present in AD digestate as biofertilizer also was determined. 

Chapter V represents the determination of the most favourable hydrothermal process of corn 

residue for excellent amount of both useable biocarbon and biomethane production. In this 

chapter combustion properties of biocarbons produced from various hydrothermal processes 

were investigated. Their counter soluble organics in process water were investigated for the 

highest biomethane production. Finally the most advantegeous hydrothermal process was 

determined considering the highest valued total bioenergy of biomethane and biofertilizer 

production.   

Chapter VI explains the alkaline hydrothermal pretreatment of corn residue for the foremost 

useable biocarbon and biomethane production along with excellent nutrients recovery in AD 

digestate as biofertilizer. It also represents the comparative biomethane and biofertilizer recovery 

from two mechanically treated corn residues. 

Chapter VII Explains the anaerobic co-digestion of MFW with mechanically threated corn 

residue, the process water of hydrothermally and alkaline hydrothermally treated corn residue. In 

both hydrothermal treatment cases the most advantageous process conditions were considered 

and their biocarbon co-products were separately evaluated for the foremost bioenergy 

production. In each co-digestion case the most favaourable composition of MFW broth and 

process water was determined for the highest biomethane production. Total bioenergy and 

biofertilizer production in all three co-digestions with the most favaourable feedstock 

composition were compared and determined the best CR pretreatment process for co-digestion 

with MFW for the highest bioenergy and biofertilizer recovery. 

Chapter VIII represents the overall conclusions of the research and recommendations of future 

works. 

At the end, chapter IX consists of appendix with overall research activities in photographs. 
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1.6 Contribution of present study 

Major contributions of this study are shown in Table 1.1 in summarised form. 

Table 1.1 Contribution of present study 

Serial Research gap Findings 

1 Limited study has been 

performed on the techno-

economic assessment of fall 

harvested corn residue.  

Fall harvesting corn residue of Ontario is techno-

economically beneficial to Ontario farmers if 

hybrid bioenergy of biocarbon and biomethane 

production facility will be available at the farm 

area. GHG emission can be reduced for this facility. 

2 Limited study has been 

performed on biomethane and 

biofertilizer recovery from 

impure MFW of “as received” 

condition of a city of Ontario. 

Determined the most favourable batch AD process 

to produce the highest biomethane and biofertilizer 

from impure MFW of “as received” condition in 

the circular economy concept. 

3 No study has been performed for 

hybrid bioenergy of useable 

biocarbon and biomethane 

production from hydrothermal 

pretreated wet CR or LB. 

Determined the most favourable hydrothermal 

process to maximize hybrid useable bioenergy of 

biocarbon and biomethane production. The strategy 

followed the Ontario circular economy concept of 

waste management. 

The most favourable hydrothermal process was 

found at 240⁰C for 30 min for excellent biocarbon 

and HTPW for biomethane production in wet 

condition. 

4 No study has been performed for 

hybrid bioenergy of useable 

biocarbon and biomethane 

production from alkaline 

hydrothermal pretreated wet CR 

or LB. 

Determined the most favourable alkaline 

hydrothermal process to maximize hybrid useable 

bioenergy of biocarbon and biomethane production. 

The strategy followed the Ontario circular economy 

concept of waste management. 

The most favourable alkaline hydrothermal process 

was found to be 1% NaOH at 240⁰C for 30 min for 

excellent biocarbon and AHTPW for biomethane 

production in wet condition. 

5 No study has been performed for 

both biocarbon and biomethane 

production from co-digestion of 

MFW with hydrothermal 

pretreated (non-alkaline and/or 

Determined the best co-digestion composition of 

MFW with mechanical, hydrothermal and alkaline 

hydrothermal treated CR for the foremost hybrid 

bioenergy production. 
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alkaline) wet CR or LB. Created options of three treatments of CR and their 

co-digestion with MFW to choose one based on 

available facility. The strategy followed the Ontario 

circular economy concept of waste management. 

The most favourable anaerobic co-digestion 

substrate composition was found at 1:3 to 1:1 

volume ratio of MFW with HTPW and MFW with 

AHTPW where total solid (TS) of raw CR was 

same as the TS of MFW during both HT processes 

at 240⁰C for 30 min for the highest biomethane 

production. 

The most favourable C/N ratio of HT process (non-

alkaline and alkaline) water and MFW mixture was 

found to be 18-22 during anaerobic co-digestion for 

outstanding biomethane production. 

Propos

ed 

study 

Continuous mechanical, 

hydrothermal, alkaline 

hydrothermal pretreatment 

process of CR. 

Continuous AD process of each 

mono-digestion and co-digestion 

with MFW. 

Researches on pilot scale continuous hydrothermal 

and AD processes for mechanical, hydrothermal, 

alkaline hydrothermal treated CR, their anaerobic 

co-digestions with MFW are recommended.  

Development of standing corn plant harvesting 

equipment coupled with grain harvesting facility 

(combine harvester) is recommended. 

 

1.7 Publications from present study 

1. Paul, S., Dutta A., 2017. Challenges and opportunity of lignocellulosic biomass for anaerobic 

digestion. Resources, Conservation and Recycling (under review: Chapter II). 

2. Paul, S., Dutta A., Defersha, F., Timmanagari, M., 2017. Techno-economic assessment of 

Ontario corn residues for hybrid bioenergy production. Sustainable Energy Technologies and 

Assessments (under review: Chapter III). 

3. Paul, S., Dutta A., Defersha, F., Dubey, B., 2017. Biomethane and biofertilizer from 

municipal food waste: A circular economy concept. Waste and Biomass Valorization (published: 

Chapter IV). 
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4. Paul, S., Dutta A., Defersha, F., 2017. Biocarbon, biomethane and biofertilizer from corn 

residue: A circular economy approach. Biomass & Bioenergy (under review: Chapter V) 

5. Paul, S., Dutta A., Defersha, F., 2017. Mechanical and alkaline hydrothermal treated corn 

residue to bioenergy and biofertilizer: A circular economy concept. Applied Energy (under 

review: Chapter VI). 

6. Paul, S., Dutta A., Defersha, F., 2017. Anaerobic co-digestion of municipal food waste with 

mechanical, hydrothermal and alkaline hydrothermal treated corn residue: An integrated 

approach (paper is under process for submission to a journal: chapter VII). 

7. Paul, S., Dubey, B. and Dutta, A., 2014, July. Evaluation of a Hybrid Approach of Food 

Waste Management. In 2014 Montreal, Quebec Canada July 13–July 16, 2014 (p. 1). American 

Society of Agricultural and Biological Engineers. 

8. Paul, S. and Dubey, B., 2013, July. Food Waste Composting Nitrous Oxide as GHG 

Emission. In 2013 Kansas City, Missouri, July 21-July 24, 2013 (p. 1). American Society of 

Agricultural and Biological Engineers. 
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Chapter II Challenges and opportunities of lignocellulosic biomass for 

anaerobic digestion
1
 

Abstract 

Global annual production of lignocellulosic biomass including undervalued agricultural residues 

and greenhouse biomass is about 181.5 billion tonne of which about 0.7% is in USA. This 

undervalued biomass has high potential to produce biogas in anaerobic digestion (AD). Among 

the various pre-treatment methods, hydrothermal pre-treatment of lignocellulosic biomass is a 

promising approach to increase biogas production in AD by adjusting its pH to neutral. However, 

higher carbon and nitrogen ratio (C/N) of lignocellulosic biomass are reported to be the major 

limiting factor for a higher biogas yield. Hence, the synergistic integration of low C/N ratio 

biomass with lignocellulosic biomass in an AD system appears to be a logical option to enhance 

biogas yield.  High moisture lignocellulosic biomass hydrothermal (HT) pretreatment and biogas 

production in AD have potential for renewable energy production with limited use of process 

energy. However, hydrothermal process temperature, AD substrate C/N ratio and its inhibitory 

elements are important parameters for optimum biogas production. Greenhouse biomass 

pretreatment in hydrothermal process can produce biochar, biogas and biofertilizer, which can be 

used as its input heat and nutrient source. Finally, the operation of greenhouse in this system can 

manage zero waste and reduce greenhouse gas (GHG) emissions and climate change. 

 

Keywords: Anaerobic digestion, Lignocellulosic biomass, Hydrothermal, Inhibition, Biogas 

2.1 Introduction 

Lignocellulosic biomass is currently undervalued biomass but it has high potential of biogas 

production. Present energy research trend focuses on production of alternative energy to mitigate 

environmental pollution from traditional energy [1]. Anaerobic digestion is the least energy-

consuming process among all bioenergy production technologies with GHG emission reduction 

benefit [2]. Lignocellulosic biomass such as agricultural residues (crop residues and manure), 

                                                 
1
 A version of this chapter has been submitted for publication as Paul, S., Dutta, A., 2017.  Challenges and 

opportunity of lignocellulosic biomass for anaerobic digestion. Resources, Conservation and Recycling (revised 

paper submitted after review). 
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wood and grass are promising sources of alternative energy [3]. Global annual production of 

lignocellulosic biomass is about 181.5 billion tonne, which is an abundantly available 

bioresource [4]. USA alone produces about 1.25 billion tonne annually where 30% is forest 

biomass [5] and it was estimated that sustainably harvestable agricultural residual biomass in 

2014 in Ontario would be 22.5 million tonne [6] where 12.78 million tonne is agriculture crop 

residue. Estimated annual agricultural crop residue in Canada is 69.25 million tonne, where 

18.44% is in Ontario [7]. In Canada corn, wheat, barley, canola, oats and soybeans crop residue 

composition are 19.40%, 32.67%, 17.89%, 14.25%, 7.65% and 4.39%, respectively of the total 

crop residue. But about 62% of Ontario crop residue is corn residue [7]. 

Greenhouse biomass is also known as lignocellulosic biomass which is the same as other 

agricultural crop biomass. In Ontario, 928,000 t of greenhouse biomass was produced in 2009 

[6]. According to the Canadian Encyclopedia online report of 2015, greenhouse crop production 

is emerging to reduce imported foods and meet consumer’s demand of fresh and healthy food in 

Canada [8]. Public and private research centers such as the Agriculture department, Agrifood 

Canada, Universities etc. are growing new varieties of different crops in greenhouses in 

controlled environment. In 2014 Greenhouse crop surface land area in Canada was more than 

2000 ha of which 1044 ha was in Ontario, 493 ha was in British Columbia, 235 ha was in 

Quebec and 116 ha was in Alberta. In 2014 about 44% of greenhouse crop lands grew 

vegetables, such as tomatoes (21.6%), cucumbers (11.2%), peppers (10.8%) and lettuce (0.5%). 

The rest of greenhouse land areas (56%) were under agricultural, horticultural and forest plants. 

Greenhouses are increasing due to the increasing food supply throughout the year in Canada and 

their heating cost is the highest operating cost to producers. In green houses, heat is supplied 

from non-renewable fossil fuels such as oil and natural gas with high cost and environmental 

impact. Therefore, several greenhouses switched to biomass burning as an alternative source, 

which again needs extra capital investment [9]. Till now, management of greenhouse 

biomass/residues through anaerobic digestion is rare in literature but it has the opportunity to 

change natural gas heating by biogas and apply digestate as nutrient to greenhouse crops if 

technology becomes available. Therefore, this paper is an attempt to summarize the challenges 

and potential pre-treatment methods of lignocellulosic biomass including greenhouse residues to 

produce biogas through anaerobic digestion techniques. This paper is also addressing inhibition 

parameters of anaerobic digestion, their mitigation approaches and limit of inhibition for safe 



19 

 

anaerobic digestion treatment of lignocellulosic biomass. Lignocellulosic biomass co-digestion 

with other substrate is also addressed to enhance biogas production. The knowledge about biogas 

production quality and quantity may encourage different biomass handling industries to produce 

renewable energy as well as GHG reduction. 

2.2 Composition of lignocellulosic biomass 

Lignocellulosic biomass is an alternative energy source, which is available to produce biofuels in 

North America. Wood, grass, agricultural residues, energy crops and forest residues are all types 

of lignocellulosic biomass [3]. Most of the plants are composed with three major components 

namely cellulose (38–50 %), hemicellulose (23–32 %), and lignin (10–25 %) [10]. Average 

values of these components of biomass used for biofuel production are shown in Table 2.1. 

Cellulose fibers are stabilized laterally by hydrogen bonds which stay between hydroxyl groups 

and produce linear chains. Cellulose chains are stiffened by hydrogen bonds and a crystalline 

structure is aggregated [31]. Hard wood contains higher amount of cellulose than soft wood. 

Cotton fibers are simple example of cellulose [32, 33]. Hemicellulose is complex structure of 

carbohydrate with different types of polymer e. g. the second most common polysaccharides in 

nature [22]. Unlike cellulose, hemicellulose is composed of combinations of pentoses and/or 

hexoses and glucose. Its source represents its chemical nature and in general, xylan is the 

dominant hemicellulose component of agricultural plants, such as grasses, straws and hardwoods 

[31, 33]. Lignin is a phenolic polymer of lignocellulosic biomass and when enzyme needs to act 

on the carbohydrate fraction of a lignocellulosic biomass, it creates a physical barrier [3]. 

Softwoods contain higher composition of lignin compared to hardwoods. Lignin provides 

structural strength of a plant and protects it from microbial attack. 

 

 

 

 

 

http://link.springer.com/search?dc.title=Hemicelluloses&facet-content-type=ReferenceWorkEntry&sortOrder=relevance
http://link.springer.com/search?dc.title=Hemicelluloses&facet-content-type=ReferenceWorkEntry&sortOrder=relevance
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Table 2.1 Composition of lignocellulosic biomass  

Biomass name Composition (%, dry basis) C/N ratio References 

Cellulose Hemicellulose  Lignin  

Rice straw 35-44 27-34 12-13 47-67 [7,11, 12, 13,14] 

Cotton straw 42 12 15 - [15] 

Cotton stalk 31 11 28 41 [16, 17] 

Wheat straw 38-42 20-27 20-22 50-60 [7,12, 13, 14, 18,]  

Soybean straw 38 16 16 50 [15, 19] 

Barley straw 38-48 21-25 11-26 71 [14, 15,19] 

Oats straw 33 23 21 95 [15, 20] 

Alfalfa straw 31 10 10 47 [15, 10] 

Rape seed straw 37 25 17 28 [20, 21] 

Corn stover 40 25-31 14-17 50-63 [7, 12, 13, 22] 

Corn cobs 45 25 15 123 [19, 23] 

Sugarcane bagasse 40-45 20-24 25-30 118-150 [7,12, 13, 22] 

Poplar 45 21 24 103 [19, 24] 

Pine 25-44 26-32 28-48 140 [7, 15, 19] 

Red maple/oak 39 33 23 250 [15, 19] 

Spruce 28-43 20-30 28-35 170 [7, 15, 19] 

Soft wood stem 40 30 30 511 [23] 

Switchgrass 36-45 28-30 12-26 90 [7, 12, 22] 

Miscanthus 38-48 19-30 12-25 77 [7, 14, 25, 26] 

Pea vines 40 10 9 120 [15, 19] 

Green bean  17 16 8 11 [27, 28] 

Grape stem - - 12 59 [15, 29] 

Tomato pomace 39 5 11 - [15] 

Tomato plant 39 29 12 35 [30] 

Cucumber plant 17 17 3 11 [27, 28] 

Pepper plant 18 12 8 13 [27, 29] 

 

2.3. Growth of AD plants in North America and Overall 

Installation of AD plants has increased rapidly in Ontario since 2012 for introducing the feed in 

tariff (FIT) program at farm level electricity production in combined heat and power (CHP) 

system.  Ontario farm installed biogas plants growth by number is shown in Table 2.2. There was 

only 4 AD plants in Ontario until 2012 which was rapidly increased to 35 in 2014 and 36 in 2016 

at farm level for introducing FIT in 2013. Ontario Government changed policy to allow farm 

ADs to use up to 50% off-farm substrate in 2013. Now farmers have opportunity to earn 20 $ t
-1

 

to 50 $ t
-1

 extra for receiving tipping fee from off-farm substrates. At present Toronto 

municipality of Ontario pays about 120 $ t
-1

 to landfill owners as a tipping fee for their waste 

diversion. This data was collected from Toronto AD plant visit. Until the end of 2016, total 

http://link.springer.com/search?dc.title=Hemicellulose&facet-content-type=ReferenceWorkEntry&sortOrder=relevance
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number of AD installed in Ontario was 71 whereas it was 186 in Canada. In USA and Canada, 

AD is mostly used for manure treatment at farm and municipal waste water treatment. In Europe 

number of installed AD in 2012 was 13812 of which 8700 was in Germany. This number was 

increased to 17358 in Europe and 10846 in Germany in 2016. Several AD plants are using for 

landfill gas mitigation purpose. Only one municipal food waste processing wet mesophilic AD 

plant is being operated in North America and it is in Toronto, Canada. 

Table 2.2 Growth of AD in Europe and North America [34-36] 

Country/ 

Province 

Number of installed AD in operation 

2012 2014 2016 

Farm Other Total Farm Other Total Farm Other Total 

Ontario 4 8 12 35 9 44 36 35 71 

Canada 13 117 130 47 120 167 51 135 186 

USA 192 1828 2020 239 1877 2116 259 1953 2212 

Europe - - 13812 - - 17240 - - 17358 

Germany   8700   10786   10846 

 

Food waste co-digestion with manure is being encouraged in farm AD to use its extra capacity, 

existing infrastructure and expertise. Farm ADs in Ontario are now receiving tipping fee and FIT 

benefit. Opportunity has been created for farm AD owners to produce renewable energy by 

receiving carbon credit in Canada, Europe, and USA. Asian and African countries use limited 

number of industrial sized (about 10,000 m
3
 volume) biogas plants but they are using small scale 

locally built biogas plants for familywise cooking and other purposes. China, India and Nepal 

stared national biogas program around 1950 and within 2009 they have about 17 million, 12 

million and 190 thousand biogas plants of 4 m
3
 to 10 m

3
 volume sizes made of masonry [37]. 

The African Biogas Partnership Program built 3660 number of biogas plants in Africa from 2009 

to 2015 using the technical assistance of the Netherlands Development Organization [38]. 

According to the report of Subedi, P.S., 2013 [39] of Winrock International, Bangladesh built 

23611, Pakistan built 2097, Indonesia built 5572, Vietnam built 140698, Cambodia built 17450 

and Laos built 2715 number of domestic biogas plant within 2012. 
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2.4. Challenges of lignocellulosic biomass in AD treatment 

Lignocellulosic biomass including greenhouse residues are rich in methane potential for 

anaerobic digestion but their complexity of biomass structure (contains 10-25% lignin) inhibits 

anaerobic digestion process [10]. Major crops grown in greenhouses are tomato, cucumber, 

paper and grape and they contain C/N ratio of 35, 11, 13 and 59, respectively (Table 2.1); which 

are of quite favourable ranges for AD. But for presence of lignin content they need pretreatment 

before AD for biogas production. Research in this area is needed for biomethane production, 

which can be used after in CHP to produce energy. This energy can be used as the heat source of 

greenhouses and its waste CO2 can be used as the greenhouse input. In an AD process methane 

yield decreases for increase of biomass particle size [40]. Although solid state AD (SS-AD) 

installation has been increased in the past decade for its low cost and environment-friendly 

technology, its methane yield and instability of the process are still two major challenges to run it 

commercially [41]. The complex structure of lignocellulosic biomass may be one reason, which 

can be overcome by pretreatment of feedstock and its co-digestion with other feedstock [40]. 

Now biorefineries are giving attention to utilize their final dispose in AD and integration of 

biogas production from the waste generated in a biorefinery plant, which is important for future 

direction [14].   Therefore biogas production from lignocellulosic biomass is a big challenge and 

to overcome its pretreatment is essential. On the other hand, current installed AD digesters are 

same as waste water treatment plant designed digesters, which have designed without 

pretreatment facilities to use for lignocellulosic biomass digestion [10].  Pretreatment of 

lignocellulosic biomass is discussed in the next section. 

2.5. Pretreatment of lignocellulosic biomass for biogas production 

Biogas raw materials are abundant as agricultural residue (rice straw, wheat straw, corn straw), 

greenhouse residues, agro-industrial waste, grasses, hardwood and softwood which are called 

lignocellulosic biomass. This biomass can work as raw materials of biogas production and they 

contain cellulose, hemicellulose and lignin [42]. Pretreatment is essential for cellulosic biomass 

to alter cellulose and hemicellulose (careful about lignin which produces AD inhibitory phenolic 

compounds, furfural and HMF) to more accessible enzymes [43,44]. For pretreatment, biomass 

becomes more porous but it may produce inhibition substances to anaerobic microbes [42]. A 
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unique pretreatment method for all lignocellulosic biomasses for different biofuel production is 

not available. Therefore various pretreatment methods are discussed in the next section. 

2.5.1. Methods of pretreatment 

Pretretment methods for biogas production from lignocellulogic biomass can be divided into 

mechanical, thermal, chemical, biological and hybrid combinations (Table 2.3 and Table 2.4). 

Chopping, milling, grinding and blending are examples of mechanical pretreatment.  Explosion 

of steam to biomass and thermal hydrolysis are examples of thermal pretreatment. Hydrolysis 

using acid, alkali and oxidising agents are chemical pretreatment and fungi used during methane 

production is biological pretreatment. Lignocellulosic biomass can be a potential substrate after 

appropriate pretreatment for biogas production [10]. 

In thermal pretreatment process, at 150-180
o
C the hemicellulose part is solubilized and some 

acid is produced [56]. However, in this case there is a risk of production of inhibitory products. 

Some phenolic (furfural) and heterocyclic compounds like hydroxyl methyl furfural (HMF) are  

produced during acidic condition of thermal pretreatment which are inhibitory substances for AD 

[57, 58] (explained in section 2.5.3). Another thermal process is steam explosion where high 

temperatures (up to 240
o
C) and pressures (up to 33.4 bars or 3.34 MPa) are applied for several 

minutes. Long pretreatment time produces more inhibitory products. Dilute acid hydrolysis such 

as sulfuric and nitric acid at 160
o
C to 220

o
C is used for lingnicellulosic biomass for few minutes 

[59, 60]. Concentrated acid can be used at low temperature but it has corrosive effect on reactor 

[61].  There is a risk to produce furfural and HMF in this process. Alkali hydrolysis refers to the 

use of various bases like NaOH, KOH, Ca(OH)2, aqueous ammonia and NH4OH [16, 43, 62-67] 

to avoid inhibition. On the other hand, oxidative agents such as hydrogen peroxide, ozone, 

oxygen or air, are used for delignification of biomass but this can create inhibition in digestion 

process [68]. As an alternative of steam explosion, hydrothermal treatment (wet oxidation) is 

being widely used. Here, air or oxygen works as an oxidizing agent to dissolve suspended 

component of biomass in water above 120
o
C for a period of 30 minutes [69]. In the case of the 

industrial process of high organic matter containing biomass, this hydrothermal treatment is used 

at high temperatures (150-350
o
C) and at pressure of 5-20 MPa [70]. Wet oxidation ruptures the 

crystalline cellulosic structure of biomass, which is successful for hard wood and wheat straw 

[71]. In the case of biological treatment, fungi are used to disrupt the cell wall of biomass [72]. 
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Table 2.3 Biogas production after pretreatment of wood biomass in wet AD 

Substrate 

name 

Pretreatment Digestion Methane 

yield 

Reference 

Type Condition Type Time 

(days) 

 Eucalyptus  Mechanical wood chip Mesophilic 14  0-14 

ml/g TS 

[45] 

Thermal 

 

Wood chip in hot 

water at 125
o
C for 

20 min 

Mesophilic 14 124 ml/g 

TS 

Steam explosion to 

chip at 25 atm,3 min 

Mesophilic 14 194 ml/g 

TS 

Chemical Wood chip in 1% 

NaOH with hot 

water at 125
o
C for 

20 min 

Mesophilic 14 134 ml/g 

TS 

Japanese 

cedar wood 

and Spruce 

Mechanical Wood chip Mesophilic  20-60 0 [46 - 50]  

Milled wood <1mm Thermophilic 45 30-80 

ml/g VS 

Thermal Steam explosion to 

chip at 4.5 MPa at 

258
o
C  for 5 min 

Mesophilic 20-60 180 ml/g 

TS 

Chemical 

 

Chip 6% Spruce 

wood in N-

Methylemorpholine 

N-oxide (NMMO) 

solution in oil bath at 

130
 o

C and 1 atm for 

15 h 

Thermophilic 45 150 ml/g 

VS  

Milled 6% Spruce 

wood NMMO 

solution in oil bath at 

130
 o
C, 1 atm, 15 h 

Thermophilic 45 295 ml/g 

VS 

7% NaOH at 5
 o

C, 

for 2 h 

 

Thermophilic 30 50 ml/g 

VS  

Biological Fungal for 8 weeks 

 

Mesophilic 20-60 0 

Birch tree Mechanical Wood chip Thermophilic  30 250 ml/g 

VS 

Chemical 7% NaOH at 100
 o

C 

for 2 h 

Thermophilic 30 649 ml/g 

VS  
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Table 2.4 Biogas production after pretreatment of straw biomass in wet AD 

Substrate 

name 

Pretreatment Digestion Methane 

yield ml/g 

VS 

Reference 

Type Condition Type Time 

(days) 

 

Rice straw, 

corn straw, 

corn 

stover, 

switch 

grass, 

wheat 

straw 

 

Mechanical Chopped into 3-5 

cm 

Mesophilic at 

22
o
C 

120 240  [10, 51 - 55]  

Mesophilic  

 

28-30 117-190  

Size reduced to 

0.088 mm  

 

Mesophilic 60 365  

Grounded to 25 

mm 

 

Mesophilic 24 200  

Green 

leaves and 

yard waste 

 

Non-treated 

 

As collected Mesophilic 30 41-55  

Chemical 8% NaOH Mesophilic 

 

30 472  

5% Ammonia Mesophilic 

 

30 316  

4% Urea Mesophilic 

 

30 178  

7.5% Rice straw 

in NMMO 

solution heat in 

oil bath at 130
o
C 

and 1 atm for 1 h 

 

Thermophilic 45 212  

Grounded to 25 

mm at 130
o
C with 

Ammonia  

Mesophilic 24 245  

 

2.5.2. Evaluation of pre-treatment methods 

Table 2.5 is prepared based on the pretreatment methods summarised in Table 2.3 and Table 2.4. 

Among all pretreatment technologies hydrothermal with alkali pretreatment appears to be a 

favourable technology for lignocellulosic biomass (non-woody such as crop residues) conversion 

into biogas in AD process. This pretreatment can help to keep feedstock’s pH close to neutral, 

which is depends on amount of alkali addition. The alkali addition should not exceed the 

inhibitory limit such as the maximum value of Na of 3000 mgL
-1

 and K of 12000 mgL
-1

 [73]. 



26 

 

Lignocellulosic biomass with higher moisture content is always considered as an undervalued 

biomass and it saves process energy in this pretreatment process. 

Table 2.5. Evaluation of lignocellulogic biomass pretreatment methods for biogas 

production  

Biomass 

type 

Pretretment effect on biogas production 

Mechanical Thermal Hydrothermal Chemical (alkali) 

and thermal 

Chemical (alkali) 

and hydrothermal 

 

Woody Lowest 

 

low medium high High 

Non-woody 

(crop 

residues) 

Lowest 

 

low medium high Highest 

 

2.5.3. Severity during acid hydrolysis of lignocellulosic biomass 

In the case of acid pretreatment, some AD inhibitory products such as furfural and HMF are 

produced, which create severity. In the case of acid pretreatment, dried milled biomass is 

presoaked in water and then it is submersed in an acidic solution at a certain temperature for a 

certain time and then it is neutralised before digestion [74]. This pretreatment process is 

normally affected by temperature, reaction time, liquid solid ratio, particle size and concentration 

of acid. These factors are responsible to sever the process which is represented by a severity 

factor. An index namely combined severity (R0’ or CS) is used to assess the effect of time, 

temperature and pH [75] where severity factor R0 includes time and temperature effects. Here CS 

= log R0 - pH and R0 = t.e
(T-100)/14.75

 where t is the time of the reaction in minutes and T is the 

reaction temperature in degree centigrade [76, 77]. For hydrothermal pretreatment, rice husk 

produced glucose and arabinose (xylan product) which stayed fairly constant with severity [78]. 

In case of hydrothermal acid pretreatment of rape straw, [76] it was found in a research that at 

combined severity (CS) of 1.3,  XMG (xylan + mannan + galacta) was recovered almost 

completely (82.37%) but glucose recovery was 77.8%. An experiment was carried out for 

determining the efficiencies of acid catalysts at a constant CS value for three acidic hydrolysis 

pretreatment of lignicellulosic biomass such as sulfuric acid, oxalic acid and maleic acid [79]. 

Among these three acids, melaic acid released the highest amount of sugar and also produced the 

highest amount of HMF and furfural. Oxalic acid produced the second highest value of these 
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materials. Sulfuric acid produced the least amount of glucose, furfural and HMF among these 

three acids. Anaerobic microbes have several restrictions to work properly and these restrictions 

are called inhibition, which need to be mitigated and they are discussed in the next section. 

2.6. Microbial functions during AD 

Anaerobic digestion process is completed in four steps of anaerobic oxidation namely, 

hydrolysis, acedogenesis, acetogenesis and methanogenesis. Hydrolysis is the first step where 

organics are converted into soluble molecules which are then hydrolyzed. In this process various 

facultative and obligate anaerobes produce extracellular enzymes such as cellulases, proteases, 

and lipases and these enzymes complete the hydrolysis process [80] as catalysts.  Walls of 

variable cells, cellulose and lignin compound degradation of biomass is very slow in this stage 

[81]. The second step is acedogenesis, which is sometimes termed as fermentation step produces 

hydrolyzed organics into volatile fatty acids, CO2 and H2 by acidogenic bacteria. In this stage 

intracellular enzymes are produced. Acedogenic bacteria have high growth rate and this can 

survive at a low pH, high temperature and high organic loading rate (OLR). This type of bacteria 

have 30 to 40 time higher growth rate than methanogenic archaea [82]. The third step, 

acetogenesis is fermented by acetogenic bacteria, which convert VFAs and alcohols into acetate, 

formate, CO2 and H2 [73, 81]. Syntrophic relationship with acetogenic bacteria and 

methanogenic archaea is critical to the overall performance of an AD process. The fourth step of 

AD process is called methanogenesis where two groups of methanogenic archaea work. First 

group named as aceticlastic methanogens convert acetate and formate into methane and CO2. 

The second group termed as hydrogenotrophic (hydrogen utilizing) methanogenic archaea 

converts some CO2 and H2 into methane [73, 81]. There is also another type of methanogen 

named as methaletropic methanogens who converts methanol into methane, CO2 and H2O. All 

groups together in stable condition produce about 65% methane and 35% CO2. The complete AD 

process with microbial activity is shown in Fig. 2.1. If VFA production is increased and pH went 

down for excessive functions of acedogenic and acetogenic bacteria, then methanogenic activity 

is slowed down [83]. 

In these four steps, AD microbial functions may be inhibited or slowed down by various factors, 

which is discussed in the next section. 
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Fig. 2.1. Microbial activities and anaerobic digestion process [73, 80-82] 

 

2.7. Inhibition during anaerobic digestion process 

Common inhibitors present in substrate during anaerobic digesters are ammonia, sulfide or 

sulfur, light metals, heavy metals, oxygen and organic compounds. Poor operational conditions 

also prevent the anaerobic digestion process [84]. During anaerobic digestion, acid forming 

bacteria and methane forming microorganisms (archaea) differ in their physiological and 

nutritional need, which needs to primarily balance the stability of the process [85]. 
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2.7.1. Ammonia Inhibition 

During the anaerobic digestion process, for the biological degradation of nitrogenous maters, 

ammonia is produced in both ammonium (NH4) and free ammonia (NH3) forms where free 

ammonia acts as a strong inhibitor in anaerobic digester [86]. Free ammonia nitrogen (FAN) 

production during AD process varies for the total ammonium nitrogen (TAN) and pH value of 

the substrate. Glucose degradation during AD process inhibits about 70% for 3500 mgL
-1

 TAN 

at pH 8.0 [87] and it becomes sever at 6390-7460 mgL
-1

 TAN at pH 7.4-7.5 for 197-230 mgL
-1

 

FAN [88]. An AD research [89] was carried out with alfalfa silage at pH 7.2 to 7.8 where TAN 

was increased from 1600 mgL
-1

 to 5000 mgL
-1

 by recirculating effluent which showed severe 

inhibition in AD process. Municipal organic waste digestion can produce optimum methane at 

pH 7.9 and 3300 mgL
-1

 TAN and it is reduced to half (50% inhibited) when TAN concentration 

increased to 5500 mgL
-1

. In the case of dewatered sludge digestion at pH 8.0, TAN 3000 mgL
-1

 

and FAN 400 mgL
-1

, biogas production was moderately inhibited but the inhibition observed 

severe at TAN and FAN value of 4500 mgL
-1

 and 800 mgL
-1

, respectively [90].  In the case of 

organic fraction of MSW digestion, 50% inhibition was observed for 3860 mgL
-1

 TAN and 215 

mgL-1 FAN for mesophilic and 5600 mgL
-1

 TAN and 468 mgL-1 FAN for thermophilic digester 

[91]. In AD process C:N ratio plays an important role for TAN and FAN concentration of 

substrate which works for NH3  inhibition. For C/N ratio of 25, 30 and 35 in co-digestion of 

wheat straw and manure provided stable TAN value of 712, 604 and 444 mgL
-1

 and FAN value 

of 9.1, 7.5 and 2.2 mgL
-1

, respectively. But for C/N ratio 15 in the same condition, TAN and 

FAN value were increased to 2614 and 223 mgL
-1

, respectively [92]. Optimization of C/N ratio 

of substrate can be achieved by the co-digestion process. FAN is a powerful inhibitor which is 

produced during AD process for higher pH value than 7.4, higher temperature like thermophilic 

condition and lower C:N ratio e.g. lower than 20 [86]. 

2.7.1.1. Counteract and recovery of ammonia inhibition 

Previous studies indicate that digestion toxicity can be minimized by lowering pH and FAN of 

substrate. A conducted mesophilic AD experiment by adjusting C:N ratio and pH to maximize 

biogas production by controlling TAN and FAN concentration  showed that at C:N ratio of 15 

and pH 6.5,  the best results were achieved [93]. For recovery of ammonia inhibition, the diluted 

manure substrate for AD treatment [94] produced high methane, which seemed to be the most 
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stable recovery process [95]. An AD research was conducted [12] with various substrates such as 

green waste, food waste, fruits and vegetable waste and paper waste with organic loading rate 

(OLR) of 7-10 kg VS/m3/day and various retention time up to 19 days and it was found that 

ammonia inhibition (accumulation) reduced 30% for C:N ratio 32 compared to C:N ratio 27 

controlled by OLR. Authors recommended to maintain increase higher OLR to reduce and 

overcome ammonia inhibition. Slaughterhouse waste substrate of 6000-7400 mgL
-1

 TAN was 

anaerobically digested using hollow fiber membrane and found 70% reduction of FAN 

concentration which stabilized the AD process and increased biogas production [96]. Air 

stripping is a proven technology for mitigating high ammonia concentration during AD process 

[97]. Use of inert materials such as zeolite, activated carbon, clay etc. in substrate can create 

immobilization of microorganism and reduce ammonia inhibition where natural zeolite works as 

ammonium ionic exchanger and reduces pH of substrate [98, 99]. 

2.7.2. Sulfide or sulfur inhibition 

During AD process sulfur of substrate remains in sulfate form, which is reduced to sulfide by 

sulfate reducing bacteria (SRB). High sulfur present in substrate is an inhibitor of AD process. 

Methanogens i.e. methane producing bacteria (MPB) have tolerance with SRB present in the 

substrate along with other inhibitory elements [100]. Sulfate reducing bacteria (SRB) works on 

sulfate and produces sulphide [101]. Authors found that the threshold value of C/SO4 ratios is 

1.60, which is 1400 mgL
-1

 SO4 from their research result. Producing of notorious/poisonous H2S 

gas, which is undesirable when biomethane is used in internal combustion enginene to produce 

electricity. 

2.7.2.1. Control of sulfide/sulfate toxicity 

Sulfur reducing bacteria (SRB) actions during acidogenic phase of sucrose AD in a laboratory 

was studied [102]. At 6.0 to 6.5 pH range, about 90% of sulphur removal efficiency can be 

achieved for 1200 mgL
-1

 value of sulfate concentration but in case of high sulphur concentration 

(> 2400 mgL
-1

) this efficiency can be reduced to 60%. Acidogenic stage can reduce sulphur and 

in this phase use of separate reactor can reduce sulphur compound at an earlier stage. To remove 

volatile sulfur from the AD substrate, an experiment was carried on [103] with pretreatment of 

substrate at 60
o
C temperature in presence of 0.6 mg H2O2 and 1.5 mg FeCl2/mg sulfide in 
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continuous process AD of activated sludge and it was found that, H2S, dimethyl sulfide (DMS) 

and methanethiol (MT) concentrations were reduced to 70%, 40% and 10%, respectively and 

produced biogas and methane production rate was increased to 20% compared to non-treated 

substrate.  A H2S production prediction was developed by scientists based on C:S ratio on a 

bioenergy feedstock [104]  where H2S in raw biogas can be kept at 2% (volume/volume) when 

substrate’s C:S ratio can be maintained to 40 or higher. 

2.7.3. Metal inhibition 

In the biological field, toxicity of salt to microorganism has been studied for several decades. 

Bacterial cells become dehydrated for osmotic pressure due to high salt (sodium toxicity) present 

in substrate [105]. In the influent of anaerobic digester, light metal including potassium, sodium, 

magnesium, aluminium and calcium are present. With the breakdown of organic matters 

(biomass) or adjustment of pH, these metals migrate into substrate and their cations create 

toxicity to the AD process [106]. Depending on their concentration value, substrate changes from 

low toxicity to sever toxicity. Heavy metals are not biodegradable but they can accumulate in 

substrate in a toxic concentration amount. Metal inhibition in ADs is a challenge, but also pose a 

severe challenge in utilizing “digestate”, especially heavy metals accumulate, posing toxicity to 

soil microbes. Heavy metals such as Cr, Co, Cu, Zn, Cd, Ni and Fe can disrupt the enzyme 

function [107]. 

2.7.4. Organic content inhibition 

Anaerobic processes are also inhibited by various organic compounds and their several organic 

chemicals. During the acid (NHO3) pretreatment in high temperature of biomass, hydroxyl 

methyl furfural (HMF) and furfural are generally produced [108] which are inhibitors in AD 

process. The concentrations of HMF becomes the highest during 0.5% HNO3  pretreatment and 

the highest concentration of furfural is produced by 1% HNO3 pretreatment of biomass (rice 

straw). If HNO3 concentration becomes greater than 2%, counter way furfural and HMF 

concentration (Table 2.6) for formic acid, levulinic acid, etc. are breaking down. As furfural is a 

stronger inhibitor than HMF [109], biomass pretreatment with 0.55 HNO3 will create a moderate 

inhibition to AD. Adjustment of pH by NaOH will cause nitric acid destruction to produce NO3 

which will increase nitrogen i.e, C/N ratio will be affected [110] and it will finally be affected on 
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the biogas production. Microbial acclimation with other inhibitory substances is also inhibitors to 

AD process. Lignin derivatives are highly toxic to methanogens when they are present with 

aldehyde groups [107]. 

Table 2.6 Furfural and HMF for nitric acid pretreatment of biomass [108] 

 

HNO3 concentration 

(%) 

Furfural production 

(mgL
-1

) 

HMF production 

(mgL
-1

) 

Solid recovery (%) 

0 - - 100 

0.2 - 480 51.74 

0.5 430 1140 51.18 

1 1090 870 42.98 

2 90 100 - 

3 70 40 - 

2.7.5. AD Inhibit limit 

Various researches have been carried out on AD, which suggest to be ensured to keep the 

inhibitory substances below their inhibition limit during AD process. Elemental determination of 

substrate/broth can ensure the inhibit limit shown in Table 2.7 of AD microbial positive activity 

[111]. Ammonia (both NH4 and free NH3 forms) can cause inhibition in AD system [80]. AD set 

up in mesophilic temperature can control this inhibition [112]. In AD digester, sulfate reducing 

(SRB) bacteria produces sulfide from sulfate mostly in the same condition of methane 

production which decelerates methanogenic activity and producing notorious/poisonous H2S gas, 

which is undesirable when biomethane is used in internal combustion enginene to produce 

electricity. It creates problem to operators as well as power generating engine [107]. Inuculum 

acclimatization is importanta before start up batch AD in the laboratory. When inoculum is 

stored at 4⁰C then it is needed to be acclimatized of inoculum at room temperature before add it 

to the substrate so that it can work properly. Otherwise a lag period will be needed and AD 

retiontion time will be increased. 
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Table 2.7 Inhibit limit of substances for potential cause in AD [73, 111] 

Substance Moderately inhibitive (mgL
-1)

 Strongly inhibitive (mgL
-1

) 

 

Calcium 1500-4500 8000 

Ammonia Nitrogen 1500-3000 3000 

Sodium 3500-5500 8000 

Magnesium 1000-1500 3000 

Potassium 2500-4500 12000 

Sulfur 200 200 

Zinc - 1.0 (soluble) 

Copper - 50-60 (total) 

Nickel - 30 (total) 

Chromium - 180-420 (total) 

Chromium VI - 200-250 (total) 

 

2.8. Opportunities for enhancement of biogas production in anaerobic digestion 

It can be seen from Fig. 2.1 that AD feedstocks are converted in four individual but tightly inter 

related steps to produce final product of biogas. The first step called hydrolysis is the most 

important step where biomass is hydrolysed by facultative and obligate bacteria to produce water 

soluble monomers from AD feedstock. For the strong structure of lignocellulosic biomass and 

presence of lignin, it is difficult to facultative bacteria to hydrolyse it properly. This may be one 

reason for low biomass production in SS-AD of non-treated biomass. The low methane yield of 

SS-AD is the primary challenge of a SS-AD operation [40]. But there is an opportunity to 

produce maximum amount of biogas if lignocellulosic biomass can be converted into water 

soluble organics of cellulose and hemicellulose derivatives without degrading its lignin content. 

A proper hydrothermal pretreatment can solve this problem. On the other hand, for maintaining 

optimum C/N ratio of 20-30 of AD feedstock, co-digestion of high C/N ratio containing biomass 

with low C/N ratio containing biomass can enhance biogas production. These two opportunities 

are discussed in next two subsections. 

2.8.1. Hydrothermally pretreated lignocellulosic biomass is an opportunity for AD 

Hydrothermal pretreatment of biomass is a new approach which is performed in a water 

submersed condition. Submersed biomass is heated in a confined system at 180-260
o
C 

temperature for 5 to 240 minutes (Fig. 2.2). Hydrothermal liquid of lignocellulosic biomass can 

produces biogas in AD process (Fig. 2.3).  
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Fig. 2.2. Hydrothermal pretreatment of lignocellulosic biomass in a subcritical reactor 

 

 

 

Fig. 2.3. Hydrothermal pretreatment and biogas production from lignocellulosic biomass 
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In hydrothermal process, water creates reactant, solvent and reaction environment even in 

subcritical condition. When biomass in water is heated up, cellulose (C6H10O5) is hydrolysed into 

glucose [113]. 

C6H10O5  + H2O    →  C6H12O6    (2.1) 

Then glucose (C6H12O6) is converted into hydrochar (coal like carbon) and water. Here 

exothermal reaction is occurred [114]. 

C6H12O6  →  C6H4O2 + 4H2O      (2.2)      

A typical HTC experiment of cellulose gave the following equational results [115]. 

C6H12O5  →  C5.25H4O0.5 + 0.75CO2 + 3H2O   (2.3) 

Biomass has complexity and heterogeneity and it can not be a well-defined reactant. Therefore 

equation 3 is not considered reaction by-products of any liquid organic [115]. In the hydrolysis 

stage, cellulose is converted into glucose; hemicellulose is converted into Xylose (C5H10O5), 

Arabinose (C5H10O5), Furfural (C5H4O2) and HMF (C6H6O3) in liquid. But Furfural and HMF 

are inhibitory to AD microbes. On the other hand, in liquid media lignin polymers such as 

Syringaldehyde (C7H4O2(OCH3)2)  and Vanilin (C7H5O2(OCH3)1) are produced which are hard 

to be degraded by anaerobic microbes [116]. According to above cases consideration for 

anaerobic digestion, glucose is easily converted into methane and CO2 [71]. Gas production 

during anaerobic degradation of any organic substance containing carbon (C), hydrogen (H), 

oxygen (O), nitrogen (N) and sulphur (S) elements may produce CH4, CO2, NH3 and H2S gases 

according to this theoretical formula of Tchobanoglous et al., 2014 [73]. 
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 For the hydrothermal pretreatment of biomass, biogas production is increased. A research result 

showed that biogas (from rice straw) production can be increased to 132% and 226% by alkali 

(NaOH) and hydrothermal (HT) pretreatment followed by alkali, respectively, compared to its 

untreated digestion [23]. HT process produces solid (hydrochar), liquid (aqueous soluble) and 

gaseous (mainly CO2) products. HT liquid has potentiality (contain about 40% of organic carbon 

at 260
o
C temperature) to be used for anaerobic digestion [33, 117] by adjusting its pH from 2.5 - 

3.5 to neutral. For AD treatment of biomass slurries produced after hydrothermal pretreatment, it 

is mandatory to add NaOH, for maintaining optimum pH for AD treatment [115].  Phenolic 

compounds have inhibition in anaerobic condition both in gas production and autoxidation in wet 

conditions [118]. For compounds with low pH (2.5 to 3.5) value [33] and high C/N ratio of HT 

pretreated lignocellulosic biomass, their co-digestion with low C/N ratio biomass can maintain 

optimum C/N ratio of AD digester to increase biogas production. 

Hydrothermal pretreatment of rice straw at 200
o
C and 1.55 MPa water vapor pressure for 10 min 

was carried out [119] to enhance methane production. Authors compared this result with 3% 

NaOH pretreatment of rice straw at 37
o
C (mesophilic temperature) for 120h. Authors observed 

that the pH value of hydrothermal process led to an increase in temperature to 225
o
C and found 

that for the same condition, pH decreased from 4.93 to 3.97. They pointed the reasons behind pH 

drop for oxidation of biomass containing sulfur, phosphorous and other minerals. However, 

authors increased pH value to neutral (7.0) by adding 5% NaOH and the pretreated biomass was 

set for mesophilic anaerobic digestion for 60 days where C:N ratio, TS concentration and 

substrate/inoculum ratio were 25, 5.0% and 1, respectively. The produced biogas was 2.0 times 

(double) the untreated biomass and CH4 content of produced biogas was about 1.5 times of CO2 

content (60% and 40%). Biogas production without pretreated, NaOH pretreated and 

hydrothermal pretreated of rice straw were 140.0 Lkg
-1

 VS, 184.8 Lkg
-1

 VS and 315.9 Lkg
-1

 VS, 

respectively [119]. 

Till now undervalued biomass such as food waste and greenhouse waste (lignocellulosic 

biomass) are paying tipping fee to bury them in landfills where GHGs (CH4 and CO2) are 

produced after decomposition but it has opportunity to produce CH4 in AD for various 

applications as a renewable energy source. For high C/N ratio and lignin content, lignocellulosic 

biomass alone will face inhibition problems during individual AD treatment. Another issue is 
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that there is not much concern about greenhouse biomass management in AD process. HT 

pretreatment with NaOH of lignocellulosic biomass is required to increase its biogas potentiality.  

2.8.1.1. Estimation of hydrothermal process input energy 

The energy required for heating up the biomass and water mixture of hydrothermal cylinder can 

be calculated as follows [120]: 

EHT = Q (kJ) = Cp (kJkg
-1

 K
-1

) x m (kg) x dT (K)     (2.5) 

Where, Q is the amount of heat energy gained or lost by biomass and water of HT cylinder in kJ, 

m is its mass in kg, Cp is the specific heat capacity of biomass and water mixture in kJkg
-1

K
-1

 and 

dT is its temperature change in K. 

The hydrothermal material is the mixture of biomass (dry matter) and water. Therefore, Cp of the 

mixture can be calculated as follows: 

Cp =  Cp, biomass x wtbiomass (%) + Cp, water x wtwater (%)    (2.6) 

Cp of water at 25⁰C is 4.18 Jg
-1

K
-1

, at 200⁰C is 4.51 Jg
-1

K
-1

 and at 250⁰C is 4.87 Jg
-1

K
-1

 [120]. 

For the simplicity of calculation, Cp value of 4.51 Jg
-1

K
-1

 of water can be considered for a 

biomass hydrothermal process. According to the research of Dupont et al., 2013 [121], the heat 

capacity of corn residue (CR) at 40⁰C (313 ⁰K) is 1.395 Jg
-1

K
-1

 which is linearly increased to 

1.610 Jg
-1

K
-1

 until at 80⁰C (353 ⁰K) and then decreased at a constant rate until 170⁰C (443 ⁰K) 

for exothermal reaction and again increased until 240⁰C (513 ⁰K) at quite similar rate for 

endothermal reaction. After 240⁰C the heat capacity of biomass becomes constant. Therefore, for 

the simplicity, energy requirement to heat up of biomass from 80⁰C to 240⁰C is not considered. 

But for heating up of water from 80⁰C to 240⁰C, energy is required. For hydrothermal treatment, 

the average value of Cp, for CR can be of [1.395 x 15 + {1.395 + (1.610-1.395)/40)}x40]/55 = 

1.399 Jg
-1

K
-1

. From 25⁰C to 240⁰C considerable dT value is 55. Therefore, total consumed 

energy of a hydrothermal process will be EHT + water heating up energy after 80⁰C (equation 7). 

In weight basis at 5% dry CR and 95%water in the hydrothermal process Cp value can be 

calculated as follows:  
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Cp = 1.399 X 0.05 + 4.51 X 0.95 Jg
-1

K
-1

 = 4.35 Jg
-1

K
-1

. 

EHT = Q (kJ) = 4.35 Jg
-1

K
-1

 X 55 K = 239 kJkg
-1

 of HT input slurry = 4.78 MJkg
-1

 of dry CR. 

Heating up of water from 80⁰C to 240⁰C need energy of 4.51x0.95x160 = 685.52 KJ which 

needs to add with required energy. 

Etotal = EHT + Ewater        (2.7) 

Here, Etotal is the total required energy for a hydrothermal process and Ewater is the energy 

required to heat up water alone from 80⁰C to 240⁰C. 

The required energy to run the hydrothermal process depends on the ratio of biomass and water. 

The increase of biomass content would decrease the EHT value. Increase the amount of water in 

hydrothermal reactor increase the EHT value for higher required energy for heating due to high 

specific heat capacity of water [120]. Therefore, determination of biomass and water ratio for 

minimum EHT value is important for a hydrothermal process. It also reduces the total input 

energy of a hydrothermal process. In two similar researches, corn husk and water ratio of 1:12 

and miscanthus and water ratio of 1:6 in hydrothermal process were used for good quality 

biochar production [122, 123]. Following the above Cp calculation, it can be estimated that for 

the hydrothermal process of 240⁰C for 30 min with 5%, 7.5%, 10%, 12.5% and 15% CR (dry) 

composition in water will require energy (EHT value) of 4.78 MJkg
-1

, 3.14 MJkg
-1

, 2.31 MJkg
-1

, 

1.81 MJkg
-1

 and 1.48 MJkg
-1

 of dry CR plus water heating up energy from 80⁰C to 240⁰C in 

each case, respectively to run the hydrothermal process. The heating up of water required energy 

for these composition of hydrothermal process are estimated to 685.52 kJ, 667.48, 649.44 kJ, 

631.40 kJ and 613.36 kJ of energy, respectively for above compositions, which are equivalent to 

13.71 MJkg
-1

, 8.90 MJkg
-1

, 6.50 MJkg
-1

, 5.05 MJkg
-1

 and 4.09 MJkg
-1

 of dry CR, respectively. 

The total hydrothermal process running energy would require of 18.50 MJkg
-1

, 12.04 MJkg
-1

, 

8.80 MJkg
-1

, 6.86 MJkg
-
1 and 5.57 MJkg

-1
of dry CR respectively.  Therefore, the hydrothermal 

process with maximum composition of biomass can use minimum hydrothermal process running 

required energy. When hydrothermal products are under water cooling system, then the product 

cooling process water can recover some heat and it can be used as the input water of the HT 

process. If this system is applied in a HT process then the HT process required energy will 



39 

 

reduce. For a simple estimate of 80⁰C of cooling process water can save hydrothermal input 

energy calculated from (4.51 X wt% of water X 55)/(wt% of dry biomass) in per kg dry biomass 

basis. Therefore, the energy requirement for a hydrothermal process of 240⁰C for 30 min can use 

less energy of 4.71 MJkg
-1

, 3.06 MJkg
-1

, 2.23 MJkg
-1

, 1.74 MJkg
-1

 and 1.41 MJkg
-1

 of dry CR, 

respectively for 5%, 7.5%, 10%, 12.5% and 15% CR (dry) composition in water. In this case the 

required net input energy can be calculated for these five compositions of CR to 13.79 MJkg
-1

, 

8.98 MJkg
-1

, 6.57 MJkg
-1

, 5.15 MJkg
-1

, and 4.16 MJkg
-1 

of dry CR, respectively. 

2.8.2. Co-digestion of lignocellulosic biomass with other substrates as an opportunity 

Two or more substrate mixing for enhancing biogas production is a technique known as co-

digestion. There is a potentiality to increase biogas production from high C/N ratio 

lignocellulosic biomass if it is co-digested with low C/N ratio substrates. Co-digestion of 

lignocellulosic biomass with animal waste can balance carbon and nitrogen ratio to optimize 

biogas production in commercial level because mono-digestion produces low biogas for digester 

instability [124]. Cellulose content, hemicellulose content and C/N ratio of rice straw, wheat 

straw, corn stover and switch grass are 32%, 24% and 47; 38%, 21% and 60; 37%, 22% and 63; 

and 38%, 26% and 93 respectively [12], which have high potential of biogas production with co-

digestion of other suitable substrates. Biogas produced in co-digestion of two biomass is shown 

in Table 2.8. 
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Table 2.8 Biogas production in co-digestion of biomass with other organic in wet AD 

Substrate 

name 

Co-digestion substrate Digestion Methane 

yield 

(ml/g VS) 

Reference 

Name Condition Type Time 

(days) 

Rice straw, 

Wheat 

straw, 

Barley 

straw, corn 

straw 

Swine 

manure 

Continuous flow Mesophilic 30 300-350 [125 - 128]  

Cattle 

manure 

 

Continuous flow Mesophilic 100-120 340-380 

Batch Mesophilic 28 200 

Switch 

grass 

Swine 

manure 

Dry digestion Thermophilic 62 337 [129] 

Grass 

silage 

Cattle 

manure 

Semi-continuous Mesophilic 20 268 [130] 

Crop 

silage 

Cattle 

manure 

Semi-continuous Mesophilic 20 249 [10]  

Corn 

Stover 

Chicken 

manure 

Semi-continuous Mesophilic 24 223 [131] 

 

Lignocellulosic biomasses are rich in  methane which serves as a great potential for anaerobic 

digestion but their high value of C/N ratio and complexity of biomass structure (contains of 10-

25% lignin) inhibits anaerobic digestion process when it is used for mono-digestion [10]. Typical 

lignocellulosic biomass such as corn stover, wheat straw, switch grass and bagasse contain C/N 

ratio of 63, 60, 90 and 118, respectively [12, 55, 131]. Co-digestion of hay with soybean 

processing waste at 25:75 ratio was investigated in a solid-state AD process for biogas 

production which produced methane yield of 258 Lkg
-1

 VS. This co-digestion obtained 50% and 

148% more biogas production compared to 100% hay and 100% soybean processing waste, 

respectively [132]. Co-digestion of barley straw with pig manure can produce 233.4 Lkg
-1

 VS 

but it can produce only192.0 Lkg
-1

 VS when it is co-digested with cow manure [133]. Corn 

stover and dog food (expired) at equal ratio (1:1) can produce methane yield of 304.4 Lkg
-

1
 VS which led to an increase of 129% compared to corn stover alone and 9% compared to dog 

food digestion alone [134]. In case of various crop residues anaerobic co-digestion with manure, 

MSW and slaughter house waste at equal ratio (25% each w/w) of individual substrate can 

produce 655 Lkg
-1

 VS methane (the highest) in thermophilic batch assays [135]. Rice straw with 

swine manure, wheat straw with chicken manure, corn stover with chicken manure and crop 

silage with cow manure can produce 350, 235, 223-298 and 249 Lkg
-1

 VS methane, respectively, 
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in AD co-digestion process with optimum C/N ratio. In the case of mono-digestion, corn stover 

alone can produce 132 Lkg
-1

 VS methane [55], yard waste alone can produce 41 Lkg
-1

 VS 

methane [136], grass silage alone can produce 60 Lkg
-1

 VS methane [20], switch grass alone can 

produce 117 Lkg
-1

 VS, wheat straw alone can produce 124 Lkg
-1

 VS methane [55] and leaves 

alone can produce 55Lkg
-1

 VS methane [136]. However, several energy crops such as maize 

(corn), wheat, sorghum, sunflower and grass have the potential methane content of 291-338, 

351-378, 286-319, 231-297 and 286-324 Lkg
-1

 VS, respectively [137]. Lignocellulosic biomass, 

especially energy crops are mostly rich in carbohydrates (which means more carbon content) 

[128, 138] and animal waste such as chicken manure contains high organic nitrogen [124, 131]. 

Therefore, both lignocellulosic biomass and animal wastes contain inappropriate C/N ratio which 

is responsible for low methane production in their mono-digestion. Co-digestion of 

lignocellulosic biomass with appropriate animal waste for optimum C/N ratio can maximize 

methane production [128]. The yield of biogas from swine manure obtained the highest value 

when it was co-digested with three lignocellulosic biomasses such as corn stalk, wheat straw and 

oat straw by maintaining C/N ratio at 20 [139]. One of the main reasons for higher methane 

production from co-digestion of manure with lignocellulosic biomass compared to manure alone 

is to easily increase the degradable part of VS in substrate. This is because the easily degradable 

portion of VS of animal eaten food is digested in the stomach of animals and the tough 

degradable portion of VS stays in their manure. Therefore, when mixing lignicellulosic biomass 

with manure, the easily degradable portion of VS increased [130]. Food waste co-digested with 

sewage sludge produced a high yield of biogas of 708 Lkg
-1

 VS [140]. 

2.9. Conclusions and recommendations 

The reviewed literatures conclude as follows: 

 Lignocellulosic biomass is rich in methane potential for anaerobic digestion but its high 

value of C/N ratio and complexity of biomass structure (contains 10-25% lignin) inhibits 

anaerobic digestion process when it is used for mono-digestion. 

 Combined acid and hydrothermal pretreatment in high temperature produces alcoholic 

compounds such as phenolic compounds, furfural and HMF which are inhibitors to 

anaerobic digestion but combined alkali and hydrothermal pretreatment in a suitable 

temperature can reduce this risk. 
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 Suitable combined pretreatment (two or more pretreatment methods) produces higher 

methane yield, reduces pretreatment severity and higher digestion of biomass compared 

to use single pretreatment method. 

 Anaerobic co-digestion of lignocellulosic biomass with another suitable nitrogen rich 

biomass has high potentiality of biogas production. This undervalued biomass anaerobic 

co-digestion with a suitable nitrogen rich biomass can maintain optimum C/N ratio. 

Intensive study about this type of co-digestion is needed. However, when hydrothermal 

pretreatment of lignocellulosic biomass is co-digested with low lignin substrate, its 

biogas productivity is increased. 

 The hydrothermal process of maximum composition of biomass can use minimum 

hydrothermal process running energy. The hydrothermal products’ cooling water can 

recover some heat which can be used in hydrothermal process to reduce input energy. 

Biochar produced in hydrothermal pretreatment process is a coal like product which can 

be used as a potential substitute of coal. After separation of biochar, hydrothermal 

process water can be used for biomethane production to recover maximum bioenergy 

from a biomass where optimum hydrothermal process condition is important. 

 A pretreatment process increases cost of anaerobic digestion plant and this cost is further 

increased when combined pretreatment is introduced. Additional equipment, materials, 

technology and resource persons are required. A techno-economical study is needed for 

single pretreatment, combined pretreatment and co-digestion of lignocellulosic biomass 

with various other nitrogen rich substrates. 

 Some greenhouse biomass contain low C/N ratio, which is favorable for AD but its 

complex structure with lignin needs proper pretreatment. However, pretreatment of 

greenhouse biomass in an optimum hydrothermal process for maximum biochar and 

biogas production, use of biogas in CHP system, and capturing of the exhaust CO2 gas to 

use for the greenhouse plants can reduce the green house operating cost. On the other 

hand, AD digestate is a liquid bio-fertilizer, which can be applied to the greenhouse 

plants. Finally greenhouse can run with zero waste management strategy with minimum 

running cost, and reduce GHG gas emissions and climate change. 
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Chapter III  Techno-economic assessment of Ontario corn residues for 

hybrid bio-energy production
2
 

Abstract 

Corn residues (CR) contain high moisture in fall and farmers keep it unharvested until next 

spring for its natural drying. Canada produces about 10.7 Mty
-1

 of grain CR of which 62% is in 

Ontario. CR contains 70% more available carbon than any other grain crop residues. Ontario 

farmers traditionally use a portion of CR for livestock bedding and cattle feed but the rest is kept 

unharvested which can affect the following year’s seed placement, delay planting and damage to 

equipment. Potential soil erosion, carbon sequestration, and nutrient removal concerns might be 

considered before CR harvesting. Hydrothermal carbonization (HTC) of wet biomass can 

produce energy dense solid bio-fuel (bio-coal) and its processed water (PW) has the potentiality 

to produce energy and nutrient recovery in anaerobic digestion (AD). This study reported the 

results of various experiments performed on non-rooted fall 2015 harvested CR of an Ontario 

farm. Physical characterization, proximate, and ultimate analysis of collected CR were carried 

out and HTC PW was analyzed and used in AD to recover energy and nutrients. This research 

showed about 78% energy as useful energy along with nutrients (N, P, K, S, Ca, Mg and Na) of 

wet CR are recoverable without drying. Corn roots with 6-10 cm stalks, cobs and husks can be 

kept in the soil to recover soil organic matter (SOM) and soil erosion protection. The process 

indicates the sustainable CR harvesting in fall with possibility to reduce 75% of existing 

harvesting cost and reduction of greenhouse gas (GHG) emission. 

Key words: Bioenergy, Bio-coal, Hydrothermal, Corn stover, Greenhouse gas, Anaerobic 

digestion. 

3.1 Introduction 

The bioeconomy of Canada enhances economic opportunity to farmers and processors to 

manufacture bio-based products as new products for additional markets. Farmers now need to 

change new uses of crop residues and manure as a resource which were considered “waste” in 

                                                 
2
 A version of this chapter has been submitted forpublication as “ Paul, S., Dutta, A., Timmanagari, M., Defersha, F., 

2017. Techno-economic assessment of Ontario corn residues for hybrid bioenergy production.Sustainable Energy 

Technologies and Assessments (paper is under review). 
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the past. Biomass conversion into heat and power is the replacement of coal, petroleum and 

nuclear fuel. In case of agriculture, bioenergy can be produced as biogas from anaerobic 

digestion of manure and crop residues. Biogas can produce heat and power from its combustion. 

Livestock manure, crop residues and agri-food processing wastes are the main feedstocks for AD 

to produce biogas [1]. The new provincial policies permits to sell produced electricity to local 

utilities and upgraded bio-methane to natural gas companies. 

Greenhouse gas (GHG) emissions can be reduced by producing renewable fuels from crop 

residues, food wastes and manures because they are carbon neutral based on the Canada's 

Renewable Fuels Strategy. The strategy can support the growth of domestic biofuels industry 

along with commercialization of new technologies to produce biofuels. Rural communities and 

agricultural producers will get new market opportunities [1]. Increase of carbon dioxide (CO2) in 

the atmosphere is a threat of climate change, which can be reduced and offset of fossil fuel 

combusted CO2 emission.  Biofuels are renewable energy which can be produced from biomass 

can reduce atmospheric CO2 and it is an important strategy for the reduction of global 

atmospheric CO2. 

The aboveground material of the corn plant left in soil after its grain harvest is known as corn 

stover (corn residues), which is  a primary biomass source [2, 3] and it is referred to as 

agricultural waste or “trash” for its minimal economic value [4].  Although a large amount of 

corn stover is produced, for traditional practices it is not being collected like other crop residue 

[5]. 

3.1.1 Sustainable corn residue removal 

Corn (Zeya mays L.) stover is a potential biomass to produce bioenergy that could reduce foreign 

oil dependency. USA is producing about 196 - 254 Mt of corn stover annually of which 30% is 

safely collectable while the rest is kept in the field for soil organic carbon (SOC) recovery along 

with protection of water and wind erosion [5, 6]. In the formation of soil organic matter (SOM), 

a portion of crop residues keeping in the farms is important. It also protects wind shear erosion of 

soil from rain drops and water runoff. The average corn stover production in North America is 

about 25 t ha
-1

  and keeping 3 t ha
-1

  (12%) unharvested can protect water and soil erosion. The 

greater value of SOC means to keep greater C and N sequestration in the soil. Research on corn 
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production also indicated that corn residue removal from row or complete removal of residue 

from farm could increase grain yield [7, 8]. Clapp et al. [9] did continuous research for 13 years 

about SOC in 0-15 cm depth of soil for corn stover that was removed and kept in the field and 

found no difference for tilling annually by mouldboard or chisel plow. On the other hand, for 

coverage of crop residue, land becomes excessive wet and cold, poor seed placement and poor 

weed control yield is decreased [7] but it protects soil erosion and conserves soil water. With 

mouldboard plowing, Reicosky et al. [10] carried on a 30 years’ research about returning 

aboveground corn stover and removing silage and found no measurable difference of soil SOC 

between two methods of cultivation. 

Below ground (root stored) carbon measurement is difficult but root debris contribute more C to 

SOM [11]. Unharvested corn residue provided 5.04 to 5.27 t ha
-1

 y
-1

  C into soil whereas, 

aboveground corn stover provided 2.66 to 2.93 t
 
ha

-1
 y

-1
  C into soil [5].  About 11% of 

aboveground and 37% of root C retains as SOM [12]. Therefore aboveground residue of corn 

plants contribute less C to SOC than root although aboveground total dry materials is 5.5 times 

more than root materials of corn [13]. On the other hand only one third of residue derived C in 

soil remain after 1 year [14].  Corn stover contains 14 to 18.9% lignin, 37.5 to 40% cellulose, 

26.1 to 31% hemicellulose and 0.4 to 1% nitrogen [15, 16]. 

Blanco and Lal [17] studied the effect of stover removal and SOM reduction for four years and 

found that 100% stover removal reduced 0.82 t ha
-1

   total N  in case of silt loams soil but it had 

had no effect in case of clay loam soil in the depth of 0-15 cm from the surface. Overall 

consideration is at least 25% stover removal is safe but to remove more is needed for long term 

research. In Canada (Quebec) about 8 kg t
-1

 N, 1.31 kg t
-1

 of P and 12.03 kg t
-1

 of K were 

removed in dry basis for corn dry stover harvested [18]. Laird and Chang [19] studied on the 

impact of aboveground crop residue removal from 0 to 90% on SOM for 19 years (12 years for 

corn and 7 years for soybean) and found that up to 15 cm depths from soil surface, farms with 

residue remove contained 12% less SOC, 12.6% less total N, 7.3% less cation exchange capacity 

and 12.3% less total respiration, respectively compared to non-removed residue farms in silt 

loam soil. These impacts were observed minimal for the 15–30 cm depth soil samples. Removal 

of corn stover reduces GHG emission especially, CO2 and N2O and also decreases soil C and N 

input [20]. Declines in soil quality indicators due to residue harvesting were only slightly less 
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severe for no-tillage plots relative to chisel and moldboard plow tillage plots. So, stover 

harvesting caused to soil degradation, which can be recovered by management practices to 

increase SOC inputs. Corn stover (roots, stalks and leaves) contains at least 1.7 times more C 

than other cereal crops [21]. Although most of the research focused on aboveground corn 

residue, the root is important for C input in soil. Aboveground corn residue contains high N, 

which can leach NO3
- 
as a cause of soil acidity. It also generate N2O, a GHG of more than 300 

times CO2e global worming potential (GWP) as well as CH4 another GHG of 21 times CO2e 

GWP [16]. 

Long term research on the effect of crop residue removal on Canadian soils is limited [22], 

which is important for use of crop residue biomass for energy industry and addressing this 

potentially serious shortcoming becomes even more important as the use of agricultural biomass 

for the emerging bio-energy industry is being promoted. Therefore knowledge about residue 

removal impact on soil quality is important especially, in commercial scale [23]. In the case of 

silage corn harvest most of the aboveground corn stover is removed but for grain corn stover 

harvesting, a portion of stover (25 to 50% at current practice) is removed. Specific component of 

corn plant nutrient content is important. 

3.1.2 Sustainable corn residue harvest costing 

To cover fixed and variable costs the break-even point (BEP) for crop residues harvesting is 

important. In Ontario, BEP for corn stover is 57 to 87 $ t
-1

 [23] including nutrient cost and 

nutrient cost can be as high as 22.73 to 34.09 $ t
-1

 [18, 24]. At least 20 to 30% of produced 

biomass is needed to be harvested for an economical harvesting operation [25]. Although Canada 

is producing 10.7 Mt of corn residue including 62% in Ontario (6.6 Mt) but its 30% is the 

suggested amount, which is about 2 Mt y
 -1

 [16, 26]. In all provinces of Canada and the northern 

states of USA, corn is harvested during the end of October to November when stover contains 

more than 30% moisture [27] but corn stover application such as animal bedding, cellulosic 

ethanol and sugar plants, combustion for fuel need less than 15% moisture. It is impossible to 

reach this low moisture by natural drying in the fall [28] and as an alternative of fall harvesting, 

it is harvested in the spring with 25 to 30% dry matter loss [29]. 
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Limited research is available for Ontario fall wet corn stover harvesting for cost determination 

with single pass forage chopper wagon collection and storage system. As an example corn stalk 

moisture during a typical grain harvesting period (fall) is 56% to 69%, for the whole 

aboveground stalk. A single-pass corn and stover harvester that can collect cob, husk and the 

entire stalk can harvest 100% of the available stover with 48% to 64% moisture [30]. Recently a 

portion of corn stover is being considered to be collected for cellulosic ethanol and sugar 

production (since 2014 in Ontario) where importance is given to collect the upper portion of the 

plant considering it as “waste” with paying nutrient recovery cost. Harvesting cost is considered 

for raw materials collection of ethanol and sugar plants. In Ontario and other corn growing 

provinces of Canada, corn stover dry down in the field is considerably limited in the fall with 

prevailing wet and cold climate. Just after harvesting grain by combine, stover contains excess 

moisture and is left it on the ground unharvested during the winter. To collect dry stover, it is 

harvested in the spring and it also protects soil erosion for leaving the residue but its yield is 

reduced (average 21%) for natural degradation [31]. For short day length and low ambient 

temperature drying is slowed down, a short stover harvesting window between grain harvest and 

snow fall starting, soil is mixed with stover during shredding and raking operation and it contains 

less dry mass during the fall, farmers harvest their stover in the spring. If these problems can be 

eliminated then fall harvesting can produce cleaner stover. 

Harvesting wet corn stover eliminates the need for field drying to harvest soon after combine 

operation, eliminating the raking operation and finally reduces harvesting cost. Use of forage 

harvester also eliminate windrowing, baling, bale gathering, staging, loading and unloading 

operations and there is less of a chance of soil contamination [28]. The three-pass current wet 

stover harvesting system are grain harvesting, shredding and chopping which creates soil 

compaction. A modified shredding and merging of stalk and leaves device could be integrated 

into the corn head of the combine. The crop unit of a combine further could be modified to chop 

and blow the stover fraction into a container which can be pulled beside the grain harvester. The 

system will work as a single-pass system and this system can reduce 26.5% (30.8 $ t
-1

 instead of 

41.9 $ t
-1

 dry stover) of stover harvesting cost compared to conventional system [32].  

Sugar and ethanol plants charge two penalties such as more than 5% ash (db) and 35% (wb) 

moisture content to reduce their pre-treatment cost, which are two major constrains to farmers. 
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For keeping stover on the ground and moving all types of harvesting equipment, soil compaction 

occurs and soil is mixed with stovers. For that reason, Wright [33] found 23.3% (db) ash in 

round baled corn stover in a South Dakota farm. Ontario corn stover sometimes may contain 

15% to 20% (db) ash which is a loss for farmers. As an example, a typical database “Excerpt 

Canmet Agricultural Biomass Database” mentioned that two samples of corn stovers contained 

14.30% (db) and 9.95% (db) ash respectively, in Ontario [16]. In both sugar and ethanol 

industries hemicellulose and cellulose portion of the corn stover is useable but lignin and 

nutrients are considered as waste. Lignin can produce bio-coal which can be an alternative of 

coal. Research on Ontario corn stover is very limited in recovery of both energy and nutrients, 

which in most of the cases is considered waste. But both energy and nutrient sources can be 

recovered as solid bio-fuel (bio-coal), biogas and liquid bio-fertilizer (digestate of AD). 

In this research, use of corn stover is emphasised to recover both energy and nutrients. 

Hydrothermal carbonization (HTC) produced bio-coal, which is comparable to coal. Its process 

waste water contains carbon and nutrients, which can be used in anaerobic digestion to produce 

biogas and its digestate for bio-fertilizer. For this process, corn stover does not need to dry up 

and it can be harvested directly with grain harvesting time (fall) by the silage harvesting machine 

and can be stored at the farm side storage. Both hydrothermal and anaerobic digester facilities 

can be installed near the farm to produce bio-coal and biogas and liquid digestate can be applied 

to the same farms which will return back a portion of SOC and SOM (nutrients).  

Ontario stover pricing is based on the cost of harvesting, stover transportation to ethanol/sugar 

industries, storage and replacement of nutrients into soil. This research will assess the new stover 

pricing at the farm gate to consider it as zero waste with optimum renewable hybrid bioenergy 

production with the scope of reduction of GHG emission, and reduction of cost for dockage 

penalty for excess ash and moisture content of stover. 

3.2 Materials and Methods 

3.2.1 Fall corn stover yield 

Complete corn plant sample was manually harvested from a Woodstock farm during fall 2015 

harvesting time (05 November, 2015). Plants were cut off at 6 to 10 cm above ground. Row to 

row distance and plant to plant distances were measured by measuring tape. Harvested plants 
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were collected in large sized plastic bag so that no soil could mix with it. Plant height and 

spacing were measured from different places of the farm. Harvested plants were brought into 

Biorenewable and Innovation Laboratory of the University of Guelph, Ontario and immediately 

ears were separated from plants, then leaves and tassels were cut off from stalk and weighted. 

Kernels (grain) and husks were separated from cobs and their weights were measured. Then all 

of these components were dried up at 103
o
C ± 2

o
C for 24 hours and additional 48 hours (total 72 

hours) to follow ASABE standards, 2008 [34] to find out moisture content and dry matter. The 

dried sample was stored in Ziploc plastic bag for laboratory experiments. The yield of grain and 

aboveground corn stover was estimated for fall 2015 to determine the yield of the farm. In this 

paper all results are mentioned for dry corn stover. For the sustainable corn stover harvesting, 

leaves, stalk and tassels were considered as corn stover for further laboratory experiments. 

3.2.1.1 Harvesting Index (HI) 

The ratio of grain yield (G) and total combined G plus aboveground vegetative residue (V) i.e. 

total corn stover is called harvest index (HI) [23]. The HI of five samples of 10 plants was 

determined in the laboratory. Grain yield was determined by the standard 1000 kernels weighing 

method. 

HI = {G/(G+V)}         (1) 

V = {G/(1-HI)/HI}         (2) 

3.2.1.2 Three conventional corn stover harvesting methods 

Field operations for a) wet stover harvesting and baled system b) dry stover harvesting and baled 

system and c) wet chopped stover and forage wagon system were considered to determine 

harvesting costs from published literature. In case of chopped and wagon system, immediately 

after grain harvesting by combine, stover is shredded, windrowed and chopped by a forage 

chopper and the copped material is collected in the side dumping wagon. The chopped stover is 

finally dumped into known volume trucks. On the other hand, both wet and dry harvested and 

baled methods’ operational orders are mostly the same. Only wet harvesting and baled method is 

carried on just after harvesting of grain in fall but dry harvesting and baled method is carried on 

in spring when after shredding, stover is kept in the land for several days to dry up. The orders of 
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field operations of corn stover harvesting in these three methods are shown in chronological 

order in Table 3.1. 

Table 3.1 Field operations in chronological order for three conventional CR harvesting 

methods  

Operation 

in order 

Wet stover harvesting 

and baled (fall 

harvesting) 

Dry stover harvesting 

and baled (spring 

harvesting) 

Wet chopped and wagon 

collection (fall harvesting) 

1 Shredding Shredding Shredding and merging 

2 Raking into windrow Drying (sun drying) - 

3 Wilting Raking into windrow Wilting 

4 Bale Bale Chopping-windrowing 

5 Gathering and bale 

loading 

Gathering and bale 

loading 

Dumping into wagon 

6 Transport Transport Truck filling and transport 

7 Unloading, wrapping and 

storing 

Unloading, wrapping and 

storing 

Ensiling for storage 

3.2.2 Spring time harvesting of corn stover 

In Canada mostly the spring harvesting is being practised for reducing moisture content. Corn 

grain is mostly harvested during the fall but stover is kept in the farm where it is dried up in the 

spring and it is harvested at the end may to early June. A corn grower cum harvesting machine 

(chopper, rake, windrower and baler) owner from the county of Alma near Elora, Ontario was 

selected and visited to collect corn stover harvesting and storage related data for both spring and 

fall harvesting. A series of machine such as chopper, rake, windrower and baler are used for 

harvesting corn stover. Data about stover production, harvesting and storage loss, cost of 

harvesting and storage was collected. The current corn stover harvesting system follows several 

steps after grain harvesting by combine. Shredder is used to shred corn stalk then it is kept for 

several days for field drying, then raking machine is used to line it up into a windrow, the baler is 

used to make into bales (round or square). Then bales are gathered, loaded into a truck and 

transported   to storage, unloaded and stored in the storage (open or structured). Though 

combined shredding and windrowing is possible, but for slow sun drying it is carried on 

separately [28]. 

 



66 

 

3.2.3 Simulation for fall stover harvesting 

An experimental single pass grain and stover harvesting study was carried out by Hoskinson et 

al., [35] for low cut fall harvesting corn grain and stover as shown in Fig. 3.1. This harvesting 

system consisted of a combine (John Deere 9750 STS), a 6-row header (John Deere 653A row 

crop header) with a corn reel (prototype), and a standard chopper at the rear (John Deere). A 

similar single pass grain harvesting combine and stover harvesting system is considered for this 

research. In Fig. 1 windrowing is not included (for this reason some leaves are left on the 

ground) and approximately 10 cm (4 inch) stem is left with root in the field. But adding forage 

chopper and wagon dumping system would collect all the leaves which is shown in the Fig. 3.2. 

A simulation on fall harvesting was carried out to estimate potential corn stover harvest in the 

fall,  which can be achieved by using a combine equipped with the header of a forage harvester 

and lowering at the minimum height of the forage header (closer to the ground). In this system 

the whole stover can be harvested [31]. Corn stover yield, its nutrients, energy and ash content 

was estimated from this simulation. Harvesting cost for the equipped single pass system [28] was 

estimated. Storage cost of chopped stover in wagon was estimated. The process diagram about 

corn stover harvesting operations for this research is shown in Fig. 2, which has been considered 

with some changes from Shinners et al. [32]. 

 

Fig.3.1. A single pass CR for harvesting and collection 
(prototype: Hoskinson et al. [35]) 

http://www.sciencedirect.com/science/article/pii/S0961953406001498#gr1
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Fig. 3.2. Process diagram of a single pass combined corn grain and stover harvesting 

mechanism in the fall (modified from Shinners
a
 et al. [32]) 

3.2.4 Proximate, ultimate and nutrients analysis of corn stover 

Fall harvested corn stover was collected from a Woodstock farm for proximate analysis. Samples 

were dried up in muffle furnace (Thermo Scientific - F48055-66, Waltham, MA) for moisture 

content determination following the ASTM (ASTM-E871) standards at 103
o
C ± 2⁰C for 24 

hours. Dried samples were then ground by ball mill (RETSCH PM 100 model), sieved in Sieve 

shaker (RETSCH AS 200) at <500µm for all lab experiments.  Volatile matter of dried sample 

was determined following ASTM standards (ASTM-E872) fired at 950
o
C for 7 minutes. Ash 

content was determined following the ASTM (ASTM-E1755) by the mass remaining after dry 

oxidation at 575 ± 25
o
C for 5 hours in a muffle furnace. Calorific value of dried ground sample 

was determined in high heating value (HHV) form in Bomb calorimeter IKA C200 after 

calibration for uniform measurement. Ultimate analysis such as carbon (C), hydrogen (H), 

nitrogen (N), sulfur (S) and oxygen (O) by CHNSO analyzer of Thermo Scientific FLASH 2000 

organic elemental analyzer. Dried ground sample of <50 µm was mixed in deionized water to 

make 5% total solid (TS) containing mixture for AD and it was further diluted 100 times for rest 

Ensile in bunk or bag silo  

Blow or convey directly to 

wagon or truck 

Ear corn and 

husk fraction 

Deposit on 

ground 

Husk and cobs 

Combine 

Ear corn transported from field 

and separated later 

Grain 

bin 

Trailing 

grain chart 

Cleaned 

grain 

Split corn plants 

into two streams 

Stalk and 

leaf fraction 

Chopped or shredded with 

cutter head, flail or similar 

or 
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of the elemental analysis. Sodium (Na), potassium (K), magnesium (Mg) and Calcium (Ca) were 

determined by Inductively Coupled Plasma (IPC) analyzer of Agricultural and Food Laboratory, 

University of Guelph. Nitrogen (N), phosphorus (P) and sulfur (S) was determined by using 

HACH kits TNT 880, TNT843 and TNT 864, respectively using HACH DRB 200 block digester 

and HACH DR 5000 spectrophotometer. 

3.2.5 Simulation for bio-coal, biogas and nutrient recovery 

High moisture fall harvested above ground corn residue was considered to be hydrothermally 

carbonized at 240
o
C for 30 min (considering as optimum condition) and solid was separated 

from liquid by filtering using filter paper. The solid is known as HTC (bio-coal) and liquid is 

known as HTC process waste water. High heating value of dry ground stover and HTC were 

determined by a bomb calorimeter. HTC waste water was used for anaerobic digestion (AD) in 

biochemical methane potential (BMP) bottle at 36
o
C±1

o
C in an incubator. Biogas was measured 

for 30 days and total production and methane composition was determined by gas 

chromatography (GC). 

3.2.6 Cost calculation for corn stover harvesting and storage 

To assess the feasibility of corn stover as the feed stock of bioenergy production plant, farmers 

or machinery investors could use their optimum machine hours to harvest after overcoming 

break-even point [23].  A study was conducted for corn stover harvesting both in fall and spring 

in southern Ontario including Elora country in 2014 by Marchand [36].  Harvesting unit costs for 

individual machinery and storage were considered per tonne of dry stover harvesting basis. 

 TC = ∑ 𝑀𝑎𝑛
𝑎=1  + L +S + P                                                                   (3) 

Where, TC = Total cost of a tonne dry stover removal 

Ma = cost of a tonne dry stover for a machine operation (a = 1, 2, 3,.. ,n) above break even 

operation 

L = logistic cost of a tonne dry stover to deliver it at 100 km distance by truck. 

S = cost of a tonne dry stover for storage after harvesting in fall 
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P = penalize cost of a tonne dry stover (excess ash and moisture) 

For this research, the county of Alma was studied, which is beside the town of Elora, Ontario 

with a grower cum corn stover harvesting machinery owner (harvested own farms and 

surroundings farms exceeding break-even operation of each machine) and collected corn stover 

costing data from him. This costing data along with the reported and other published data was 

compiled to assess the farm level stover harvesting and storage cost determination. All of these 

data was categorized for per tonne of dry stover (0% moisture) harvesting for i) spring harvesting 

as round bales ii) fall harvesting as round bales and iii) fall harvesting in chopped and wagon 

loaded method shown in Table 3.1. Although square baling machine is another option, in the 

studied area round baling is in operation. For all of these three ways, stover harvest and storage 

cost was estimated for structured storage and open space (prevailing farm side) storage system. 

Nutrient replacement and penalized cost for excess ash and moisture were included according to 

INL [37]. Finally the cost of single pass fall stover harvesting (with grain harvesting) and its 

storage cost both in structured storage and open space farm side storage were determined for use 

at the farm level for biofuel and liquid bio-fertilizer production and use. This system does not 

currently exist but it is possible to use corn stover in bio-coal and biogas production facility at 

farm areas. Machinery operational cost and storage cost were estimated using the existing cost 

system [36]. Here previous researchers considered about 30% stover removal like other authors. 

In single pass fall time stover harvesting efficiency would increase which would decrease the per 

tonne cost of harvesting. 

3.2.7 Estimation of GHG reduction  

Total Green House gases (GHGs) emission reduction was estimated based on available research 

data on C and N contents of corn stover emitted as CO2, CH4 and N2O-N from stover non- 

removal fields in Ontario, Canada. These values were adjusted to the research data for absence of 

CO2, CH4 and N2O-N gases due to removal of corn stover during harvesting time. The global 

warming potential (GWP) index of CO2, CH4 and N2O of 100 years’ life span were 1, 28, and 

265, respectively [38]. Production of CH4 in AD can eliminate natural gas consumption and 

production of bio-coal can remove coal combustion. In addition, the elimination of CO2 emission 

from gasoline powered truck was estimated for non-transport of corn stover to 100 Km distances. 

These three emissions were accumulated to estimate the total GHG emission reduction. Initially 
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this result was estimated for present collected sample and after it was calculated for Ontario and 

Canada. 

GHGs emission conversion factors [38, 39] 

1. CO2 emission from 1 kg non-removal dry corn stover 

Percent of carbon becomes CO2 x C present in 1 kg dry stover x (44/12) x GWP of CO2 

2. N2O emission from 1 kg non-removal dry corn stover 

Percent of nitrogen becomes N2O x N present in 1 kg dry stover x (44/28) x GWP of N2O 

3. CH4 emission from 1 kg non-removal dry corn stover 

CH4 produced in m
3
 from 1 kg dry stover x specific density of CH4 0.555 kg m

-3
 x GWP of CH4 

4. Gasoline savings for 1 kg non-transport corn stover to the sugar/ethanol plant 

(Gasoline required for 100x2 km distance of a truck in gallon x 8.887 × 10
-3

 tonnes CO2 per 

gallon of gasoline)/weight of dry corn stover of a truck in kg. 

5. CO2 emission savings for substitution of coal by bio-coal from 1 kg dry stover 

{The specific CO2 emission of bituminous coal (0.37/3600) x 1000 kg CO2e/MJ energy}x (HHV 

of bio-coal in MJ/kg) x (fraction of 1 kg of dry stover converted into bio-coal). 

6. Natural gas emission savings for use of bio-methane produced from 1 kg dry stover 

CH4 produced from 1 kg dry stover in m
3
 x 1.924 kg m

-3
 CO2 of natural gas 

3.3 Results and discussion 

3.3.1 Grain and stover yield and sustainability 

Statistics Canada [26] reported that Southern Ontario (counties of Chatham-Kent, Hamilton, 

Oxford, Niagara, Haldimand-Norfolk, Lambton, Brant, Elgin, Middlesex and Essex) corn yields 

averaged 10610 kg ha
-1

  in 2014, 10567 kg ha
-1

  in 2013 and 5 years’ (2010-2014) averaged 9851 
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kg ha
-1

. Stover production would be the same as grain production when grain and stover ratio is 

1:1 or harvest index (HI) is 0.5 in Ontario [4]. For these periods, Ontario’s estimated corn stover 

yield was also same as grain yield. But the samples of corn plants for this research were collected 

from a high yielding grain corn farm. Row spacing, plant to plant distance, number of cobs per 

plant were measured and counted for determining both grain and stover yield. One thousand 

kernels of every 10 plants were separately weighted to estimate yield. For this selected farm 

grain, stover and root dry materials were estimated, which is shown in Table 3.2. 

Table 3.2 Stover and grain yield of standing corn plants (dry matter) 

Component Sawyer and Mallarino 

[40] 

Lizotte and Savoir [25] 

(harvested on 22 Oct 2010) 

This research (Harvested 

on 05 Nov 2015) 

Stover 

composition 

(% of total 

dry mater) 

Production 

(kg ha
-1

) 

Stover 

composition 

(% of total 

dry mater) 

Production 

(kg ha
-1

) 

Stover 

composition 

(% of total 

dry mater) 

Production 

(kg ha
-1

) 

Stalks 42.31  3950 36.79 3230 29.56  2600 ± 42 

Tassels 0.96 90 - - 0.57 50 ± 2 

Leaves, 

sheaths and 

shanks 

33.46 3123 35.31 3100 33.31  2930 ± 34 

Husks and 

lower ears 

9.23 862 10.71 940 13.11  1153 ± 28 

Cobs 14.42 1346 17.31 1520 23.46   2064 ± 21 

Silks 0.38 36 - - 0 0 

Total Stover 100% 9407 100% 8780 100% 8846 ± 52 

Root
a
 100% 6127 100% 7290 100% 8098  ± 76 

Grain 100% 8545 100% 12580 100% 14880 ± 

218 
a
Root yield: shoot and root ratio is 1.93 [13]; Moisture content is same as stalk. 

Individual stover composition was also estimated in dry basis. Leaving stover behind a combine 

harvester, and separating husks and cobs spread in the field are normal harvesting practices.  

This farm yielded of 14880 kg ha
-1

 of dry grain, 8846 kg ha
-1

 of stover and 8098 kg ha
-1

 of root 

dry material and left over stubble (6 cm to 10 cm of lower stem). Harvest index was calculated to 

0.63 whereas most of the research in Ontario determined it 0.50, where grain and aboveground 
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stover dry matter ratio is 1:1 [15, 23]. Sawyer and Mallarino [40] and Lizotte and Savoir [34] 

carried on same type of studies and found that grain, stover and root yield were 8545 kg ha
-1

, 

12580 kg ha
-1

  and 6127 kg ha
-1

  and 7290 kg ha
-1

, 9407 kg ha
-1

  and 8780 kg ha
-1

, respectively. 

During the same time of grain  and stover harvesting in the fall, dry matter yield of grain and 

stover were found 13.0 t ha
-1

  and 9.2 t ha
-1

, respectively in a research in USA [41], which is very 

close to this research result. Scientists are developing high yielding varieties with more grain 

production. It can be observed from the Table 3.2 that yearly grain yield increasing rate from 

2008 to 2015 is about 9 to 10% but stover yield is not increasing. On the other hand husks and 

cobs composition of the total stover increased whereas stalk and tassel composition decreased in 

the studied field. Larger sizes of ears hold larger/more kernels and that is one reason for higher 

yield of husk and cob dry matter. This study shows that more than 36% of stover dry matter 

(including silk) was directly spread into the field during harvesting. On the other hand, dry 

matter of root with stubble (6 cm-10 cm) during fall stover harvesting can be kept in the soil to 

protect soil erosion. 

This research was carried on to recover both energy (bio-coal and biogas) and nutrients from wet 

corn stover, it would have sustainability to harvest complete wet stover by combine and forage 

chopper in single pass system. The next section discusses the nutrient removal and cost of fall 

wet corn stover harvesting. In France Balesdent and Balabane [42] found from their four-year 

study that the root derived C to SOM in corn field was 1.5 times of shoots. A continuous study 

carried out by Bolinder et. al. [13] for 15 years on silage corn about the C inputs to the soil and 

found that 16 to 30% of root carbon contents converted into SOM. If this value is considered for 

this research, then root would contribute 587 kg/ha to 1100 kg/ha of C into SOM. This research 

also considered about 12.2% C of above ground stover can be retained as SOM which would be 

481 kg ha
-1

 C. As cob and husk dry matter is 36.57% of total stover, which equates to 176 kg/ha 

C to SOM was already in the soil. The rest is only 305 kg ha
-1

 C to SOM was shortage for 

harvesting corn stover during fall. For using AD liquid digestate as green fertilizer, C to SOM 

will be added to the soil, which would sustain C sequestration. 
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3.3.2 Stover energy recovery in hybrid system 

For hydrothermal treatment of wet corn stover at 240⁰C for 30 min (found optimum from the 

laboratory research) solid bio-coal (HTC) and HTC process waste water were produced. This 

waste water was used for anaerobic digestion in Biochemical methane potential (BMP) bottles in 

an incubator at 36±1⁰C for 30 days. Both solid and gas biofuel was evaluated for per kg dry 

biomass, which is shown with proximate analysis in Table 3.3. The higher heating value (HHV) 

of methane is 55.5 MJ kg
-1

 of a pure substance [43]. Until now researchers performed various 

studies to produce bio-coal (HTC) but they did not consider the left over liquid as an energy 

source. In this research, mass yield of HTC was only 47% of dry biomass (stover) and the 

remaining 53% was considered to be present in waste water (including loss) which had high 

potential to produce biogas in anaerobic digestion process. Although a portion of biomass might 

have the possibility to produce some gases during hydrothermal process, it was considered as 

loss and was not counted in energy yield. AD produced biogas was evaluated for rest 53% of raw 

biomass. So, bioenergy produced as HTC (bio-coal) and biogas was evaluated for one kg of dry 

biomass (corn stover). 

Daily produced biogas composition such as methane and CO2 was measured in a gas 

chromatography (GC). GC was calibrated for different composition of standard CH4 with argon 

and standard CO2 with argon separately for calibration of CH4 content and CO2 contentnt in the 

injected biogas into GC. The average of 30 days methane composition measured to 57.70% and 

CO2 was the remaining 42.30%. Ash content and HHV of dry stover (without cob and husk) was 

found 2.34% and 18.13 MJkg
-1

, respectively. Lizotte et al. [31] studied the ash content and HHV 

of different farms of corn stover grown in eastern Canada (Quebec). They determined these two 

values for different components of standing corn residue and found that, the dry basis overall ash 

content and HHV of cobs, husks, leaves, stalk and total stover were 2.07 to 2.26% and17.62 to 

17.80 MJ kg
-1

, 2.53 to 3.20% and 17.36 to 17.49 MJ kg
-1

, 7.91 to 12.52% and 16.27 to17.48 MJ 

kg
-1

, 4.77 to 6.23% and 17.56 to 17.69 MJ kg
-1

 and 4.8 to 7.31% and 17.26 to17.47 MJ kg
-1

, 

respectively. The cob contained the highest HHV for containing the lowest ash content. On the 

other hand, leaves contained the lowest HHV for its high ash content. Soil might mix with leaves 

and stalks before harvesting because they fall down on the ground during combinining and other 

grain harvesting operations. But for harvesting manually, our research results determined 2.34% 
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ash content and 18.13 MJ kg
-1

 of HHV in dry basis. For mixing soil with corn stover ash content 

was increased and decreased HHV in existing harvesting system. In the Kerchin region of China, 

HHV of corn stalk was found the highest of19.35 MJ kg
-1

 with 3.05% ash content in dry basis 

[44]. During sampling of our research, soil did not mix with stover and cobs and husks were 

considered spread on the ground for SOM recovery. 

Table 3.3 Proximate analysis and high heating value (HHV) of fall harvested corn stover 

Parameter name Value 

Moisture content (%) wb 46.72 ± 0.11 

Dry matter (%) wb 53.28 ± 0.11 

Volatile matter (%) db 84.79 ± 2.23 

Ash (%) db 2.34 ± 0.6 

Fixed carbon (%) db 12.86 ± 2.18 

HHV of dry stover (MJ kg
-1

) 18.13 ± 0.06 

HHV of HTC (MJ kg
-1

) 23.01 ±0.01 

HTC mass yield (% of dry stover) 47 ± 0.02 

HHV of HTC (MJ kg
-1

 dry stover) 10.909 

Methane production (L kg
-1

 of dry stover) 58.16 

HHV of produced Biogas (MJ kg
-1

 dry stover) 3.228 

Total energy yield for HTC and gas (MJ kg
-1

 dry stover) 14.137 

Energy recovered (% of raw dry stover) 77.97 

3.3.3 Stover nutrient contents 

Carbon and macro-nutrients such as N, P, K, S, Ca, Mg and Na and mixed soil (SiO2)  

concentrations in the dry corn stover of fall harvested standing plants of this research and its 

comparison with other published research for the fall [35] and for the spring [16] harvested corn 

stover are presented in Table 3.4. From Table 3.2 and Table 3.4, it can be estimated that in the 

studied farm C, N, P, K, S, Ca, Mg and Na production in the removable stover were 4.01 t ha
-1

, 

85.81 kg ha
-1

, 13.36 kg ha
-1

, 23.00 kg ha
-1

, 46.00 kg ha
-1

, 74.31 kg ha
-1

, 28.31 kg ha
-1

 and 19.46 

kg ha
-1

, respectively in dry basis. For standing plant harvesting, silica (soil mixing) would be 

negligible because the ash content was only 2.34% (db). The nutrient contents of studied corn 

stover were consistent with other researches. Existing spring harvesting dry stover contains 

http://www.sciencedirect.com/science/article/pii/S0961953406001498#tbl2
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9.59% to 14.30% ash in Ontario of which >70% is SiO2. If silica was not mixed with stover then 

ash content would be 4.25% and 2.84% respectively in dry basis, which are close to this 

research. During combine and other machinery operations and snow melted in the farm, soil 

would mix with stover which was harvested in the spring. But if fall stover harvesting in single 

pass with grain harvesting by combine, there would be a limited possibility to mix stover with 

soil. For this reason standing plant stover contain less ash (2.34%) in the studied dry stover. In a 

South Dakota farm ash was found to be 23.3% of dry matter in round baled corn stover [33]. 

Ontario dry corn stover sometimes contain 15% to 20% ash which is a loss to farmers (11% to 

17% ash in dry basis was mentioned in OFA [16] report). The 2013 Idaho National Laboratory 

suggested that farmers should be penalized for >5% ash content (db) corn stover and it should be 

at 2.25 $ t
-1

  for every percent of excess ash more than 5% if they would sell it to the ethanol or 

sugar industry. At present, the short-term impact of the nutrient removing in corn stover is the 

additional fertilizer cost to replace the N, P and K. But if corn stover was used to produce HTC 

and biogas, and its digestate would be applied to the field as liquid fertilizer, then this nutrient 

cost should be eliminated. This is because previously removed nutrients would return back into 

the soil. In addition, for producing bio-coal and biogas, carbon credit may be applicable. So, 

there will not be any long term sustainability issues for corn production which is claimed by 

various researchers such as Karlen and Kovar [45]. 

Table 3.4 Nutrient concentration in harvested dry corn stover 

Source Macro nutrients (mg g
 -1

) of dry matter Ash 

(%) of 

dry 

matter 

SiO2 

(%) of 

Ash C N P K S Ca Mg Na Sio2 

This 

research 

453 9.70 1.51 2.60 5.20 8.4 3.2 2.20 - 2.34 - 

Hoskinson 

et. al. [35] 

440 8.00 0.79 6.74  1.0 5.40 4.04 - 25.54 5.70 44.81 

Sawyer and 

Mallarino 

[40] 

- 9.60 0.91 13.01 1.53 5.14 3.60 - - - - 

OFA [16] 

(sample 1) 

379 9.30 0.45 9.62 0.80 2.94 1.47 1.54 100.6

3 

14.30 70.31 

OFA [16] 

(sample 2) 

453 6.60 0.34 6.97 0.70 1.22 1.35 1.34 67.27 9.59 70.15 
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3.3.4 Farm gate cost of corn stover harvesting and storing in Ontario/eastern Canada 

The cost of the corn stover harvesting research data of various authors is shown in Table 3.5. All 

cost items were calculated in $ t
-1

 of the dry stover basis.  A study was carried out by Lizotte et 

al. [18], where spring time round baling stover harvesting cost was 29.04 $ t
-1

. In the self-loading 

wagon (SLW) stover harvesting method, shredding cost was 7.72 $ t
-1

 and loading cost of the 

wagon was 29.67 $ t
-1

. But to store the corn stover in a structured building, it was 59.44 $ t
-1

 for 

round bales and 71.85 $ t
-1

  for chopped material in the wagon. The overall harvesting and 

storage cost for the round baler and SLW were 109.48 $ t
-1

 and 122.53 $ t
-1

, respectively. In this 

study, nutrient replacement cost was not considered. In Ontario, 90% of the corn stover is kept 

unharvested and the remaining is harvested mostly for bedding purposes. A study was conducted 

in a corn growing farm in Alma (beside Elora), Southern Ontario (Fig. 3.3) to collect cost related 

data (Table 3.5). 

This data can be compared with another study of the same area by Marchand, 2015. According to 

the information collected from the farmer, the fall harvesting stover contains >30% moisture and 

the spring harvesting stover contains about 6-10% moisture. All costs were converted for 0% 

moisture (dry stover) which is shown in Table 3.5. 

 

Fig. 3.3. Location map of the sample and data collection area of southern Ontario 

 

 

   

Ontario 
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Table 3.5 Corn stover harvesting and storage cost in Ontario 

Cost items Fall harvest ($ t
-1

 of dry stover) Spring harvest ($ t
-1

 of dry stover) 

Kludze 

et al. 

[23] 

(round 

bale) 

Marchan

d [36] 

(Round 

bale) 

This 

research 

(Round 

bale) 

Lizotte et al. [18] Marchan

d [36] 

(Round 

bale) 

This 

research 

(Round 

bale) 

Round 

bale 

Self-

loading 

Wagon 

Farmer’s return - - - 21.01 21.01 - 22.20 

Shredding/choppin

g and raking into 

windrow 
4.87 9.93 9.93 9.71 7.72 9.34 9.34 

Bale (round) 22.05 20.72 20.72 8.70 - 19.55 19.55 

Gathering and bale 

loading 

5.50 5.98 5.71 - 21.96 5.73 4.44 

Transport (100 

km) 

- 46.15 47.57 10.63 - 37.61 37.03 

Unloading, 

wrapping and 

storing 

open/structure 

4.00 32.91 15.86 

(on side) 

59.44 71.86 23.84 12.33 

(on side) 

Nutrient 

replacement  

32.62 11.60 11.60 - - 11.60 11.60 

Total 69.04 127.29 111.39 109.48 122.53 107.67 94.29 

 

The studied Alma (beside Elora) farmers store their corn stover at the side of a farm, either in 

plastic rainproof  wrapping or net wrapping to keep the storage cost low (Fig. 3.4). 
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a) Fall harvested bales in storage                       b) Spring harvested bales in storage 

  

c) Square plastic wrapped biomass                 d) Chopped fall harvested silage 

Fig. 3.4. Farm side open storage system of wrapped bale and chopped stacked corn stover 

In this system, the stover harvesting and storage cost for the fall and the spring are111.39 $ t
-1

 

and 94.29 $ t
-1

  of the dry stover, respectively. This cost includes 100 km distance delivery to 

sugar/ethanol plant, which is 47.57 $ t
-1

  and 37.03 $ t
-1

  of dry stover, respectively. If the corn 

stover could be used within farm area for bio-coal and biogas production, this transportation cost 

would be eliminated. On the other hand for removing the corn stover, Ontario farmers would 

receive nutrient replacement cost for extra fertilizer use in the soil, which is 11.60 $ t
-1

  of dry 

stover harvest [36]. If the stover could be used in AD and its digestate could be applied in the 

same farm. The stover removed nutrient would recover and this nutrient replacement cost would 

be eliminated. For harvesting corn stover in the spring, soil is mixed with the stover and its ash 

content is increased. A typical farm’s corn stover contained 14.30% ash (db) in Ontario [16]. Fall 

harvesting corn stover contains high moisture (46.72% (wb) in this research), which is loss for 

farmers when they deliver it to sugar/ethanol plants. In the USA, farmers deliver corn stover for 

biofuel production with ash more than 5% have to pay 2.25 $ t
-1

 for every percent of ash. In the 
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same way, stover with more than 34% moisture is penalised 5 $ t
-1

 up to 50% moisture and 

stover that contains more than 50% moisture is rejected [37]. 

Therefore, from an economic point of view, corn stover use in the hydrothermal process for HTC 

production and its waste water use in AD for biogas production, can recover both energy and 

nutrients. In this method farmer’s corn stover harvesting cost can be reduced. If Ontario corn 

stover contains 15% ash (db) and >34% moisture (wb), then according to Marchand [36], the fall 

harvesting stover cost would add an extra 22.5 $ t
-1

 and 5 $ t
-1

 which would be 154.79 $ t
-1

  of 

dry stover. This would cause deficit for farmers. The 2016 selling price of corn stover to the 

ethanol/sugar plant is 22.20 $ t
-1

 of the dry stover. This is a better price (studied area) compared 

to the total harvesting, storing and penalized (ash and moisture) cost of existing fall and spring 

harvested stover in round baled, which are estimated to 138.89 $ t
-1

 and 121.79 $ t
-1

, respectively 

if it is stored openly at the farm area (including nutrients replacement cost). 

An estimation of the corn stover of fall harvesting cost in a single pass for farm based biofuel 

production is shown in Table 3.6. In addition, farmers would harvest cleaner stover (less ash) and 

avoid drying cost (if applicable). For this cost estimation, a chopper (same as forage chopper) 

and self-loaded wagon were considered to use for the stover harvesting and stored in either 

structured or open-stacked storage system. When an unloaded wagon of chopped corn stover was 

stored in structure storage, it cost 71.86 $ t
-1

 of dry stover. But if it would store at farm side (Fig. 

4a), storage cost would reduce to 12. $ t
-1

 of dry stover. There was not any penalized (ash and 

moisture) and nutrient replacement cost. So, total cost would be 40.00 $ t
-1

 of dry stover if it 

would be stored openly at farm areas to use for hydrothermal and AD processes. When the 

chopped wet stover was stored, dry matter loss was 1.2 to 10.9% with some fermented products 

such as volatile fatty acids (0.39% to 1.01% acetic acid, 0.48% to 3.66% lactic acid and 0 to 

0.46% ethanol of dry matter). When wet chopped stover was in plastic wrapped storage, the pH 

value was 4.1 to 5.3 [28]. High pH and low acids in stored stover indicated a little fermentation 

in the storage period, and these fermented products would be accelerated the AD process. 
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Table 3.6 Estimated corn stover fall harvesting and storage cost for farm gate use in biofuel 

production 

Cost items Structured storage [18] 

($ t
-1

 of dry stover) 

Open stacked storage 

(This study)  

($ t
-1

 of dry stover) 

Harvesting cost Shredding/chopping and 

raking into windrow 

7.72 7.72 

Self-loading Wagon 21.95 21.95 

Storage cost Unloading, wrapping 

and storing 

71.86 12.33  

Total 101.54 40.00 

 

3.5 Estimation of GHG emission reduction 

Left over aboveground corn stover contributes only 12.2% of its C to SOC and the rest goes to 

the atmosphere mostly as CO2 which is a GHG [13]. It can be estimated from the Table 3.2 and 

Table 3.4 that, the aboveground stover contains 4007 kg ha
-1

 of C per year. For the harvesting of 

stover, a significant amount of N is removed from the soil. Average yearly N removal of 29.3 kg 

ha
-1

 was found by Karlen et al. [46], in a five year study on the continuous harvesting of corn 

stover. This research estimates about 86 kg ha
-1

 of N contains in the corn stover. Therefore if the 

stover is not harvested with grain, the remaining 57 kg ha
-1

 y
-1

 N would be leached out as NO3, 

and a portion of N would produce N2O, which is a strong GHG. Johnson and Barbour [47] found 

in a study that removing corn stover from the land does not affect the soil CO2 and N2O 

emission. Other researchers mentioned that removing corn residue can decrease N2O emission 

[48]. The current research estimates that about 1.5% N of agricultural residues produces (90% 

stover removal) N2O, which is estimated to be 1.2 kg ha
-1

  of N2O-N [20] to produce 0.5 t ha
-1

  

CO2e of GHG. GWP of N2O and CH4 are 265 times and 28 times of CO2e, respectively [38]. 

Considering the estimated stover yield for the fall harvesting in a single pass system, the 

estimated GHG emission reduction is shown in Table 3.7. 
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Table 3.7 Estimated yearly GHG reduction for single pass fall harvesting of corn stover 

Greenhouse 

gas name 

Emission reduction 

(t ha
-1

 CO2e)
 

1
Emission reduction in 

Ontario (Mt CO2e)
 

1
Emission reduction in 

Canada (Mt CO2e)
 

Including 

cobs and 

husks 

Excluding 

cobs and 

husks 

Including 

cobs and 

husks 

Excluding 

cobs and 

husks 

Including 

cobs and 

husks 

Excluding 

cobs and 

husks 

Existing 

system CO2 

12.90  8.18 10.61 6.73 17.21 10.92 

Existing 

system CH4 

0 0 0 0 0 0 

Existing 

system N2O 

0.50  0.32 0.41 0.26 0.67 0.42 

CO2 (coal 

savings by bio-

coal) 

9.92  6.29 8.16 5.14 13.23 8.39 

CO2 (gasoline 

savings) 

0.01  0.01 0.01 0.01 0.01 0.01 

CH4 (natural 

gas savings) 

0.99  0.63 0.81 0.52 1.32 0.84 

Total GHG 

reduction 

24.32 15.43 20.00 12.66 32.44 20.58 

1
In 2011, corn grown area was 1334081 ha in Canada and 822465 ha in Ontario [26] 

Mosier et al. [49] collected literature from the 1994 annual report of the Ontario Ministry of 

Environment and Energy about N2O emission from bare fallow (with grass and alfalfa) farms in 

Elora (beside studied area), Ontario, Canada and found 3.5 to 3.2 kg ha
-1

, N2O-N was emitted 

within 9 months. N2O-N emission after residue removal was 1.5±0.2 kg ha
-1

 [20] which can 

estimate a 1.4 to 1.8 kg ha
-1

  of N2O–N for agricultural residue removal of Elora, Ontario farms. 

Carbon dioxide of 12.90 t ha
-1

 CO2e would be produced from 87.8% of the carbon of the 

harvested corn stover. Methane (CH4) emission is not considerable for stover conservation [20]. 

Therefore, to reduce GHG emission from agricultural land, it is important to remove the 

aboveground corn stover with nutrient replacement availability. The current aim is to assess the 

use of corn stover for bioenergy production and nutrient recovery to reduce GHGs. One 

produced bioenergy is CH4, which will substitute natural gas. On the other hand, for using stover 

at the farm area, gasoline used for 200 km truck (two way of 100 km distance) travelling distance 

would be saved. Estimated GHG emission of 0.99 t ha
-1

 CO2e of methane and 0.008 t ha
-1

 CO2e 

for gasoline would be saved if this research was available at the farm level. 
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The typical calculation of 500 tonne of dry stover per bale, 80 L gasoline per truck trip with 40 

bales would consume about 3.5 L gasoline to transport the corn stover produced in one hecta of 

land. Here, we considered the density of CH4 as 0.555 kg m
-3

 and the emission factor of gasoline 

as 8.887 × 10
-3

 t CO2 per gallon [38].  Production of bio-coal of 23.01 MJ kg
-1

 HHV can 

substitute coal. The specific CO2 emission of bituminous coal with 75% C is 0.37 kg CO2e/KWh. 

So HHV of 10.91 MJ kg
-1

 dry stover for bio-coal would produce [{(0.37 ÷ 3600) x 1000} x 

10.91 = 1.12 kg CO2e/kg dry stover] 9.92 t ha
-1

 CO2e. Overall GHGs emission for this research 

would be reduced to 24.32 t ha
-1

 CO2e if the stover is removed with cobs and husks. But for 

sustainable production, cobs and husks (36.57% of stover) can be kept for SOM conservation. In 

this case GHG emission would be 15.43 t ha
-1 

CO2 e. According to the estimated research result, 

Ontario and Canada would respectively reduce 20.00 Mt y
-1

 and 32.44 Mt y
-1

 GHGs emission if 

this single pass corn stover fall harvesting and the hybrid bio-coal and biogas production facility 

were available at the farm level. Canada’s yearly agriculture sector GHG emission was 59 Mt 

CO2e (8% of total emission); Canada’s total GHG emission was 732 Mt CO2e in 2014 [50]. This 

GHG reduction would be net after deduction of the emission for input energy consumed in 

hydrothermal and AD process running.  Considering this emission savings, the GHGs emission 

savings would be 55% of the agriculture sector and 4.43% of total emission in Canada. For 

sustainable SOM conservation, keeping cobs and husks (36.57%) in the field, GHG emission 

reduction in Ontario and Canada would be 12.66 Mty
-1

 and 20.58 Mty
-1

, respectively (35% of the 

agriculture sector GHG emission of Canada). 

3.4 Conclusions 

Existing corn stover harvest is about 30% of the aboveground stover. But only 12.2% stover C 

and <30% stover nitrogen can be recoverable as SOM and the rest would produce GHGs and 

leached down into the soil. Cobs and husks were 36.57% of the aboveground stover, which was 

spread into the field. Keeping 6 to 10 cm of the stalk with root could protect against soil erosion. 

For the studied Ontario farm, aboveground stover, grain and root dry matter yield were 8846 kg 

ha
-1

, 14840 kg ha
-1

, and 8098 kg ha
-1

, respectively. Its harvest index (HI) was calculated to 0.63, 

which is 26% higher than previous research data from Ontario farms. Keeping the root, cob and 

husk in the field to recover C and nutrients in the soil, the rest of the aboveground dry stover 

(63.43%) was considered to be harvested for bio-coal and biogas production at the farm area. AD 
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digestate was considered as liquid fertilizer to return nutrients to the soil. Currently, corn stover 

is mostly harvested in the spring, when it contains less moisture where reduces storage and 

transportation costs. Based on the assessment from the fall 2015 grain and corn stover co-

harvesting data of standing plant, yield, ash content, and heating value of stover were 

determined. Additionally, the stover’s potential energy recovery in a hybrid system of bio-coal 

and biogas production and nutrient recovery as liquid fertilizer would apply to the farm were 

determined in consideration of single-pass harvest system. 

The ash content of the standing plant dry stover was 2.34% and its calorific value (HHV) 

was18.13 MJ kg
-1

. The existing harvesting dry corn stover contained 9.59% to 14.3% ash and 

15.60 MJ kg
-1

 to 16.60 MJ kg
-1

 HHV in Ontario. In the hybrid system (bio-coal in hydrothermal 

and biogas in AD) bioenergy production of the dry stover was 14.137 MJ kg
-1

, which is about 

78% energy recovery of the raw dry stover. The estimated nutrients such as C, N, P, K, S, Ca, 

Mg and Na in the removable stover (dry) were 4.01 t ha
-1

, 85.81 kg ha
-1

, 13.36 kg ha
-1

, 23.00 kg 

ha
-1

, 46.00 kg ha
-1

, 74.31 kg ha
-1

, 28.31 kg ha
-1

 and 19.46 kg ha
-1

, respectively, which would 

mostly return back into soil when digestate would be applied to the farm as liquid fertilizer. The 

existing system (non-removing stover) would lose 87.8% C and >70% N in the form of GHGs 

and leaching. 

The existing round bale fall harvest with nutrient replacement and penalty (ash and moisture) 

cost in Ontario is 154.79 $ t
-1

 of the dry stover. This could be reduced to 40.00 $ t
-1

 of dry stover 

if the single pass fall harvesting wagon collection and farm side open storage for hydrothermal 

and AD facility were available. This system would reduce 20.00 Mt y
-1

 CO2e of GHG in Ontario 

and 32.44 Mt y
-1

 CO2e of GHG in Canada when the stover was harvested with cobs and husks. 

But if cobs and husks were kept in the field for sustainable SOM conservation, then GHG 

emission reduction in Ontario and Canada would be 12.66 Mt y
-1

 and 20.58 Mt y
-1

, respectively. 

Canada could save 55% and 35% GHG emission of the agricultural sector, respectively for corn 

stover removal with and without cobs and husk. 
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Chapter IV Municipal Food Waste to Biomethane and Biofertilizer: A 

circular economy concept
3
 

Abstract 

This research is a dual resources recovery approach of biomethane and biofertilizer from as 

received municipal food waste (MFW) using the concept of circular economy. In this research 

MFW is first pretreated in hydromechanical process to produce broth suitable for anaerobic 

digestion (AD). The MFW broth then underwent mesophilic wet AD process to produce 

biomethane and biofertilizer. Three selected feedstock and inoculum ratios (F/I) of 1:2, 1:1 and 

2:1 by volume for 30 days retention time were considered. Among three F/I ratios, the F/I ratio 

of 1:1 digester was found to be the best batch condition for 30 days retention time for maximum 

biomethane production. MFW broth had ash content of 31.51% of total solid (TS), higher 

heating value (HHV) of 18.32 MJ kg
-1

 of TS and C/N ratio of 15.29. The batch F/I of 1:1 AD 

produced the maximum biomethane of 347.69 L kg
-1

 TS, 511.92 L kg
-1

 volatile solid (VS), 

232.74 L kg
-1

 COD and 701.56 L kg
-1

 TOC, respectively. The biomethane was accounted for 

about 60% of the produced biogas in this mesophilic batch digester. Digestate was available as a 

liquid biofertilizer with 4.61% N, 3.33% P, 0.39% K, 1.17% S, 0.29% Ca, 0.14% Mg and 6.82% 

Na contents of TS of MFW broth, which will be a substitute of chemical fertilizer. This 

biomethane and biofertilizer can reduce GHG emission of Ontario, Canada which can contribute 

to the enrichment of the circular economy. 

Kew words: Municipal food waste, biomethane, biofertilizer, anaerobic digestion, circular 

economy 

4.1 Introduction 

Municipal food waste (MFW) is an undervalued biomass which needs immediate disposal into 

landfill. To dispose this biomass in landfill or provide it to any other users, municipalities of 

North America have to pay tipping fee. Disposed MFW produces greenhouse gases (GHG) in 

landfill. About 30–50% of global food becomes waste which is estimated to 1.2–2 Gt y
-1

. The 

                                                 
3
 A version of this chapter has been submitted to as “ Paul, S., Dutta, A., Defersha, F., Dubey, B., 2017.  Biomethane 

and biofertilizer from municipal food waste: A circular economy concept.Waste and Biomass Valorization 

(published). 
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estimated food waste (FW) per capita in Europe and North America are 280 kg y
-1

 and 295 kg y
-

1
, respectively [1]. In 2011 the estimated global FW was 1.3 Gt whose market value was about 

200 billion dollar [2, 3]. USA, Canada and Japan discard 40% of their food into waste, which 

accounted 390 $ y
-1 

per person [4, 5].  Canada produces 51% of home consumable food into 

waste [6] whose yearly value is 27 billion dollars [7, 8]. Every Canadian family throws 1000 $ y
-

1
 in the kitchen trash which goes finally into landfill and produces GHGs [6]. Now the practice of 

MFW collection and burry it in landfills is rapidly changing into production of bioenergy. 

Presently Europe is practicing Zero Land filling and North American cities are discouraging land 

filling. Due to increase in urbanization, MFW generation is increasing and creating management 

problems. USA recycles only 2.5% of FW in composting and the rest 97.5% is kept in landfills 

[9, 10]. But most of the Ontario cities are using it as resource to recycle into biogas and compost 

production. Ontario is dealing roughly 12.5 Mt y
-1

 of municipal solid waste (MSW) from 

residents and businesses which is almost a tonne per Ontarian. Toronto, Peel, and Hamilton 

population are 20%, 11% and 4%, respectively of total Ontario population (13.98 million) [11] 

where MFW is collected separately from their individual households. Ontario diverts 4.2 Mt y
-1

 

organics of MSW (23%) which is mostly residential [12]. The FW fraction of MSW of European 

and North American countries’ is 25% which has potentiality to produce biogas [13, 14]. In 

landfills GHGs are produced due to decomposition of FW but it has opportunity to produce 

biogas in AD at its source which is a renewable energy. FW contains a noticeable portion of 

protein which reduces its C/N ratio and creates inhibition problems during AD operation. Most 

of the southern Ontario cities collect their MFW from individual households once in a week, 

deposit them in a single place, and mix them homogeneously and then recycle them either in AD 

or composting plants. This mixed food waste is referred to as MFW. 

An archaea named as methanogen works on MFW in AD process and produces biogas. 

Methanogens are of various types depending on AD operating temperature. Common types are 

psychrophilic, which works at 5-25
o
C, mesophilic, which works at 30-42

o
C, thermophilic, which 

works at 45-65
o
C and hyper-thermophilic, which works at 60-103

o
C [15, 16, 17]. Methanogens 

activities are strongly affected by the pH value of the substrate media [18] and their surviving 

range is in the pH value of 6.5 to 7.8. The common operation of AD systems are mesophilic and 

thermophilic, but most of the cold countries use the mesophilic AD to save the heating up 

energy.  
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Methanogens, i.e., methane producing bacteria (MPB) have tolerance with mainly temperature, 

pH and ammonia [19]. The source of ammonia of food waste is nitrogen which is commonly 

pointed by C/N ratio. For a certain research at C/N ratio of 15, 25 and 30 free ammonium nitrate 

was produced 223, 9.1 and 7.5 respectively [20]. The free ammonium nitrogen is a strong 

inhibitor to AD process [21]. On the other hand, excessive acidification occurs during AD 

operation frequently due to high C/N ratio of FW [22]. As a result the substrate pH is decreased 

and methane production is reduced. The optimum value of C/N ratio for AD is 20-30 [23, 24] for 

minimum inhibition if other inhibitors stay below inhibition limit and beyond this ratio, 

methanogenic activity is hampered. Wet AD treatment increases the degradation speed by slowly 

mixing feedstock with microbes [19]. Therefore, in case of laboratory batch AD experiments, 

feedstock and inoculum ratio for maximum biogas production is important. 

Various researches have been carried on in the past, which attempt to determine the inhibition 

limit which is needed to be ensured during AD process. Elemental determination of 

substrate/broth can ensure the inhibit limit shown in Table 4.1 about AD microbial positive 

activity [25]. Substrate which contains ammonia can cause inhibition in AD system [21]. AD 

substrate of ≥ 3g L
-1

 of acetate inhibits methanogenic activities though pH is maintained to 7.0 

[26]. This may be one cause for foam build up in AD with other causes such as excess use of fat, 

oil and grease (FOG), high concentrate of solid, higher value of organic loading rate, lower 

height of free board at the top of digester and excess gas circulation for stirring the substrate. 

Foaming also can be formed for excess N-containing molecules such as soluble protein of 

extracellular polymers [27, 28, 29]. AD set up in mesophilic temperature can control this 

inhibition [30]. In AD digester, sulfate reducing bacteria produces sulfide from sulfate mostly in 

the same condition of methane production which decelerates methanogenic activity and produces 

poisonous H2S, thereby creating problems to operators as well as power generating engine [31]. 

Now AD of FW is increasing due to increase in demand of renewable energy production, in the 

form of CHP or renewable natural gas, and nutrient-rich digestate as liquid fertilizer for 

agriculture as the substitute of chemical fertilizers [33]. However, the liquid fertilizer 

transportation cost becomes high due to high water content, because the municipal AD plants are 

located far from agricultural farms [34]. 
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Table 4.1 Inhibit limit of substances for potential cause in AD [25, 32] 

Substance Moderately inhibitive (mg/L) Strongly inhibitive (mg/L) 

Ammonia Nitrogen 1500-3000 3000 

Calcium 1500-4500 8000 

Magnesium 1000-1500 3000 

Sodium 3500-5500 8000 

Potassium 2500-4500 12000 

Sulfur 200 200 

Copper - 50-60 (total) 

Chromium VI - 200-250 (total) 

Chromium - 180-420 (total) 

Nickel - 30 (total) 

Zinc - 1.0 (soluble) 

 

There is a running wet mesophilic AD plant in Toronto, Ontario, Canada where MFW is treated 

to produce biogas which is finally flared due to the high upgrading cost. Here digestate is 

pumped out and its liquid is separated from solid. Liquid digestate is then drained into the waste 

water line but solid digestate is either given to some composting facilities or landfill which 

includes the cost of a tipping fee. Produced biogas is flared into air as its purification cost is very 

high compared to natural gas price [35]. Ontario Government started to provide feed in tariff 

(FIT) subsidy to farm AD in 2013 and after that 36 AD plants have been installed during 2013-

2016 in southern Ontario farms where 50% off farm organics are allowed to be used. This 

facility is not available at the MFW AD plant in Toronto. In 2016 Ontario Government passed 

the Resource recovery and Circular Economy act [36] (Bill 151) where opportunity has been 

created to process MFW into AD to produce bioenergy and its nutrient as digestate apply into the 

farm for substitution of chemical fertilizer. In the circular economy concept, MFW can be a 

resource if it is converted into compost and/or biogas followed by its digestate use as 

biofertilizer. AD process consumes the least energy among all bioenergy production technologies 

along with GHG emission reduction [37]. MFW contains more than 60% moisture, which is 

suitable for AD but not suitable for compost unless it is dried up to reduce moisture below 60% 

level. Various researchers noticed that food waste conained 74% to 93% of moisture [38]. 

Therefore use of MFW in AD to produce biogas and biofertilizer is important.  There is 

insufficient study about AD of homogeneous MFW of a city (mixed with various impurities of 

both bulk materials and sand) as received condition to recover optimum amount of bioenergy and 
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nutrients in the resource recovery and circular economy context. But for collecting random 

samples by various researchers for FW characteristics showed the huge variation in C/N ratio. 

Adhikari et al. [39] got C/N ratio of 4.3-9 and 2.8-20 in a Canadian restaurant and grocery FW, 

respectively whereas a university canteen FW C/N ratio was 14.2 [40]. A Montreal city FW 

sample C/N ratio was 29.3 in May, 24.4 in June, 19.0 in July and 19.1 in August [39]. 

Research on wet AD with impure “as received” MFW of a homogeneous mega city is not 

available until this research. All above literatures were based of clean MFW and restaurant 

samples collected by researchers where impurity mixture was very limited. But during MFW 

collection and handling operations, impurities are mixed which is difficult to remove. 

Biomethane production from the MFW in “as received” condition can reduce its processing cost. 

Therefore MFW of the city of Toronto represents homogeneous MFW sample which can be 

considered as an appropriate for AD experiments to know the MFW biogas and biomethane 

production of a North American city. 

4.2 Methodology 

4.2.1 Hydromechanically pretreated MFW and inoculum collection 

Greater Toronto Area (GTA) collects all household food waste once in a week and mixes it at 

one single place for its treatment in either AD and mixes it in another single place for 

composting treatments. After collection of all municipal residential food waste, it is unloaded on 

the tipping floor of the Toronto AD plant. At first large metallic impurities are removed by 

observation which is called dry pre-treatment. Then MFW is transferred into the mechanical 

hydro-pulper for wet pretreatment where light and bulk impurities are separated. Then MFW in 

slurry form referred as “broth” is transferred into grit removal unit where sand and smallest 

impurities are separated. Then mostly impurity free food waste substrate is pumped into a 

storage tank and from the storage tank the broth is pumped into digester where biogas is 

produced [35]. This broth was sampled from this plant for laboratory AD experiments. Hydro-

mechanical pretreatment of MFW was carried on in Toronto AD plant (Fig. 4.1) and its removed 

impurities are shown in Fig. 4.2.  
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Fig.4.1. Hydro-mechanical pretreatment of municipal food waste for AD substrate 

 

 

a) Bulk impurities of MFW 

 

b) Grit and lighter (plastic, textile) impurities of MFW 

 

Fig. 4.2. Removed impurities of MFW in hydromechanical pretreatment process 

For seeding of the MFW in the AD laboratory experiments, inoculum (liquid digestate) was 

collected from the Toronto AD plant. Both broth and inoculum were stored in a refrigerator at 

4⁰C and it was used within three days for laboratory experiment set up. Additional broth was 
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stored in the freezer for further experiments but for each batch inoculum was collected from this 

AD plant. 

4.2.2 Characterization of municipal food waste broth and inoculum 

A proximate analysis of MFW broth was performed and its higher heating value (HHV) was 

determined. The moisture was determined according to the ASTM E1756 method by drying in a 

muffle furnace (Thermo Scientific - F48055-66, Waltham, MA). Because of VFA and other low 

boiling point (bp) holding organics such as hexane (bp = 69⁰C), ethyl ethanoate (bp = 77⁰C), 

methyl propanoate (bp = 80⁰C), formic acid (bp= 101⁰C) etc. contained in MFW broth and 

inoculum (AD digestate), they were dried up in the muffle furnace at 60⁰C for 96 h (4 days) to 

protect their loss. After that, the dried samples were ground in a planetary ball mill (RETSCH 

PM 100 model) operating at 420 rpm for 4 min and stored in the desiccator. The ash content of 

dried MFW and inoculum samples was determined according to the ASTM E1755 method by 

combusting in a muffle furnace for 3-5 h at 575°C ± 25°C. The volatile solid (VS) of all samples 

was determined according to the ASTM E872 method by combusting in a muffle furnace for 7 

min at 950°C ± 20°C. The HHV of samples were determined using the IKA C200 Bomb 

Calorimeter after calibration for uniform measurement. Ultimate analysis such as carbon (C), 

hydrogen (H), nitrogen (N), sulfur (S) and oxygen (O) carried on by CHNSO analyzer of 

Thermo Scientific FLASH 2000 organic elemental analyzer. 

4.2.3 Analytical methods 

The elements of MFW broth such as Sodium (Na), potassium (K), magnesium (Mg) and Calcium 

(Ca) were determined by Inductively Coupled Plasma (ICP) analyzer of Agricultural and Food 

Laboratory, University of Guelph. Nitrogen (N), phosphorus (P) and sulfur (S) was determined 

by using HACH kits TNT 880, TNT843 and TNT 864, respectively using HACH DRB 200 

block digester and HACH DR 5000 spectrophotometer. TOC, COD and TVFA of these liquid 

samples were determined by TOC meter (TOC-VCPN, Japan), HACH 21259 COD vial and 

HACH TNT 872 vial, respectively. 

 

 

http://www.astm.org/Standards/E1756
http://www.astm.org/Standards/E1755
http://www.astm.org/Standards/E872
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4.2.4 Anaerobic digestion test of MFW broth 

Biochemical Methane Potential (BMP) bottles of 160 mL volume were used to carry on AD in a 

shaker incubator (New Brunswick Scientific Classic Series with capacity of 88 BMP bottles of 

63 mm diameter). A BMP bottle was filled with 50 mL MFW broth and inoculum in three 

compositions. For determining the optimal biogas production within a fixed retention time in AD 

batch experiments, three F/I ratio of 1:2, 1:1 and 2:1 by volume were chosen to find out the 

optimum ratio for maximum biogas production. Then the pH of the mixture was measured by a 

digital pH meter and recorded. The mixture’s pH was adjusted within the range of 6.5 to 7.5 by 

using acetic acid (if required). Then the flask was flushed with nitrogen gas to remove all air 

from inside the BMP bottle for about two minutes and then closed and sealed it. Each process 

was triplicated and prepared BMP bottle for all samples like this way to carry on AD. Three 

BMP bottles were filled only by inoculum of 50 mL in this way to carry on AD as reference. The 

shaker incubator inside temperature was set at 36⁰C ± 1⁰C, then all sealed nitrogen inert 

anaerobic conditioned BMP AD bottles were set in the tray of the incubator and started running. 

A similar experiment carried by Chen et al. [41] about the substrate and inoculum ratio was 1:1 

by volume. 

4.2.5 Biogas measurements 

Biogas produced in each BMP AD was measured by a standard glass gas syringe (50 cubic 

centimeter capacity) by volume and it was corrected for 25⁰C following the ideal gas law. This 

way biogas produced in all BMP ADs were measured once in a fixed time of a day for the 

consistency of the production pattern. For 30 days residence time, biogas production by volume 

was recorded every day and their summation was the total biogas production of an AD substrate. 

An amount of 5 to 20 cm
3
 biogas from each AD was collected in individual gas syringe (closed 

condition) every day and its composition was measured (CH4 and CO2) immediately in a Gas 

chromatography (GC) with pre calibrated column (Agilent Technologies; GC-TCD model 

6890N). Then nutrients in AD digestate were determined according to the analytical method 

explained in section 2.3. 
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4.3 Results and discussion 

4.3.1 Characteristics of municipal food waste and feedstock seeding source 

The feed stock was collected according to the section of 4.2.1 and it was characterized according 

to described methods in Section 4.2.2. The characterization results of feedstock and inoculum 

(seeding source) are mentioned in Table 4.2. The average VS/TS, ash content/TS, COD/TS and 

TOC/TS of municipal food waste broth samples are shown in Fig. 4.3. All parameters were 

reported compared to TS. This can be noticed from Fig. 4.3 that MFW broth contained more than 

31% (db) ash which was mostly mixed during collection time. Individual households might mix 

impurities in their green been. Creation of peoples’ awareness is an option to recover this 

problem. Bulk impurities and grits mixing with MFW can also be reduced by creating awareness 

of city residential people. But various collected samples of food waste for anaerobic digestion 

research contained VS and ash were 78.8% to 95.3% and 4.7% of TS, respectively [38, 40, 42]. 

The VS of homogeneous MFW broth of the city of Toronto was 67.92% which is quite lower 

than other researchers. Mixing of impurities during collection from individual houses and MFW 

handling time might be the cause for increase of ash content (31.52%). 

Table 4.2 Proximate and ultimate analysis of MFW broth and AD inoculum 

Parameter unit Value 

MFW Inoculum (FW AD digestate) 

Dry matter content (TS) % (wet basis, wb) 7.04 ± 0.09 3.54 ± 0.47 

Volatile solid (VS) % (dry basis, db) 67.92±0.58 40.89 ± 0.42 

Ash content   % (db) 31.51± 0.54 38.56 ± 0.16 

Fixed carbon (FC) % (db) - 20.15 ± 0.27 

pH  5.9 8.2 

Higher heating value (HHV) MJkg
-1

 (db) 18.32±0.07 14.698 ± 0.12 

C % (db) 46.18 ± 0.1 26.98 ± 0.40 

H % (db) 5.38 ± 0.09 3.56 ± 0.07 

N % (db) 3.02 ± 0.11 3.26 ± 0.13 

S % (db) 0.25 ± 0.04 0.21 ± 0.18 

O % (db) 45.17 ± 1 65.99 ± 0.33 

C/N ratio  15.29 (10.86
a
) 8.28 (10.62

a
) 

COD mg L
-1

 105167±306 34500 ± 100 

TOC mg L
-1

 34890 9450 

TC
a
 mg L

-1
 35120 22280 

TKN mg L
-1

 3213 ± 21 2098 ± 8 

Total VFA mg L
-1

 1491 ± 311 1430 ± 100 
a 
MFW broth TOC/TKN 

http://www.sciencedirect.com/science/article/pii/S0306261915007801#s0025
http://www.sciencedirect.com/science/article/pii/S0306261915007801#t0005
http://www.sciencedirect.com/science/article/pii/S0960852406000940#fig1


99 

 

 

 

 

Fig. 4.3. Physicochemical properties of MFW broth 

4.3.2 Biogas and biomethane production from MFW 

The daily biogas production (L kg
-1

 TS), cumulative biogas yield for 30 days (L kg
-1

 TS), 

biomethane and carbon dioxide composition in daily produced biogas (%), daily biomethane 

production (L kg
-1

 TS) and biomethane yield for 30 days (L kg
-1

 TS) are shown in Fig. 4.4, Fig. 

4.5, Fig. 4.6, Fig. 4.7 and Fig. 4.8, respectively during the digestion of MFW for 30 days 

retention period. Biogas and methane production can be represented by L kg
-1

 of VS, COD and 

TOC added basis after converting by the value shown in Fig. 4.3.  Daily biogas and biomethane 

production increased until day 5 for both of F/I of 1:2 and 1:1 MFW and inoculum ratio digesters 

and then decreased until 20 days for F/I of 1:2 ratio digester. This value was mostly fluctuated in 

F/I of 1:1 digester until 27 days of digestion. Until 5 days of digestion, the mostly acid step of 

fermentation had occurred and produced CH4, CO2 and H2. Therefore methane composition of 

biogas in this time was lower (Fig. 4.6) where H2 was not detected by GC for the column 

detecting limitation. Methane composition was increased and CO2 content was decreased until 

the end of the day 10 and then stayed a reasonable constant rate. The maximum rate of methane 

was 75% in the batch of F/I of 1:1 digester whereas other researchers like Zhang et. al. [38] got 

the maximum of 73% in their FW batch AD which is very close to this research.  
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Zhang et al. [38] found that the methane production rate in first five days of digestion is low and 

it reached the peak at the sixth day, and it declines again. Here, the collected broth was prepared 

1-2 days prior to collection from the city of Toronto where partial digestion occurred and that 

might be the reason for peak biogas production noticed on the fourth to fifth days of digestion of 

this research (F/I of 1:2 and 1:1 digesters). After fifth day of digestion, all types of methanogens 

mostly started to work and started to function regularly. For containing sufficient number of  

microorganisms in F/I of 1:2 digester (feed stock is half of inoculum), it took minimum time 20 

days to complete the digestion cycle whereas, F/I of 1:1 digester took 27 days (Fig. 4.5 and Fig. 

4.8). On the other hand F/I of 2:1 ratio digester started to work slowly until day 10 and after that 

it started to produce biogas and biomethane at a lower increased rate until day 20 and then 

started to decrease its production. Digester upset problem might have happened due to 

insufficient number of microorganisms and imbalance of fermentation bacteria and 

methanogenic archaea activities. Therefore, in batch AD system feedstock and inoculum ratio 

should not exceed 1:1 for biomethane production from MFW. On the other hand, for cumulative 

biogas and biomethane production in 20 days retention time for F/I of 1:2, 1:1 and 2:1 ratio batch 

digesters were about 564 L kg
-1

 and 256 L kg
-1

, 482 L kg
-1

  and 276 L kg
-1

 and 227 L kg
-1

 and 

146 L kg
-1

, respectively (Fig. 4.5 and Fig 4.8). On the other hand, these values were 564 L kg
-1

 

and 256 L kg
-1

, 578  L kg
-1

and 348  L kg
-1

and 304  L kg
-1

and 203 L kg
-1

, respectively in TS basis 

for 30days retention time (Fig 4.5 and Fig. 4.8). The F/I of 1:2 digester did not produce biogas 

after 20 days whereas other two digesters produced sufficient biogas from 20 to 30 days of 

retention time. In consideration of biogas production, F/I of 1:2 ratio and 1:1 ratio digesters look 

similar production behaviour but in consideration of biomethane production, F/I of 1:1 ratio 

digester produced the highest biomethane (348 L kg
-1

; 36% more than that of F/I of 1:2 ratio 

digester). Therefore the F/I of 1:1 ratio of MFW (7.04% TS) and inoculum (3.54% TS) for 30 

days retention time is the optimum ratio among these three selected batch ADs.   
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Fig. 4.4. Daily biogas production in BMP experiments at different feedstock and inoculum 

ratios 

 

Fig. 4.5. Cumulative biogas production in batch BMP experiments of MFW 
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Fig. 4.6. Composition of daily produced biogas in MFW batch BMP experiment of 1:1 F/I 

ratio  

 

 
 

Fig. 4.7. Daily biomethane production in batch BMP experiments of MFW with different 

F/I ratio 
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Fig. 4.8. Cumulative biomethane production in Batch BMP of MFW 

4.3.3 Total biomethane production in a batch 

Net biomethane yield of F/I of 1:2, 1:1 and 2:1 ratio digesters based on TS, VS, COD and TOC 

are shown in Fig. 4.9. The total methane yield in 30 days retention time of F/I of 1:2 ratio 

digester was 255.90 L kg
-1

 TS, 376.76 L kg
-1

 VS, 171.29 L kg
-1

 COD and 516.34 L kg
-1

 TOC 

basis, respectively. Methane yield of F/I of 1:1 digester for same retention time was 347.69 L kg
-

1
 TS, 511.92 L kg

-1
 VS, 232.74 L kg

-1
 COD and 701.56 L kg

-1
 TOC basis, respectively.  Methane 

yield of F/I of 2:1 digester for same retention time was 203.31 L kg
-1

 TS, 299.33 L kg
-1

 VS, 

136.09 L kg
-1

 COD and 410.22 L kg
-1

 TOC basis, respectively. Similar result was found by 

Zhang et al. [38] and it was approximately 425 to 445 L kg
-1

 (average 435 L kg
-1

) VS added for 

food waste digestion in a batch AD for 28 days retention time. The produced biomethane of F/I 

of 1:1 ratio digester contained HHV of 17.08 MJ kg
-1

 TS with 93% energy recovery of dry 

matter energy content. Total bimethane in F/I of 1:1 batch digester accounted for 60% of 

produced biogas. But in a similar research, biomethane accounted for 73% of the biogas [38]. In 

this research, biogas was collected everyday where H2 and CO2 produced in acid step might not 

be converted completely into methane because it was taken out from the digester. That was one 

reason why biomethane accounted for lower than 73% of the biogas.  
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Fig. 4.9. Biomethane production in batch BMP experiment of MFW at different feedstock 

and inoculum ratio 

4.3.4 Comparison with recent published researches 

Various authors studied about biomethane production from FW, MSW and organic fraction of 

MSW (segregated and non-segregated) in mesophilic and thermophilic dry and wet AD (both in 

single stage and two stage) which are shown in Table 4.3. Most of the authors used cleaned 

(pure) FW samples collected from canteen, restaurant or randomly from a city collected MFW. 

They used the shredding pretreatment method for AD feedstock. There was no AD research on 

impure “as received” MFW of a homogeneous mega city until this research. There is only one 

running wet mesophilic AD plant in North America where MFW is collected separately from 

individual household once in a week, gather it in that AD plant and hydro-mechanically 

pretreated to produce broth to use as AD feed stock. This AD plant flares its produced biogas and 

discards its nutrient enriched liquid digestate into the sewerage.  Impurities are mixed during 

MFW collection and handling operations and it stays in the produced broth. This research was 

carried out by this impure MFW in mesophilic condition and it produced biomethane of 512 Lkg
-

1
 VS for 30 days retention time, which is higher than any other recent study results. This study 

result is applicable for any North American city MFW management in AD plant where the AD 

digestate can be used as liquid biofertilizer. 
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Table. 4.3 Comparative study of biomethane production from municipal food waste  

AD substrate TS  

(%) 

VS 

(% 

TS) 

Temperatur

e 

(°C) 

CH4 

(%) 

Biomethane 

(Lkg
-1

 VS) 

References 

Canteen FW 23 92.42 37 81-91 137-212 [44] 

Steam treated MSW 

pulp 

20 74.50 37 60 248 [45] 

Restaurant FW 23 91.00 38 and 55 62 100 [46] 

Non-segregated  

MSW  

27.2 85.00 50 51-62 271-401 [47] 

Source-segregated 

FW (shredded) 

27.7  88.00 42 62 398 [48] 

Organic fraction of 

MSW (shredded) 

35.6  86.00 55 60 360–402 [49] 

Source segregated 

FW (shredded) 

23.7  91.56 36 58–60 458 [50] 

Canteen FW 

(shredded) 

28 94.91 35 55–60 400–420 [51] 

Domestic FW 

(synthetically mixed)  

37.5 90-94 20 64–69 477 [52] 

MFW (as received) 7.04 67.92 36 60 512 Current 

study 

4.3.5 Nutrients in AD digestate 

The digestate of MFW AD was available for liquid fertilizer. The nutrient contents of MFW 

were determined in the laboratory according to section 4.2.3 which would be mostly unchanged 

in the digestate. The nutrient contents were then evaluated with dry matter of MFW (TS) which 

is shown in Fig.4.10. The total concentration of individual nutrient of an AD feedstock does not 

change significantly in its digestion process [38, 43]. The AD digestate contains the essential 

elements for crop growth which can be used as an organic fertilizer. The nitrogen (N), 

phosphorous (P), potassium (K),  sulfur (S), calcium (Ca),magnesium (Mg) and sodium contents 

on dry weight basis of total solid were  4.61%, 3.33%, 0.39%, 1.17%, 0.29%, 0.14% and 6.82%, 

respectively. In addition, other microelements such as Zn, Al, Fe, Cr etc. were also available 

which were not determined in this research. 
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Mixing of impurities such as sands and small stone particle from individual household and 

during MFW handling operations is a prominent reason for high ash content of 31.51% (Table1) 

in MFW. If people’s awareness would possible to be created not to for mix impurities in 

discarded household food waste, then nutrient content would be higher and digestate weight 

would be lower. Therefore this biofertilizer would be of high quality. Finally transportation cost 

of this liquid biofertilizer would lower. Most of the municipal AD plants are thickening digestate 

by polymer addition, separating its solid and liquid parts. The liquid part is sent to the municipal 

sewerage after pretreatment and the solid part is given to other users (if available) or sent it to the 

landfill and tipping fee is paid. This digestate would be a great source of nutrients for the 

substitute of chemical fertilizer if proper policy can be applied. This way, GHG emission would 

also be reduced. 

 

 

Fig. 4.10. Nutrients of MFW AD digestate to use as biofertilizer 

4.3.6 Economic and environmental aspects 

The population of Ontario province of Canada is 13.98 million and based on the results of this 

study, an Ontarian produces 295 kgy
-1

 of FW which can be estimated for economic and 

environmental benefit assessment. Ontario can produce 1442 million m
3
 of biomethane with 

energy value of 50713 million MJ (energy value of CH4 is 35.178 MJm
-3

) which is equivalent to 
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5634 million kWh (1 MJ = 0.277778 kWh) of electrical energy produced by a CHP engine run 

by biogas with 40% efficiency. This energy value can be of 1465 million dollar when Ontario 

FIT price ($0.26 per kWh) is considered. On the other hand Ontario can save a tipping fee of 

$150 per tonne which estimates to 618 million dollar annually. Therefore total annual benefit of 

Ontario can be 2083 million dollar. The annual methane saving from the waste sector can be 

1442 million m
3
 or 1.05 Mt (1 m

3
 CH4 = 0.717 kg) which is 10.64 Mt CO2e (1 tonne CH4 = 28 x 

16/44 tonne CO2 equivalent). Simultaneously, the same amount of natural gas can be saved due 

to use of biomethane produced from MFW in electricity generation. Therefore the overall GHG 

emissions reduction can be 21.28 Mt CO2e of Ontario. The historical target of Ontario GHG in 

2013 was 171 Mt including 8.4 Mt of landfill gas emissions and GHG emissions is targeted to 

146 Mt for the year 2020 where 25 Mt of GHG emissions reduction will be required [53]. If all 

FW can be treated in AD to produce biomethane and use it for electricity generation, then 85% 

of this reduction target will be fulfilled. Total annual nutrients (NPK) recovery from FW of 

Ontario can be 343661 t when AD digestate can be used as biofertilizer. An Ontarian can save 

$149 and 1.52 t CO2e GHG annually when all of FW of Ontario can be converted into 

biomethane and biofertilizer in wet AD. 

4.4 Conclusions 

A city MFW mixes impurities during its collection and handling operations.  This impure “as 

received” MFW was hydro-mechanically pretreated to produce pulp to use for the feed stock of 

wet mesophilic AD. The average values of TS, ash, VS/TS, COD/TS, TOC/TS, HHV of the 

MFW broth were 7.04%, 31.51%, 67.92%, 149.39%, 49.56% and 18.32 MJkg
-1

, respectively. 

The F/I ratio of 1:1 batch BMP digester produced maximum amount of biomethane of 512 Lkg
-1

 

VS in 30 days retention time with maximum CH4 composition of 75% of biogas. MFW broth 

had C/N of 15.29 at elemental level but it had organic C/N (TOC/TKN) of 10.86. The batch 

anaerobic digestion process produced maximum biomethane of 347.69 L kg
-1

 TS, 511.92 L kg
-1

 

VS, 232.74 L kg
-1

 COD and 701.56 L kg
-1

 TOC, respectively at 1:1 F/I volume ratio digester. 

The bioenergy recovery was 66.76% of impure raw MFW broth. The biomethane was accounted 

for about 60% of the produced biogas in this mesophilic batch digester. Digestate was available 

as a liquid biofertilizer with 4.61% N, 3.33% P, 0.39% K, 1.17% S, 0.29% Ca, 0.14% Mg and 

6.82% Na contents, respectively on dry weight basis of MFW broth, which can be the substitute 
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of chemical fertilizer. This biomethane and biofertilizer can reduce the GHG emission in 

Ontario, Canada which can contribute to circular economy enrichment. MFW of low C/N ratio 

will enhance biomethane production when it will be co-digested with biomass of high C/N ratio 

to maintain the substrate C/N ration of 25-30. This “as received” MFW conversion into 

bioenergy approach can recover both energy and nutrients. This approach can reduce the MFW 

management cost of a city for saving of tipping fee. The Ontario city can be further benefitted 

when it will receive the FIT benefit and carbon credit from the provincial and the federal 

Government and as a result the GHG emissions will be reduced. 
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Chapter V Biocarbon, biomethene, and biofertilizer from corn residue: A 

circular economy approach
4
 

Abstract 

In this research a hybrid thermochemical and biochemical approach is proposed to produce 

biocarbon, biomethene and biofertilizer from corn residue (CR) using the concept of circular 

economy. In this approach, CR is first pretreated in hydrothermal carbonization (HTC) process 

to produce solid biocarbon. Hydrothermal process water (HTPW), a co-product of HTC 

processing then underwent fast digestion under anaerobic conditions (AD) to produce 

biomethene and biofertilizer. The effects of operating conditions (process temperature and 

residence time) on both biocarbon and HTPW contents were studied. Four selected hydrothermal 

(HT) temperatures of 200⁰C, 220⁰C, 240⁰C and 260⁰C and their three corresponding residence 

times of 10 min, 20 min and 30 min were considered. Among these 12 HT processes, 240⁰C for 

30 min was found to be the best HT process. This process produced hybrid bioenergy of 14.26 

MJ kg
-1

 of raw CR with an overall energy yield of 78.65%. Biocarbon produced in 240⁰C for 30 

min and 260⁰C for 10 to 30 min were comparable to pulverised coal used in power plants, which 

contained HHVs of 23.01 MJkg
-1

 to 24.70 MJkg
-1

. Nutrient enriched AD digestate is useable as 

liquid fertilizer. Biocarbon, biomethene and biofertilizer produced at 240⁰C for 30 min HT 

process can contribute to the circular economy enrichment and reduction of greenhouse gas 

(GHG) emission in Ontario. 

Keywords: Biocarbon, Biogas, biofertilizer, hydrothermal process, anaerobic digestion 

5.1 Introduction 

The three major challenges in the 21st century are food security, climate change and energy 

sustainability. Bioenergy is one promising renewable energy source with low net CO2 emissions 

and potentially sustainable if the economical, environmental and social impacts are properly 

managed. The development of clean and economically viable biomass conversion technologies 

                                                 
4
 A version of this chapter has been submitted for publication as Paul, S., Dutta, A., Defersha, F., 2017. Biocarbon, 

biomethane and biofertilizer from corn residue: A circular economy approach. Biomass & Bioenergy (paper is under 

review). 
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for a domestic market is thus imperative to promote the local utilization of biomass residues in 

Canada.  Canada’s recent bio-economy strategy created new opportunity for farmers and 

processors to manufacture bio-based new products for additional markets. Now farmers have the 

opportunity to realize the new uses of their crop residues, food processing wastes and manure to 

use them in other forms of bioenergy production such as biochar (biocarbon) and biogas. This 

biogas can produce heat and power from its combustion and it can be upgraded to renewable 

natural gas [1] Recently Ontario Government passed the waste free Ontario, 2016 act which is 

the Resource Recovery and Circular Economy act [2]. In the “Circular Economy act” resource 

recovery, and waste reduction strategy will create opportunities and markets of recovered 

resources.  This will minimize greenhouse gas (GHG) emissions and environmental impacts in 

the strategy of “Waste-Free Ontario”.  

Corn (Zeya mays L.) residue (CR) is a potential lignocellulosic biomass to produce bioenergy.  

Global annual CR production is 885.3 Mt (grain : residue = 1:1)  of which 35.5% is in the USA 

[3]. Canada is producing 10.7 Mt y
-1

 CR of which 62% (6.6 Mty
-1

) is in Ontario [3]. CR alone is 

about 58% (11.47 Mty
-1

) of the total agricultural crop residues [4]. But these available 

agricultural residues have the potentiality to be converted into bioenergy production [5] collected 

from the study of Minaret and Dutta [6]. 

Dutta, and many other researchers have concluded that torrefaction greatly improves the 

combustible properties of biomass materials studied in terms of their moisture content, 

combustion efficiency, energy density, heating value and hydrophobic nature. Although this 

conclusion is promising, Dutta's research has shown that a degree of uncertainty exists, 

especially in the areas of reduction in alkali content from agricultural biomass [7, 8] and 

degradation of mill performance in the grinding of torrefied biomass. These challenges result in 

agglomeration and corrosion and a reduction in combustion efficiency due to a higher percentage 

of unburned carbon in fly ash. Dutta's research on Hydrothermal carbonization (HTC), where 

biomass is treated with hot compressed water instead of drying has shown great potential to 

reduce alkali content by 80% and thereby reduced the ash from the biomass feedstock [9]. The 

biocarbon produced using HTC contains lignite-like characteristics and higher energy density, 

hydrophobicity, grindability, and pellet durability compared to dry torrefaction, as well as 

displaying better chemical and biochemical stability than its raw feedstocks. When wet biomass 
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is used, only small amounts of process water (PW) are required to generate the desired dry 

weight content, although 20% of the PW may require removal from the system for continuous 

operation. The HTPW of pH between 2.7 and 3.5 with a high load dissolved TOC content (50 to 

100 mg L
-1

) and nutrient is considered as waste currently looking for an opportunity [10]. One 

suggested option is to use the HTPW for fast digestion in anaerobic condition to produce 

biomethene and liquid biofertilizer. 

Lignocellulosic biomass contains complex structure which needs pre-treatment to convert into 

biofuel [11, 12]. Though various pre-treatment technologies, including physical, chemical, 

biological and chemo-physical is being used widely [13-17], several researchers considered the 

non-catalyst hydrothermal pre-treatment as an environmentally friendly technology [18]. Xu et 

al. [19] carried out hydrothermal pre-treatment of corn residue at 190⁰C for different reaction 

times (10 min to 30 min) and found that the increase of pre-treatment time from 10 min to 30 

min decreased xylan (a group of hemicelluloses) recovery from 84.7% to 61.6% but glucan (D-

glucose monomers) recovery did not change significantly.  In the liquid part (HTPW) they could 

detect lactic acid, formic acid, acetic acid, glycolic acids, furfural and HMF. In subcritical water, 

xylan is effectively decomposed to xylose at 200°C for 60 min. But at 240°C, 90% xylose is 

converted within 10 min.  Xylose is further converted to furfural which is further decomposed 

into formic acid. In a side reaction, xylose is decomposed into lactic acid and hydroxyl acetone 

[20]. HTPW of various temperature and time produces several potential AD inhibitors, such as 

furfural, 5-Hexa meta furfural (HMF) and several organic acids (lactic acid, glycolic acid, formic 

acid and acetic acid), which would decrease fermenting microorganisms activities [19, 21]. 

Coronella et al., [22]  and  Kambo and Dutta [23] suggested for further research to convert 

organics present in the hydrothermal process water into other low cost types of biofuel or 

valuable chemicals for commercialization of hydrothermal process.  

Kumagai and Hirajima, [24] studied the hydrothermal treatment of bamboo from 180⁰C to 

300⁰C for fixed time of 10 min and found that at 180⁰C to 220⁰C, most hemicellulose was 

hydrolyzed to xylose first and then further decomposed to various organic acids and furfural. But 

cellulose was mostly decomposed at 220-240⁰C and it began hydrolyzing to glucose at above 

240⁰C. The glucose then decomposed to 5-HMF and various organic acids. The solid portion 

was mostly lignin with higher carbon content. All water soluble products were produced within 
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240⁰C temperature and started to decrease after that. All AD friendly organic acids production 

were optimum within 240⁰C but AD inhibited levulinic acid production started to increase at  a 

higher rate  for increases of temperature after 240⁰C. Furfural and 5-HMF decomposition started 

at 220⁰C and 260⁰C, respectively. For AD favourable organic acids and water insoluble 

compound production, up to 260⁰C temperature for hydrothermal process was considerable 

where minimum gaseous loss would be occurred. 

Yoshikawa and Prawisudha [25] pointed in their research that the hydrothermal solid product can 

improve dehydrability when the reaction time is increased, but its water solubility is increased 

along with decrease of total calorific value. On the other hand more soluble biomass has higher 

potentiality for biogas production for limiting phenolic compounds and furfural at concentration 

below their inhibition levels. Therefore, for hybrid biofuel production, a compromised operating 

condition of hydrothermal process is required which can be considered the optimum operating 

condition for maximum calorific value of produced useable biofuels. Though lignin is a minor 

compound in lignocellulosic biomass, it contains greater heating value than cellulose and 

hemicellulose [26]. Lignin is mostly unreactive under HTC conditions up to 265⁰C temperature 

for a long time and it produces phenolic compounds during hydrothermal treatment [27] which is 

a strong inhibitor to AD process. Kambo and Dutta [3]   carried on a comparative study of 

lignocellulosic biomass for biochar production in torrefaction and hydrothermal process and 

found that the hydrothermal process produced higher amount of biochar compared to the 

torrefaction process. They also determined that in hydrothermal processes, the biochar 

production in a certain temperature was increased for increasing process duration time. But for a 

constant time, mass yield was decreased for increased reaction temperature and liquid 

hydrotheramal process removes 29% more ash from biochar compared to vapor hydrothermal 

process in a certain temperature and time [6]. 

The above researches clearly indicate a gap of dual fuel production from biomass to maximize its 

profit. Farmers traditionally keep their corn residue as unharvested in their farms. Therefore in 

this research corn residue was considered to be used for hybrid bioenergy production such as 

biocarbon and biogas (Fig. 5.1). For biomass containing high moisture content, it was treated in 

hydrothermal process where solid portion was available as biocarbon to use for substitution of 

coal and its process water was used in anaerobic digestion (AD) to produce biogas. Its digestate 
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was available to use as liquid biofertilizer. All these three products can be produced and 

consumed at the farm area. For “Waste-free” strategy of the “Circular Economy” act 2016 of 

Ontario can accelerate the hybrid biofuel production opportunity with nutrient recovery facility. 

This approach can reduce GHG emission including farm level bioenergy production and market 

facility which is not yet carried out by any other researcher. 

 

Fig. 5.1. Conceptual framework of the hybrid bioenergy conversion in the circular 

economy concept 

5.2 Methodology 

5.2.1 Sample collection and preparation of feedstock 

High moisture fall harvested above ground standing plant corn residue was considered to be 

hydrothermally carbonized. Complete corn plant sample was manually harvested from a southern 

Ontario (Woodstock) farm during fall 2015 harvesting time (05 November, 2015). Corn plants 

were cut off at 6 to 10 cm above ground and collected in large sized plastic bag so that no soil 

could mix with it. Harvested plants were brought into Biorenewable and Innovation Laboratory 

of the University of Guelph, Ontario and immediately ears were separated from plants, then 

leaves and tassels were cut off from stalk and weighed. Then all of these components were dried 

up at 103
o
C ± 2

o
C for 24 hours and additional 48 hours (total 72 hours) to follow ASABE 

standards, S358.2 (ASABE standard, 2008) to find out moisture content and dry matter [28]. The 
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dried sample was stored in Ziploc plastic bag for laboratory experiments. For the sustainable 

corn stover harvesting, leaves, stalk and tassels were considered as corn stover for further 

laboratory experiments. In order to compare the useable biocarbon produced in hydrothermal 

process, pulverised thermal coal was used for bulk density, H:C and O:C atomic ratio.  

5.2.2 Hydrothermal pretreatment of corn residue 

The hydrothermal experiments of several selected temperature and time were conducted in a Parr 

600 mL series 4560 mini reactor. The selected temperatures were 200⁰C, 220⁰C, 240⁰C and 

260⁰C and each was carried on for 10 min, 20 min and 30 min respectively. To maintain 

homogeneous composition, ≤5mm size chopped predetermined 40% leaves and 60% stem with 

tassel in dry basis were mixed up for individual batch. For each batch, 5% feedstock TS was 

maintained by taking 18.5 gm dry CR and 350 mL deionized water in the hydrothermal cylinder 

and this composition was fixed for all experiments for maintaining consistency. Then the 

feedstock and water mixture of the cylinder was stirred and then it was placed in the reactor 

cylinder and sealed. The reactor was then purged with nitrogen gas for 2 min to remove air and it 

maintained inert condition. Then the outlet valve of the reactor closed to allow the reactor 

pressure to 2 MPa to maintain the liquid hydrothermal experiment [6] and then the reactor’s inlet 

valve was closed. Then the N2 supply line was disconnected and closed the N2 gas cylinder. Then 

the reactor was heated for the selected temperature and time. The reactor configuration is shown 

in (Fig. 5.2). The use of initial increased pressure could keep the hydrothermal experiments in 

liquid stage (water in liquid stage) and it ensured the inside reactor pressure was always above 

the water saturation pressure during the experiment. 

http://www.sciencedirect.com/science/article/pii/S0960852415015357#f0005
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Fig. 5.2. Hydrothermal reactor layout 

After an experiment (for a certain temperature and duration time) the reactor was submerged into 

ice water immediately and kept there until the temperature decreased to room temperature at 

25⁰C to 30⁰C. The liquid and solid hydrochar (say, biocarbon) mixture of the reactor was 

separated using a 20 μm filter paper. The solid sample was placed in an aluminium crucible and 

kept in the muffle furnace to remove its moisture according to the ASTM E1756 (at 103⁰C ± 3⁰C 

for 24 h). The filtered liquid, reffered to as hydrothermal process water (HTPW) was transferred 

into a glass container, sealed and kept in a refrigerator at 4⁰C to use in anaerobic digestion for 

biogas production. 

5.2.3 Proximate and ultimate analysis of corn residue, biocarbon and HTPW 

A proximate analysis of raw CR and biocarbons produced from different hydrothermal 

conditions were performed and their individual higher heating value (HHV) was determined. The 

moisture was determined according to the ASTM E1756 method by drying in a muffle furnace 

(Thermo Scientific - F48055-66, Waltham, MA) at 103⁰C ± 3⁰C for approximately 24 h. 

Because of VFA and other low boiling point (bp) holding organics such as hexane (bp = 69⁰C), 

ethyl ethanoate (bp = 77⁰C), methyl propanoate (bp = 80⁰C), formic acid (bp= 101⁰C) and 

pentanal (bp = 103⁰C) contained  in HTPW and food waste AD inoculum, they were dried up in 

the same muffle furnace at 60⁰C for 96 h (4 days) to protect their loss. After that, the dried 

http://www.astm.org/Standards/E1756
http://www.astm.org/Standards/E1756
http://www.sciencedirect.com/science/article/pii/S0960852415015357#gr1
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samples were ground in a planetary ball mill (RETSCH PM 100 model) operating at 420 rpm for 

4 min and stored in the desiccator. The ash content of same samples was determined according to 

the ASTM E1755 method by combusting in a muffle furnace for 3-5 h at 575°C ± 25°C. The 

volatile matter of all samples was determined according to the ASTM E872 method by 

combusting in a muffle furnace for 7 min at 950°C ± 20°C. The HHV of samples were 

determined using the IKA C200 Bomb Calorimeter after calibration for uniform measurement. 

Ultimate analysis such as carbon (C), hydrogen (H), nitrogen (N), sulfur (S) and oxygen (O) was 

determined by CHNSO analyzer of Thermo Scientific FLASH 2000 organic elemental analyzer. 

5.2.4 Bulk density (loose-filled) of dry solid biomass 

 According to  Chevanan et al. [29], the loose filled bulk density of chopped dry CR, ground dry 

biocarbon and pulverised thermal coal dust (for comparing) were determined by using a 50 mL 

glass cylinder. Each dry sample was filled in the mark of 10 mL, 20 mL, 30 mL, 40 mL and 50 

mL where the care was taken for avoiding any unfilled spaces.  The mass for each volume of a 

sample was determined separately and recorded by using an electronic balance (± 0.01 g). The 

density for each volume of biomass was calculated as: 

 

Loose filled bulk density =
Mass of dry sample

Volume of dry sample
                     (5.1)  

   

The mean value for five densities of a sample was calculated and based on the bulk density along 

with HHV, biocarbon was considered as “useable” or “non-useable” biocarbon to use as the 

substitution of coal. 

5.2.5 Physicochemical properties of HTPW 

Dried ground sample of <50 µm was mixed in deionized water to make 5% total solid (TS) 

containing mixture for AD and it was further diluted 100 times for laboratory experiments and 

elemental analysis. The elements of HTPW and raw CR solution such as Sodium (Na), 

potassium (K), magnesium (Mg) and Calcium (Ca) were determined by Inductively Coupled 

Plasma (ICP) analyzer of Agricultural and Food Laboratory, University of Guelph. Nitrogen (N), 

phosphorus (P) and sulfur (S) was determined by using HACH kits TNT 880, TNT843 and TNT 

http://www.astm.org/Standards/E1755
http://www.astm.org/Standards/E872
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864, respectively using HACH DRB 200 block digester and HACH DR 5000 spectrophotometer. 

TOC, COD and TVFA of these liquid samples were determined by TOC meter (TOC-VCPN, 

Japan), HACH 21259 COD vial and HACH TNT 872 vial, respectively. 

5.2.5.1 Gas Chromatography−Mass Spectrometry (GC-MS) analysis of HTPW 

Phenolic compounds and furfurals are two major inhibitors of anaerobic digestion.  Therefore, 

filtered HTPW was analysed in GC-MS for the phenolic compounds and furfural to consider the 

optimum hydrothermal process suitable for its HTPW anaerobic digestion. Analyses were 

performed using an Agilent 7890A gas chromatograph coupled to an Agilent 5975 MSD single 

quadrupole mass analyzer. The analyses were separated using BR-SWAX capillary column 

(Bruker, 30 m × 0.25 mm i.d., film thickness 0.25 mm), operating at 7 psi of column head 

pressure, resulting in a flow of 1.0 mL /min at a starting temperature 40°C. 1 µL sample volume 

was introduced into injection port at 250°C in split less mode. The temperature program was 

isothermal for 2 min at 40°C, raised to 100°C at a rate of 20°C per min, and then raised to 220°C 

at a rate of 10°C per min, and finally raised to 250°C at a rate of 40°C per min and held for 4 

min. The transfer line to the mass spectrometer was maintained at 260°C. The ionisation source 

temperature was 230°C and the ions were obtained by electron impact ionization in positive ion 

mode at 70 eV, collecting data at a rate of 1 scan per 200 ms over the m/z range of 50 to 550. 

Compounds were tentatively identified by comparing their mass spectra with those contained in 

the National Institute Standard and Technology (NIST)/US Environmental Protection Agency 

(EPA)/National Institutes of Health (NIH) and Wiley libraries. 

5.2.6 Anaerobic digestion of HTPW 

Hydrothermal process water (HTPW) at four fixed temperatures such as 200⁰C, 220⁰C, 240⁰C 

and 260⁰C and each for three fixed residence times such as 10 min, 20 min and 30 min (total 12 

process conditions) were characterized in laboratories which are mentioned in Section 5.2.3 and 

Section 5.2.5. Emphasize was also given to the proximate and ultimate analysis of their counter 

biocarbon parts. The proximate and ultimate analysis of used inoculum was also carried on in the 

same way. Then a certain residence time for four fixed temperatures was determined based on 

their maximum energy value, physicochemical properties and inhibitory parameters of produced 

HTPW. Biochemical Methane Potential (BMP) bottles of 160 mL volume were used to carry on 



124 

 

AD in a shaker incubator (New Brunswick Scientific Classic Series with capacity of 88 BMP 

bottles of 63 mm diameter). A BMP bottle was filled with 25 mL HTPW of a process and 25 mL 

inoculum. Inoculum was collected from the municipal food waste AD plant of Toronto and kept 

it in a refrigerator at 4⁰C. Inoculum was used within 3 days of collection. Following the AD 

batch experiments of Chen et al., [30] the substrate and inoculum ratio was 1:1 by volume. Then 

the pH of the mixture was measured by a digital pH meter and recorded. The mixture pH was 

adjusted within the range of 6.5 to 7.5 by using acetic acid (for few BMP bottle). Then the flask 

was flushed with nitrogen gas to remove all air from inside the BMP bottle for about two 

minutes and then closed and sealed it. Each process was triplicated and prepared BMP bottle for 

all samples like this way to carry on AD. Three BMP bottles were filled only by inoculum of 50 

mL in this way to carry on AD as a reference. The shaker incubator temperature was set at 36⁰C 

± 1⁰C and then all sealed nitrogen inert anaerobic conditioned BMP AD bottles were set in the 

tray of the incubator and started running. Biogas produced in each BMP AD was measured by a 

standard glass gas syringe (50 cubic centimeter capacity) by volume. This way biogas produced 

in all BMP ADs were measured once in a fixed time of a day for the consistency of the 

production pattern. For 30 days residence time, biogas production by volume was recorded every 

day and their summation was the total biogas production of an AD substrate. An amount of 5 to 

20 cm3 biogas from each AD was collected in individual gas syringe (closed condition) every 

day and its composition was measured (CH4 and CO2) immediately in a Gas chromatography 

(GC) with pre calibrated column (Agilent Technologies; GC-TCD model 6890N). Then nutrients 

in AD digestate were determined according to the analytical method explained in section 2.5. 

5.2.7 Statistical comparison for hybrid bioenergy production 

Statistical analysis allows the effect of hydrothermal temperature and duration time to be 

compared for maximum combine bioenergy (biocarbon and biogas) production, as demonstrated 

by Makela et al. [31], in their study on the effect of processing conditions on the properties of the 

produced hydrochar. Means, standard deviation and standard error of each parameter was 

determined in Microsoft Excel 2010. A Two-way (two factors) ANOVA (analysis of variance) 

was performed to investigate the effect of temperature and time on biocarbon for useable energy 

and HTPW for AD inhibitors. Important quantitative properties were carried on in this ANOVA 

to determine statistical difference in their properties. 

http://www.sciencedirect.com/science/article/pii/S0960852415015357#b0115


125 

 

5.3 Results 

5.3.1 Biocarbon characterization 

Biocarbon produced in hydrothermal process can be used as the substitution of coal. Here the 

pulverized coal was compared to biocarbon as reference fuel. The biocarbon of close 

physicochemical properties of reference coal was considered as a useable biocarbon in this 

research. 

5.3.1.1 Proximate and Ultimate analysis of hydrothermal feed stock 

The feed stock was collected according to the section of 5.2.1 and it was characterized according 

to described methods in Section 2.3. The characterization results are mentioned in Table 5.1. 

Table 5.1 Proximate and ultimate analysis of standing plant corn residue and AD inoculum 

Parameter unit Value 

Corn residue Inoculum (FW AD digestate) 

Dry matter content % (wet basis, 

wb) 

53.28 ± 0.05 3.54 ± 0.47 

Volatile solid (VS) % (dry basis, 

db) 

84.79 ± 2.23 40.89 ± 0.42 

Ash content   % (db) 2.34 ± 0.06 38.56 ± 0.16 

Fixed carbon (FC) % (db) 12.86 ± 2.18 20.15 ± 0.27 

Higher heating value 

(HHV) 

MJkg
-1

 (db) 18.13 ± 0.06 14.698 ± 0.12 

C % (db) 45.29 ± 0.12 26.98 ± 0.40 

H % (db) 5.77 ± 0.13 3.56 ± 0.07 

N % (db) 0.88 ± 0.97 3.26 ± 0.13 

S % (db) Not detected 0.21 ± 0.18 

O % (db) 48.08 ± 0.30 65.99 ± 0.33 

 

http://www.sciencedirect.com/science/article/pii/S0306261915007801#s0025
http://www.sciencedirect.com/science/article/pii/S0306261915007801#t0005
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5.3.1.2 Loose-bulk density of hydrothermal feed stock and produced biocarbon  

Bulk density of hydrothermal feed stock and biocarbon produced in various hydrothermal 

conditions were determined according to the section of 5.2.4 and results are shown in Fig. 5.2. It 

can be seen from the Fig. 5.3 that bulk density of biocarbon was increased when both 

temperatutre and time were increased. But it had negligible change (103 kg m
-3 

to 106 kg m
-3

) at 

200⁰C for change of duration time 10 min to 30 min) which was close to the raw feed stock (dry 

CR) (95.22 kg m
-3

). These biocarbons physically looked the same as raw feed stocks and their 

H:C and O:C atomic ratio stayed in the biomass category (Table 5.2, Fig. 5.3, Fig. 5.4). The 

loose-bulk density of biocarbons of 220⁰C at 10 min, 20 min and 30 min duration time were 

130.48 kg m
-3

, 207.44 kg m
-3

 and 238.20 kg m
-3

, respectively. Biocarbons of 240⁰C at 10 min, 

20 min and 30 min were 335.21 kg m
-3

, 367.54 kg m
-3

 and 459.73 kg m
-3

, respectively.  

Biocarbons of 260⁰C at 10 min, 20 min and 30 min were 503.73 kg m
-3

, 522.58 kg m
-3

 and 

546.99 kg m
-3

, respectively. On the other hand loose bulk density of coal dust was 561.14 kg m
-3

.  

Bulk density of both pulverized coal and coal dust is 561 kg m
-3 

[32, 33]. From all these results it 

can be pointed that biocarbons produced at 260⁰C in 10 min to 30 min duration time are 

comparable with coal dust (pulverized coal).  Biocarbon of 240⁰C at 30 min duration time is the 

next comparable condition with coal dust. 

 

Fig. 5.3. Bulk density of biocarbon of different HT temperature, coal dust and raw dry CR 
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5.3.1.3 Elemental analysis of hydrothermal feed stock and produced biocarbon  

Next we will compare the CHNSO, HHV, mass yield and energy yield of all biocarbons for 

finding the maximum energy production. The starting pressure at room temperature of all 

hydrothermal processes was a fixed 2 MPa which was internally increased to reach HT process 

temperature (Table 5.2) and maintained the liquid hydrothermal process [6]. During all of these 

conditions, water of hydrothermal cylinder stayed in liquid stage according to the pressure-

temperature phase diagram of water [34]. 

Table 5.2 CHNSO content and elemental ratios results for corn residue hydrothermal 

biocarbon  

Hydrotherma

l condition 

C (%) H (%) N (%) S (%) O (%) Atomic 

H:C 

ratio 

Atomic  

O:C 

ratio 

200⁰C 10min  48.70 ± 

0.67 

5.80 ± 

0.20 

1.65 ± 

0.11 

0.12 ± 

0.11 

43.73 ± 

0.63 

1.43 0.67 

200⁰C 20min  48.83 ± 

0.22 

5.75 ± 

0.14 

1.88 ± 

0.02 

0.08 ±0.07 43.46 ± 

0.35 

1.41 0.67 

200⁰C 30min  50.29 ± 

1.12 

5.55 ± 

0.07 

1.68 ± 

0.04 

0.00 ± 

0.00 

42.48 ± 

1.14 

1.31 0.63 

220⁰C 10min 52.36 ± 

0.04 

5.91 ± 

0.04 

1.28 ± 

0.07 

0.18 ± 

0.03 

40.28 ± 

0.09  

1.35 0.58 

220⁰C 20min 52.66 ± 

0.09 

5.67 ± 

0.06 

1.49 ± 

0.06 

0.14 ± 

0.12 

40.04 ±0.08 1.29 0.57 

220⁰C 30min 53.94 ± 

0.33 

5.83 ± 

0.05 

1.32 ± 

0.02 

0.18 ± 

0.01 

38.73 ± 

0.37 

1.30 0.54 

240⁰C 10min 53.92 ±1.66 5.98 ± 

0.22 

1.21 ± 

0.08 

0.17 ± 

0.03 

38.72 ± 

1.89 

1.33 0.54 

240⁰C 20min 54.43 ± 

0.10 

5.82 ± 

0.06 

1.40 ± 

0.01 

0.21 ± 

0.01 

38.14 ± 

0.14 

1.28 0.53 

240⁰C 30min 55.50 ± 

0.30 

5.73 ± 

0.08 

1.32 ± 

0.01 

0.18 ± 

0.01 

37.27 ± 

0.31 

1.24 0.50 

260⁰C 10min 56.41 ± 

0.28 

5.75 ± 

0.01 

1.18 ± 

0.01 

0.14 ± 

0.00 

36.52 ± 

0.28 

1.22 0.49 

260⁰C 20min 59.25 ± 

0.06 

5.66 ±0.02 1.32 ± 

0.02 

0.17 ± 

0.01 

33.60 ± 

0.08 

1.15 0.43 

260⁰C 30min 57.51 ± 

1.11 

5.52 ± 

0.19 

1.62 ± 

0.04 

0.23 ± 

0.02 

35.12 ± 

1.09 

1.15 0.46 

 

The elemental analysis results of biocarbon of different hydrothermal processes are shown in 

Table 5.2 and their H:C versus O:C (atomic ratio) are shown in the Van Krevelen diagram in 

http://onlinelibrary.wiley.com/doi/10.1002/ep.12503/full#ep12503-tbl-0003
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Fig.5.4. Biocarbon C content increased and O content decreased with increase of both HT 

temperature (200⁰C to 260⁰C) and time (10 min to 30 min) except 260⁰C for 30 min 

hydrothermal process. In this process C content started to decrease and O content started to 

increase compared to the hydrothermal process of 260⁰C for 20 min.  Here it can be noticed that 

cellulose is converted into glucose, the media became acidic, and a portion of glucose is further 

converted into HMF [35]. Then at an increased temperature at 260⁰C, HMF is rehydrated to 

produce levulinic acid and formic acid [36]. On the other hand, the HTPW pH was decreased and 

it worked as an acid catalyst to reduce the gasification temperature. This was another probable 

reason to reduce C content of biocarbon of 260⁰C for 30 min residence time. The decomposed 

lignin monomers might have some bonding with alkali matter which produced ash. 

 

 

Fig. 5.4. Van Krevelen diagram of raw CR, biocarbons produced from different HT 

processes and coal 
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were determined based on the eqn (5.2), eqn (5.3) and eqn (5.4) and each value was triplicated. 

These three equations are expressed as: 

 

Mass yield =
Mass of dry biocarbon

Mass of dry raw CR
∗ 100                                               (5.2)  

   

Energy densification ratio =
HHV of dry biocarbon

HHV of dry raw CR
                                (5.3)  

 

Energy yield = Mass yield ∗ Energy densification ratio                 (5.4) 

 

Fig. 5.5. Comparison of mass yield of biocarbon in different hydrothermal processes 
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Fig. 5.6. Comparison of HHV of biocarbon in different hydrothermal processes 

 

 

Fig. 5.7. Comparison of energy yield of biocarbon in different hydrothermal processes 
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observed in case of temperature compared to the reaction time. For increasing hydrothermal 

process temperature from 200°C to 260°C, the mass yield of biocarbon was decreased from 

57.23% to 42.72% for 10 min, from 57.18% to 40.93% for 20 min and from 56.05% to 37.29% 

for 30 min residence time, respectively. On the other hand a minor variation of mass yield and 

energy yield between residence times from 10 min to 30 min at 200°C was observed; but this 

variation was increased for increase in hydrothermal process temperature. The mass yield at 

260°C in 10 min was 42.72% and in 30 min it was 37.29%. The HHV was increased for increase 

in both temperature and time but it was observed more prominent in temperature (Fig. 5.6). The 

HHV of biocarbon at 200°C for 10 min and 30 min residence time were 20.16 MJkg
-1

 and 20.69 

MJkg
-1

, respectively. But the HHV of biocarbon at 260°C for 10 min and 30 min residence time 

were 23.35 MJkg
-1

 and 24.69 MJkg
-1

, respectively. From Fig.6 it can be observed that at 240°C 

for 30 min residence time, produced biocarbon contained HHV of 23.01 MJkg
-1

 which is very 

comparable to the biocarbon of 260°C (23.35-24.69 MJ kg
-1

). 

Biomass in hydrothermal process reaction rate is exponentially proportional to its temperature 

but directly proportional to the process residence time [3]. For this reason hydrothermal process 

temperature is more important than its residence time. On the other hand, in subcritical stage 

water’s physicochemical properties are significantly affected by reaction temperature [3, 37]. 

Lignin portion of biomass contains the highest HHV among its three components such as lignin, 

cellulose and hemicellulose. Lignin has 23.3 – 26.6 MJkg
-1

 HHV whereas cellulose and 

hemicellulose has 17.6 – 17.9 MJkg
-1

 HHV. Therefore for the thermal stability of biomass 

components from most to least the order: Lignin>Cellulose>Hemicellulose [38-40]. 

Hemicellulose is degraded at 180°C to 200°C and cellulose is degraded at 200°C to 220°C and 

both are called polysaccharide (hemicellulose and cellulose). In the hydrothermal process, 

polysaccharide portion of biomass is degraded into the water soluble organics at the maximum 

amounts at 30 min residence time [36]) within the maximum temperature of 240°C and above 

this temperature it is further degraded into HMF and other organic acids such as levulinic acid 

and formic acid [24]. 
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5.3.2 Hydrothermal process condition for good quality biocarbon production 

The main aim of biocarbon produced in hydrothermal process is to use it as the substitute of coal, 

especially the pulverized coal or coal dust. As corn residue is a lignocellulosic biomass which is 

completely broken down in plant cell and it is immediately converted into a lignite-like product 

named hydrochar [40] which is renamed here as biocarbon. The HHV of pulverized coal 

(Australian subbituminous coal) is 26.86 MJkg
-1 

[41] and the coal (lignite-Anthracite) is 15-27 

MJkg
-1

 [42]). The bulk density of pulverised coal (coal dust) is 561 kg m
-3

 [42]. Therefore, 

biocarbon with the highest mass yield and closest HHV and bulk density of pulverized coal was 

the criterion to select the hydrothermal process conditions. 

5.3.2.1 Composition of the organics in hydrothermal process water and inoculum 

The organic components of HTPW was analysed in GC-MS to determine total phenolic and 

furfural contents which are inhibitors of AD. Other analytical laboratory experiments were 

carried on according to the section 5.2.5 and they are shown in Table 5.3. It can be seen from the 

Table 5.3 and Fig. 5.8 that total VFA content was increased with increase in temperature and 

residence time from 10 min to 20 min but it was decreased from 20 min to 30 min residence time 

for a certain temperature. The total solid contents in HTPW also decreased for increase in 

temperature and time until 240°C but it was increased from 240°C to 260°C and residence time 

from 10 min to 30 min. The same trends were observed for total phenolic compounds until 

240°C temperature but it was increased for increase in temperature and time (Fig. 5.9).  The 

furfural compounds was increased for increase in residence time from 10 min to 30 min at 200°C 

temperature until 220°C for 10 min and then decreased for increase of both temperature and time 

(Fig. 5.9). The C/N ratio was constant for increase in temperature from 200°C to 220°C at 30 

min residence time but was decreased for increase in residence time at 240°C. On the other hand 

C/N was increased for increase in both temperature and time after 240°C. After 240°C, NO3
- 

started to convert into N2 gas which might be a main reason for increasing C/N ratio [43]. Sulfur 

content of HTPW did not observe any significant change for neither temperature nor time 

increased. 
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Table 5.3 Major compounds of HTPW organics and inoculum 

Hydrotherm

al condition 

pH  TS 

(%) 

wb 

Total 

VFA 

(%TS

) 

TOC in 

TS 

(g kg
-1

) 

TKN 

in TS 

(g kg
-

1
) 

C/N 

ratio 

Total 

Phenolic

s  (%TS) 

Furfural 

(%TS) 

Sulphur 

in TS 

(g kg
-1

) 

200⁰C 

10min 

4.05 2.24 11.61 261 6.26 42 4.45 31.33 25.70 

200⁰C 

20min 

4.02 2.27 16.56 303 8.70 35 17.69 35.29 18.66 

200⁰C 

30min 

3.86 2.16 15.51 293 5.54 53 12.38 42.80 19.52 

220⁰C 

10min 

3.93 1.84 15.16 324 7.24 45 14.16 43.82 22.37 

220⁰C 

20min 

3.82 1.63 21.96 389 8.19 47 17.42 34.92 21.56 

220⁰C 

30min 

3.70 1.70 19.03 400 7.53 53 15.15 40.67 19.43 

240⁰C 

10min 

3.78 1.86 16.29 347 7.38 47 23.08 26.79 22.05 

240⁰C 

20min 

3.86 1.58 27.69 349 9.65 36 19.47 21.51 19.87 

240⁰C 

30min 

3.83 1.48 23.78 368 8.67 42 17.14 17.47 19.07 

260⁰C 

10min 

3.68 1.51 43.81 373 7.53 49 19.95 26.05 20.01 

260⁰C 

20min 

3.69 1.52 45.72 363 6.17 59 26.05 17.51 14.35 

260⁰C 

30min 

3.73 1.94 33.92 338 4.11 82 26.52 6.16 19.71 

Inoculum 8.22 3.54 4.42 629 TC 59.32 11 - - 45.20 
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Fig. 5.8. Total volatile fatty acids (VFA) in HTPW organics 

 

 

Fig. 5.9. Total phenolic and furfural contents in HTPW organics 
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be comparable to 240°C for 30 min condition of this research and after that it is decreased with 

increase in temperature and time [47]. Weingarten et. al., [36] found that, the useable water 

soluble organic compounds are produced at higher temperature (≥220°C) and lower residence 

times (≤30 min). According to the mass balance study of Kumagai and Hirajima, [24] at a 

constant residence time of 10 min it can be observed that water insoluble (biochar i.e. biocarbon) 

content is decreased from 80% of feedstock at 180°C to 39.5% at 280°C following a constant 

decreasing rate. But at the same condition organic content in HTPW is kept comparatively 

constant from 200°C to 240°C, after that it decreased at a constant rate. Therefore total solid loss 

rate is increased after 240°C temperature and 10 min residence time whereas both water soluble 

and insoluble solid contents are decreased. It can be noticed from their research that at 10 min 

constant residence time, Total organic solid loss (gas + others) at 180°C, 240°C, 260°C and 

280°C were approximately 0%, 18%, 32% and 43%, respectively. The aqueous phase of 

hydrothermal process water (HTPW) contained hemicellulosic and cellulosic organics like sugar 

and fatty acids such as acetic acid [10] which is suitable for AD. But for increase in process 

temperature >240°C cellulosic sugar is converted into HMF within 230°C to 260°C and then 

levulinic acid [24, 44, 45, 46] which are inhibitors to AD process. Hemicellulose is converted 

into xylose within 220°C which is good for AD but it is further decomposed into various organic 

acids and furfural above 220°C. The HTPW of lignocellulosic biomass contains the highest 

sugar from 200°C to 220°C temperature [45]. Furfural works slowly in AD.  On the other hand 

the lignin derived compounds also stay in HTPW which are mainly alcoholic (phenolic) 

compounds [40] and strongly inhibit AD. 

In both basic and acidic conditions nitrate is converted into nitrogen in reduction reaction and the 

destruction of NO3
-
 reaction is accelerated for increasing temperature (200⁰C-350⁰C), pressure 

(4 MPa-18 MPa) and time [44]. Authors found that at pH value of 4, 4.5% of NO3
-
 is converted 

into N2 at 250⁰C and <30 min residence time which is increased to 100% at 350⁰C temperature 

and 2 h residence time. This might be a main reason for why the increase of C/N ratio of HTPW 

organics is almost double from 200⁰C 10 min (C/N ratio = 42) to 260⁰C 30 min (C/N ratio = 82). 

According to the research of Kumagai and Hirajima,[24] hydrothermal treatment of 

lignocellulosic biomass mainly produces four organic acids such as formic acid, acetic acid, 

levulinic acid and glycolic acid [46]. These acids are mainly derived from the degradation of 
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hemicellulose and cellulose.  Among all four acids, acetic acid is produced notably higher than 

that of any others acids within 260⁰C. The yield of formic acid and acetic acid increased rapidly 

with increase in temperature until 220⁰C and then the rate of formation is slowed down for acetic 

acid and the yielding decreased for formic acid. But the yield of levulinic acid is increased at a 

very low rate until 240⁰C and after that higher rate. Similar results were found by another 

research [10]. The yield of glycolic acid is increased at a low constant rate until 260⁰C 

temperature and after that the rate is increased [24]. 

From the Table 5.3 it can be noticed that HTPW of all conditions were acidic as their pH value 

were 4.05 to 3.73. For biomass staying in the acid environment during all hydrothermal 

processes, lignin is depolymerised and again polymerised [48]. For decomposition of lignin, 

phenolic compounds are formed [40] such as phenols and methoxy phenols by hydrolysis of 

ether-bonds [49]. 

It can be seen from the Fig.5.9 that the furfural content of HTPW was decreased after 220⁰C 

both for increase in temperature and residence time. During hydrothermal treatment of biomass, 

furfural is generated from hemicellulose at a relatively lower temperature until 220⁰C compared 

to 5-HMF produced from cellulose. Therefore, furfural yield is increased rapidly until 220⁰C and 

then it is decreased gradually [24]. The pentose (arabinose, xylose) which is a type of sugar of 

hemicellulose is generally degraded into furfural [50]. But hexose (glucose), a type of sugar of 

cellulose is degraded into 5-HMF and then this 5-HMF is degraded into levulinic acid and formic 

acid in hydrothermal treatment of biomass [24, 36]. Hemicellulose degradation starting 

temperature (normally 180⁰C-200⁰C) is lower than that of cellulose degradation starting 

temperature in hydrothermal process [51]. 

5.3.2.2 Anaerobic digestion of HTPW for biogas production 

According to the characteristic and energy production scenario of hydrothermally pretreated corn 

residue discussed in all subsections of Section 5.3.1 and 5.3.2, it can be considered that among 

three residence times such as 10 min, 20 min and 30 min of all four individual temperatures, 30 

min residence time provides better conditions for useable biocarbon (Table 5.2). On the other 

hand, TOC and other characteristics of HTPW were determined (Table 5.3) to select the most 

favourable hydrothermal condition for AD.  Furfural content of HTPW decreased in increase of 
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HT residence time at 240⁰C to 260⁰C (Fig. 5.9) of HTPW. Therefore, 30 min residence time of 

200⁰C, 220⁰C, 240⁰C and 260⁰C hydrothermal process water were set for anaerobic digestion in 

a shaker incubator mentioned in section 5.2.6. Daily production of biogas for 30 days retention 

time was cumulated to find the total biogas production of an AD. Each system was triplicated 

and their mean and standard errors were determined. Average methane composition of biogas 

was determined as 57.7%. Total produced biogas and methane for 30 days retention time is 

shown in Fig.5.10. It can be noticed from the Fig. 5.10 that, the gas production at 200⁰C and 

220⁰C were similar and it was the highest at 240⁰C (558 L kg
-1

 TS). 

The HTPW at 240⁰C contained lower amount of phenolic and furfural compound though its C/N 

ratio is 42. Biogas production was the lowest (276 L kg
-1

 TS) at 260⁰C for high content of 

phenolic compound (26.52%) increase of levulinic acid and high C/N ratio. As discussed in the 

previous sections, levulinic acid production rate is increased after 240⁰C for a fixed residence 

time. Similar higher levulinic acid production at 260⁰C was found by previous researchers [10, 

24]. On the other hand HTPW of >250⁰C reduces its nitrogen content [44] and for that reason 

C/N ration of this substrate was 82. These three reasons can be noticed for producing low 

amount of biogas at 260⁰C temperature. With consideration of the use of biocarbon as the 

substitution of coal, 200⁰C and 220⁰C temperatures are not useable (Table 5.2) which means 

their produced biocarbons are not useable. On the other hand, biocarbons produced in 240⁰C and 

260⁰C is useable. If hydrothermal process is carried on only for biogas production, then 200⁰C to 

240⁰C for 30 min HT process is suitable (Fig. 5.10). On the other hand, if only biocarbon 

production is considered, then 240⁰C to 260⁰C (Fig. 5.4 to Fig. 5.6) range is suitable. But in the 

case of both biogas and useable biocarbon production, hydrothermal process of 240⁰C for 30 min 

residence time is an optimum condition for corn residue. 
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Fig. 5.10. Biogas yield of HTPW of corn residue in AD process 

The Higher heating value of methane at normal temperature and pressure is 55.53 MJkg
-1

 with 

density of 0.717 kg m
-3

 at 0⁰C temperature and atmospheric pressure (Engineering Toolbox, 

2017) which is 35.178 MJm
-3

 at 36⁰C and atmospheric pressure. Produced biogas of these four 

hydrothermal conditions were converted into their higher heating value (methane volume in m
3
 

kg
-1

 TS x HHV of methane in MJ m
-3

) and it was represented both by total solid of HTPW and 

dry corn residue used in hydrothermal processes. Results of selected four HT processes are 

shown in Fig.5.11. If biogas is represented at TS of HTPW basis then energy yield of 200⁰C, 

220⁰C, 240⁰C and 260⁰C process temperature were 9.89 MJ kg
-1

, 9.57 MJ kg
-1

, 11.33 MJ kg
-1

 

and 5.59 MJ kg
-1

 TS, respectively. But when hybrid energy production is considered then this 

energy yield can be represented as their respective raw dry CR basis. Then their corresponding 

energy yields were 4.27 MJ kg
-1

, 3.25 MJ kg
-1

, 3.35 MJ kg
-1

 and 2.17 MJ kg
-1

 of dry CR, 

respectively. Among these four selected HT processes, energy yield of HTPW produced 

biomethane of 200⁰C and 220⁰C were similar, 240⁰C had the highest and 260⁰C had the lowest 

HHV in TS basis. 
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Fig.5.11. Energy yield of HTPW produced biogas from AD process represented in the form 

of corn residue and total solid of HTPW 

5.3.3 Hybrid energy production 

Section 5.3.1 and Section 5.3.2 discussed about two separate HT products such as the water 

insoluble organic and water soluble organic. Water insoluble organic was mentioned as 

biocarbon which could be substitute of coal. Residence time at 30 min for all hydrothermal 

processes was shown an optimum condition.  According to the energy value and 

physicochemical properties, biocarbon produced at 200⁰C and 220⁰C were not comparable to 

coal (Fig. 5.4). Therefore their useable energy values were zero whereas biogas produced from 

HTPW of all conditions had useable energy. On the other hand, both biocarbon and biogas 

produced at 240⁰C and 260⁰C for 30 min residence time provided useable energy. In context of 

useable energy yield reference to raw dry CR, hybrid bioenergy production was determined 

which is shown in Fig. 5.12. The useable hybrid bioenergy produced at 200⁰C, 220⁰C 240⁰C and 

260⁰C at 30 min residence time were 4.27 MJ kg
-1

, 3.25 MJ kg
-1

, 14.26 MJ kg
-1

 and 11.38 MJ 

kg
-1

 of dry CR, respectively. Therefore, the most favourable hydrothermal process condition of 

Ontario corn residue for hybrid useable bioenergy production is the 240⁰C for 30 min residence 

time. In this condition, overall hybrid energy yield of dry corn residue was found to be 78.65% in 

this research. It can also be noticed that for only biocarbon production the optimum 
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hydrothermal condition also was 240⁰C for 30 min residence time where energy yield was 

60.17%. 

This hybrid energy production from hydrothermally processed biomass (both solid and liquid) 

has not been carried on by any other researcher until this research. Therefore this hybrid 

bioenergy production from hydrothermally processed corn residue is an innovation in bioenergy 

production area. 

 

Fig. 5.12. Useable hybrid bioenergy production from hydrothermally treated corn residue 

5.3.4 Statistical analysis  

Observing the properties of biocarbons produced in different HT processes to compare with 

pulverized coal (Fig. 5.3 and Fig. 5.4), we could find the useable biocarbon. The two factors 

(temperature and time) effect on useable energy in biocarbon is shown in Fig. 5.13. Two main 

compounds such as phenolic compounds and furfural of HTPW are major inhibitors for AD. 

Therefore minimum quantity of these two products is expectable for AD of HTPW. The two 

factors (temperature and time) effect on total phenolic and furfural contents in HTPW are shown 

in Fig.5.14 (a) and Fig. 5.14 (b). 
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Fig. 5.13. Statistical analysis of biocarbon for optimum useable energy production 

 

   

a)  Effect on total phenolic production.                         b) Effect on furfural production. 

Fig. 5.14. Statistical analysis of HTPW for phenolic compounds and furfural 

 

This statistical analysis supports the 240⁰C for 30 min HT process for maximum useable 

bioenergy production. The HT process temperature shows significant effect on hybrid bioenergy 

production with very small P value (close to zero). 
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5.3.5 Nutrients in AD digestate 

The digestate of HTPW AD was available for liquid fertilizer. The nutrient contents of HTPW 

water were determined in the laboratory according to section 5.2.5 which would be unchanged in 

the digestate. The nutrient contents were then evaluated with raw dry corn residue which is 

shown in Table 5.4. It can be observed from Table 4 that about 27-32% nitrogen, 8-23% 

phosphorus, 18-26% potassium and 16-19% sulphur are recoverable if the HTPW AD digestate 

is applied in the harvested corn field. 

Table 5.4 Nutrient content of HTPW organics (dry basis) used in AD and its recovery 

Name of 

AD 

N  

(gkg
1
) 

Recovery 

(%CR) 

P 

(gkg
-1

) 

Recovery 

(%CR) 

K 

(gkg
-1

) 

Recovery 

(%CR) 

S 

(gkg
-1

) 

Recovery 

(%CR) 

HTPW 

200⁰C 30 

min 

11.67 30.33 0.82 23.46 15.74 26.15 19.52 18.54 

HTPW 

220⁰C 30 

min 

15.81 32.34 0.54 12.16 14.71 19.24 19.43 14.52 

HTPW 

240⁰C 30 

min 

17.74 31.59 0.39 7.65 16.22 18.47 19.07 12.41 

HTPW 

260⁰C 30 

min 

11.70 27.31 0.44 11.31 14.18 21.16 19.71 16.81 

Raw dry CR 16.62 - 1.51 - 26 - 45.49 - 

 

According to the five years’ research of Karlen et al., [52] it was found that average yearly N 

removal is of 29.3% on the continuous harvesting of corn residue. This research estimates about 

86 kg ha
-1

 of N contains in the corn residue which is about 34% removal. If digestate would be 

applied to the farm, then almost zero nitrogen loss would happen. 

Further suggested study for corn residue hybrid bioenergy conversion in circular economy 

concept is shown in Fig. 5.15. 
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Fig. 5.15. Further study for hybrid bioenerygy conversion of corn residue in the circular 

economy concept 

 

5.4 Conclusions 

Biocarbon and chemical components of HTPW of a certain biomass varies with its hydrothermal 

temperature and time. Useable biocarbon was produced at 240⁰C 30 min, 260⁰C 10 min, 260⁰C 

20 min and 260⁰C 30 min because their bulk density and HHV were comparable with coal. 

Energy yield of biocarbon produced at 240⁰C 30 min was the highest (10.91 MJkg
-1

 of raw dry 

CR) among the three processes. 

Anaerobic digestion of HTPW is an excellent feed stock of biogas production but its inhibitory 

chemicals such as phenolic compound and furfural should be below the inhibition limit. Among 

the three selected residence times for individual temperature, 30 min residence time was the 

lowest producer of these two inhibitory chemicals. These two inhibitory chemicals were 

produced in low amount at 240⁰C in 30 min hydrothermal condition when their counter 
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produced biocarbon was considered as a useable energy source (substitution of coal). The 

sufficient amount of biogas was produced both in 200⁰C at 30 min (488 Lkg
-1

), 220⁰C at 30 min 

(471 Lkg
-1

) and 240⁰C at 30 min (558 Lkg
-1

) whereas it was the lowest (276 Lkg
-1

) at 260⁰C at 

30 min condition. The HTPW AD digestate would be nutrient enriched liquid fertilizer available 

to apply into the corn farm. It could recover about one third of corn residue containing nitrogen 

and other nutrients. 

However, for hybrid bioenergy production (biocarbon and biogas), the hydrothermal process of 

Ontario corn residue at 240⁰C for 30 min residence time was observed to be the optimum for the 

highest combined energy production of 14.26 MJkg
-1

 with an overall energy yield of 78.65%. 

Although the energy yield in the hybrid system was better than only biocarbon production of 

recent studies, there is a possibility to further increase of biogas production from HTPW after 

reducing their C/N ratio from 42-82 to normal range (20-25). Co-digestion with high nitrogen 

contained biomass such as food waste can be an option. In this case the hybrid bioenergy yield 

will be increased using these two undervalued biomasses in bioenergy production. The 

possibility of more nutrients recovery will reduce the chemical fertilizer use in Ontario farms 

which will contribute to circular economy enrichment and reduction of greenhouse gas emission. 

It is also noticeable that the liquid hydrothermal process uses water at the subcritical phase. 

Therefore the reactor’s inside pressure stays at a very high level. For commercial application of 

this operation, the high pressure hydrothermal equipment with proper safety would be 

considered. The facility producing hybrid bioenergy and bio-fertilizer use should be available 

near the corn farm. 
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Chapter VI Mechanical and alkaline hydrothermal treated corn residue to 

bioenergy and biofertilizer: A circular economy concept
5
 

Abstract 

In this research corn residue (CR) was first mechanically pretreated to produce 5 mm chopped 

and <500 µm ground, which then underwent anaerobic digestion (AD) treatment to produce 

biomethane and biofertolizer. Another sample of CR was pretreated in alkaline hydrothermal 

(HT) process of 1% NaOH, 2% NaOH and 3% NaOH to produce solid biocarbon and alkaline 

hydrothermal process water (AHTPW), a co-product of biocarbon underwent fast digestion 

under AD to produce biomethene and biofertilizer. A predetermined HT process of 240⁰C for 30 

min was considered and the effect of alkali content in HT process for biocarbon and biomethane 

production was studied. The mechanical pretreated chopped and ground CR produced bioenergy 

of 8.21 MJkg
-1

 and 9.23 MJkg
-1

 of raw CR, respectively. Among three selected alkaline HT 

processes, the 1% NaOH HT process produced the highest hybrid bioenergy of 11.39 MJkg
-1

 of 

raw CR with overall energy recovery of 62.82% of raw CR. The AHTPW of 2% and 3% NaOH 

HT treated CR did not produce a considerable amount of biomethane and their biocarbons 

contained bioenergy of 3.44 MJkg
-1

 and 3.27 MJkg
-1

 of raw CR, respectively. The biomethane 

produced from 5mm chopped CR, <500 µm ground CR and 1% alkaline AHTPW for 30 days 

retention time were of 275.38 Lkg
-1

 volatile solid (VS), 309.59 Lkg
-1

 VS and 278.70 Lkg
-1

 VS, 

respectively compared to non-treated CR of 144-187 Lkg
-1

 VS. Nutrient enriched AD digestate is 

useable as liquid fertilizer. Biocarbon, biomethene and biofertilizer produced from the 1% 

alkaline HT process at 240⁰C for 30 min can contribute to the circular economy enrichment and 

reduction of greenhouse gas (GHG) emission in Ontario. 

Keywords: Biomethane, bioenergy, biofertilizer, alkaline hydrothermal, anaerobic digestion 

                                                 
5
 A version of this chapter has been sent for publication as Paul, S., Dutta A., Defersha, F., 2017. Mechanical and 

alkaline hydrothermal treated corn residue to bioenergy and biofertilizer: A circular economy concept. Applied 

Energy (revised paper submitted after review). 
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6.1 Introduction 

Lignocellulosic biomass (LB) such as agricultural residues, grass, energy crops, forest residues, 

wood etc. are alternative energy sources of fossil fuel in North America (Hu and Ragauskas, 

20120). Corn (Zeya mays L.) residue is a potential bioenergy producing LB, which could reduce 

foreign oil dependency. Global CR production is 885.3 Mty
-1

 (grain/residue ratio of 1:1 basis) of 

which 35.5% in the USA and 1.21% (10.70 Mty
-1

) in Canada (Graham et al., 2007; Wilhelm et 

al., 2004; Statistics Canada, 2017). CR alone is about 58% of the total agricultural crop residues 

of Canada (Khan, 2009). About 62% (6.6 Mty
-1

) of Canadian CR is produced in Ontario 

(Statistics Canada, 2017). All available agricultural residues have the potential to be converted 

into bioenergy production (Hewson et al., 2010 collected from Minaret and Dutta, 2016) but CR 

is currently decomposed as unharvested in the farm for unavailability of suitable technology at 

the farm level. Therefore this unharvested CR produces GHGs. 

Bioenergy can be produced from bio-waste such as CR, which can be utilized in energy 

substitution of fossil fuel. Therefore, bio-waste should be processed with the highest possible 

efficiency for energy recovery, instead of being discarded (Howaniec and Smolinski, 2017). Bio-

waste to resource recovery and management system produces sustainable green energy from a 

climate change mitigation point of view (Thomsen et al., 2017). The recent waste management 

strategy launched by the Ontario Government, Canada is the circular economy which aims to 

eliminate waste, keep resources in use to extract the maximum value, minimize waste generated 

at the end-of life, deliver a more competitive economy and help to reduce the environmental 

impacts. The Circular Economy is beyond recycling compared to the traditional linear economy 

of make-use-dispose (landfill) strategy (Ontario, 2016, WRAP 2017, Geissdoerfer, et al., 2017).  

The concept of a Circular Economy was started in Europe in 2015 and has attracted agendas of 

policy makers (Geissdoerfer, et al., 2017). It has recently been employed as the waste 

management strategy of Europe, China and Ontario (European Commission, 2015; Lieder and 

Rashid, 2016; Ontario, 2016). 

Most of the LBs are composed of hemicellulose (23–32 %), cellulose (38–50 %), and lignin (10–

25 %) (Sawatdeenarunat et al., 2015). Cellulose is a crystalline and hemicellulose is a complex 

structure with various polymers of carbohydrate (polysaccharides) (Saha, 2003; Pu et al., 2008). 

On the other hand, lignin is a phenolic polymer and it creates a physical barrier during the 

http://www.sciencedirect.com/science/article/pii/S0959652616321023#bib31
http://www.sciencedirect.com/science/article/pii/S0959652616321023#bib59
http://www.sciencedirect.com/science/article/pii/S0959652616321023#bib59
http://link.springer.com/search?dc.title=Hemicelluloses&facet-content-type=ReferenceWorkEntry&sortOrder=relevance
http://link.springer.com/search?dc.title=Hemicelluloses&facet-content-type=ReferenceWorkEntry&sortOrder=relevance
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enzymatic breakdown on the carbohydrate fraction of LB. Structural strength of a plant and its 

microbial attack is protected by lignin (Hu and Ragauskas, 2012). 

Among all types of bioenergy conversion technologies, AD consumes the least energy with the 

benefit of GHG emission reduction (Hamawand, 2015). Although LB is rich in methane 

potential for anaerobic digestion, its high value of C/N ratio and its complexity in structure 

inhibits AD process (Sawatdeenarunat et al., 2015). Therefore, pretreatment is essential for 

production of biomethane from LB (Zheng et al., 2009; Mosier et al., 2005). Degradation of 

variable cell walls, cellulose and lignin compound of LB is very slow in normal AD process 

(Amani et al., 2010). But LB can be a potential AD substrate after appropriate pretreatment in 

such a way that its inhibitory substances can stay below inhibition limit (Sawatdeenarunat et al., 

2015). Commonly used pretreatment methods of LB are mechanical, thermal, chemical and 

thermochemical. Chopping, blending, milling and grinding are mechanical pretreatment 

techniques to reduce biomass size and breaking the hard wall so that microbial activity can easily 

be possible during AD process. The microbial pretreatment such as fungal treatment of 

agricultural biomass does not improve methane production in AD (Liu et al., 2017).  Thermal 

hydrolysis, wet oxidation (heated with air/O2), and steam explosion are considered in thermal 

pretreatment category. Wet oxidation ruptures the crystalline structure of LB (Panagiotou and 

Olsson, 2007) but huge mass loss occurs due to CO2 production. 

In case of thermal hydrolysis, temperature is normally kept below 180⁰C (150-180⁰C) whereas 

steam explosion is carried out at higher temperature (up to 240⁰C) and up to 3.35 MPa pressure 

(Garrote et al., 1999) where inhibitory substances are produced (Negro et al., 2003; Ramos, 

2003). Mass loss would also happen in steam explosion treatment due to presence of water 

vapor. A recent research of Minaret and Dutta (2016) noticed higher mass loss during vapor state 

HT biochar than that of liquid state HT biochar.  Chemical pretreatment is carried on by using 

acid, alkali or oxidizing agents (H2O2, O3, FeCl3 etc.) to dilute lignin content. Degradation of 

lignin produces phenolic compounds during oxidation process (Hon and Shiraishi, 2000) which 

are inhibitors to AD. During acidic treatment LB produces inhibitory substances such as furfural 

and HMF. Various bases such as NaOH, KOH, Ca(OH)2, NH4OH and aqueous ammonia are 

used in alkali hydrolysis (Digman et al., 2010; Li  et al., 2010; Brown and Brown, 2013;  Zheng 

et al., 2014; Abdi et al., 2000; Carrillo et al., 2005; Silverstein et al., 2007) to avoid inhibition. 

http://www.sciencedirect.com/science/article/pii/S0360128514000021
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The lignocellulosic structure of biomass can be decomposed partially by NaOH pretreatment 

which help to recover bioenergy from LB (Yao et al., 2017). In addition of these pretreatment 

methods, a new method is being used for wet biomass, which is called hydrothermal process 

where submerged biomass is heated at 180⁰C to 260⁰C temperature for 5 min to 240 min to 

degrade its cellulose and hemicellulose portion which is suitable for AD. But in this process the 

pH of hydrothermal process water (HTPW) goes down to 2.3 to 3.5 (Kambo, 2014), which needs 

to increase before it is set for AD. LB degradation rate in HT process can be increased if acid or 

alkali hydrolysed biomass is used. HTPW of LB alone decreases pH during HT process and if 

acid hydrolyzed LB is used in this process, then pH of HTPW will further reduce and it will not 

be suitable for AD. On the other hand, if alkali treated LB is used in this hydrothermal process, 

then pH of HTPW will increase, which will be favourable to AD. Therefore, Alkali treated 

HTPW can produce biomethane in AD process with acceptable pH value. This alkali added 

hydrothermal treated combined process is referred here as alkaline hydrothermal process. 

Hydrothermal pretreatment of LB produces more biogas than untreated LB. Biogas production 

can be increased by 132% and 226% for alkali (NaOH) and hydrothermal pretreatment of LB, 

respectively compared to its untreated condition (Chandra et al., 2012). HT process produces 

solid, liquid (aqueous soluble) and gaseous (CO2) products. HT of 260
o
C temperature contains 

about 40% of organic carbon in its HTPW, which has potential to be used in anaerobic digestion 

(Wirth and Mumme, 2014) to produce biomethane. After addition of (mandatory) alkali (NaOH 

or KOH) to change pH (Libra et al., 2011) of HTPW from 2.3 - 3.5 (Kambo, 2014) to neutral, it 

can produce biogas in AD process. Phenolic compounds have strong AD inhibition both in 

autoxidation and gas production in wet conditions (Barker et al., 2012). Raw, 3% NaOH 

pretreated (not heated) and HT pretreated at 250
o
C for 10 min of rice straw could produce 140.0 

Lkg
-1

, 184.8 Lkg
-1

 and 315.9 Lkg
-1

  VS, respectively in a mesophilic AD research of 60 days 

retention time (Libra et al., 2011). Among all chemically pretreated CR, the CR treated with 

H2O2 and NaOH for 1h, followed by mesophilic batch AD process, produced 66.27% and 

57.18% more biomethane, respectively than untreated CR of 187 Lkg
-1

 VS biomethane. All other 

chemically treated CR produced lower biomethane than these two. But 23-43% hemicellulose 

and 24-45% lignin were removed in these chemical pretreatments (Hassan et al., 2016), which is 

a significant mass loss of AD substrate. Steam explosion at 250
o
C and1.2 MPa for 10 min 

produced 55% more methane than untreated CR of 144 Lkg
-1

 VS as the maximum whereas 1.5% 
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KOH treated CR produced 45% more methane. On the other hand, 1.5% KOH mixed CR at 

250
o
C and 1.2 MPa for 10 min produced 80% more methane than untreated CR of 143.8 Lkg

-1
 

VS (Li et al., 2015). 

Form the above information, it can be noticed that mechanically pretreated LB in water will be 

of neutral pH; alkali treated LB will be of higher pH value (>7.0) than that of HT treated strong 

acidic slurry. Mechanically pretreated LB still will have constructional barrier to AD microbes. 

Alkaline HTPW referred to as AHTPW of below microbial inhibition limit will have possibility 

to overcome above problems to maximise biomethane production. Limited addition of alkali in a 

predetermined HT process with controllable inhibitory parameters can maximize biomethane and 

biocarbon production.  In our previous research, we could determine a hydrothermal condition of 

240⁰C for 30 min which is suitable both for biomethane and biocarbon production where 

maximum hybrid bioenergy was produced. Therefore for this fixed hydrothermal process 

condition, addition of three individual compositions of alkali such as 1%, 2% and 3% of NaOH 

were considered. Here it can be noticed that 8000 mgL
-1

 Na in AD substrate is strongly inhibited 

and 3500-5500 mgL
-1

 Na in AD substrate is moderately inhibited (Tchobanoglous et al., 2014). 

That means 1% NaOH can provide 5750 mgL
-1

 Na in water. But in hydrothermal process some 

Na will be in solid biocarbon as ash. Therefore, 1%, 2% and 3% NaOH were considered to be 

added to find out the suitable AHTPW to produce maximum amount of biomethane in AD and 

biocarbon as the co-product. Biocarbon will be available to upgrade in a suitable acidic wash. 

Mechanical treatment needs only chopping or blending or grinding technology. Raw and 

mechanical treated CR can produce biomethane only in AD whereas alkaline hydrothermal 

treated CR can produce two types of bioenergy such as biomethane and biocarbon. Both can 

produce liquid biofertilizer as the AD digestate. Therefore both types of treatment were selected 

for maximizing bioenergy and biofertilizer production (Fig.6.1). 

Based on the review of the literature,  liquid stage alkaline HT pretreated CR has not been 

carried out previously for the enhancement of methane production in AD with coproduction of 

biocarbon. Therefore production of biocarbon and biomethane in alkaline HT process is a new 

concept. The AD digestate will be available to be used as biofertilizer. This concept will enrich 

the circular economy strategy of a corn growing country with zero waste production and will 

reduce GHG emission. 



156 

 

 

Fig. 6.1. Conceptual framework of the corn residue and its alkaline hydrothermal hybrid 

bioenergy conversion in the circular economy concept 

6.2 Materials and Methods 

6.2.1 Sample collection and feedstock preparation 

Fall harvested above ground standing plant CR was considered to be alkaline hydrothermal 

pretreated. Complete corn plant sample was manually harvested (above 6 to 10 cm from the 

ground) from a southern Ontario farm in fall 2015 (05 November, 2015). Harvested plants were 

brought into Biorenewable and Innovation Laboratory of the University of Guelph, Ontario and 

immediately ears were separated from plants, then leaves and tassels were cut off from stalk and 

weighted. Then all of these components were dried up at 103
o
C ± 2

o
C for 24 hours and 

additional 48 hours (total 72 hours) to follow ASABE standards, S358.2 (ASABE standard, 

2008) collected from (Lizotte and Savoie, 2013) to find out moisture content and dry matter. The 

dried sample was stored in Ziploc plastic bag for laboratory experiments. For the sustainable CR 

harvesting, leaves, stalk and tassels were considered as CR for further laboratory experiments. 
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6.2.2 Mechanical pretreatment 

Collected dry CR was chopped into ≤5 mm size of predetermined 40% leaves and 60% stem 

with tassel in dry basis and were mixed up for individual batch. A sample of same composition 

was ground in a planetary ball mill (RETSCH PM 100 model) at 420 rpm for 4 min and sieved at 

<500 µm size. For each batch, 5% feedstock total solid (TS) was maintained by taking 18.5 gm 

dried CR and 350 mL deionized water. 

6.2.3 Alkaline hydrothermal pretreatment 

Previous research determined that the degraded organics of HTPW of the 240⁰C for 30 min 

hydrothermal process was suitable for AD process to produce biomethane. CR was chopped to 

≤5 mm and soaked in 1%, 2%, and 3% NaOH diluted water for 3 hours as recommended by  

Teater et al. (2011) so that CR stayed as 5% of the mixture and it was maintained by taking 18.5 

gm dry CR and 350 mL deionized water. Then this sample was transferred into the Parr 600 mL 

series 4560 mini reactor and liquid stage HT was carried out at 240⁰C for 30 min following the 

method of Minaret and Dutta (2016). The liquid and solid hydrochar (say, biocarbon) mixture of 

the reactor was separated using a 20 μm filter paper. The solid sample was placed in an 

aluminium crucible and kept in the muffle furnace to remove its moisture according to the 

ASTM E1756 (at 103⁰C ± 3⁰C for 24 h). The filtered liquid which is AHTPW was transferred 

into a glass container, sealed and kept in a refrigerator at 4⁰C to use in anaerobic digestion for 

biogas production. 

6.2.4 Proximate analysis and higher heating value 

A proximate analysis and higher heating value (HHV) of raw CR and biocarbons produced from 

different alkaline hydrothermal conditions were determined. The TS was determined according 

to the ASTM E1756 method by drying in a muffle furnace (Thermo Scientific - F48055-66, 

Waltham, MA) at 103⁰C ± 3⁰C for approximately 24 h. Because of volatile fatty acid (VFA) and 

other low boiling point holding organics in HTPW and food waste AD inoculum, they were dried 

up in the same muffle furnace at 60⁰C for 96 h (4 days) to protect their loss. After that, the dried 

samples were ground in a planetary ball mill (RETSCH PM 100 model) operating at 420 rpm for 

4 min and stored in the desiccator. The ash content of same samples was determined according to 

the ASTM E1755 method by combusting in a muffle furnace for 3-5 h at 575°C ± 25°C. The 

http://www.astm.org/Standards/E1756
http://www.astm.org/Standards/E1756
http://www.astm.org/Standards/E1755
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volatile matter of all samples was determined according to the ASTM E872 method by 

combusting in a muffle furnace for 7 min at 950°C ± 20°C. The HHV of samples were 

determined using the IKA C200 Bomb Calorimeter after calibration for uniform measurement. 

Alkali content of AHTPW was determined and it was deducted from alkaline total solid (ATS) 

of AHTPW and found the organic TS portion of AHTPW. It was used to compare with 

mechanical pretreated CR for biomethane production. 

 

Alkali in biocarbon = Weight of dry biocarbon x (ash content of alkaline biocarbon – ash content 

of non-alkaline biocarbon)                                                                                                     (6.1) 

 

Alkali in AHTPW = Added alkali – Alkali in biocarbon                                                        (6.2) 

Alkali content in AHTPW = (Weight of alkali in AHTPW)/(Weight of AHTPW) x 100%     (6.3) 

Organic TS content = ATS – Alkali content                                                                (6.4) 

6.2.5. Elemental analysis 

Dried ground sample of <50 µm was mixed in deionized water to make 5% TS containing 

mixture for AD and it was further diluted 100 times for laboratory experiments and elemental 

analysis. The K content of AHTPW and raw CR solution was determined by Inductively 

Coupled Plasma (ICP) analyzer of Agricultural and Food Laboratory, University of Guelph. 

Nitrogen (N), phosphorus (P) and sulfur (S) was determined by using HACH kits TNT 880, 

TNT843 and TNT 864, respectively using HACH DRB 200 block digester and HACH DR 5000 

spectrophotometer. Total organic carbon (TOC), chemical oxygen demand (COD) and total VFA 

of these liquid samples were determined by TOC meter (TOC-VCPN, Japan), HACH 21259 

COD vial and HACH TNT 872 vial, respectively. 

6.2.6 Anaerobic digestion 

Two mechanically treated (chopped and ground) CR (described in section 6.2.2) and AHTPW of 

three fixed diluted alkaline CR such as 1%, 2% and 3% NaOH (section 6.2.3) were taken in 160 

mL biochemical methane potential (BMP) bottles to carry on AD in a shaker incubator (New 

Brunswick Scientific Classic Series with capacity of 88 BMP bottles of 63 mm diameter). A 

http://www.astm.org/Standards/E872
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BMP bottle was filled with 25 mL substrate of CR or AHTPW and 25 mL inoculum. Inoculum 

was collected from the municipal food waste AD plant of Toronto and kept it in a refrigerator at 

4⁰C. Inoculum was used within 3 days of collection. AD batch experiments were set up in such a 

condition that the substrate and inoculum ratio was 1:1 by volume (Li et al., 2015; Chen et al., 

2014). Then the pH of the mixture was measured by a digital pH meter and recorded. The 

mixture pH was adjusted within the range of 6.5 to 7.5 by using acetic acid (for few BMP bottle). 

Then the BMP bottles were flushed with nitrogen gas to remove all air from inside the BMP 

bottle for about two minutes and then closed and sealed it. Each process was triplicated and 

prepared BMP bottle for all samples like this way to carry on AD. Three BMP bottles were filled 

only by inoculum of 50 mL in this way to carry on AD as reference. The shaker incubator inside 

temperature was set at 36⁰C ± 1⁰C and then all sealed nitrogen inert anaerobic conditioned BMP 

AD bottles were set in the tray of the incubator and started running. Biogas produced in each 

BMP AD was measured by a standard glass gas syringe (50 cubic centimeter capacity) by 

volume once in a fixed time of a day for the consistency of the production pattern. For 30 days 

residence time, biogas production by volume was recorded every day and their summation was 

the total biogas production of an AD substrate. An amount of 5 to 20 cm
3
 biogas from each AD 

was collected in individual gas syringe (closed condition) every day and its composition was 

measured (CH4 and CO2) immediately in a Gas chromatography (GC) with pre calibrated 

column (Agilent Technologies; GC-TCD model 6890N). Then nutrients in AD digestate were 

determined according to the analytical method explained in section 6.2.5. 

6.3 Results and discussion 

6.3.1 Composition of corn residue and its alkaline hydrothermal process water 

According to the section 6.2.5, laboratory analytical experiments were carried out which are 

shown in Table 6.1. The total solid contents in AHTPW increased with increase in alkali 

concentration. Therefore the VS contents decreased with increase in alkali concentration. The 

C/N ratio for 1% NaOH treated AHTPW was the lowest (37.27) among three AHTPW samples. 

C/N ratio of 2% and 3% NaOH treated AHTPW were close to raw CR because higher 

delignification occurred (Hassan et al., 2016), which stayed in AHTPW. Therefore its TS say 

ATS, TOC and nitrogen content were higher but COD content was lower than 1% NaOH treated 

AHTPW (Table 6.1).  It can be noticed that non-alkaline HTPW was of pH of 3.83 whereas 1%, 
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2% and 3% AHTPW had pH of 6.10, 9.00 and 9.80, respectively.  After 240°C, NO3
-
 started to 

convert into N2 gas (Cox et al., 1994) but for the fixed temperature and time, here only alkali had 

effect on C/N ratio. Therefore based on these three alkaline hydrothermal processes, the 1% 

AHTPW was suitable for further AD treatment because of 6.10 pH and C/N ratio of 37. The next 

section will compare the biomethane production of mechanical treated and alkali treated CR. 

Table 6.1 Major compounds of CR, non-alkaline and alkaline HTPW organics and 

inoculum 

Hydrother

mal 

condition 

pH of 

AD 

substrat

e 

TS in AD 

substrate 

(%) wb 

VS in AD 

substrate 

(%TS) 

Total VFA 

in AD 

substrate 

(%TS) 

COD in 

TS 

(g kg
-1

) 

TOC in 

TS 

(g kg
-1

) 

TKN  in 

TS 

(g kg
-1

) 

C/N 

ratio 

CR 6.50 5.00 84.79± 2.23 17.65±0.4

5 

2087 ± 8 450.00 9.75± 0.15 46.15 

Non-

alkaline 

3.83 1.48 73.02± 0.96 23.78 1776 ± 3 367.57 8.67 42.40 

1% NaOH 6.10 3.55± 0.03 62.73± 0.87 34.46±0.2

8 

1764±12 175.93 4.72±0.09 37.27 

2% NaOH 9.00 4.79± 0.10 58.85± 0.07 36.50±0.2

4 

1226±26 312.04 6.99±0.15 44.64 

3% NaOH 9.80 5.27±0.09 54.33±1.09 36.50±0.0

2 

1171± 16 286.22 6.28±0.12 45.58 

Inoculum 

(MFW AD 

digestate) 

8.22 3.54 40.89± 0.42 4.27± 0.34 975±2.82 266.95 

(TC = 

629) 

59.32 11 

6.3.2 Anaerobic digestion 

6.3.2.1 Biomethane yield from mechanical pretreated corn residue 

Mechanical pretreatment of CR was carried out for i) chopping of 5 mm size and ii) grinding and 

sieving of <500 µm size for anaerobic digestion which is described in section 6.2.2. The 

biomethane production from 5% TS containing AD of these two mechanical treated CR are 

shown in Fig. 6.2A and Fig. 6.2B, respectively in Lkg
-1 

TS and Lkg
-1

 VS basis. Biomethane 

production from 5 mm chopped and <500 µm ground AD were 233.50 ± 13.87 Lkg
-1

 TS and 

262.50 ± 5.91 Lkg
-1

 TS, respectively for 30 days retention time whereas these values were 

275.38 ± 16.35 Lkg
-1

 VS and 309.59 ± 6.97 Lkg
-1

 VS, respectively. The ground CR produced 

12.42% more biomethane than chopped CR. Grinding operation could break down the hard 
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structure of CR which helped in hydrolysis and AD microbes faced less barrier than barrier in 

chopped CR. Here it can be noticed that, after the sieving operation, oversized CR portion (did 

not use in this research) would have possibility to contain higher amount of lignin for their strong 

structure. Untreated CR can produce 143.8 Lkg
-1

 VS methane (Li et al., 2015) to 186.74 Lkg
-1

 

VS methane (Hassan et al., 2016). CR contains high moisture during corn harvesting time and it 

needs drying up before grinding which consumes drying and grinding operational energy. But if 

it is possible to blend into <500 µm size, then same result can be attained. For blending 

operation, fiber can create problem. Chopping is possible during co-harvesting of CR with grain 

harvesting. The farm level available silage corn harvesting machineries can be applied after little 

modification. 
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Fig. 6.2. Cumulative biomethane yields form 5 mm chopped and <500 µm ground corn 

residue. A:  in TS basis; B: in VS basis 

6.3.2.2 Biomethane yield from alkaline hydrothermal process water of corn residue 

Hemicellulose and cellulose degradation starting temperature is normally 180⁰C-200⁰C and 

220⁰C-240⁰C, respectively in non-catalytic HT process (Kumagai et al., 2008; Kumagai and 

Hirajima, 2014). In HT process, cellulose is converted into glucose and hemicellulose is 

converted into xylose within 230⁰C for ≤30 min which are suitable to AD but at ≥250⁰C 

temperature these two products are converted into furan compounds (Reza et al., 2014
a
). About 
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90% of the Primary sugar of cellulose and hemicellulose stay in HTPW of 200°C to 260°C 

(Hoekman et al., 2013; Reza et al., 2014). The sugar content of HTPW reached the maximum at 

230°C for 40 min to 60 min and after that it is decreased with increase in temperature and time 

(Reza et al., 2014
a
). At a constant residence time of 10 min, water insoluble (bio-carbon) content 

is decreased from 80% of feedstock at 180°C to 39.5% of feedstock at 280°C following a 

constant decreasing rate but at the same condition organic content in HTPW is kept 

comparatively constant from 200°C to 240°C, after that it decreased at a constant rate (Kumagai 

and Hirajima, 2014). The HTPW contained hemi-cellulosic and cellulosic organics like sugar 

and fatty acids (mostly acetic acid) are suitable for AD; but for increase in process temperature 

>240°C cellulosic sugar (hexose i.e., glucose) is converted into HMF within 230°C to 260°C and 

then levulinic acid and formic acid (Kumagai and Hirajima, 2014; Weingarten et al., 2012; Reza 

et al., 2014; Becker et al., 2014; Hoekman et al., 2013) which are inhibitors to AD process. 

The pentose (arabinose, xylose) is a type of sugar of hemicellulose is generally degraded into 

furfural and various organic acids at above 220°C (Antal et al., 1991; Reza et al., 2014). On the 

other hand a trace amount of lignin derived compounds also stay in the HTPW, which are mainly 

phenolic compounds (Xiao et. al., 2012). In the HT process of ≤ 250⁰C cellulose derived glucose 

does not degrade into furan compounds such as HMF, 2-furaldehyde (2-FA), levulinic acid and 

lactic acid but it is mostly degraded  at 300⁰C temperature (Jin et al., 2005). For addition of 

NaOH or Ca(OH)2, lignocellulosic biomass in HT treatment loose the bond between lignin and 

hemicellulose, increase specific surface area and enzymatic digestibility to produce highest 

glucose where NaOH addition improves the efficiency of HT process (Ishiguro and Endo, 2014;  

Ishiguro and Endo, 2015). The hydrothermal temperature of 250°C is the determining 

temperature for formation of HMF, levulinic acid, formic acid, lactic acid, glycolic acid etc. in 

pure water medium  (de Souza et al., 2012; Kumagai and Hirajima, 2014; Hoekman et al., 2013). 

In acid/alkaline catalytic hydrothermal process of 250⁰C is required to full conversion of glucose 

where 16% is HMF (de Souza, 2012). The yield of formic acid and acetic acid increased rapidly 

with increase in temperature until 220⁰C but the yield of AD inhibitory levulinic acid (HMF 

degraded product) is increased at a very low rate until 240⁰C and after that at a higher rate. The 

yield of glycolic acid is increased at a low constant rate until 260⁰C temperature and after that 

the rate is increased (Kumagai and Hirajima, 2014). In alkaline hydrothermal condition glucose 
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conversion into HMF is lower than in the neutral and acidic hydrothermal condition at the same 

temperature. The maximum HMF in HT process is produced at pH 1.5 to 2.5 whereas minimum 

HMF is produced at pH 2.9 to 10 with non-degradation of fructose  (de Souza, 2012). Barkat et 

al., 2012 studied about bio-methane production from furan and lignin-derived compounds and 

found that 450 mL, 430 mL, 453 mL, and 105 mL CH4 were produced, respectively from per 

gram of HMF (cellulose derivative), furfural (hemicellulose derivative), syringaldehyde (lignin-

derivative) and vanillin (lignin derivative) in 20-30 days retention time although these are 

normally called inhibitory substances in AD. 

In both basic and acidic conditions nitrate is converted into nitrogen in reduction reaction and the 

destruction of NO3
-
 reaction is accelerated for increasing temperature (200⁰C-350⁰C), pressure 

(4 MPa-18 MPa) and time.  At a pH value of 4, 4.5% of NO3
-
 is converted into N2 at 250⁰C and 

<30 min residence time which is increased to 100% at 350⁰C temperature and 2 h residence time 

(Cox et al., 1994) and as a result C/N ratio is increased.  

Therefore our determined hydrothermal process of 240⁰C for 30 min is suitable for alkaline HT 

process for maximum useable bioenergy recovery both in bio-carbon and bio-methane compared 

to raw CR. In this HT process condition, production of furan compounds such as HMF, levulinic 

acid, lactic acid etc. may stay at a trace amount. Added alkali in alkaline hydrothermal 

pretreatment would stay both in produced biocarbon as ash and mixed in AHTPW. Organic TS 

of AHTPW was determined following the method of section 6.2.4. Biomethane produced in AD 

process from different AHTPW was represented both in ATS and organic TS basis is shown in 

Fig. 6.3A and VS basis is shown in Fig. 6.3B. It can be noticed from these two figures that 

biomethane production from 2% alkali and 3% alkali added AHTPW were stopped on day 13 

and day 4, respectively after production of trace amount of biomethane such as 19.25 Lkg
-1

 VS 

and 7.34 Lkg
-1

 VS, respectively. From the calculation of alkali content of AHTPW, it can be 

noticed that 8223 mg L
-1

 and 7188 mg L
-1

 of Na, respectively were present in these two AHTPW 

which strongly inhibits AD. AD microbes are strongly inhibited for 8000 mg L
-1

 Na and medium 

inhibited for 3500-5500 mgL
-1

 Na in AD substrate (Tchobanoglous et al., 2014). 

Previous researchers used higher amount of alkali for pretreatment of CR for delignification and 

the liquid was squeezed or filtered out before their AD set up. Separated liquid contained lignin 
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products which were phenolic compounds and it was of high alkali metal which strongly inhibits 

 

Fig. 6.3. Biomethane yield in batch BMP experiment of AHTPW of alkaline hydrothermal 

pretreated corn residue. A: cumulative yields in TS basis; B: cumulative yields in VS basis; C: 

30 days’ total production of 1% alkali pretreated CR represented in various forms 
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AD (Barker et al., 2012). Pretreatment of LB by 3% NaOH reduces 24-45% lignin from LB 

without heating (Hassan et al., 2016) which stayed in AD substrate. Alkali pretreated by 10% 

NaOH can remove 45% lignin and 54% hemicellulose, respectively (He et al., 2008; He et al., 

2009). These two reasons can be noticed for upsetting 2% and 3% alkaline AHTPW AD and 

basically they did not produce biogas. The pH values of substrates were adjusted before AD set 

up. The organic TS of 1% NaOH, 2% NaOH and 3% NaOH added AHTPW were calculated to 

be 2.58%, 3.36% and 4.03% wet basis, respectively. It can be calculated from Table 6.1 and Fig. 

6.3A that, the 1% alkaline hydrothermal process water produced 174.83 ± 6.15 Lkg
-1

 ATS, 

240.56 ± 8.49 Lkg
-1

 organic TS and 278.70 ± 9.84 Lkg
-1

 VS, respectively. The total biomethane 

production can also be presented in the form of ATS, organic TS, VS, COD and TOC (Fig. 

6.3C). It can be noticed from this figure that at 1% alkaline hydrothermal treated CR can produce 

biomethane of 174.83 ± 6.17 Lkg
-1

 ATS, 240.56 ± 8.49 Lkg
-1

 organic TS, 278.70 ± 9.84 Lkg
-1

 

VS, 99.11 ± 6.8 Lkg
-1

 COD and 999.03 Lkg
-1

 TOC of AHTPW, respectively. Previous 

researchers could only enhance methane production from corn residue to maximum of 258.8 

Lkg
-1

 VS from 1.5% KOH (K of 10446 mg L
-1

) mixed CR at 250
o
C and 1.2 MPa for 10 min 

steam explosion. It produced 80% more methane than untreated CR of 143.8 Lkg
-1

 VS where 

alkali pretreatment duration time was 12 hours at 20
o
C.  

Previous researchers squeezed its black liquor out from their samples before set up for AD (Li et 

al., 2015). Therefore a large portion of KOH, hemicellulose and lignin (VS) would be removed 

and huge waste water with diluted lignin and hemicellulose was produced as black liquor. 

Basically methane was produced from cellulosic VS in their research. Though their methane 

production is high based on unit weight of VS, it might not be high enough based on total VS of 

CR. A large portion of lignin and hemicellulose were separated with black liquor. A typical olive 

wood sample could reduce solid in steam explosion for 5 to 25 min at 190
o
C to 240

o
C followed 

by a peroxide and alkali pretreatment for 12h where solid of 37.45% of CR at 190
o
C and 23.80% 

of CR at 240
o
C, respectively were used for AD (Cara et al., 2006). If this black liquor was not 

separated, then it supposed to be within K inhibition limit and phenolic inhibition limit of AD. 

Methane production from 2% KOH (K of 13929 mg L
-1

) treated CR was 205.1 L kg
-1

 VS after 

separation of black liquor (Li et al., 2015). Potassium inhibition in AD is 2500-4500 mg L
-1

 for 

medium inhibition and 12000 mg L
-1

 for strong inhibition (Tchobanoglous et al., 2014). The 

liquid hydrothermal process to maximize biomethane and biocarbon production from CR was 
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determined, which is 240
o
C for 30 min where oxidation could control for keeping the process at 

liquid stage. The process of our present research is the combination of alkali treated (chemical 

treatment) and liquid hydrothermal of 240
o
C for 30 min. This process increased not only the 

biomethane production but also produced another solid biofuel referred as biocarbon to use as 

substitution of coal. In addition, the AD digestate was available for use as biofertilizer. If KOH is 

used instead of NaOH, then digestate will be rich in K, which is a macro nutrient of crops. 

Bio-carbon production from biomass is an established technology where organics in 

hydrothermal process water is unused. Various researchers mostly used hydrothermal process in 

250⁰C to 270⁰C for 10 min to 60 min for good quality biochar production where 35% to 45% 

soluble biomass in the process water was unused. In this research we considered complete 

available biomass both in soluble and insoluble in hydrothermal process water for bioenergy 

production and its nutrient recovery. The appropriate hydrothermal process condition for the 

foremost useable bio-carbon (biochar) and hydrothermal process water suitable for anaerobic 

digestion was determined in other research (completed). Most of the farm AD processes are 

carried out for 20 to 30 days retention time, which is a common practice. In this research the 

methane potential for a long period of time has not determined because of AD digestate was 

considered to use as bio-fertilizer. Therefore, a portion of organic carbon was available for soil 

organic carbon source along with soil organic matter which is very much important for 

sustainable crop production. On the other hand, existing farm AD plants are operated for 20-30 

days retention time. Therefore, the retention time for this batch AD research was considered for 

30 days same as existing farm ADs. 

6.3.2.3 Biomethane yield comparison between mechanical and alkaline hydrothermal treated CR 

Cumulative biomethane production for 30 days retention time from two mechanical pretreated (5 

mm chopped and <500 µm ground) and 1% alkaline hydrothermal treated CR in VS basis is 

shown in Fig. 6.4. The biomethane produced from 5 mm chopped, <500 µm ground and 1% 

alkaline hydrothermal pretreated CR were 275.38 ± 16.35 Lkg
-1

 VS, 309.59 ± 6.97 Lkg
-1

 VS and 

278.70 ± 9.84 Lkg
-1

 VS, respectively. The ground mechanical treated CR produced the highest 

biomethane but this pretreatment needs extra arrangements for drying and grinding operations 

which can be replaced to blending operation for wet CR. The fiber present in CR can create 

operational problem. Chopping can be easily completed if CR is co-harvested with grain 
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harvesting period. A silage harvester can perform this operation after little modification. 

Biomethane produced from AHTPW and 5 mm chopped CR in AD process was similar (278.70 

Lkg
-1

 VS and 275.38 Lkg
-1

 VS). Similarly, irregular sized corn residue produced 132-144 Lkg
-1

 

VS in AD treatment for 30 days (Brown et al., 2012; Li et al., 2015) which is lower than this 

research. Whereas, Chandra et al., 2012 found 132.7 Lkg
-1

 VS biomethane for 5% NaOH added 

hydrothermally treated rice straw. But only alkaline treated corn residue can produce 211-372 

Lkg
-1

 VS of bimethane (Hassan et al., 2016; Yang et al., 2015). On the other hand, the steam 

explotion at 250⁰C and 1.5% KOH treated corn residue produced the highest amount of 

biomethane of 208.6 Lkg
-1

 VS compared to 191.3 Lkg
-1

 VS and 205.1 Lkg
-1

 VS, respectively for 

1% KOH and 2% KOH treated CR with steam explotion (Li et al., 2015). 

This research produced quite higher amount of biomethane due to the liquid stage alkaline 

hydrothermal treated fall harvested CR. Due to absence of O2 in HT digester, C could not 

converted into CO2 (the partial combustion did not occur). Within the fall to the spring time, 

leaves, silk and shank of the unharvested CR are mosly degraded. When CR is harvested in the 

spring, basically the lower portion of the corn stem is harvested, which contains lesser nitrogen 

than fresh fall harvested CR. Therefore, C/N ratio becomes high, which is not suitable for AD 

treatment. This may be another reason for getting more biomethane in this research for using the 

fall harvested CR. The alkaline hydrothermal pretreatment produces two types of bioenergy such 

as biomethane and biocarbon. Biocarbon can be used as a substitute for coal, which was not 

considered by other researchers. Therefore the two types of bioenergy of 1% alkaline HT treated 

CR together produced higher amount of bioenergy compared to only biomethane from 

mechanical pretreated (chopped or ground) CR. The fuel quality of biocarbon produced from 1% 

alkaline hydrothermal pretreated CR will be discussed in the next section. 
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Fig. 6.4. Cumulative biomethane yields of mechanical treated and 1% alkaline HT treated 

CR 

 

6.3.3 Biocarbon from alkaline hydrothermal treated corn residue 

The physical appearance of biocarbon produced from 1% alkaline, 2% alkaline and 3% alkaline 

hydrothermal process of 240°C for 30 min is shown in Fig. 6.5.  

 

Fig. 6.5. Physical appearance of biocarbon produced from 1% alkaline, 2% alkaline and 

3% alkaline hydrothermal process of 240°C for 30 min 

 

The effect of alkali composition in alkaline hydrothermal process condition of 240°C for 30 min 

on mass yield, energy yield and ash content is shown in Fig. 6.6A and their HHVs are shown in 

Fig. 6.6B, respectively. Mass yield and energy yield were determined based on methods used by 
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Kambo and Dutta, 2015. Mass yield and energy yield of biocarbon samples were reduced with 

increase in alkali content for this hydrothermal process whereas their ash content were increased 

for an increase of alkali content (Fig. 6.6A). However, for non-alkaline (from our previous 

research), 1% alkaline, 2% alkaline and 3% alkaline hydrothermal process of 240°C for 30 min 

produced biocarbon contained 47.41%, 32.51%, 31.32% and 31.43% mass yield, respectively. 

They contained energy yield of 60.17%, 38.70%, 18.99% and 18.01%, respectively. These 

biocarbons contained ash of 2.20%, 10.62%, 42.72% and 47.48%, respectively. These 

biocarbons are of HHV of 23.01 MJ kg
-1

, 21.58 MJ kg
-1

, 10.99 MJ kg
-1

, and 10.39 MJ kg
-1

, 

respectively with ash. If their ash could be removed by acid washing, they would be HHV of 

23.53 MJ kg
-1

, 24.14 MJ kg
-1

, 19.19 MJ kg
-1

, and 19.78 MJ kg
-1

 TS, respectively. 
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Fig. 6.6. Properties of different alkaline hydrothermal pretreated corn residue biocarbons. 

A:  mass yield, energy yield and ash content; B: higher heating value (HHV). 

6.3.4 Hybrid bioenergy production 

In the alkaline hydrothermal process, two separate products such as the water insoluble organic 

and water soluble organic are produced. The produced biocarbon and water soluble organic are 

alkaline which is the ash content in case of biocarbon. Therefore the amount of alkali addition in 
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alkaline hydrothermal process is the limiting factor for HHV of biocarbon and biomethane yield 

from AHTPW. Biocarbon is considered to be used for the substitute of coal where minimum ash 

content is desired. On the other hand, mechanical treated CR produced only biomethane. HHV of 

methane is 55.53 MJ kg
-1

 methane with density of 0.717 kg m
-3

 (Engineering Toolbox, 2017) at 

0⁰C temperature and atmospheric pressure which is equivalent to 35.178 MJm
-3

 at 36⁰C 

temperature and atmospheric pressure. Produced biomethane of these hydrothermal processes 

were converted into their higher heating value (methane volume in m
3
 kg

-1
 TS x HHV of 

methane in MJ m
-3

).  Biocarbon and biomethane produced at 240⁰C for 30 min residence time 

provided useable energy. In context of the useable energy yield reference to raw dry CR, 

mechanical treated and alkaline treated hybrid bioenergy production was considered. In the AD, 

2% alkali and 3% alkali added hydrothermal process water did not produce considerable amount 

of biomethane which is discussed in the section 6.3.2.2.  The useable bioenergy produced at 5 

mm chopped CR and <500 µm ground CR were 8.21 ± 0.0.49 MJ kg
-1

 CR and 9.23 ± 0.21 MJ 

kg
-1

 CR, respectively. 

On the other hand, hybrid bioenergy production from 1% alkaline, 2% alkaline and 3% alkaline 

CR were 11.39 MJ kg
-1

 CR, 3.44 MJ kg
-1

 CR and 3.27 MJ kg
-1

 CR, respectively. For 2% alkaline 

and 3% alkaline CR, only biocarbon was produced with 42.72% and 47.48 % ash, respectively 

(Fig. 6.6A). Although 1% alkaline CR produced biocarbon of 10.62% ash with HHV of 21.58 

MJ kg
-1

, it can be upgraded to ash free biocarbon of HHV of 24.15 MJ kg
-1

 (Fig. 6.6B) after 

acidic washing or other ash removing technology, it will be ready to use as a substitute of coal. 

Therefore, based on this research, the most favourable alkaline hydrothermal process condition 

of corn residue for hybrid useable bioenergy production is the 1% alkaline 240⁰C for 30 min 

residence time with overall hybrid energy yield of 62.82% of raw CR. On the other hand the 

overall energy yield of the mechanical treated 5 mm chopped and <500 µm ground CR in AD 

process were 45.28% and 50.91% of raw CR, respectively. Previous researchers found 

biomethane production from raw CR in AD process was 144 Lkg
-1

 VS (Li et al., 2015) to 187 

Lkg
-1

 VS (Hassan et al., 2016) which is equivalent to 122 Lkg
-1

 TS (HHV of 4.29 MJkg
-1

 raw 

CR) to 151 Lkg
-1

 TS (HHV of 5.31 MJkg
-1

 raw CR) based on this research. Therefore untreated 

CR energy recovery in AD process would be 23.66% to 29.29 % of raw CR (HHV of raw CR is 

18.13 MJkg
-1

). Ground CR in AD process recovered 11.91% less bioenergy compared to the 

hybrid energy recovery of the 1% alkaline HT treated CR. The overall discussion pointed that it 
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would have possibility to produce less energy from ground CR in AD because of grinding loss. 

On the other hand grinding operation consumed extra energy for drying. Therefore after 

considering technical and energy consuming aspects mechanical treated chopped CR might be 

favourable to the farmers for bioenergy production. It can also be noticed that for only biocarbon 

production, 2% alkaline and 3% alkaline HT treated CR recovered 18.97% and 18.04% energy 

of raw CR with 42.72% ash and 47.48% ash, respectively. Therefore 1% alkaline HT treated CR 

can recover the highest amount of hybrid bioenergy of 62.82% of raw CR with two useable 

bioenergy of biomethane and biocarbon. 

This hybrid energy production from hydrothermally processed biomass (both solid and liquid) 

has not been carried out by any other researcher until this research. Therefore this hybrid 

bioenergy production from hydrothermally processed corn residue is an innovation in bioenergy 

production area. 

6.3.5 Nutrients in digestate 

The digestate of AHTPW AD was available as liquid fertilizer. The nutrient contents of HTPW 

(non-alkaline) and AHTPW (alkaline) were determined in the laboratory according to section 2.5 

which would be unchanged in the digestate (Zhang et al., 2007; Lusk and Wiselogel, 1998). The 

nutrient contents were then evaluated with TS of AHTPW Table 6.2. It can be calculated from 

Table 1 and Table 2 (for TS) that, 20.16 % nitrogen, 12.23% phosphorus, 18.41% potassium and 

12.38% sulphur are recoverable if the AHTPW AD digestate is applied in the harvested corn 

field. If KOH can be used instead of NaOH as the alkali, then all K present in AHTPW will be 

available in the liquid fertilizer (Zheng et al., 2014) and Na recycling difficulty will not occur 

(Pang et al., 2008). On the other hand if biocarbon is upgraded by H2SO4 washing, its waste 

water will be K and S rich and this liquid also will be nutrient rich. If all processes will be 

available in the farm area, then biocarbon upgrading waste water and AD digestate as liquid 

fertilizer can be mixed to apply in the corn farm. Thus K and S containing chemical fertilizer 

application in the farm will be saved which will indirectly save fertilizer cost for farmers. 
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Table 6.2 Nutrient contents of AD digestate available for biofertilizer 

Name of nutrients Digestate type 

Raw CR (g kg
-1

 TS) HTPW (g kg
-1

 TS) AHTPW (g kg
-1

 TS) 

Nitrogen (N) 16.62 ± 0.08 17.75  4.72 ± 0.09 

Phosphorus (P) 1.51 ± 0.14 0.39  0.26 ± 0.14 

Potassium (K) 26.00 16.22  6.74 

Sulfur (S) 45.49 ± 1.85 19.07  9.46 ± 1.85 

 

Considering the results of this study, a further research study is suggested for corn residue hybrid 

bioenergy conversion and use in circular economy concept as shown in Fig. 6.7. 

 

Fig. 6.7. Further study for hybrid bioenerygy conversion from corn residue in the circular 

economy concept 
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6.4 Conclusions 

In this research two mechanical pretreated CR namely 5 mm chopped and <500 µm ground and 

three alkaline namely 1%NaOH, 2% NaOH and 3% NaOH HT pretreated CR were observed for 

maximum bioenergy production and nutrient recovery. The 1% NaOH added alkaline CR at 

240⁰C for 30 min HT process could produce the biomethane of 278.70 ± 9.84 Lkg
-1

 VS and the 

biocarbon of 21.58 MJkg
-1

 ATS with ash of 10.62% db. Mechanical treated 5 mm chopped and 

<500 µm ground CR produced biomethane of 275.38 ± 16.35 Lkg
-1

 VS and 309.59 ± 6.97 L kg
-1

 

VS. Alkaline HT pretreatment with 2% and 3% alkali did not produce considerable amount of 

biomethane from AHTPW for containing excess alkali for inhibition to AD and their solid 

biocarbons were also of low HHV (10.99 MJ kg
-1

 ATS and 10.39 MJ kg
-1 

ATS) with ash content 

of 42.72% and 47.48%, respectively. The 1% alkaline CR recovered the highest amount of 

hybrid bioenergy of 62.82% of raw CR with two useable bioenergy of biomethane and 

biocarbon. The nutrient rich AHTPW AD digestate was available as liquid fertilizer to apply into 

the corn farm.  

However, for hybrid bioenergy (biomethane and biocarbon) production from 1% alkaline HT 

process of CR at 240⁰C for 30 min residence time with higher energy production of 11.39 MJkg
-

1
 CR was observed compared to mechanical pretreated CR. Although energy production in the 

hybrid system was better than only biocarbon or biomethane production of recent studies, there 

is a possibility to further increase biomethane production from AHTPW after reducing their high 

C/N ratio (37- 46) to normal range (20-25). Co-digestion with high nitrogen content biomass 

such as municipal food waste can be an option. In this case the hybrid bioenergy yield will be 

increased if these two undervalued biomass are used in bioenergy production. AD digestate 

would be K and S enriched if the alkali source were KOH and mix of waste water of the ash 

removing biocarbon by H2SO4. It will reduce the use of chemical fertilizer in corn farms. This 

concept will contribute to circular economy enrichment and will reduce GHG emission. 

However, for commercial application proper safety precaution training is required for operators 

of liquid alkaline hydrothermal process at the farm level. 
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Chapter VII Anaerobic co-digestion of municipal food waste with 

mechanical, hydrothermal and alkaline hydrothermal treated corn residue: 

An integrated approach
6
 

Abstract 

In this study, corn residue (CR) was first pretreated mechanically into <1 mm sizes. CR also was 

pretreated in hydrothermal and alkaline hydrothermal processes to produce solid biocarbon and 

process water with soluble organics. Then anaerobic co-digestion of municipal food waste 

(MFW) broth with mechanically treated CR, hydrothermal process water (HTPW) of CR and 

alkaline hydrothermal process water (AHTPW) of CR were investigated for biomethane 

production. Their separate anaerobic digestion (AD) also was investigated. Total energy 

recovery from biocarbon and biomethane produced from treated CR of these three methods were 

summed and their AD digestates were evaluated for nutrients as biofertilizer. Mechanically 

treated CR, HTPW and AHTPW AD co-digestion with MFW increased biomethane production 

by 122.68%, 192.44 % and 202.90%, respectively compared to their AD mono-digestion. For the 

addition of MFW, an extra nutrient was added in their AD digestates which were compounded to 

3.5 times to 4.8 times of N, 2.8 times to 3.5 times of P, 1.4 times to 2.0 times of K and 0.5 times 

to 1.2 times of S of raw CR. The highest total bioenergy production was 20.23 MJkg
-1

 of raw CR 

with considerable amount of nutrients enriched biofertilizer when the co-digestion was alkaline 

hydrothermal treated CR with MFW. 

7.1 Introduction 

Food waste (FW) and lignocellulosic biomass (LB) such as corn residue are two undervalued 

biomass. FW is normally disposed of in landfills in USA and partly in Canada and CR is kept 

unharvested in farms where GHGs are produced, which can be a reason for climate change. 

Global food production in 2011 was 3.9 billion tonne of which 1.3 billion tonne (one third of 

production) was wasted. The wasted food value was about $200 billion (Gustavsson et al., 2011; 

UNEP, 2013). Developed countries such as USA, Canada and Japan discard 40% of their 

                                                 
6
 A version of this chapter is under process to submit in a suitable journal as Paul, S., Dutta A., Defersha, F., 2017. 

Anaerobic co-digestion of municipal food waste with mechanical, hydrothermal and alkaline hydrothermal treated 

corn residue: An integrated approach. 
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available food into waste and its cost was estimated to $390 per person per year (USDA, 2013; 

Faulder, 2014; Melikoglu et. al., 2013). Approximately waste food is 280 kg per person per year 

in Europe and 295 kg per person per year in North America (IME, 2013) which estimates to 

10.70 Mty
-1

 in Canada and 95.62 Mty
-1

 in USA. Global annual production of lignocellulosic 

biomass (LB) is about 181.5 billion tonne, which is an abundantly available bio-resource (Kumar 

et al., 2008). USA alone produces about 1.25 billion tonne of LB annually (Limayem and Ricke, 

2012). On the other hand, Canada produces 18.45 Mty
-1

 of agricultural crop residues of which 

10.70 Mty
-1

 is the corn residue (CR) (Khan, 2009; Statistics Canada, 2017). Food waste (FW) 

and CR are of two available organic wastes to produce bioenergy and other valuable products. 

Anaerobic digestion (AD) consumes the least process energy among all bioenergy production 

technologies and it reduces greenhouse gas (GHG) emission (Hamawand, 2015).  The methane 

rich LB has a great potential for AD. The complexity of LB structure (contains 10-25% lignin) 

and its high value of C/N ratio inhibits AD process when it is used for AD as mono-digestion 

(Sawatdeenarunant et al., 2015). Corn residue, switch grass, wheat straw and sugarcane bagasse 

contain C/N ratio of 63, 90, 60, and 118, respectively (Karthikeyan and Visvanathan, 2012; Li et 

al., 2014; Brown et al., 2012). The crystalline structure of cellulose, complex structure of 

hemicellulose (Saha, 2003; Pu et al., 2008) and phenolic polymers of lignin also protect its 

microbial attack (Hu and Ragauskas, 2012). Recently various researchers studied AD of FW by 

random samples where a huge variation in C/N ratio was observed. FW containing protein 

reduces its C/N ratio and creates inhibition to AD operation. A Canadian restaurant and a grocery 

FW C/N ratio were 4.3-9 and 2.8-20, respectively (Adhikari et al., 2008) whereas a university 

canteen FW contained C/N ratio of 14.2 (Browne et al., 2013). Montreal city of Canada collected 

FW contained C/N ratio of 29.3 in May, 24.4 in June, 19.0 in July and 19.1 in August, 

respectively (Adhikari et al., 2008). Now most of the southern Ontario cities are collecting their 

municipal food waste (MFW) from individual households weekly, depositing them in a single 

place, and mixing them homogeneously.  Then this homogeneous MFW is recycled either in AD 

or composting plants. This MFW contains various impurities of both sand and bulk materials in 

“as received” condition.  The city of Toronto uses this impure MFW in AD after hydro-

mechanical pretreatment to produce biogas and flare it. Therefore the city of Toronto MFW 

represents the homogeneousness in mixture. There is insufficient study about AD of mixed 

MFW of a city. 
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Various researchers studied co-digestion of crop residues with different manures to enhance 

biomethane production. Poplar waste can produce methane of 81.1 Lkg
-1

 VS in mono-digestion 

whereas its methane production is increased to 98.2 Lkg
-1

 VS for its co-digestion with cattle 

manure after NaOH pretreatment (Yao et al., 2017). Co-digestion of barley straw with pig 

manure and cow manure can produce 233.4 Lkg
-1

 VS and  192.0 Lkg
-1

 VS, respectively (Wei et 

al., 2014). Rice straw with swine manure, wheat straw with chicken manure, CR with chicken 

manure and crop silage with cow manure can produce 350, 235, 223-298 and 249 Lkg
-1

 VS 

methane, respectively, in AD co-digestion process with optimum C/N ratio. In case of mono-

digestion of CR, wheat straw, switch grass and grass silage can produce 132 Lkg
-1

 VS, 124 Lkg
-1

 

VS, 117 Lkg
-1

 VS  and 60 Lkg
-1

 VS, methane,  respectively (Brown et al., 2012; Lehtomaki et 

al., 2008). However, crop residues of corn, wheat, sorghum, sunflower and grass have the 

potential methane content of 291-338, 351-378, 286-319, 231-297 and 286-324 Lkg
-1

 VS, 

respectively (Weiland, 2010). LB is mostly rich in carbon (Ye et al., 2013; Giuliano et al., 2013) 

and animal manure is rich in nitrogen (Li et al., 2014; Abouelenien et al., 2014). Therefore, both 

lignocellulosic biomass and animal wastes produce low methane in their mono-digestion because 

they contain inappropriate C/N ratio. Their co-digestion at optimum C/N ratio can maximize 

methane production (Ye et al., 2013). The equal mixture (25% each w/w) of a crop residue, 

manure, municipal organic waste and slaughter house waste can produce up to 655 Lkg
-1

 VS 

methane in thermophilic batch assays (Pagés-Díaz et al., 2014). CR can produce 129% higher 

methane with co-digestion of dog food (expired) at equal ratio (1:1) compared to its mono-

digestion (Xu et al., 2012). FW with sewage sludge co-digestion produces a high yield of biogas 

of 708 Lkg
-1

 VS which is equivalent to methane yield of 389.40 Lkg
-1

 VS at 55% CH4 

composition (Liu et al., 2012). 

The degradable part of VS in LB is higher than in manure which is the reason for higher methane 

production in co-digestion with LB compared to manure alone. The easily degradable portion of 

VS of food for herbivore is digested in their stomach and the tough degradable portion of VS 

(lignin is not degradable) stays in their manure. Therefore, when LB is mixed with manure, the 

easily degradable portion of VS is increased (Lehtomaki et al., 2007).  

The above co-digestion researches are of manure based AD plants. There is insufficient research 

for CR and MFW co-digestion AD, although they have higher individual methane potential than 



187 

 

manure. The complex structure and high C/N ratio of CR and low C/N ratio of MFW may be two 

reasons. We pretreated CR in mechanical, hydrothermal and alkaline hydrothermal processes for 

AD experiments.  The “as received” MFW of a city was centrally hydro-mechanically pretreated 

and produced homogeneous broth. This research is co-digestion of “as received” MFW with 

these three pre-treated CR to maximize biomethane production. The AD digestate was available 

as biofertilizer. This approach is a new approach to produce bioenergy from these two 

undervalued biomass where zero waste production is the aim which is shown in Fig. 7.1. 

 

Fig. 7.1. Conceptual framwork for co-digestion of MFW with mechanical, hydrothermal 

and alkaline hydrothermal pretreated corn residue 

 

7.2 Methodology 

7.2.1 Hydro-mechanically pretreated municipal food waste and inoculum collection 

The city of Toronto, Ontario collects all MFW once a week from individual households and 

unloads it on the tipping floor of the Toronto AD plant. The large metallic impurities of collected 

MFW are removed by observation. This is called dry pre-treatment. Then MFW is loaded into 

the mechanical hydro-pulper to separate light and bulk impurities which is called wet 
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pretreatment. There MFW is converted into slurry referred to as “broth” and it is then transferred 

into a grit removal unit. In this unit sand and smallest impurities are separated. Then this almost 

impurity free broth is pumped into a storage tank. This broth is ready to use as the AD substrate. 

This broth was used for laboratory AD experiments. Hydro-mechanical pretreatment of MFW of 

Toronto AD plant is shown in Fig. 7.2. 

 

Fig. 7.2. Hydro-mechanical pretreatment of municipal food waste for AD substrate 

Inoculum (liquid digestate) of Toronto AD was collected for seeding AD laboratory experiments. 

Both inoculum and MFW broth were stored in a refrigerator at 4⁰C and inoculum was used 

within three days for laboratory experiment set up. Each time new inoculum was collected for 

each batch from this AD plant. Additional MFW broth was stored in the freezer for further lab 

experiments. 

7.2.2 Corn residue collection and feedstock preparation 

Above ground fall harvested standing corn plant sample was manually harvested (above 6 to 10 

cm from the ground) from a southern Ontario farm in the fall 2015 (05 November, 2015). 

Harvested plants were brought into Biorenewable and Innovation Laboratory of the University of 
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Guelph, Ontario and immediately its grain with ears were separated. Leaves, stalk and tassels 

were cut off and weighted. It was the CR and all of CR components were dried up at 103
o
C ± 

2
o
C for 72 hours to follow ASABE standards, S358.2 (ASABE standard, 2008) according to 

Lizotte and Savoie, (2013) to find out moisture content and dry matter. The dried sample was 

stored in Ziploc plastic bags for laboratory experiments. 

7.2.3 Mechanical, hydrothermal and alkaline hydrothermal pretreatment of corn residue 

Collected dry CR was chopped into ≤5 mm sizes for hydrothermal pretreatment and ground into 

<1mm in sizes (Ye et al., 2013) as mechanical treatment. Stem and leaves were mixed up for 

individual batch of predetermined 40% leaves and 60% stem with tassel in dry basis. For each 

batch, 5% feedstock TS was maintained by taking 18.5 gm dried CR and 350 mL deionized 

water. We determined the 240⁰C for 30 min hydrothermal process to get degraded organics both 

in water insoluble (biocarbon) and water soluble named as hydrothermal process water (HTPW) 

for maximum combined bioenergy (biocarbon and biomethane) recovery in our previous 

research. We also determined the 1% alkaline hydrothermal process of the same condition for 

maximum combined bioenergy recovery in our previous research. In these two cases biomethane 

was produced from HTPW and alkaline hydrothermal process water (AHTPW). CR was 

chopped to ≤5 mm and soaked in 1% NaOH diluted water for 3 hours as recommended by Teater 

et al. (2011). Then 5% CR sample was transferred into the Parr 600 mL series 4560 mini reactor 

and liquid stage HT was carried out at 240⁰C for 30 min following the method of Menaret and 

Dutta (2016). 

7.2. 4 Physicochemical properties of food waste broth, corn residues, substrates and inoculum 

A proximate analysis of MFW broth, raw CR, HTPW and AHTPW was performed and its higher 

heating value (HHV) was determined. The moisture was determined according to the 

ASTM E1756 method by drying in a muffle furnace (Thermo Scientific - F48055-66, Waltham, 

MA). Because of VFA and other low boiling point holding organics in MFW broth, HTPW, 

AHTPW, and inoculum (AD digestate), they were dried up in the muffle furnace at 60⁰C for 96 

h (4 days) to protect their loss. The dried samples were ground in a planetary ball mill (RETSCH 

PM 100 model) operating at 420 rpm for 4 min and stored in the desiccator. The volatile solid 

(VS) of all samples was determined according to the ASTM E872 method by combusting in a 

http://www.astm.org/Standards/E1756
http://www.astm.org/Standards/E872
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muffle furnace for 7 min at 950°C ± 20°C. The ash content of dried samples and inoculum were 

determined according to the ASTM E1755 method by combusting in a muffle furnace for 3-5 h 

at 575°C ± 25°C. The HHV of samples were determined using the IKA C200 Bomb Calorimeter 

after calibration for uniform measurement. Ultimate analysis such as carbon (C), hydrogen (H), 

nitrogen (N), sulfur (S) and oxygen (O) were carried on by CHNSO analyzer of Thermo 

Scientific FLASH 2000 organic elemental analyzer. 

7.2.5 Analytical methods 

The elements of MFW broth, raw CR, HTPW and AHTPW such as nitrogen (N), phosphorus (P) 

and sulfur (S) was determined by using HACH kits TNT 880, TNT843 and TNT 864, 

respectively using HACH DRB 200 block digester and HACH DR 5000 spectrophotometer. 

Their potassium (K) content was determined by Inductively Coupled Plasma (ICP) analyzer of 

Agricultural and Food Laboratory, University of Guelph. Chemical oxygen demand (COD), total 

organic carbon (TOC) and total volatile fatty acid (TVFA) of these liquid samples were 

determined by HACH 21259 COD vial, TOC meter (TOC-VCPN, Japan), and HACH TNT 872 

vial, respectively. 

7.2.6 Experimental set up for anaerobic co-digestion tests 

There were two levels of AD experiments such as mono-digestion of  MFW, CR, HTPW and 

AHTPW (we determined in our previous research) and individually anaerobic co-digestion of 

MFW with i) CR, ii) HTPW and iii) AHTPW. Biochemical Methane Potential (BMP) bottles of 

160 mL volume were used to carry out AD in a shaker incubator (New Brunswick Scientific 

Classic Series with capacity of 88 BMP bottles of 63 mm diameter). A BMP bottle was filled 

with 25 mL substrate and 25 mL inoculum. The substrate was of three compositions where MFW 

broth were of 75%, 50% and 25%, by volume respectively and rest was other substrate 

(CR/HTPW/AHTPW) individually. Here it can be noticed that for consistency of the experiment, 

CR was of 5% TS. The HTPW and AHTPW were produced from 5% TS of CR in HT process. 

The used MFW broth was also of 5.10% TS content (closer to CR).  For determining the total 

biomethane production within a fixed 30 days retention time in AD batch experiments, feedstock 

inoculum ratio of 1:1 by volume were chosen following the method of Chen et al. (2014) for 

maximum biomethane production. Then the pH of the mixture was measured by a digital pH 

http://www.astm.org/Standards/E1755
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meter and recorded. The mixture’s pH was adjusted within the range of 6.5 to 7.5 by using acetic 

acid (if required). Then all BMP bottles were flushed with nitrogen gas to remove all air from 

inside the BMP bottle for about two minutes and then closed and sealed it. Each process was 

triplicated and prepared BMP bottle for all samples to carry on AD. Three BMP bottles were 

filled only by inoculum of 50 mL in this way to carry on AD as reference. The shaker incubator 

inside temperature was set at 36⁰C ± 1⁰C and then all sealed nitrogen inert anaerobic conditioned 

BMP AD bottles were set in the tray of the incubator and started running. 

7.2.7 Biogas measurements 

Biogas of each BMP AD was measured in volume basis by a standard glass gas syringe of 50 

cubic centimeter capacity. This measurement was carried out once in a fixed time during the day 

from each BMP AD for the consistency of the production pattern. Biogas production by volume 

was recorded every day for 30 days residence time, and their summation was the total biogas 

production of an AD substrate. Every day an amount of 5 to 20 cm
3
 biogas from each AD was 

collected in individual gas syringe (closed condition) and measured its composition (CH4 and 

CO2) immediately in a Gas chromatography (GC) where its column (Agilent Technologies; GC-

TCD model 6890N) was pre calibrated. Finally according to section 2.5 nutrients in AD digestate 

were determined. 

7.3 Results and discussion 

7.3.1 Physicochemical properties 

According to the section of 7.2.1 and 7.2.2 feed stocks were collected and characterized 

following the described methods of section 7.2.4 and 7.2.5. The physicochemical properties of 

feedstock and inoculum (AD digestate) are mentioned in Table 7.1. It can be noticed that the pH 

of non-alkaline HTPW was 3.83 whereas AHTPW had pH of 6.10. 

 

 

 

 

http://www.sciencedirect.com/science/article/pii/S0306261915007801#s0025
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Table 7.1 Proximate and ultimate analysis of AD substrates and inoculum 

Parameter unit Value 

MFW Raw CR HTPW AHTPW Inoculum 

(FW AD 

digestate) 

TS % (wet 

basis, wb) 

5.10 ± 0.05 5.00 ± 0.05 1.48 ± 0.02 3.55 ± 0.03 4.08 ± 0.03 

VS % TS (dry 

basis, db) 

69.01 ± 

0.14 

84.79 ± 

2.23 

73.02 ± 

0.96 

62.73 ± 

0.87 

40.60 ± 0.31 

VS % CR (db) - 84.79 ± 

2.23 

21.61 ± 

0.28 

44.54 ± 

0.62 

- 

Ash   % (db) 30.79 ± 

0.32 

2.34 ± 0.06 - - 38.89 ± 0.15 

FC % (db) - 12.86 ± 

2.18 

- - 20.51 ± 0.27 

pH  5.9 6.50 3.83 6.10 7.96 

HHV MJkg
-1

 

(db) 

18.32 ± 

0.07 

18.13 ± 

0.06 

- - 14.50 ± 0.28 

C % (db) 46.18 ± 

1.00 

45.29 ± 

0.12 

- - 27.40 ± 2.19 

H % (db) 5.34 ± 0.09 5.77 ± 0.13 - - 3.42 ± 0.06 

N % (db) 3.00 ± 0.11 0.88 ± 0.97 - - 2.77± 0.04 

S % (db) 0.25 ± 0.04 0.41 ±  1.907 ± 

0.01 

0.94 ± 0.19 0.25 ± 0.04 

O % (db) 45.17 ± 

1.00 

48.08 ± 

0.30 

- - 66.09 ± 2.07 

C/N ratio  15.39 

(9.67
a
) 

51.46 

(46.13
a
) 

42.74 37.42 9.89 (10.71
a
) 

COD mg L
-1

 84867 ± 

258 

104350 ± 

400 

26285 ± 

44.4 

62622 ± 

426 

41400 ± 200 

TOC mg L
-1

 25280 22500 5446 6270 7327 

TC
a
 mg L

-1
 25440 - 5485 6330 19270 

TKN mg L
-1

 2630 ± 10 487.67 128.32 167.56 ± 

3.20 

1798 ± 8 

Total 

VFA 

mg L
-1

 10703 ± 

951 

3792 ± 291 3520 ± 45 6220 ± 120 1520 ± 105 

Total 

VFA 

gkg
-1

 VS 304.10 ± 

27.03 

89.44 ± 

5.83 

325.72 ± 

4.16 

279.31 ± 

5.39 

91.75 ± 6.33 

a 
C/N = TC/TKN 

HHV of non-alkaline hydrothermal biocarbon is 23.01 MJkg
-1

 and its mass yield is 47.41 (%) 

HHV of alkaline hydrothermal biocarbon is 21.58 MJkg
-1

 and its mass yield is 32.51 (%) 
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7.3.2 Anaerobic digestion 

The cumulative biomethane production within 30 days retention time for individual AD 

experiment was represented in VS basis. This value can be converted into TS, COD and TOC 

basis by using the required physicochemical properties of individual AD substrates from Table 

7.1.  

7.3.2.1 Methane yield from mono-digestion of individual substrate 

MFW, mechanically treated CR, non-alkaline hydrothermal treated CR (HTPW) and alkaline 

hydrothermal treated CR (AHTPW) mono-digestion in AD in VS basis is shown in Fig. 7.3.   

The MFW of 5.10% TS and 69.01% VS, mechanically treated (grinding and sieving of <1 mm 

sizes) CR of 5% TS and 84.79% VS, HTPW of 1.48% TS and 73.02% VS and AHTPW of 

3.55% TS and 62.73% VS underwent anaerobic digestion for 30 days separately and their 

cumulative biomethane yields were determined. The biomethane production of these three mono-

digestion were 511.92 ± 4.37 Lkg
-1

 VS and 347.69 ± 3.01 Lkg
-1

 TS,  309.59 ± 6.97 Lkg
-1

 VS and 

262.50 ± 5.91 Lkg
-1

 TS, 333.74 ± 39.87 Lkg
-
1 VS and 243.70 ± 29.11 Lkg

-1
 TS and 278.70 ± 

9.84 Lkg
-1

 VS and 174.83 ± 6.15 Lkg
-1

 TS, respectively.  Chopping at <5mm size during co-

harvesting of wet CR with grain harvesting can save drying and grinding cost. 
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Fig. 7.3. Cumulative biomethane production from hydro-mechanical pretreated MFW and 

mechanical, hydrothermal and alkaline hydrothermal treated CR 

7.3.2.2 Physicochemical properties of co-digestion substrates 

The raw corn residue of 5% TS (CR:water = 1:19) in deionized water was used for non-alkaline 

hydrothermal and alkaline hydrothermal pretreatment process. The mechanically treated CR of 

5% TS and 84.79% VS was considered for co-digestion. The MFW broth was of 5.10% TS and 

69.01% VS composition. Therefore primary source of CR and MFW were of similar TS 

composition. To simplify the co-digestion mixture ratio, 25%, 50% and 75% MFW by volume 

was considered with the rest amount of other substrate for an individual batch AD. Then the TS, 

VS and C/N ratio of individual mixture of co-digestion substrate were determined. The TS and 

VS of MFW, raw CR, HTPW and AHTPW were 5.10% and 69.01%, 5.00% and 84.79%, 1.48% 

and 73.02% and 3.55% and 62.73%, respectively. The new values of TS, VS and C/N ration of 

mixed substrates of AD co-digestion were calculated which is shown in Table 7.2. 
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Table 7.2 Co-digestion substrate composition and their physicochemical properties 

Co-digestion 

substrate 

name 

TS of 75% 

MFW 

mixture (% 

wb) 

VS of 75% 

MFW 

mixture 

(% TS) 

TS of 50% 

MFW 

mixture (% 

wb) 

VS of 50% 

MFW 

mixture 

(% TS) 

TS of 25% 

MFW 

mixture (% 

wb) 

VS of 25% 

MFW 

mixture (% 

TS) 

MFW and 

mechanically 

treated CR 

5.075 

(C/N=24.27) 

72.90 5.05 

(C/N=33.25) 

76.82  5.025 

(C/N=42.31) 

77.32 

MFW and 

HTPW 

4.195 

(C/N=17.80) 

69.36 3.29 

(C/N=21.56) 

69.91 2.385 

(C/N=28.39) 

70.88 

MFW and 

AHTPW 

4.713 

(C/N=19.54) 

67.83  4.325 

(C/N=24.43) 

66.43 3.938 

(C/N=30.29) 

64.76 

7.3.2.3 Municipal food waste co-digestion with mechanically treated corn residue 

The mechanically treated CR of 5% TS and 84.79% VS and MFW broth of 5.10% TS and 

69.01% VS at mixture ratio of 25% and 75%,  50%  and 50% and 75% and 25% by volume, 

respectively underwent anaerobic co-digestion for 30 days retention time. Their cumulative 

biomethane yields are shown in Fig. 7.4. The biomethane produced from these three co-

digestions were 689.41 ± 28.49 Lkg
-1

 VS and 502.58 ± 20.77 Lkg
-1

 TS, 540.96 ± 30.49 Lkg
-1

 VS 

and 415.57 ± 23.42 Lkg
-1

 TS and 433.65 ± 6.60 Lkg
-1

 VS and 335.30 ± 5.10 Lkg
-1

 TS, 

respectively. The 25% CR and 75% MFW mixture co-digestion produced the highest 

biomethane among three co-digestions. Here it can be noticed that the C/N ratio of these three 

co-digestion mixtures were 24.27, 33.25 and 42.31, respectively. Therefore, for mechanically 

treated CR with MFW at C/N ratio of 24.27 produced the highest biomethane. The optimum 

value of C/N ratio in AD substrate is 20-30 (Pesta, 2007) for non-treated biomass. In the basis of 

raw CR, these three co-digestions produced biomethane were of 510.12 Lkg
-1

, 419.73 Lkg
-1 

and
 

336.98 Lkg
-1 

of raw dry CR, respectively. The mechanically treated (ground) CR can produce 

biomethane of 309.59 Lkg
-1

 VS and 275.38 Lkg
-1

 TS. Therefore, CR of 25%, 50% and 75% 

composition by volume co-digestion with MFW of 75%, 50% and 25% composition by volume 

of similar TS content can produce 82.50%, 50.91% and 21.76% more biomethane, respectively 

compared to the only mechanically treated CR. These values are 5.22 times, 4.10 times and 3.28 

times of biomethane production of non-treated raw CR of biomethane production of 132 Lkg
-1

 

VS (Brown et al., 2012; Lehtomaki et al., 2008). 
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Fig. 7.4. Cumulative biomethane production from 25%, 50% and 75% by volume of 5% 

TS and 84.79% VS mechanically treated CR with 75%, 50% and 25% by volume of 5.10% 

TS and 69.01 % VS MFW in anaerobic co-digestion 

7.3.2.4 Municipal food waste co-digestion with non-alkaline hydrothermal treated corn residue 

The 25%, 50%, and 75% by volume HTPW of 1.48% TS and 73.02% VS with 75%, 50% and 

25% by volume MFW broth of 5.10% TS and 69.01% VS, respectively underwent anaerobic co-

digestion for 30 days retention time. Their cumulative biomethane yields are shown in Fig. 7.5. 

The biomethane production of these three co-digestion mixture were 975.29 ± 74.55 Lkg
-1

 VS 

and 676.46 ± 51.71 Lkg
-1

 TS, 976.65 ± 58.92 Lkg
-1

 VS and 682.78 ± 41.19 Lkg
-1

 TS and 697.07 

± 55.95 Lkg
-1

 VS and 494.08 ± 39.66 Lkg
-1

 TS, respectively. Both 25% HTPW with 75% MFW 

and 50% HTPW with 50% MFW mixture co-digestion produced similar biomethane and it was 

higher than that of 75% HTPW with 25% MFW mixture co-digestion composition. Here it can 

be noticed that the C/N ratio of these three co-digestion mixtures were 17.80, 21.56 and 28.39, 

respectively. Therefore, for HTPW with MFW at C/N ratio of 17.80 to 21.56 can produce the 

highest amount of biomethane. Although the optimum value of C/N ratio in AD substrate is 20-

30 (Pesta, 2007) for untreated biomass, due to presence of a noticeable amount of VFA, 

hydrothermally treated filtered HTPW and hydro-mechanically treated MFW (Table 7.1), the 

mixture C/N values were lower than raw CR (24.27) to produce maximum biomethane. Here it 
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can be calculated from the Table 7.1 that 29.60% of raw CR with 73.02% VS is available in 

HTPW which is 21.61% of raw CR as VS basis. With respect to dry CR the HTPW in these three 

co-digestions produced biomethane of 210.76 Lkg
-1 

VS, 211.05 Lkg
-
1 VS and

 
150.64 Lkg

-1 
VS 

of raw dry CR, respectively. The raw CR can produce biomethane of 132 Lkg
-1

 VS (Brown et 

al., 2012; Lehtomaki et al., 2008). Therefore, the organics of HTPW could produce 1.60 times, 

1.69 times and 1.14 times biomethane, respectively in those three co-digestions compared to raw 

untreated corn residue AD. 

 

Fig. 7.5. Cumulative biomethane production from 25%, 50% and 75% by volume of 1.48% 

TS and 73.02% VS contained HTPW with 75%, 50% and 25% by volume of 5.10% TS and 

69.01% VS contained MFW, respectively in anaerobic co-digestion 

7.3.2.5 Municipal food waste co-digestion with alkaline hydrothermal treated corn residue 

The 25%, 50%, and 75% by volume AHTPW of 3.55% TS and 62.73% VS with 75%, 50% and 

25% by volume MFW broth of 5.10% TS and 69.01% VS, respectively underwent anaerobic co-

digestion for 30 days retention time. Their cumulative biomethane yields are shown in Fig. 7.6. 

The biomethane production of these three co-digestion mixture were 844.24 ± 43.30 Lkg
-1

 VS 

and 572.65 ± 29.37 Lkg
-1

 TS, 796.41 ± 20.94 Lkg
-1

 VS and 529.05 ± 13.91 Lkg
-1

 TS and 552.20 

± 77.27 Lkg
-1

 VS and 357.60 ± 50.04 Lkg
-1

 TS, respectively. Both 25% HTPW with 75% MFW 

and 50% HTPW with 50% MFW mixture co-digestion produced considerable amount of  
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biomethane and they were higher than that of 75% HTPW with 25% MFW mixture co-digestion 

composition. Here it can be noticed that the C/N ratio of these three co-digestion mixtures were 

19.54, 24.43 and 30.29, respectively. Therefore, for AHTPW with MFW at a C/N ratio of 19.54 

can produce the highest amount of biomethane and at C/N ration of 24.43 produced slightly 

lower than C/N ratio of 24.43. Although the optimum value of C/N ratio in AD substrate is 20-30 

(Pesta, 2007) for untreated miomass, for the presence of a noticeable amount of VFA in alkaline 

hydrothermally treated filtered AHTPW and hydro-mechanically treated MFW (Table 7.1), the 

C/N value lower than raw CR (24.27) produced higher biomethane. Here it can be calculated 

from the Table 7.1 that 71% of CR organic (with ash) of 3.55 TS and 62.73% VS was available 

in AHTPW which is 44.54% VS of raw CR. In respect of dry CR the AHTPW in these three co-

digestions produced biomethane of 376.02 Lkg
-1

 VS, 354.72 Lkg
-1 

VS and
 
245.95 Lkg

-1 
VS of 

raw dry CR, respectively. The raw CR can produce biomethane of 132 Lkg
-1

 VS (Brown et al., 

2012; Lehtomaki et al., 2008). Therefore, the organics of AHTPW could produce 2.85 times, 

2.69 times and 1.86 times biomethane, respectively in those three co-digestions compared to raw 

untreated corn residue. 

 

Fig. 7.6. Cumulative biomethane production from 25%, 50% and 75% by volume of 3.55% 

TS and 62.73% VS contained AHTPW with 75%, 50% and 25% by volume of 5.10% TS 

and 69.01% VS contained MFW in anaerobic co-digestion 
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7.3.3 Total energy recovery 

In non-alkaline and alkaline hydrothermal processes produced two separate products such 

biocarbon (water insoluble organic) and biomethane from water soluble organic. Biocarbon is 

considered to be used for the substitute of coal. HHV of methane is 55.53 MJ kg
-1

 methane with 

density of 0.717 kg m
-3

 (Engineering Toolbox, 2017) at 0⁰C temperature and atmospheric 

pressure which is equivalent to 35.178 MJ m
-3

 at 36⁰C temperature and atmospheric pressure. 

Produced biomethane of these hydrothermal processes were converted into their higher heating 

value (methane volume in m
3
 kg

-1
 TS x HHV of methane in MJ m

-3
).  Biocarbon and biomethane 

produced in non-alkaline and alkaline hydrothermal process at 240⁰C for 30 min residence time 

provided useable energy. MFW and mechanically treated CR produced only biomethane. Total 

useable bioenergy produced from MFW, mechanically treated CR, non-alkaline treated CR, 

alkaline treated CR and MFW co-digestion with these three treated CR are shown in Table 7.3. 

Here it can be noticed that MFW and mechanically treated CR produced only biomethane. The 

non-alkaline treated CR and alkaline treated CR produced water insoluble organics which is 

biocarbon and water soluble organics. The water soluble organics underwent in AD and 

produced biomethane. Here co-digestion of HTPW and AHTPW at 50% by volume with MFW 

at 50% by volume was determined for maximum biomethane production. Non-alkaline and 

alkaline hydrothermal processes were carried out with CR of 5% TS and mechanically treated 

CR was of 5% TS. Therefore for comparison with raw CR and the MFW broth of 5.10% TS in 

co-digestion had consistency.  MFW broth, mechanically treated CR, non-alkaline hydrothermal 

treated CR and alkaline treated CR recovered total energy of 66.76%, 50.93%, 78.65% and 

62.82% of their raw energies, respectively from biomethane in mono-digestion and their 

biocarbon as co-products. The mechanically treated CR co-digested with MFW at 1:1 ratio and 

1:3 ratio recovered 80.63% and 97.52%, respecctively of the raw energy of CR. Here result is 

represented on a CR basis. Here it can be noticed that MFW was of 30.79% ash with HHV of 

18.32 MJkg
-1

 TS which is equivalent to 26.47 MJkg
-1

 at ash free condition. During AD process 

ash stays as an inert which means the MFW organics of HHV of 26.47 MJkg
-1

 actually was 

effective. For this reason, co-digestion total energy recovery showed a higher value when it is 

considered based on dry raw CR of HHV of 18.13 MJkg
-1

 basis. Both non-alkaline and alkaline 
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hydrothermal treated CR produced biocarbon which is a solid biofuel. Therefore these two 

hydrothermal treated CR produced dual biofuels namely biocarbon and biomethane. 

HTPW with MFW at 1:1 ratio by volume and AHTPW with MFW at 1:1 by volume in anaerobic 

co-digestion recovered energy of 39.22% and 72.86%, respectively of raw CR energy as 

biomethane. Their biocarbons also recovered energy of 60.18% and 38.12%, respectively of raw 

CR. Therefore in non-alkaline hydrothermal treated and alkaline hydrothermal treated CR could 

recover 99.39% and 111.58%, respectively of raw CR. Here it can be noticed that for the 

hydrothermal process, energy was added to threat CR and it was converted into its derivatives. 

On the other hand, HHV of MFW is 26.47 MJkg
-1

 at ash free condition had impact on producing 

more biomethane. But the total energy recovery was represented for raw CR with HHV of 18.13 

MJkg
-1

 basis. These two reasons can be noticed for showing excess total energy recovery in 

anaerobic co-digestion in raw CR basis. 

Table 7.3 Total energy from MFW and treated CR in mono-digestion and (1:1) co-digestion  

Name of substrate Raw energy 

(MJkg
-1

 TS) 

Energy in 

biocarbon 

(MJkg
-1

 

CR) 

Energy in 

biomethane 

(MJkg
-1

 raw 

CR or 

MFW) 

Total 

energy 

(MJkg
-1

 

raw CR) 

Overall 

energy 

recovery 

(%) 

MFW 18.32± 0.07 - 12.23 - 66.76 

Mechanically treated CR 18.13± 0.06 - 9.23 9.23 50.93 

Non-alkaline 

hydrothermal treated CR 

- 10.91 3.35 14.26 78.65 

Alkaline hydrothermal 

treated CR 

- 7.02 4.37 11.39 62.82 

MFW co-digestion with 

mechanically treated CR 

- - 14.62 

(
a
17.68) 

14.62 

(
a
17.68) 

80.63 

(
a
97.52) 

MFW co-digestion with 

non-alkaline HT treated 

CR 

- 10.91 7.11 18.02 99.39 

MFW co-digestion with 

alkaline HT treated CR 

- 7.02 13.21 20.23 111.58 

a
When 25% CR and 75% MFW mixture by volume was co-digested. 

Hybrid bioenergy production from both non-alkaline and alkaline hydrothermally processed 

biomass (both solid and liquid) was carried out in our previous two individual researches. These 

two researches were not carried out by any other researcher until our researches. Therefore these 
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two hybrid bioenergy production from hydrothermally processed corn residue were two new 

findings in bioenergy production area. Additionally water soluble organics of both non-alkaline 

and alkaline hydrothermal treated CR with MFW anaerobic co-digestion to produce biomethane 

had not yet carried out by any other researcher before this research. Therefore the biocarbon 

produced in hydrothermal process and anaerobic co-digestion of its process water with MFW is 

another innovation in bioenergy area. The nutrients present in AD digestate were available to use 

as biofertilizer which is discussed in the next section. 

7.3.4 Nutrient recovery 

The digestate of MFW broth, mechanically treated CR, HTPW, AHTPW, and Treated CR 

anaerobic co-digestion with MFW were available as liquid fertilizer. Nutrient contents of all AD 

substrates were determined in the laboratory according to section 7.2.5 which would be 

unchanged in the digestate (Zhang et al., 2007; Lusk and Wiselogel, 1998). The nutrient contents 

were then evaluated with their TS which are shown in Table 7.4. Almost all nutrients of 

mechanically treated CR are recoverable. The HTPW mono-digestion digestate was available 

with 31.59 % nitrogen, 7.65% phosphorus, 18.47% potassium and 12.41% sulphur of raw CR if 

the HTPW AD digestate was applied in the harvested corn field. The AHTPW mono-digestion 

digestate was available with 20.16 % nitrogen, 12.23% phosphorus, 18.41% potassium and 

12.38% sulphur of raw CR if the AHTPW AD digestate was applied in the harvested corn field. 

When 50% mechanically treated CR, 50% HTPW and 50% AHTPW were separately anaerobic 

co-digested with 50% MFW, then their digestate were available with additional nutrients of 

MFW, which were represented in  raw CR basis. These three digestates of anaerobic co-digestion 

were available with nitrogen of 358.67%, 483.56% and 350.18%, respectively; phosphorus of 

323.06%, 354.97% and 275.74%, respectively; potassium of 198.29%, 180.46% and 137.23%, 

respectively and sulfur of 124.94%, 51.09%, and 47.35%, respectively of raw CR. These 

available biofertilizers could substitute the chemical fertilizer application in the corn field. If 

KOH could be used instead of NaOH as the alkali, then all K present in AHTPW would be 

available in the liquid fertilizer (Zheng et al., 2014) and recycling problem of Na would not 

happen (Pang et al., 2008). On the other hand if alkali treated hydrothermal process produced 

biocarbon is upgraded by H2SO4 washing, its waste water will be K and S rich and this liquid 

also will be nutrient rich. If all processes will be available in the farm area, then biocarbon 
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upgrading waste water and AD digestate as liquid fertilizer can be mixed to apply in the corn 

farm. Thus K and S containing chemical fertilizer application in the farm will be saved which 

will indirectly save the fertilizer cost and will reduce GHG emissions. Harvesting CR during 

grain harvesting time (the fall harvesting) removes nutrients from the corn field. According to 

the five years’ research of Karlen et al., (2011), the yearly N removal is 29.3% on the continuous 

harvesting of corn residue. Therefore, application of AD digestate as biofertilizer in the corn 

field will not only recover the nutrients loss but also will add extra nutrients if CR will be AD 

co-digested with MFW. 

Table 7.4 Nutrient in AD digestate of mono digestion and (1:1) co-digestion  

Name of AD 

digestate 

N  

(g kg
-

1
 TS) 

N 

Recovery 

(% CR) 

P 

(g kg
-

1
 TS) 

P 

Recovery 

(% CR) 

K 

(g kg
-1

 

TS) 

K 

Recovery 

(% CR) 

S 

(g kg
-1

 

TS) 

S 

Recovery 

(% CR) 

HTPW  17.74 31.59 0.39 7.65 16.22 18.47 19.07 12.41 

AHTPW 4.72 20.16 0.26 12.23 6.74 18.41 9.46 14.76 

MFW 46.07 - 3.35 - 25.56 - 11.68 - 

Mechanically 

treated CR 

16.62 100 1.51 100 26 100 45.49 100 

CR and 

MFW co-

digestion 

 

32.05 385.67 

 

2.44 323.06 

 

25.78 198.29 

 

28.42 124.94 

 HTPW and 

MFW co-

digestion 

 

39.70 483.56 

 

2.68 354.97 

 

23.46 180.46 

 

11.62 51.09 

AHTPW and 

MFW co-

digestion 

 

29.10 350.18 

 

2.08 275.74 

 

17.84 137.23 

 

10.77 47.35 

 

7.4 Conclusions 

This study shows that co-digestion of the undervalued biomass of MFW with another 

undervalued biomass of CR at mechanically treated, non-alkaline hydrothermal treated and 1% 

alkaline hydrothermal treated improved biomethane production in batch AD. The mechanically 

treated CR of 5% TS and 84.79% VS and MFW of 5.10% TS and 69.01% VS at 1: 3 ratio 

mixture by volume co-digestion with C/N ratio of 24.27 could increase biomethane production 

by 122.68% compared to its mono-digestion with C/N ratio of 51.46. The HTPW of non-alkaline  
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hydrothermal treated CR of 1.48% TS and 73.02% VS and MFW of 5.10% TS and 69.01% VS 

at 1: 3 to 1:1 ratio mixture by volume co-digestion with C/N ratio of 17.80 to 21.56 could 

increase biomethane production by 192.44% compared to its mono-digestion with C/N ratio of 

42.74. The AHTPW of alkaline  hydrothermal treated CR of 3.55% TS and 62.73 % VS and 

MFW of 5.10% TS and 69.01% VS at 1: 3 to 1:1 ratio mixture by volume co-digestion with C/N 

ratio of 19.54 to 24.43 could increase biomethane production from 185.76% to 202.90% 

compared to its mono-digestion with C/N ratio of 37.42. The optimum value of the process water 

of hydrothermal treated CR with MFW co-digestion substrate mixture C/N ratio is 18 to 22. The 

raw CR of 5% TS was treated in both hydrothermal processes at 240⁰C for 30 min. Therefore 

raw CR and MFW were of similar concentration and their co-digestion mixture ratio was 1:3 to 

1: 1 for alkaline treated hydrothermal CR to produce maximum biomethane in the AD process. 

With respect to raw CR energy content (HHV), total energy recovery was determined both for 

mono-digestion and co-digestion with MFW. At co-digestion mixture of 1:1 ratio of AD 

substrates, mechanically treated CR, non-alkaline treated CR and alkaline treated CR recovered 

29.70%, 20.74% and 48.76% more total energy (biocarbon and biomethane), respectively 

compared to the total energy recovery in their AD mono-digestion produced biomethane and 

biocarbon. The alkaline hydrothermal treated corn residue can produce the highest total 

bioenergy from biocarbon and biomethane when its process water is co-digested with MFW 

broth at 1:3 to 1:1 ratio mixture at raw CR basis. 

All nutrient enriched AD digestates were available as biofertilizer to apply in the crop field. 

When treated CR is co-digested with MFW at 1:1 ratio, the digestate of mechanically treated CR, 

HTPW and AHTPW were available with 3.5 - 4.8 times N, 2.7 - 3.5 times P, 1.4 -2.0 times K 

and 0.5 - 1.2 times S of raw CR due to addition of MFW nutrients with treated CR. Therefore co-

digestion of treated CR with MFW can provide nutrients enriched AD digestate as biofertilizer 

which can reduce chemical fertilizer application in crop fields. 

7.5 References 

Abouelenien, F., Namba, Y., Kosseva, M. R., Nishio, N., Nakashimada, Y., 2014. Enhancement 

of methane production from co-digestion of chicken manure with agricultural 

wastes. Bioresource technology  159, 80-87. 



204 

 

Adhikari B.K., Barrington S., Martinez J., King S., 2008. Characterization of food waste and 

bulking agents for composting. Waste Management 28, 795-804. 

Brown, D., Shi, J., Li, Y., 2012. Comparison of solid-state to liquid anaerobic digestion of 

lignocellulosic feedstocks for biogas production. Bioresource technology  124, 379-386. 

Browne J. D., Murphy J. D., 2013.  Assessment of the resource associated with biomethane from 

food waste. Applied Energy 30, 104:170-7. 

Chen, X., Yan, W., Sheng, K., Sanati, M., 2014. Comparison of high-solids to liquid anaerobic 

co-digestion of food waste and green waste. Bioresource technology 28, 215-221. 

EngineeringToolBox, 2017. Fuels-higher calorific values. 

http://www.engineeringtoolbox.com/fuels-higher-calorific-values-d_169.html.  Accessed 

on 19 January, 2017. 

Faulder, L., 2014. Time to break the habit. Edmonton Journal, January 19. 

http//www.edmontonjournal.com/Canadians. Accessed on 24 June 2014. 

Giuliano, A., Bolzonella, D., Pavan, P., Cavinato, C., Cecchi, F., 2013. Co-digestion of livestock 

effluents, energy crops and agro-waste: feeding and process optimization in mesophilic and 

thermophilic conditions. Bioresource technology 128, 612-618. 

Gustavsson, J., Cederberg, C., Sonesson, U., Van Otterdijk, R.,  Meybeck, A., 2011. Global food 

losses and food waste. Food and Agriculture Organization of the United Nations, Rom. 

Hamawand, I., 2015. Anaerobic digestion process and bio-energy in meat industry: A review and 

a potential. Renewable and Sustainable Energy Reviews 44, 37-51. 

Hu, F., Ragauskas, A., 2012.  Pretreatment and lignocellulosic chemistry. Bioenergy Research 5, 

1043-1066. 

IME, Institution of Mechanical Engineers, 2013. A 2013 report of the British Institution of 

Mechanical Engineers, 1 Birdcage Walk, Westminster, London, UK. 

Karlen, D.L., Birell, S.J., Hess, J.R., 2011.  A five-year assessment of corn stover harvest in 

central Iowa, USA. Soil and Tillage Research, 30, 115:47-55. 

http://www.engineeringtoolbox.com/fuels-higher-calorific-values-d_169.html
http://en.wikipedia.org/wiki/Institution_of_Mechanical_Engineers
http://en.wikipedia.org/wiki/Institution_of_Mechanical_Engineers
http://en.wikipedia.org/wiki/Institution_of_Mechanical_Engineers


205 

 

Karthikeyan, O. P.,  Visvanathan, C., 2012.  Effect of C/N ratio and ammonia-N accumulation in 

a pilot-scale thermophilic dry anaerobic digester. Bioresource technology 113, 294-302. 

Khan AA., 2009. Potential to use biomass for bio-energy in Ontario. Guelph Engineerng Journal. 

2, 39-44. 

Kumar, R., Singh, S., and Singh, O. V., 2008. Bioconversion of lignocellulosic biomass: 

biochemical and molecular perspectives. Journal of industrial microbiology & 

biotechnology 35, 377-391. 

Lehtomaki, A., Huttunen, S., Rintala, J. A., 2007.  Laboratory investigations on co-digestion of 

energy crops and crop residues with cow manure for methane production: effect of crop to 

manure ratio. Resources, Conservation and Recycling 51, 591-609. 

Lehtomaki, A., Huttunen, S., Lehtinen, T. M., Rintala, J. A., 2008. Anaerobic digestion of grass 

silage in batch leach bed processes for methane production. Bioresource technology 99, 

3267-3278. 

Li, Y., Zhang, R., He, Y., Zhang, C., Liu, X., Chen, C., Liu, G., 2014. Anaerobic co-digestion of 

chicken manure and corn stover in batch and continuously stirred tank reactor 

(CSTR). Bioresource technology 156, 342-347 

Limayem, A., Ricke, S. C., 2012. Lignocellulosic biomass for bioethanol production: current 

perspectives, potential issues and future prospects.Progress in Energy and Combustion 

Science 38, 449-467. 

Liu, X., Gao, X., Wang, W., Zheng, L., Zhou, Y., Sun, Y., 2012. Pilot-scale anaerobic co-

digestion of municipal biomass waste: Focusing on biogas production and GHG 

reduction. Renewable energy 44, 463-468. 

Lizotte, P.L., Savoie, P., 2013. Spring harvest of corn stover for animal bedding with a self-

loading wagon. Applied Energy in Agriculture 29, 25-31. 

Lusk P, Wiselogel A.E., 1998. Methane recovery from animal manures: the current opportunities 

casebook. Golden, CO: National Renewable Energy Laboratory. 



206 

 

Melikoglu, M., Lin, C.S.K., Webb, C., 2013. Analysing global food waste problem: pinpointing 

the facts and estimating the energy content. Central European Journal of Engineering 3, 

157-164. 

Minaret, J., Dutta, A., 2016. Comparison of liquid and vapor hydrothermal carbonization of corn 

husk for the use as a solid fuel. Bioresource. Technology 200, 804-811. 

Pagés-Díaz, J., Pereda-Reyes, I., Taherzadeh, M. J., Sárvári-Horváth, I., Lundin, M., 2014. 

Anaerobic co-digestion of solid slaughterhouse wastes with agro-residues: Synergistic and 

antagonistic interactions determined in batch digestion assays. Chemical Engineering 

Journal 245, 89-98. 

Pang, Y.Z, Liu, Y.P., Li, X.J., Wang, K.S., Yuan, H.R., 2008. Improving biodegradability and 

biogas production of corn stover through sodium hydroxide solid state pretreatment. 

Energy & Fuels 22, 2761-2766. 

Pesta, G., 2007. Anaerobic digestion of organic residues and wastes. In Utilization of by-

products and treatment of waste in the food industry (pp. 53-72). Springer US. 

Pu, Y., Zhang, D., Singh, P.M. and Ragauskas, A.J., 2008. The new forestry biofuels 

sector. Biofuels, Bioproducts and Biorefining, 2, 58-73. 

Saha, B.C., 2003. Hemicellulose bioconversion. Journal of Industrial Microbiology and 

Biotechnology 30, 279-291. 

Sawatdeenarunat, C., Surendra, K. C., Takara, D., Oechsner, H., Khanal, S. K., 2015. Anaerobic 

digestion of lignocellulosic biomass: Challenges and opportunities. Bioresource technology 

178, 178-186. 

Statistics Canada, 2017. Corn: Canada's third most valuable crop. Available at 

http://www.statcan.gc.ca/pub/96-325-x/2014001/article/11913-eng.htm. Accessed on 06 

Feb. 2017. 

http://www.statcan.gc.ca/pub/96-325-x/2014001/article/11913-eng.htm


207 

 

Teater, C., Yue, Z., MacLellan, J., Liu, Y., Liao, W., 2011. Assessing solid digestate from 

anaerobic digestion as feedstock for ethanol production. Bioresource technology 102, 

1856-1862. 

UNEP, United Nations Environment Programme, 2013.  World Environment day 05 June 2013. 

http://www.unep.org/wed/quickfacts/. Accessed on 24 June 2014. 

USDA,  United States Department of Agriculture,  2013.  Food Waste Challenge. News Release 

number 0112.13, USDA and EPA Launch U.S. https://www.usda.gov/media/press-

releases/2013/06/04/usda-and-epa-launch-us-food-waste-challenge. Accessed on 25 March 

2017. 

Wei, S., Zhang, H., Cai, X., Xu, J., Fang, J., Liu, H., 2014. Psychrophilic anaerobic co-digestion 

of highland barley straw with two animal manures at high altitude for enhancing biogas 

production. Energy Conversion and Management 88, 40-48. 

Weiland, P., 2010. Biogas production: current state and perspectives. Applied microbiology and 

biotechnology 85, 849-860. 

Xu, F., Li, Y., 2012. Solid-state co-digestion of expired dog food and corn stover for methane 

production. Bioresource technology 118, 219-226. 

Yao, Y., Chen, S., Kafle, G.K., 2017. Importance of “weak-base” poplar wastes to process 

performance and methane yield in solid-state anaerobic digestion. Journal of 

Environmental Management 193, 423-429. 

Ye, J., Li, D., Sun, Y., Wang, G., Yuan, Z., Zhen, F., Wang, Y., 2013. Improved biogas 

production from rice straw by co-digestion with kitchen waste and pig manure. Waste 

management 33, 2653-2658. 

Zhang, R., El-Mashad, H.M., Hartman, K., Wang, F., Liu, G., Choate, C., Gamble, P., 2007. 

Characterization of food waste as feedstock for anaerobic digestion. Bioresource 

technology 98, 929-35. 

https://www.usda.gov/media/press-releases/2013/06/04/usda-and-epa-launch-us-food-waste-challenge
https://www.usda.gov/media/press-releases/2013/06/04/usda-and-epa-launch-us-food-waste-challenge


208 

 

Zheng, Y., Zhao, J., Xu, F., Li, Y., 2014. Pretreatment of lignocellulosic biomass for enhanced 

biogas production. Progress in Energy and Combustion Science 42, 35-53. 

 

 

 

  



209 

 

Chapter VIII Overall Conclusions and Future Works 

8.1 Overall Conclusions  

Corn residue and municipal food waste are two undervalued types of biomass which are major 

sources of anthropogenic GHG emissions. Bioenergy and biofertilizer recovery from these two 

bio-wastes can reduce GHG emissions in the strategy of the Circular Economy.  In existing CR 

harvest practice during spring can only collect about 30% of the aboveground CR with 10-15% 

ash which works negatively against combustion. After harvest of grain in the fall, CR is kept 

unharvested where only 12.2% carbon and <30% nitrogen of CR can be recovered as SOM and 

the rest would produce GHGs and leache down into the soil. CR is rich in biocarbon and 

biomethane potential whereas MFW is rich in methane potential for anaerobic digestion but their 

low and high value of C/N ratio and complexity of structure of CR (contains 10-25% lignin) 

inhibits anaerobic digestion process when it is used for mono-digestion. Proper pretreatment 

process can overcome these barriers. An optimum hydrothermal process was determined to be 

suitable both for biocarbon from insoluble portion and biomethane and biofertilizer production 

from aboveground CR. MFW of “as received” condition of a city after hydro-mechanical 

pretreatment has been recognized as the suitable technology for biomethane and biofertilizer 

recovery. Aboveground CR pretreatment of two mechanical namely chopped and ground and 

two HT processes of non-alkaline and alkaline were carried out. Insoluble biocarbon produced 

from two hydrothermal precesses were evaluated for the use as a coal substitute. Pretreated 

MFW broth, mechanically treated CR, HTPW and AHTPW were evaluated for biomethane and 

biofertilizer recovery in the mesophilic AD process. The most favourable composition of MFW 

with mechanically treated ground CR, the most advantageous conditioned HTPW and AHTPW 

were determined for excellent biomethane and biofertilizer recovery. Finally total bioenergy of 

biocarbon and biomethane recovery was determined and compared with raw CR. 

Aboveground CR, grain and root dry matter yield were 8846 kg ha
-1

, 14840 kg ha
-1

, and 8098 kg 

ha
-1

, respectively in an Ontario farm. Its harvest index (HI) was calculated to be 0.63, which is 

26% higher than previous research data from Ontario farms. Corn cobs and husks were 36.57% 

of the aboveground CR, which was spread into the field during grain harvesting in the fall. After 

keeping the root, cob and husk in the field to recover C and nutrients in the soil, the rest of the 
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aboveground dry CR (63.43%) was considered to be harvested for bio-carbon and biogas 

production at the farm area. AD digestate was considered as liquid fertilizer to return nutrients to 

the soil. Currently, a limited amount of CR is mostly harvested in the spring, when it contains 

less moisture to reduce storage and transportation costs. 

The ash content of the standing plant dry CR was 2.34% and its calorific value (HHV) was18.13 

MJ kg
-1

. The spring harvested dry CR contained 9.59% to 14.3% ash and 15.60 MJ kg
-1

 to 16.60 

MJ kg
-1

 HHV in Ontario. The existing non-harvested CR practice would lose 87.8% C and >70% 

N in the form of GHGs and leaching. But all nutrients would mostly return back into soil when it 

is used in AD digestion and its digestate would be applied into the farm as liquid fertilizer. But 

few existing round baled CR (dry) harvesting cost in Ontario is 154.79 $ t
-1

  which could be 

reduced to 40.00 $ t
-1

 of dry CR if the single pass fall harvesting wagon collection and farm side 

open storage were available. Canada could reduce emission by 55% (32.44 Mty
-1

 CO2e) of the 

agricultural sector, for CR removal and use in hybrid bioenergy production. 

The average values of ash, VS/TS, COD/TS, TOC/TS, HHV of the MFW broth were 31.51%, 

67.92%, 149.39%, 49.56% and 18.32 MJkg
-1

, respectively. MFW broth had C/N of 15.29 at the 

elemental level but it had organic C/N (TOC/TKN) of 10.86. The batch anaerobic digestion 

process produced maximum biomethane of 347.69 L kg
-1

 TS, 511.92 L kg
-1

 VS, 232.74 L kg
-1

 

COD and 701.56 L kg
-1

 TOC, respectively at 1:1 F/I volume ratio in 30 days retention time. The 

biomethane accounted for about 60% of the produced biogas in this mesophilic batch digester. 

Digestate was available as a liquid biofertilizer with 4.61% N, 3.33% P, 0.39% K, 1.17% S, 

0.29% Ca, 0.14% Mg and 6.82% Na contents, respectively on dry weight basis of MFW broth, 

which can be the substitute of chemical fertilizer. This biomethane and biofertilizer can reduce 

GHG emission of Ontario, Canada which can contribute to circular economy enrichment. MFW 

of low C/N ratio will enhance biomethane production when it is co-digested with biomass of 

high C/N ratio to maintain the substrate C/N ration of 25-30.  

Biocarbon and chemical components of HTPW of a certain biomass varies with its hydrothermal 

temperature and time. Useable biocarbon was produced at 240⁰C 30 min, 260⁰C 10 min, 260⁰C 

20 min and 260⁰C 30 min because their bulk density and HHV were comparable with coal. 
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Energy yield of biocarbon produced at 240⁰C 30 min was the highest (10.91 MJkg
-1

 of raw dry 

CR) among the three processes. 

Anaerobic digestion of HTPW is an excellent feed stock of biogas production but its inhibitory 

chemicals such as phenolic compound and furfural should be below their inhibition limits. These 

two inhibitory chemicals were produced in low amounts at 240⁰C for 30 min hydrothermal 

condition when their counter produced biocarbon was considered as a useable energy source 

(substitution of coal). The sufficient amount of biogas was produced in 200⁰C for 30 min (488 

Lkg
-1

TS), 220⁰C for 30 min (471 Lkg
-1

TS) and 240⁰C for 30 min (558 Lkg
-1

TS) whereas it was 

the lowest (276 Lkg
-1

TS) at 260⁰C for 30 min condition. The HTPW based AD digestate would 

be nutrient enriched liquid fertilizer available to apply into the corn farm which is about one third 

of CR containing nutrients.  

However, for hybrid bioenergy production (biocarbon and biogas), the hydrothermal process of 

Ontario corn residue at 240⁰C for 30 min residence time was observed to be the most favourable 

for the highest combined bioenergy production of 14.26 MJkg
-1

 with an overall energy yield of 

78.65%. Although energy yield in the hybrid system was better than only biocarbon production 

of recent studies, there is a possibility to further increase of the biogas production from HTPW 

after reducing their C/N ratio from 42-82 to normal range (20-25). Co-digestion with nitrogen 

rich biomass such as MFW can be an option. The possibility of more nutrients recovery will 

reduce the chemical fertilizer use in Ontario farms which will contribute to circular economy 

enrichment and reduction of GHG emission. 

Mechanically treated ground CR produced biomethane of 309.59 ± 6.97 L kg
-1

 VS with 50.93% 

energy and complete nutrient recovery which is higher than chopped CR. Among three alkaline 

HT treated CR, the 1% alkaline HT treated CR produced the highest amount of biomethane of 

278.70 ± 9.84 Lkg
-1

 VS and biocarbon of 7.02 MJkg
-1

 CR with 62.82% hybrid bioenergy and 

sufficient amount of nutrients recovery. Total bioenergy production can be further increased for 

anaerobic co-digestion of AHTPW with nitrogen enriched biomass such as municipal food 

waste.  

The co-digestion of an undervalued biomass of MFW with another undervalued biomass of CR 

at mechanically treated, non-alkaline hydrothermal treated and 1% alkaline hydrothermal treated 
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improved biomethane production in batch AD. The mechanically treated CR of 5% TS and 

84.79% VS and MFW of 5.10% TS and 69.01% VS at 1: 3 ratio mixture by volume co-digestion 

with C/N ratio of 24.27 could increase biomethane production by 122.68% compared to its 

mono-digestion with C/N ratio of 51.46. The HTPW of non-alkaline  hydrothermal treated CR of 

1.48% TS and 73.02% VS and MFW of 5.10% TS and 69.01% VS at 1: 3 to 1:1 ratio mixture by 

volume co-digestion with C/N ratio of 17.80 to 21.56 could increase biomethane production by 

192.44% compared to its mono-digestion with C/N ratio of 42.74. The AHTPW of alkaline  

hydrothermal treated CR of 3.55% TS and 62.73 % VS and MFW of 5.10% TS and 69.01% VS 

at 1:3 to 1:1 ratio mixture by volume co-digestion with C/N ratio of 19.54 to 24.43 could 

increase biomethane production from 185.76% to 202.90% compared to its mono-digestion with 

C/N ratio of 37.42.  

The optimum value of C/N ratio was determined to 18-22 of hydrothermal treated CR at 240⁰C 

for 30 min with MFW co-digestion substrate mixture. The raw CR of 5% TS was treated in both 

hydrothermal processes at 240⁰C for 30 min. Therefore raw CR and MFW were of similar 

concentration. At the co-digestion mixture ratio of 1:3 to 1:1 for MFW and alkaline treated 

hydrothermal CR produced excellent amount of biomethane in AD process. At a co-digestion 

mixture of 1:1 ratio of AD substrates, mechanically treated CR, non-alkaline treated CR and 

alkaline treated CR with MFW recovered 29.70%, 20.74% and 48.76% more hybrid bioenergy 

(biocarbon and biomethane), respectively compared to the hybrid bioenergy recovery in their AD 

mono-digestion. The alkaline hydrothermal treated CR can produce the highest hybrid bioenergy 

from biocarbon and biomethane when its process water is co-digested with MFW broth at 1:3 to 

1:1 ratio mixture at raw CR basis. 

All nutrient enriched AD digestates were available as biofertilizer to apply in crop field. When 

treated CR is co-digested with MFW at 1:1 ratio, the digestate of mechanically treated CR, 

HTPW and AHTPW were available with 3.5 - 4.8 times N, 2.7 - 3.5 times P, 1.4 -2.0 times K 

and 0.5 - 1.2 times S of raw CR due to addition of nutrients in MFW with treated CR. Therefore 

co-digestion of treated CR with MFW can provide nutrients enriched AD digestate as 

biofertilizer which can reduce chemical fertilizer application in crop fields. 
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8.2 Future works 

The following future works are recommended for further research: 

 Research on bench scale and pilot scale continuous hydrothermal process facility at the 

farm area is recommended. 

 Research on bench scale and pilot scale continuous AD processes for mechanical treated, 

hydrothermal process water and alkaline hydrothermal process water is recommended. 

 Bench scale and pilot scale two mutual continuous AD facilities for a municipality and a 

corn farm is recommended for anaerobic co-digestion of MFW with treated CR. 

 Research on renewable natural gas (RNG) at a bench scale and a pilot scale continuous 

AD plant is recommended. 

 Research on alkali removing technology from biocarbon produced in alkaline 

hydrothermal process is recommended. 

 Research on pilot scale continuous biocarbon based power plant at the farm area is 

recommended. 

 Electricity production facility with Feed-In Tariff (FIT) and carbon credit programs of 

Ontario to all continuous AD and hydrothermal process facilities is recommended. 

 Development of standing corn plant harvesting equipment coupled with grain harvesting 

facility (grain harvester) is recommended. 

 Research and application of chopped fall harvested CR storage facility at the farm area is 

recommended. 

 Kinetic study of hydrothermal process products and biomethane production from 

mechanical, hydrothermal and alkaline hydrothermal treated corn residue and their co-

digestion with municipal food waste is recommended. 

8.3 Scientific contribution of this research 

i) In this research an optimum hydrothermal process for the foremost hybrid bioenergy recovery 

was determined where lignin was degraded into its derivatives (monomers) in such a way that 

AD inhibitory phenolic compounds were below inhibition limit. On the other hand cellulose was 

degraded into sugar and hemicellulose was degraded into xylose and arabinose but did not 

further degrade into furanic compounds and levulinic acid. Levulinic acid has negative effect on 
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AD process. The 240⁰C for 30 min HT process could recover the highest bioenergy and nutrients 

from CR. 

ii) The most advantageous 1% alkaline HT process of 240⁰C for 30 min was determined for AD 

friendly pH improvement of AHTPW for the highest bioenergy and bio-fertilizer recovery from 

CR where AD inhibitory phenolic compounds were below inhibition limit. 

iii) Three individual robust anaerobic co-digestion composition of as received MFW with a) 

mechanical treated CR, b) HTPW and c) AHTPW were determined for the highest bioenergy and 

biofertilizer production. Three new C/N ratio ranges for three co-digestions were found for the 

highest bio-methane production. 
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Chapter IX Appendix–A: Photographs of laboratory operations 

 

(a)  

 

(b)  

Fig. 9.1. Photographs of two undervalued bio-waste: (a) corn residue from farm for 

laboratory works, (b) hydro-mechanical pretreatment of a city collected municipal food 

waste for AD 
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(a)      (b)    (C) 

      
  (d)    (e)    (f) 

       
  (g)     (h) 

Fig. 9.2. Photographs of machines used in different laboratories: (a) muffle furnace, (b) 

batch hydrothermal reactor, (c) GC-MS (d) bomb calorimeter, (e) CHNSO analyzer, (f) 

TOC analyzer, (g) HACH spectrophotometer, digester and digital pH meter (h) ICP-OES 

emission spectroscopy in U of G lab services 
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  (a)      (b) 

    
    (c)      (d) 

Fig. 9.3. Photographs of anaerobic digestion setup: (a) preparation of BMP for AD, (b) AD 

set up in an incubator, (c) daily produced biogas measurement, and (d) biogas composition 

determination in GC 


