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Integration of energy and food production offers potential for simultaneously 

addressing the need for both food and energy security. The applicability of anaerobic 

digestion to the Haitian farming system to sustain food production and generate biofuels 

was explored. The yields of bean, corn and onion were compared in a field study under 

different fertilization regimes: anaerobic digester effluent (ADE), urea, fish emulsion 

(FE), and a control group receiving no fertilizer. Yields of onion, bean, and corn grown 

with ADE fertilization increased relative to the control by 42.4, 40.5, and 65%, 

respectively. Yields of onion and bean grown under ADE fertilization were not 

significantly different from yields using either urea or FE. Corn yields from plants treated 

with ADE were equivalent to plants receiving urea and reached a higher yield than FE 

and control groups. Additionally, the suitability of sweet sorghum as a multipurpose 

energy and food crop was evaluated. If all sweet sorghum components were diverted to 

anaerobic digestion, the methane yield could reach 9,850m3/ha. In a more integrated 

scenario, 6,600 m3/ha of methane can be obtained from the stem coupled to the 

production of 6.5 Mg/ha of grain for animal/human food, and 3.4 Mg/ha of leaves that 

can be left in the field to return nutrients and increase soil organic matter. Adoption of 
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anaerobic digestion in an integrated energy and food production system would promote 

access to energy in rural areas of developing countries including Haiti, support the 

growth of local economies and sustain long-term improvement in food security. 
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CHAPTER 1 
INTRODUCTION 

Environmental Challenges in Developing Countries Including Haiti 

Providing clean energy and food security, particularly to the developing world, is 

an ambitious step towards a more sustainable world. Approximately 50% of the world‘s 

population and up to 90% of rural households in developing countries currently rely on 

raw biomass as their primary source of energy (Bruce et al., 2000; FAO, 2010). The 

indoor air pollution caused by the combustion of unprocessed biomass in open fires or 

improperly functioning stoves represents a primary detriment to the health of women 

and young children exposed to the soot produced by biomass combustion (Mihelcic, 

2009; Bruce et al., 2000). Additionally, using biomass as an energy source has 

environmental consequences in terms of deforestation, which can cause severe soil 

erosion and decrease agricultural productivity.  

In the context of world population growth, global food production will need to 

substantially increase to sustain food security around the world (Roberts, 2009). The 

deterioration of agricultural lands, particularly in developing countries, is a question of 

concern that needs to be addressed to achieve and sustain increased food production 

(FAO, 2010). Besides the requirement of maintaining and restoring soil quality, 

intensification of agricultural inputs such as water, pesticides and fertilizers has been 

considered as the most plausible prospect to address the need for increased 

agricultural productivity (Tilman et al., 2002; Pretty et al., 2010). As current fertilizer 

production is dependent on fossil fuels, any fluctuation in the cost of fossil fuels will be 

particularly detrimental for small farmers in developing countries who are not able to 

afford high fertilizer cost (Wilkie, 2007). Therefore, energy and food security are 
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considerably intertwined and instability in the fossil fuel chain drives food instability and 

malnutrition. Innovative agronomic practices to better utilize nutrients from sources 

other than synthetic fertilizers, including recycling elements from organic materials such 

as crop residues, manures or household wastes, and biological nitrogen fixation, are 

crucial to maximize food production particularly in developing countries. 

The situation of Haiti is a concrete example of poor natural resource 

management and environmental deterioration, which characterizes many developing 

countries. As biomass provides more than 70% of the energy consumption of the 

country, the reliance on firewood has intensified deforestation and subsequent 

widespread soil erosion issues. As a result, Haiti is ranked as the lowest in the region in 

terms of agricultural productivity (UNEP, 2010). Additionally, the absence of any 

functioning waste management system compromises the quality of drinking water to the 

population. The occurrence of the 2010 earthquake and the subsequent cholera 

outbreak highlighted the precariousness of the living conditions of the Haitian people. In 

order to address the complex nexus of public health, energy and the environment within 

Haiti and most other developing countries, a multifaceted solution that strengthens 

agricultural productivity while providing sustainable services such as clean energy, 

potable water, and adequate sanitation, is needed. Anaerobic digestion of organic 

residues generated on household-farms is one such example, capable of producing 

renewable energy and fertilizer while managing organic waste. 

Integration of Anaerobic Digestion into Farming Systems: A Win-Win Solution 

Anaerobic digestion (AD) is the microbial degradation of organic matter under an 

oxygen-starved environment by a consortium of microorganisms that produce biogas, a 

mixture of methane, carbon dioxide, and minor amounts of other gases such as 
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ammonia, hydrogen sulfide, hydrogen and nitrogen (Wilkie et al., 2008). Anaerobic 

digestion has been used for centuries for energy production from organic wastes 

(Braun, 2007). Simultaneously, AD generates a rich plant nutrient material, which can 

serve as fertilizer or soil amendment (Angelidaki et al., 2011). The biogas can be 

combusted to produce heat and electricity or can be directly used for cooking, lighting or 

for heating water. Integration of anaerobic digestion technology into existing farming 

systems valorizes organic wastes generated on the farm and offers a sustainable tool 

for waste management. By providing a clean and sustainable energy source and 

recycling plant nutrients, anaerobic digestion links food and energy production and, 

therefore, contributes to addressing possible issues between food and fuel production 

(FAO, 2010). Potential impacts of biofuel production from food-based biomass on global 

agricultural markets and on the environment in terms of resource use and land change 

are controversial and justify the adoption of technologies that promote valorization of 

agricultural residues for energy production (FAO, 2008). Moreover, AD combines the 

production of renewable energy and biofertilizer with other environmental benefits such 

as greenhouse gas emission mitigation, reduction of odors, pollution control, and 

effective pathogen removal (Angelidaki et al., 2011; Ward et al., 2008, Wilkie, 2008). 

Most small farmers in Haiti generate abundant nonedible biomass from either 

crop production or livestock; these can be used as feedstocks for anaerobic digestion. 

Even though some crop residues should be left in the field for increasing soil organic 

matter, surplus biomass can be diverted to anaerobic digestion rather than burned in 

field, a current practice in many places of the country (FAO, 2010). Another scenario of 
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integration of anaerobic digestion into existing farming systems consists of using 

multipurpose crops that are capable of simultaneously producing food, feed, and fuels. 

Application of Biogas Production in Developing Countries 

Most households in developing countries, including Haiti, suffer from a lack of 

clean and sustainable energy to meet their basic subsistence needs for a minimum level 

of human comfort. Energy is needed primarily for cooking, lighting, and sometimes for 

powering certain household appliances and devices. Energy needs for cooking account 

for more than 90% of the household energy demand in rural areas (Rajendran et al., 

2012). Unprocessed biomass such as wood, crop residues, and animal dungs are the 

main energy sources for cooking. The reliance on biomass as an energy source has led 

to uncontrolled deforestation, a common environmental concern in most developing 

countries. In addition, burning firewood for cooking produces smoke and soot particles 

contributing to indoor air pollution, which can cause serious health issues such as 

respiratory diseases and lung cancer (Bruce et al., 2000). Biogas produced from 

anaerobic digestion of wastes or dedicated crops can be a cleaner substitute energy 

source for daily cooking requirements. Utilization of biogas for cooking would contribute 

to reducing indoor air pollution and consequent related illnesses, while simultaneously 

avoiding the detrimental consequences of deforestation (Cornejo and Wilkie, 2010). 

In rural areas of Haiti, lighting energy needs are predominated by the use of 

kerosene. Because the household electricity supply in most villages is very limited, 

utilization of kerosene is in most cases the only option. Although energy needs for 

lighting in rural households represents only a small share of their total energy demand, 

it is of crucial importance. Fuels for lighting are often a significant energy expense, and 

the proportion of this cost in the household budget can be substantial. Providing a clean 
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energy source for lighting would allow rural families to have more productive and 

comfortable lives. Lighting allows children to study and do their homework at night, 

which translates to a subsequent increase in school performance and quality of 

education. The combustion of biogas in a biogas lamp produces high incandescence 

and induces brightness. Biogas can be a substantial energy source for lighting in rural 

households (Rajendran et al., 2012). 

Biogas can be directly burned in boilers or burners for cooking in rural 

households. Direct combustion of biogas in natural gas burners is also possible and has 

been applied in many countries. Another use of biogas combustion is the production of 

heat for either on- or off-site utilization. When used directly for cooking, lighting or for 

heat production, biogas does not need to undergo any upgrading and can be used 

directly (Wilkie, 2007). A more efficient utilization of biogas is the cogeneration of heat 

and power (CHP). However, before CHP conversion, biogas needs to undergo 

condensation and particulate removal, compression, cooling and drying. The content of 

hydrogen sulfide and halogenated hydrocarbons have to be removed from the biogas 

since most gas engines have maximum limits for these substances (Wilkie, 2008). 

Despite the efficiency of CHP, its application is limited by the need of biogas upgrading 

and expensive equipment, and therefore may not be the best option for rural Haiti. 

Implementation and utilization of biogas by rural households can provide 

environmental, economic, and social benefits (Figure 1-1). For instance, improved 

health conditions and change in lifestyle for women were observed after installation of 

household biodigesters in many developing countries (Rajendra et al., 2012). After the 

launch of biogas projects in villages in India, firewood use dropped drastically from 
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1,048 to 410 kg/year and kerosene use from 120 to 46 L/year (Agoramoorthy and Hsu, 

2008). Unlike fossil fuels, biogas produced from AD is renewable since it is obtained 

from biomass, which is a living storage of solar energy through photosynthesis. 

Production of renewable energy from AD will increase security of local and national 

energy supplies and subsequently diminish reliance on imported fuels (Wilkie, 2006). In 

addition, anaerobic digestion of organic wastes can considerably improve sanitation in 

developing countries. According to the WHO (2010), over 2.6 billion humans are living 

without access to improved sanitation. In developing countries, less than 50% of the 

solid waste generated in urban areas is collected by the municipalities and private 

sector (Katukiza et al. (2012). Anaerobic digestion has been used in different countries 

to treat human and organic wastes and therefore contributes to addressing the major 

challenges of solid waste management and public health, which are present in most 

developing countries. In this regard, AD can also contribute to reducing the volume and 

disposal cost of a variety of wastes (Rajendra et al., 2012). 

In addition, the production of renewable energy from biomass and the generation 

of biofertilizer by recovering the nutrients in the anaerobic digester effluent (ADE) 

provide a closed carbon and nutrient cycle (Figure 1-2) (Wilkie, 2008). The biogas is 

burned to produce energy and the CO2 is released to the atmosphere for re-uptake by 

vegetation through photosynthesis. Some carbon components and the inorganic fraction 

of the feedstock are retained in the ADE and can be applied to agricultural fields, 

improving soil organic matter and soil fertility. Implementation of AD can be adequately 

incorporated into both conventional and organic farming systems where the biogas can 
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be used to offset energy needs and the biofertilizer used to offset the need for 

purchasing synthetic fertilizers. 

Microbiology of Anaerobic Digestion 

Anaerobic digestion of organic residues is a multistep metabolic process 

involving consortia of microorganisms working synergistically through four distinct 

phases: hydrolysis, acidogenesis, acetogenesis, and methanogenesis (Figure 1-3). 

During the hydrolysis phase, complex organic compounds such as carbohydrates, fats, 

and proteins are hydrolyzed to monosaccharides, fatty acids, and amino acids, 

respectively, by the action of extracellular enzymes produced by a group of facultative 

and obligatory anaerobic bacteria (Angelidaki et al., 2011). The rate at which highly 

complex compounds are hydrolyzed is a function of the substrate and bacterial 

concentrations, as well as environmental factors such as pH and temperature (Braun, 

2007). Hydrolysis can take place within a few hours for carbohydrates and few days for 

proteins and lipids. More recalcitrant materials such as lignocellulosic biomass are only 

partially hydrolysable and may require some pretreatment (Zhang et al., 2007). 

Hydrolysis is often considered the rate-limiting step in degradation of particulate organic 

matter such as manure, sewage sludge and crops residues (Angelidaki et al., 2011). 

Simple sugars, fatty acids and amino acids formed during the hydrolysis of 

macromolecules are catabolized by a group of acidogenic bacteria to produce short-

chain organic acids, C1- C2 molecules, alcohols, hydrogen and carbon dioxide. This step 

is linked to the methane formation phase by acetogenesis where the end products of 

the previous steps are converted into short chain volatile fatty acids (VFAs) 

predominantly acetate by hydrogen-producing acetogens (Yu and Shanbacher, 2010). 

This step is particularly sensitive to the hydrogen concentration, which favors 
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accumulation of undesirable compounds such as lactate, ethanol, propionate, butyrate 

and longer-chain volatile fatty acids. In general, the higher the partial pressure of 

hydrogen, the less acetate is formed (Chandra et al., 2012; Madsen et al., 2011). 

Acetogenesis is a key step for the overall process since acetate and carbon dioxide are 

the main educts for methane formation. 

Methanogenesis is the final step of the overall process of methane formation. In 

this phase, obligate anaerobic archaea, known as methanogens, convert reduced 

compounds into methane and carbon dioxide. Methanogens use a limited number of 

substrates including acetic acid, methanol, carbon dioxide and hydrogen (Yu and 

Shanbacher, 2010). This group of organisms uses carbon dioxide as an electron 

acceptor and produces methane as the major end product of metabolism (Angelidaki et 

al., 2011). In an operating digester, methane is generated from two different pathways: 

in the aceticlastic pathway, acetate is the single substrate and accounts for 70% of the 

total methane formation while the remaining 30% is formed from the hydrogenotrophic 

pathway (Gerardi, 2003). Despite the importance of the aceticlastic methanogenesis, 

only members of the Methanosaetaceae and Methanosarcinaceae families are known 

to be able to metabolize acetate to methane (Wilkie, 2005). While Methanosaetaceae 

only use acetate, members of Methanosarcinaceae are more versatile and can utilize 

other carbon compounds such carbon monoxide, carbon dioxide, and methylated C1 

compounds. Hydrogenotrophic methanogens are responsible for the nonaceticlastic 

methane production via utilization of hydrogen as electron donor coupled to reduction of 

carbon dioxide (Wilkie, 2008).  
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Methanogenesis is the key step in the overall methane-producing anaerobic 

fermentation. Besides the production of methane, methanogens help regulate and 

neutralize the pH by consuming volatile fatty acids which otherwise will accumulate and 

inhibit the growth of bacteria involved in previous stages. Furthermore, the conversion 

of H2 to methane contributes to reduce the partial pressure of H2, which is essential for 

acetate production from acetogenic bacteria (Braun, 2007). 

To ensure the reliability of the anaerobic digestion process, each subsequent 

group of organisms must process the organic intermediates immediately after their 

formation. In this regard, all bacterial species involved in the process must interact in a 

dynamic equilibrium for a proper fermentation and methanogenic process. The 

concentration of some metabolites such as hydrogen, propionate, ammonia, and sulfide 

must be maintained fairly low since they can become inhibitory at high concentrations 

(Braun, 2007). In a stable fermentation process, a low hydrogen partial pressure is 

maintained by the activity of the hydrogen-utilizing methanogens resulting in a 

regulation of the degradation of propionate and butyrate. By the conversion of acetic 

acid to methane and CO2, acetate-utilizing methanogens regulate the pH nearly to 

neutral. Thermodynamically, the conversion of acetate to methane can only take place 

at very low partial pressures of hydrogen. Consequently, an increased partial pressure 

of hydrogen will result in accumulation of intermediate organic metabolites leading to a 

pH drop below 6 and the subsequent discontinuation of methane generation (Angelidaki 

et al., 2011). 

Anaerobic Digesters and Operating Conditions 

The term anaerobic digester designates a wide variety of reactors that contain 

the microbial ecology necessary for the occurrence of anaerobic digestion and methane 



 

 23 

production (Wilkie, 2005b). Regardless of their individual scheme and construction, all 

anaerobic digesters are designed to maintain air exclusion, favor and maintain optimal 

conditions for adequate microbial activity, and collect methane gas (Yu et al., 2010). 

Batch reactors, continuously-stirred tank reactors (CSTR), up-flow anaerobic sludge 

blanket (UASB) reactors, plug-flow reactors, covered lagoons, two-phase digesters, and 

fixed-film digesters are all different types of anaerobic digester designs (Wilkie, 2005a). 

For the success of the overall anaerobic digestion process, a series of operational 

parameters need to be maintained. Alkalinity and pH, temperature, organic loading rate, 

hydraulic retention time, and carbon/nitrogen ratio are among the most critical 

parameters that need to be monitored. 

Alkalinity and pH 

Most microorganisms involved in the anaerobic digestion process are pH 

sensitive. While acid producing bacteria tolerate a wide range of pH between 4.0 and 

8.5, methanogenic archaea function in a very narrow range of pH between 6.5 and 8.2. 

(Yu and Schanbacher, 2010). In a balanced and stable digester, the tendency of 

acidification produced by the accumulation of VFAs as a result of hydrolysis, 

acidogenesis and acetogenesis is countered by the activity of methanogenic archaea, 

which consume acids and produce alkalinity in the form of ammonia and bicarbonate. 

The buffering capacity of the digester is maintained by the CO2 concentration in the gas 

phase and the HCO3 in the liquid phase (Appels et al., 2008). Acidification can occur 

when the digester is loaded beyond the maximum metabolism capacity of the microbial 

consortia. In addition, when the hydrolysis rate is faster than methanogenesis, 
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accumulation of organic acids in the system causes a drop of pH and therefore an 

inhibition of methanogenesis.  

Temperature  

Methanogenic archae and bacteria involved in biomethanation are generally 

active in two temperature ranges. Mesophilic bacteria operate in the temperature range 

of 25-45°C but exhibit the maximum activity when the process temperature is nearly 

35oC. Most methanogenic microorganisms belong to this category. However a few 

species perform in the thermophilic (45-60°C) range (Khalid et al., 2011). Digesters 

operating under mesophilic condition are more stable and typically require less energy 

input. However, any sudden change in the operating temperature has to be avoided 

since methanogens are extremely sensitive to drastic and/or rapid thermal changes 

(Gerardi, 2003). These microorganisms have the ability to adapt to slow changing 

conditions, but an abrupt change can momentarily disturb the fermentation process and 

subsequently require a longer recuperation period. Additionally, as temperature 

influences the growth rate and metabolism of microorganisms, digesters operating 

under thermophilic conditions have faster kinetics and methane production rates than 

mesophilic digesters and exhibit a better reduction of pathogens and sludge separation 

(Chandra, 2012). 

Hydraulic Retention Time 

Hydraulic retention time (HRT) is the amount of time required by a feedstock to 

be degraded into methane to a certain extent. Feedstock characteristics, environmental 

temperature, microbial population and type of digester generally dictate hydraulic 

retention time. Under practical conditions, retention times vary from a few hours, in the 

case of easily degradable, highly soluble feedstocks (e.g. monosaccharides), to several 
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months (e.g. lignocellulosic feedstocks) (Braun, 2007). More recalcitrant materials or 

substrates rich in particulate matter require a longer retention time. Hydraulic retention 

time needs to be taken into consideration when designing and monitoring a digester 

(Appels et al., 2008). Higher hydraulic retention time facilitates a better volatile mass 

removal and offers a higher buffering capacity against the shock of overloading, but 

requires more volume. In a continuous reactor, a fraction of the microbial population is 

removed any time effluent is withdrawn from the digester. Consequently, hydraulic 

retention has to be long enough to allow the compensation of cell removal by cell 

growth to ensure a steady state microbial population and avoid process failure. High-

rate digesters, such as fixed-film reactors, have been developed to allow the increased 

growth of microbial populations on growth media within the digester (Braun, 2007). 

Organic Loading Rate 

The organic loading rate is the amount of volatile solids fed, or loaded, into a 

digester per unit of digester volume per unit of time. The maximum loading rate is a 

function of the substrate properties (concentration and digestibility), environmental 

conditions (temperature and pH), and reactor performance. In principle, a digester 

should be fed based upon the microbial population capacity to metabolize the feedstock 

to methane. As the acid-forming rate is generally faster than methanogenesis, 

overloading the digester favors accumulation of organic acids resulting in a consequent 

drop in pH and subsequently inhibits the methane formation rate. At this point, a positive 

feedback loop is created where methanogenic inhibition further reduces organic acid 

conversion to methane and causes further acidification. Good indicators of overloading 

are a drop in the methane content of biogas, an increase in the volatile fatty acid 

content in the effluent, and a decrease of the pH value (Braun, 2007). 
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Carbon/Nitrogen Ratio 

The carbon/nitrogen (C/N) ratio of the feedstock is also a key factor for the 

success of the anaerobic digestion process. A carbon/nitrogen ratio ranging between 20 

and 30 is considered to be optimal for biogas production. When the C/N ratio is very 

high, microorganism involved in the process will try primarily to satisfy their protein 

requirements and when the feedstock nitrogen content is exhausted they are unable to 

degrade the leftover carbon and subsequently the cumulative methane yield will 

decrease. On the other hand, ammonia is accumulated when the carbon C/N ratio is 

very low. Accumulation of ammonia can be cytotoxic for the methanogenic community 

(Hansen et al., 1998) Food waste and human excreta generally have a low C/N ratio 

while lignocellulosic materials have a high carbon nitrogen ratio. Co-digestion of low and 

high C/N ratio materials is suggested for obtaining a balanced composition of the 

feedstock. 

Feedstocks for Anaerobic Digestion 

 All biodegradable materials are suitable for anaerobic digestion to a certain 

extent. Appropriate substrates for anaerobic digestion can be categorized in three major 

groups depending upon their origin: agricultural, community-based, and industrial 

feedstocks. Agricultural feedstocks encompass a wide range of substrates including 

animal manure, energy crops, algal biomass, and crop residues. The abundant supplies 

of agricultural feedstocks, their high biogas yields, and their relatively low cost make 

them appealing for anaerobic digestion. Historically, anaerobic digestion of animal 

manure has been mainly employed for waste stabilization and odor and pollution 

control. Characteristics of animal manures vary largely from species to species and by 

management operation. Animal manures have been reported to have relatively high 
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water contents, ranging from 75% (poultry manure) to 92% (beef cattle manure) and 

relatively high organic matter content, with volatile solids (VS) contents ranging from 

72% (poultry manure) to 93% (beef cattle manure) of the total solids (TS) (Yu, and 

Shanbacher, 2010). Animal manures, particularly poultry manure, are rich in elemental 

nutrients such as nitrogen (N), phosphorus (P), and potassium (K). Some animal 

manure, however, have little readily fermentable substrates since most of the readily 

degradable substrates have been digested and assimilated by the animal (Yu, and 

Shanbacher, 2010). Moreover, animal manures are rich in microbial biomass, including 

bacteria and methanogens. As a result, AD reactors operating with animal manures, 

especially cattle manures can be started without the addition of an external inoculum. 

Pig, cow and chicken manures are often treated anaerobically; however, more incentive 

has been directed to improving the energy recovery from anaerobic digestion by 

promoting co-digestion of manure with other substrates to increase the organic content 

and obtain a more balanced feedstock. Methane potentials of major animal manures are 

presented in Table 1-1.  

Agricultural wastes and energy crops have also gained attention as promising 

feedstocks for anaerobic digestion. They are advantageous because they are available 

in consistent high quantities. In response to the food versus fuel debate, utilization of 

non-edible agricultural products and dedicated energy crops that are capable of growing 

in wastelands and require low agricultural inputs, have been promoted as feedstocks for 

sustainable biogas production. Maize (Zea mays L.), sunflower (Helianthus annuus L.), 

grasses including straws from wheat (Triticum aestivum L.) and rice (Oryza sativa L.), 

and Sudan grass [Sorghum bicolor nothosubsp drummondii (Steud.) de We ex Davidse] 
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are among the most common energy crops that can be used for biogas production. 

Wastes from sugarcane (Saccharrum spp.) processing and sweet sorghum (Sorghum 

bicolor L.) plant materials have also been recognized as potential feedstocks for 

anaerobic digestion (Ward et al., 2008). 

The suitability of an energy crop for producing biogas sustainably depends upon 

some key factors such as methane yield per hectare, time of harvesting, mode of 

preservation, and pre-treatment requirements. An overview of methane potential of 

major agricultural wastes and energy crops is provided in Table 1-2. Although the 

majority of crop residues are typically left in the field, a substantial amount of crop 

residues are recoverable and available for conversion to biogas in most cases. Crop 

residues typically contain relatively low water contents, high VS contents, and a large 

range of readily fermentable carbohydrates (Yu et al., 2010). The methane potential 

production of crop residues varies from crop to crop, ranging from 161 to 241 m3 CH4/ 

dry ton (Yu and Shanbacher, 2010). One important shortcoming of biological 

degradation of agricultural wastes and energy crops is their relatively high proportion of 

non-biodegradable components, which hampers the digestible fraction from enzymatic 

action. Different pretreatment methods have been used to enhance the bio-digestibility 

of these materials and consequently increase their methane yields. Pretreatment 

methods could be physical, chemical, and/or biological (Taherzadeh and Karimi, 2008). 

Fruit and vegetable wastes (FVW) are also generated in large quantity and are typically 

highly degradable. An overview of the methane yield of FVW is summarized in Table 1-

2. Agricultural residues and energy crops are often co-digested with other wastes to 

improve methane yield. 
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Harvested aquatic plants have also received attention for their biogas production 

potential within the context of developing countries (Wilkie and Evans, 2010).  Invasive 

aquatic plants have emerged as a major problem due to nutrient enrichment of receiving 

waters particularly in locations that suffer from a lack of wastewater management. 

Utilization of aquatic plants for anaerobic digestion has the potential to assist in 

ecological remediation of polluted water bodies while providing useful end-products. 

The efficiency of anaerobic digestion of aquatic weeds can be improved through co-

digestion in multistage reactors with manures (Wilkie and Evans, 2010).  

Community–based feedstocks include the organic fraction of municipal solid 

waste (OFMSW), sewage sludge, food wastes, and institutional waste. The composition 

and physical features of municipal solid waste (MSW) vary dramatically depending on 

locality, season, collection, and sorting. In most societies, the OFMSW accounts for 

more than 50% of the total MSW stream, and can be partitioned into various categories 

including paper, grass clippings/yard waste and foods scraps, all which can be 

converted to methane through AD (Yu et al., 2010). It has been reported that OFMSW is 

relatively deficient in inorganic nutrients and contains little moisture or readily 

fermentable sugars, however, methane yield can be as high as 300–550m3 CH4/ dry 

ton, if digested appropriately (Yu and Shanbacher, 2010). 

Waste activated sludge (WAS), the end product of municipal and industrial 

biological wastewater treatment plants, causes serious disposal problems because of 

the typically large volume generated. Disposal of these end products contributes to 

increasing the overall cost of treatment and the risk of pathogen contamination when 

not properly treated (Parawira, 2012). In this respect, anaerobic digestion of WAS has 
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been recognized not only for energy recovery from the WAS, which can reduce the 

disposal cost, but also for its capability to reduce pathogens and consequently change 

the quality of the final product, which could be classed as fertilizer rather than a waste. 

Waste activated sludge is a complex compound consisting of particulate matter, 

bacteria, and extracellular polymeric substances produced by bacteria. Even though the 

VS/TS of WAS can range from 59 to 88%, only a small fraction of organic matter is 

readily susceptible to microbial degradation. The remaining material is mostly cellular 

biomass. The methane potential of WAS is reported to vary from 85 to 390 m3 CH4/dry 

ton (Yu and Schanbacher, 2010). The recalcitrance of bacterial cell walls to degradation 

constitutes the limiting factor of stabilization of WAS by anaerobic digestion. Different 

pre-treatment methods have been developed to break the cell wall and expose the 

organic constituents to anaerobic degradation. Anaerobic digestion of waste activated 

sludge is expected to gain popularity, as world population increases and more 

wastewater will undoubtedly need to be treated (Parawira, 2012). Even though Haiti 

does not currently have a functional sewage treatment system, AD could offer a viable 

solution to the lack of sanitation in both urban and rural areas. 

Proximate Analysis and Feedstock Composition 

Before feeding a digester, it is important to know the theoretical methane 

potential of a feedstock, which is relevant for gauging the operation of an anaerobic 

digestion system. Currently, a number of methods have been used to predict methane 

yield including the methane index test (MIT), volatile solid (VS) content, and the 

chemical oxygen demand (COD). The MIT is the determination of the methane potential 

production in a batch reactor using an active microbial inoculum. The VS represents the 

fraction of organic matter of the feedstock that can be eventually used for methane 
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production. The theoretical COD of a compound corresponds to the amount of oxygen 

required to completely oxidize the organic contents of the material. In this regard, the 

COD concentration is the equivalent of the volume of oxygen consumed in the 

combustion of the feedstock using a chemical oxidizing agent. This method assumes 

that methane production is directly related to organic matter degradation and 1 g of 

COD produces 350 mL of CH4 (Speece, 2010). Therefore, the theoretical methane yield 

of a feedstock can be estimated when its COD value is known. Additionally, the 

methane yield of a specific substrate is a function of organic content. Consequently, VS 

content is widely used to estimate the methane yield. Theoretical methane yield on a VS 

basis is 415, 496 and 1014 mL /g of VS for carbohydrates, proteins and fats, 

respectively (Table 1-3), showing the variability by substrate composition when using 

this method of prediction. Another method that has been widely used for predicting 

methane production is the stoichiometric conversion of the feedstock based on its 

elemental composition. Under anaerobic conditions, organic molecules are converted to 

CH4 and CO2, according the following equation: 

       (      ⁄      ⁄ )     (  ⁄      ⁄    
 ⁄ )    (  ⁄    

 ⁄    
 ⁄ )    (1-1) 

The specific theoretical methane potential (Bo), commonly expressed as L CH4/g 

VS, can be calculated from equation (1-1), assuming 22.4 as the volume of 1 mole of 

gas under standard conditions (273 K and 1 atmosphere pressure) (Angelidaki et al., 

2011). Conversely, Bo is a rough estimate of the amount of methane that can be 

generated from an organic compound; since details related to cell microbial generation 

influence the stoichiometry (Lyperatos and Pullammanappallul, 2010). However, the 

CH4 volume that can be practically obtained from a feedstock is always lower than B0 
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because a fraction of the feedstock (2% to 5%) is synthetized as cell biomass, and a 

substantial portion of the feedstock is inert or non-biodegradable (Angelidaki et al., 

2011). 

Overview of Anaerobic Digester Effluent 

Anaerobic digester effluent (ADE) is the liquid residue after the microbial 

consumption of the organic fraction by different microorganisms involved in the 

anaerobic digestion process (Gerardi, 2003). Based on the compositional 

characteristics of ADE, many attempts have been made to explore the feasibility and 

benefits of its use in vegetable production. Only the organic fraction of the feedstock is 

converted to biogas by the AD process, essential nutrients (N, P, K, Mg, and trace 

elements) required by plants, are retained in the residue (Arthurson, 2009). 

Furthermore, as carbon is converted to methane, essential nutrients once bound in 

organic form are mineralized to inorganic, plant-available forms (Graunke and Wilkie, 

2008). It has been reported that ADE contains higher NH4: total nitrogen ratio, 

decreased organic matter content, reduced biological oxygen demand and lower C/N 

ratio than raw organic residues (Moller and Muller 2012). The NH4
+ -N concentration of 

ADE depends on the Total N concentration of the original feedstock. Anaerobic digester 

effluent from highly degradable materials such as cereal grains, manures, and food 

wastes generally have high NH4
+: total nitrogen ratio and low carbon nitrogen ratio. 

Anaerobic digestion increases the availability of nitrogen in organic residues from 30 to 

60% of the total nitrogen originally present in the feedstock while the total phosphate 

and potassium contents and availability remain unchanged during the digestion process 

(Polprasert, 1989).  
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Application of ADE to the soil has the ability to enhance soil microorganism 

activities as a result of increased inorganic nutrients, soil organic matter, and reduction 

of carbon/nitrogen ratio. Odlare et al. (2008) investigated the effects of organic wastes 

(compost and ADE) on soil chemical and microbiological characteristics. They found 

that ADE enhanced microbial biomass and the proportion of metabolically active 

microorganisms compared to untreated control. Moreover, the rate of ammonia 

oxidation, and nitrogen mineralization capacity of the soil were stimulated by ADE 

application (Arthurson, 2009). Additionally, anaerobic digester effluent can be used as 

soil amendment and therefore contribute to improving the overall structure of the soil. 

Depending on the performance of the AD process, ADE can contain organic fractions 

that can contribute to increase SOM and induce positive effects on soil biological, 

chemical, and physical soil characteristics. However, if the nutrients present in the ADE 

are in a useable form, ADE can be classified as a fertilizer. 

In a two-year field study investigating the potential of ADE on crop yields, 

Montemurro et al. (2008) found no significant difference in the cumulative plant dry 

weight of alfalfa subjected to ADE and mineral fertilizers. Kocar (2008) compared the 

fertilization value of ADE from cattle slurry with those of commercially available organic 

and chemical fertilizers on safflower yield, and recorded a higher yield with ADE 

application. Furthermore, Marchain (1992) reported that utilization of ADE induced a 6-

20% increase in vegetable production suggesting that a large range of plants including 

cereals and vegetables can exhibit a significant response to ADE. Because ADE has a 

greater fraction of mineralized N, its application is more effective for crops possessing a 

short and intensive period of N uptake (Arthurson, 2009). Anaerobic digester effluent 
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was reported to be comparable to chemical fertilizers in terms of N uptake, fresh yield, 

and N uptake at harvest of spinach and komatsuma (Furukawa and Hasegawa, 2006).  

Sweet Sorghum as a Multipurpose Crop  

Sweet sorghum is a C4 crop native to the tropics with a wide adaptability to an 

array of environmental conditions (Walter and Monti, 2012). This crop has emerged as a 

potential energy crop and is considered to be superior to other energy crops because of 

its versatility, yield potential and growth characteristics (Zegada-Lizarazu and Monti, 

2012). The high biomass yield of sorghum and the large amount of readily fermentable 

sugars stored in its stalk make it a promising energy crop candidate. Sweet sorghum is 

capable of producing several products simultaneously; sugar, starch, protein and 

cellulose. The soluble solids in the juice of the stalk accounts for anywhere from 20 to 

50% of the whole plant dry weight. The fermentable sugars are mostly sucrose, glucose 

and fructose and are suitable for most bioprocessing technologies (Whitfield et al., 

2012). Furthermore, sweet sorghum has been recognized for its drought resistance and 

high water and nutrient use efficiency (Zedada-Lizarazu and Monti, 2012). Compared to 

sugarcane, it has a shorter growing cycle and can be incorporated into existing 

management practices (Erickson et al., 2011, Walter and Monti, 2012). Regarding 

fermentable sugar production, sweet sorghum is tolerant to poor soil conditions 

(Almodares and Hadi, 2009). Although nitrogen fertilization may affect the total biomass 

production, little or no effects were observed on the dry weight sugar fraction. Similarly, 

phosphorus application appeared to have negligible effects on sugar concentration 

(Whitfield et al., 2012). As a drought resistant crop, sweet sorghum has the ability to 

become relatively dormant in response to water stress and then resume growth under 

adequate moisture conditions (Miller and Ottman, 2010). 
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The suitability of sweet sorghum as a feedstock for ethanol production has been 

well described. Miller and Ottman (2010) reported an average ethanol yield of 2,726 

L/ha from the direct measurement of the juice sugars by high performance liquid 

chromatography (HPLC). When utilizing the total stalk nonstructural sugars, ethanol 

yield of M-81E, a cultivar developed for energy production, can reach 3,533 to 5,414 

L/ha (Zhao et al., 2009). Interestingly, the average ethanol yield of sweet sorghum is 

comparable to the maize ethanol yield, which is 3,751 L/ha for the United States (FAO, 

2008). However, for a similar yield, sweet sorghum requires less water and nutrients. In 

addition, the amenability of sweet sorghum juice to fermentation compared to starch 

makes it a better candidate than corn for bioconversion. Harnessing the potential of 

sweet sorghum for the production of other biofuels, including biogas, is at its infantile 

stage. 

The Relevance of Anaerobic Digestion Technology to Haiti 

Located in the Northern hemisphere within the Caribbean basin, Haiti has a 

tropical climate with an average annual temperature of 25 °C. The country receives an 

annual rainfall of 1400 mm, which is unevenly distributed among different regions. The 

history of the country is marked by political instability and non-governance, which 

contribute in keeping the country in a cycle of poverty. Deterioration of living conditions 

in rural areas has led to a population shift to urban areas, accelerating the urbanization 

process with severe environmental consequences (UNEP, 2010). As one of the most 

populated countries of the region, human stress on land and demand for wood and 

charcoal as fuel have caused severe deforestation leading to extensive erosion. As 

depicted in Figure 1-4, 70% of the energy consumption in Haiti comes from biomass. 
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Every year, an estimated 12 to 30 millions trees are cut down to provide energy to 

households and traditional industries (IBRD/WB, 2007). 

Figures describing water and sanitation situations in Haiti are alarming. 

According to WHO (2010), approximately 56% and 28% of people living in urban areas 

have access to improved water sources and improved sanitation, respectively. On the 

other hand, only 14% of people living in rural areas have access to improved sanitation 

while access to improved drinking water is only 60%. The remaining population use 

shared sanitation facilities, unimproved facilities, or practice open defecation. The world 

health organization defines an improved sanitation facility as one that hygienically 

separates human excreta from human contact. An improved drinking water source is 

conceived to be adequately protected from outside contamination particularly from fecal 

matter. Haiti also suffers from a deficit of municipal waste management. Only 35% of 

the 4,100 m3 of daily household waste generated in the largest Haitian cities are 

systematically collected (UNEP, 2010). Moreover, Haiti does not currently have a 

functioning sewage system. This lack of waste management impacts the local 

environment and leads to widespread waterborne disease.  

In addition to waste management issues within Haiti, the Haitian agricultural 

sector also struggles with providing adequate services while protecting the local 

environment. Accounting for 28% of the country’s GDP and practiced by more than 98% 

of rural households, the agriculture sector faces compelling challenges (Dolisca and 

Jolly, 2008). The continuous cultivation of the soil in absence of any nutrient restoration 

practices coupled with accelerated erosion due to unsustainable land use practices 

have resulted in diminished agricultural productivity. Additionally, lack of access to 
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mineral fertilizers, lack of agricultural infrastructure, post harvest losses and poor 

economic and technical assistance are among the various barriers that need to be 

addressed for the enhancement of agricultural stability in Haiti.  

Understandably, there is no magical solution to the complex situation of Haiti; 

however, any approach that aims at improving the environment while promoting 

economic growth should be favored. Implementation of anaerobic digestion technology 

in Haiti could provide a sustainable solution to the sanitation problem and produce a 

clean-burning fuel that can replace wood and charcoal. The biogas generated from farm 

and household wastes can be used directly for cooking and lighting or converted to 

electricity. Replacing woody biomass by biogas will not only contribute to decrease 

deforestation but also reduce the occurrence of smoke related diseases due to the 

burning of unprocessed biomass. Furthermore, utilization of ADE as fertilizer will 

contribute to restoring soil fertility and increasing vegetable production yields.  

Thesis Rationale 

Food and energy security along with adequate treatment of domestic wastes are 

longstanding issues for Haitian households. A holistic approach that simultaneously 

addresses the need for sustainable food production, clean burning fuels, and eco-

sanitation is of prime importance to promote prosperity in rural communities. Anaerobic 

digestion technology offers a sustainable solution to environmental problems of waste 

management, provides clean-burning fuel, and sustains food production. This 

technology is particularly suitable for remote areas in Haiti that suffer from an absence 

of energy infrastructure. Therefore, anaerobic digestion can help reduce poverty and 

support sustainable development.  
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Utilization of anaerobic digester effluent as a nutrient source offers a sustainable 

way to produce low cost fertilizer that can supplement or displace high-cost 

conventional fertilizers. Application of ADE to the soil offers multiple benefits that can be 

integrated into sustainable agricultural practices. However, ADE is not well known and 

its agronomic application remains an underexplored field in modern agricultural 

research. The few studies related to the fertilization value of ADE reported in the 

literature have not fully examined whether ADE is more appropriate as a fertilizer, soil 

amendment or both.  Additionally, data related to the effects of ADE on growth and yield 

of most common vegetables are limited and inconsistent. 

Integration of food and energy production can also be realized by the use of 

multipurpose crops to simultaneously produce feed, food and fuels. In an integrated 

scenario, anaerobic digester effluent can also be used as a fertilizer to grow 

multipurpose crops and contribute to close the food and energy production cycle. Sweet 

sorghum is an example of such a crop. Sweet sorghum is among the top biomass and 

sugar-yielding crops (Yu et al., 2012). Its biomass production can be fractionated into 

food and fuel components. Utilization of the nutritional part of the plant as food/ feed 

and the sugar and fibrous structural elements of the plant for bioenergy production 

maximizes the biomass production and helps address both energy and food production 

issues. There is an extensive literature describing ethanol production from sweet 

sorghum juice and various research projects are underway to maximize yield by 

producing ethanol from different components of the plant. However, recent literature 

about the methane potential of different sorghum plant materials is limited. Different 

studies suggest that anaerobic digestion is one of the most energy-efficient, as well as 
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environmentally sound ways of converting biomass to biofuels (Frigon and Guiot, 2010). 

The composition of diverse plant materials in terms of structural and non-structural 

carbohydrates needs to be elucidated for assessing their suitability for biogas and for 

feed or food production. In addition, determining the methane index of different sweet 

sorghum plant materials is an essential step in determining the possibility of using this 

crop to produce biofuel in the form of methane gas. 

Hypotheses 

Anaerobic digester effluent contains plant nutrients in a useable form that can be 

used as a substitute to conventional fertilizers for sustainable production of onion 

(Allium cepa L.), maize (Zea mays L.), and common bean (Phaseolus vulgaris L.) 

production. Sweet sorghum biomass components will have a favorable methane index 

so that this crop can be used to simultaneously generate renewable fuels and protein 

for Haiti and other developing countries in need of both of these resources. 

Objectives 

The purpose of this study is to explore the applicability of anaerobic digestion of 

biomass into the Haitian farming system to generate bioenergy and sustain food 

production. This study was primarily aimed at: 1) Assessing the suitability of sweet 

sorghum as a multipurpose crop for biofuels and food production in the context of 

Haitian farming systems and 2) Characterizing ADE and assessing its effect on the 

growth and yield of common vegetables grown in Haiti such as onion, corn, and bean. 

The effluent of an anaerobic digester treating organic residues was analyzed for major 

plant nutrients. The yields of bean, corn and onion were compared in a complete 

randomized field study under different fertilization regimes: anaerobic digester effluent 

(ADE), urea, fish emulsion, and a control group receiving no fertilizer. 
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Table 1-1.  Methane yield of animal manures and other organic wastes 

Feedstock Methane yield (mL/g of VS) Reference 

Pig manure 356 Moller et al., 2004 

Sow manure 275 Moller et al., 2004 

Poultry 245 Moody et al., 2011 

Paper (office) 369 Chynoweth, 1999 

Primary sludge 590 Chynoweth, 1999 

Food waste 396 Zhang et al., 2011 
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Table 1-2.  Methane yield of selected agricultural wastes 

Feedstock Methane yield (mL/g of VS) Reference 

Banana peels  227 Nallathambi, 2004 

Mango peels 372 Nallathambi, 2004 

Lemon pressings 473  Nallathambi, 2004 

Rotten tomato 298 Nallathambi, 2004 

Potato peel  267  Lesteur et al., 2011 

Onion culls 400 Nallathambi, 2004 

Maize silage and straw 312 Mumme et al., 2012 

Cabbage 277 Ward et al., 2008 

Coffee waste 255 Lesteur et al., 2011 

Cassava 259 Zhang et al., 2011 

Wheat straw 227-249 Raposo et al., 211 

 
 
Table 1-3.  Theoretical characteristics of typical substrate components. Adapted from 

Angelidaki and Sanders, 2004. 

Substrate  Composition VS/COD 
ratio 

CH4 Yield  
mL/g VS 

CH4 yield 
mL/g COD 

Carbohydrate (C6H10O5)n 1.19 0.415 0.35 

Protein C5H7NO2 1.42 0.496 0.35 

Lipids C57H104O6 2.90 1.014 0.35 

Ethanol C2H4O2 2.09 0.730 0.35 

Acetate C2H4O2 1.07 0.373 0.35 

Propionate C3H6O2 1.51 0.530 0.35 
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Figure 1-1.  Environmental and social benefits from implementing anaerobic digestion. 
Adapted from Rajendra et al., 2012. 
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Figure 1-2.  Integration of anaerobic digestion into farming systems, providing both 

fertilizers and energy. Adapted from Wilkie, 2008. 
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Figure 1-3.  Sequential metabolic phases in anaerobic digestion 
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Figure 1-4.  Energy consumption by fuel type in Haiti. Adapted from IBRD/WB 2007. 
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CHAPTER 2 
MATERIALS AND METHODS 

Characterization of Anaerobic Digested Effluent 

Anaerobic digested effluent (ADE) was obtained from an anaerobic digester fed 

organic residues (kitchen wastes and food), located at the Energy Research and 

Education Park of the University of Florida, Gainesville, Florida. The anaerobic digester 

was fed food wastes at a standard loading rate of 2 kg/m3/day and operated under 

mesophilic conditions with a hydraulic retention time of 20 days. Chemical oxygen 

demand, TS, VS, pH and conductivity of the ADE were measured using the same 

procedures aforementioned for these parameters. Oxidation-reduction potential (ORP) 

of ADE was also determined prior application according to the standard methods 

(APHA, 2005).  

Nutrient Analysis of Anaerobic Digester Effluent 

Total nitrogen 

Total nitrogen was analyzed using the persulfate method, in coherence with 

standard methods (APHA, 2005). This method converts all nitrogen contained in the 

sample to nitrate. A colorimeter was used to measure the nitrogen concentration, which 

is proportional to the intensity of the yellow color formed at the end of the reaction. A 

representative sample of ADE was obtained and fully homogenized using a 360 mL 

stainless steel blender (Waring, Torrington, CT) for 1 minute on high speed. The entire 

homogenized sample was poured into 600 mL glass beakers and fully homogenized 

with magnetic stir bars. Using a transfer pipette and volumetric flask, a 50 mL aliquot 

was obtained from each sample and diluted to 500 mL with DI water in a 500 mL 

volumetric flask for a dilution of 1 mL of ADE/10 mL. From the diluted sample a 50 mL 
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aliquot was obtained and further diluted to 500 mL with DI water in a 500 mL volumetric 

flask for a final dilution of 1 mL of ADE/100 mL. A 0.5 mL aliquot of the 1/100 diluted 

sample was added to Hach TN reagent tubes (10-150 mg N/L) along with potassium 

persulfate and sodium hydroxide as the digestion agents. Tubes were digested for 30 

minutes at 103°C in a Hach Model 45600 COD reactor (Hach Company, Loveland, CO). 

Digested tubes were cooled to room temperature. Two reagents containing sodium 

metabisulfite were successively added to the digested tubes. Furthermore, 2 mL of the 

treated samples were transferred to Hach TN reagent tubes (HR 10-150 mg/L) 

containing sulfuric acid. At the end of this reaction the sample turns yellow and the color 

concentration was determined using a Hach 890 colorimeter (Hach Company, 

Loveland, CO). 

Total ammonia nitrogen 

Total ammonia nitrogen was used to determine the TAN: TN ratio as an 

indication of the readily available nitrogen for plant uptake. Total ammoniacal nitrogen 

was measured using an ion selective electrode (Orion 95-12) with an Orion IonAnalyser 

701A meter in accordance with standard methods (APHA, 2005). The procedure raised 

the pH of the sample to >11.0 with a sodium hydroxide/EDTA solution (Orion ISA pH 

adjusting solution). The probe was calibrated using three standard solutions of 10, 50 

and 100 mg NH3-N. A standard curve was developed by plotting mV read by the probe 

in the y-axis and NH3-N concentration on the x-axis. For measuring NH3-N 

concentration of ADE, 100µl of ISA solution were added per 5ml sample. The probe was 

placed in the sample and allowed to stabilize before recording the mV concentration, 

which was used to determine the NH3-N of the ADE.  
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Total phosphorus 

Total phosphorous was analyzed using the vanadomolydophosphoric acid 

colorimetric method in accordance with the standard method (APHA, 2005). In this 

method, all phosphate is converted into orthophosphate, which reacts with vanadium to 

form yellow heteropolymolybdophosphoric acid. The yellow concentration of this 

complex is proportional to phosphate concentration. A representative sample of ADE 

was obtained and was fully homogenized using a 360 mL stainless steel blender 

(Waring, Torrington, CT) for 1 minute on high speed. The entire homogenized sample 

was poured into 600 mL glass beakers and fully homogenized with magnetic stir bars.  

Using a transfer pipette and volumetric flask, a 100 mL aliquot was obtained from each 

sample and diluted to 500 mL with DI water in a 500 mL volumetric flask for a final 

dilution of 1 mL of ADE/5 mL. A 5 mL aliquot of the 1/5 diluted sample was added to 

Hach Phosphate reagent tubes (HR 0-100 mg N/L) along with one potassium persulfate 

powder pillow. Tubes were digested for 1 h at 150°C in a Hach Model 45600 COD 

reactor (Hach Company, Loveland, CO). Digested tubes were cooled to room 

temperature. Two mL of 1.54 N sodium hydroxide and 0.5 mL of molybdovanate 

reagent were successively added to each digested sample. Treated tubes were read on 

a Hach 890 colorimeter (Hach Company, Loveland, CO). 

Elemental potassium 

Elemental potassium was measured using an ion selective electrode (Clean 

Grow Ltd. Cork, Ireland) according to standard methods (APHA, 2005). The probe was 

calibrated using standard solutions of 10, 50, and 100 mg/L of potassium. The 

calibrated probe was used to determine the potassium concentration of the ADE. 
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Economic analysis 

The nutrient concentration of ADE was used to determine the economic return if 

ADE is used as a fertilizer. Since nitrogen and phosphorus are the two key elements 

and are in different proportion within the ADE, the application could be formulated either 

on a nitrogen or phosphorus basis. Fertilizer recommendations for onions, beans and 

corn (Table 2-1 and 2-2) and current fertilizer prices were used to determine the 

economic value of ADE (USDA, 2013). The commercial value of N, phosphorus and 

potassium was estimated using urea ($550/ton), superphosphate ($665/ton), and 

potassium chloride ($647/ton). 

Field Experiment 

The field experiment was conducted at the Energy Research and Education Park 

of the University of Florida, Gainesville, FL. The tested crops in this experiment were 

onion (Allium cepa, cv. “yellow granax”), bean (Phaseolus vulgaris cv “dwarf hort.”) and 

corn (Zea mays cv “trucker’s favorite”). Onion bulbs were sown on February 15th of 

2012 on a raised bed of 1.2m width and 6.7m length. Bulbs were sown at 15 cm 

between plants in rows 20 cm apart, leading to a plant density of 30,000 plants per ha. 

Bean seeds were planted one month later in a similar raised bed divided into three 

rows. Beans were sown in raised beds in rows 60 cm apart, and 8 cm within plants 

while corn seeds were sown in rows 90 cm apart and 60 cm within plants. After the 

germination, new seeds were sown to fill the gaps within the plant population. Corn was 

planted on April 15th on a similar raised bed divided into two rows. A complete 

randomized design consisting of 4 treatments and 3 replications were used to assess 

the effect of ADE on the yield and growth of the vegetables used in this experiment.  
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Soil samplings  

Soil samples were collected prior to and after the experiment for routine soil test 

analyses. Before the experiment, soil samples (0-20 cm) were taken in ten different 

random locations around the field and were combined to form a composite sample. The 

soil samples were dried in a forced–air oven at 50oC, passed through a 2mm screen, 

and analyzed for TN, TP, and K. At the end of the experiment, a composite soil sample 

of each treatment was taken for postharvest analysis. Soil testing results served to 

assess potential changes that occurred in the soil status by different treatments. 

Fertilization 

Fertilization treatments included anaerobic digester effluent (ADE), fish emulsion 

(FE), urea, and a control treatment receiving no fertilizer. Commercially available fish 

emulsion with a guaranteed analysis of 5-1-1 (5% N, 1% P2O5, 1% K2O) (Alaska Fish 

Fertilizer, Lilly Miller Brands, Walnut Creek, Ca.), and analytical grade urea (46-0-0) 

(46% N, 0% P2O5, 0% K2O) (Fisher Scientific Corp., Fair Lawn, NJ) were used as 

comparative treatments. The fish emulsion is composed of 15% of water insoluble 

nitrogen, 10% ammonium nitrogen and 75% other water soluble nitrogen (Lilly Miller, 

2013). Results from the soil testing prior to planting and IFAS recommendations for 

onion, bean and corn were used to dictate the application rate. Nitrogen 

recommendations for bean, corn and onions are 120, 168 and 168 kg/ha, respectively. 

All fertilizers were split into two applications. The first half was applied four weeks after 

emergence of onion plants and three weeks after emergence of bean and corn. The 

second half was applied two months later for onions and 1 month later for bean and 

corn. Since ADE was in a liquid form, the urea was dissolved in water and the fish 

emulsion was diluted in water in order to have a uniform volumetric application. The 
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control treatment received an equivalent amount of water to ensure similar soil moisture 

content. The amounts of ADE, FE, and urea applied to each crop are presented in 

Tables 2-1 and 2-2. Crop management followed agronomic practices commonly used 

for vegetables. Irrigation water was supplied two days a week during first two weeks 

following sowing and adjusted to one day per week for the rest of the experiment, using 

a drip irrigation system. The irrigation system was setup to deliver approximately 30 mm 

of water per week for all tested crops. Weed removal was regularly carried out by hand 

when necessary.  

Plant sampling 

Onion 

Growth parameters, including plant height and number of leaves per plant, were 

measured two months after emergence. Plant height was measured from the soil 

surface to the top of the longest leaf of the plant. All plants were harvested when more 

than 50% of tops had dropped. Harvested plants were transported to the laboratory and 

were brushed to remove all soil particles and dried for two days. Fresh weight and bulb 

diameter were measured and recorded. Onion plants were separated into bulbs and 

leaves for the measurement of total biomass and bulb yield.  Bulbs were further divided 

into marketable yield and non-marketable yield. Marketable yield were onions equal to 

or greater than 20mm in diameter. Non-marketable yield were onions less than 20mm in 

diameter and those that were rotten or damaged. All collected data were computed for 

each plot and reported in Mg/ha.  

 After the two-day drying, a random bulb sample of each treatment was selected 

for the soluble content and tissue analysis. Bulbs were split in two halves. Tissues of 

one half were blended and the juice was used to determine soluble contents (% brix) 
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using a refractometer (Atago Co. LTD, Japan) (Russo, 2008). The other half of the bulb 

was cut into small pieces and placed in paper bags and dried to constant weight at 

70oC. 

Corn and bean 

At maturity all bean and corn plants were harvested and fresh total biomass was 

recorded. All bean samples were dried at 70oC until constant weight to determine dry 

weight. Dry yield was partitioned in pods; grain and residues for each treatment. After 

recording the total fresh weight of corn, all plants were partitioned into ears and stalks. 

A sample of stalks and all the ears were dried at 70oC until constant weight to determine 

the total dry yield. Corn grains were manually removed from the ears and were recorded 

to determine the grain yield. All collected data were computed for each plot and 

reported in Mg/ha.  

Tissue analysis 

Samples of dried onion bulbs, beans, and grains of corn were ground with a 

hammer mill (Arthur H. Thomas Co, Philadelphia, PA, USA) with 2 mm and 0.85 mm 

mesh screen, successively. Ground samples were sent to the analytical research 

laboratory of the University of Florida and analyzed for TKN, TP, and K, according the 

above-mentioned procedures. Total nutrient concentration of onion bulbs, bean grains, 

and corn grains was calculated by multiplying dry-matter yield by nitrogen concentration 

of each sample.  
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Characterization of Sweet Sorghum as a Multipurpose Crop 

Sweet sorghum was planted in May 2011 at the energy grass field located at the 

Energy Research and Education Park of the University of Florida, Gainesville, Florida. 

The cultivar selected was M-81E, a late maturing cultivar developed in Mississippi for 

use as potential bioenergy crop (Erickson et al., 2011). Sorghum seeds were sown at a 

depth of 5 cm in rows with an approximate within-row spacing of 5 to 8 cm and 91 cm 

between rows. The field consisted of 5 rows that were 18.2 m long. After emergence, 

sorghum plants were thinned to an average plant population at harvest of about 13.7 

plants per m2. After planting, sweet sorghum plants were irrigated every week using a 

drip irrigation system set up to provide 20 mm of water per week during the establishing 

period and were watered as needed once plants were established. Weeds were 

removed manually using a garden hoe two times during the growing season. All plants 

were fertilized using a blended granular 6-6-6 fertilizer (6%N, 6% P2O5, and 6%K2O 

(Sunniland Corporation, Sanford, FL) at a rate of 100 kg-N/ha. Nitrogen fertilizer was in 

ammonium form. Fertilization rate was split into two applications: the first half was 

applied at planting and the second half 60 days after emergence.  

Sweet sorghum plants were harvested when plants reached hard dough stage. 

At this stage, the grains are fully mature and cannot be squeezed between fingers. Four 

subplots of 4 by 0.91 m in the inner rows of the central part of the field were delineated 

for sample collection to avoid edge effects. Individual plants of each subplot were 

measured for total height, stem height, average internode length, and average internode 

diameter. All plants in the subplots were harvested and weighed in the field to measure 

fresh biomass yield. Harvested plants were divided into leaves, stems and heads. 

Stems harvested in each subplot were pressed using a mill (Moenda de Cana, 
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Vencedora Maqtron, Brazil) for the juice extraction. The weight of the juice was 

recorded and used to determine juice weight/plant fresh weight and juice weight/plant 

dry weight ratios. The juice was filtered using a 0.25mm sieve to remove plant residues, 

and frozen at -20oC until further analysis. Subsamples of each plant component were 

collected, weighed, and oven-dried at 50oC for 5 days. Dry weight was used to calculate 

the fraction of each plant component of the total biomass and summed to give the total 

biomass on a dry weight basis. 

Juice, Biomass, and Sugar Yield Determination 

The total biomass, juice, and sugar yield were determined following the 

procedures used by Houlou and Stevens (2012). Juice extraction ratio and juice yield 

were determined by the following equations: 

             ( )       
                        

           
                                                           (2-1) 

            (        )                                 ( )                               (2-2) 

Similarly, the extracted stalk content and the extracted stalk yield can be calculated by:  

                              ( )                            ( )                     (2-3) 

                      (       )                                ( )    ]         (2-4) 

The dry weights of plant components were determined by multiplying the percent 

dry weight of each component by its fresh weight. Sugar yield was determined by 

multiplying the juice yield by the Brix concentration. 

Sweet sorghum plant materials including leaves, heads, extracted stalks, chipped 

stalks and whole plants were used to characterize sweet sorghum as a potential 

candidate for biogas and food/feed production. Triplicate samples of each plant material 

were initially dried in an oven at 50 0C for 5 days. Samples were further ground in a 
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cutting mill (Arthur H. Thomas Co, Philadelphia, PA, USA) with 2 mm and 0.85 mm 

mesh screens, successively. Ground samples were sealed in plastic bags at room 

temperature until their utilization. 

Physicochemical Parameters  

Total Solids and Volatile Solids 

Ground samples were analyzed for total solid (TS), volatile solid (VS), and fiber 

analysis. Total solids (TS) and volatile solids (VS) were measured according to standard 

methods (APHA, 2005). Triplicate representative samples (7 to 20 g) of different plant 

components were weighed into pre-ashed, pre-weighed 200 mL disposable aluminum 

dishes. Samples were dried at 103°C in a drying oven (Precision Model STG 80, 

Thermo Fisher Scientific, Waltham, MA) for 24 h. Dried samples were placed in a 

desiccator to cool to room temperature, and then weighed to record TS. Volatile solids 

were measured by ashing the dried samples for 2 h using an ashing furnace 

(Thermolyne 30400, Thermo Fisher Scientific, Waltham, MA) at 550°C. Ashed samples 

were placed in a desiccator to cool to room temperature and then weighed. Volatile 

solids were calculated by subtracting ash weight from TS. 

Fiber Analysis 

Samples of each dried, ground non-juice plant component were sent to the 

forage evaluation support laboratory of the University of Florida for fiber analysis, in vitro 

organic matter digestibility (IVOMD), crude protein (CP), and total phosphorus (TP). 

Crude fiber (CF) was analyzed in accordance to the ANKOM Technology Method 10. 

Crude fiber is the organic residue remaining after digesting the sample with 0.255N 

H2SO4 and 0.313N NaOH. The compounds removed are predominantly protein, sugar, 

starch, and lipids and portions of both structural carbohydrates and lignin. Crude fiber 
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contains mostly cellulose, and a small portion of the lignin but no ash. The CF content is 

an indication of the fibrous part of the feedstock and generally represents the 

indigestible fraction of carbohydrates in the feed. However, some of the crude fiber 

components can be partially digested by microorganisms in the rumen. The lower the 

CF, the more suitable the feedstock is for both anaerobic digestion and animal feed. 

The non–fiber content was calculated by subtracting the crude fiber content from the dry 

matter. 

Neutral Detergent Fiber 

Neutral detergent fiber (NDF) was determined using the method described by 

Golding et al. (1985). The procedure consists of boiling a 1-g sample in a neutral 

detergent solution for 1 h. The residue or insoluble fraction left in the neutral detergent 

solution is the cell wall constituent or NDF. The NDF gives a better estimation of the 

total fiber constituents of the sample, since it measures cellulose, hemicellulose, lignin, 

silica, tannins and cutins. Although some portions of the NDF can be digestible, NDF 

concentration is in general negatively correlated with feed intake and therefore can be 

used to predict the quality of the feedstock for animal feed and for anaerobic digestion. 

Acid Detergent Fiber 

Acid detergent fiber was determined according the ANKOM Technology Method 

8. This procedure uses an acid detergent solution composed of 20 g cetyl 

trimethylammonium bromide (CTAB) and 1 L 1.00N H2SO4 to digest the sample. The 

remaining residue is the acid detergent fiber component of the feedstock and represents 

the least digestible fraction. Acid detergent fiber includes lignin, cellulose, silica, and 

insoluble forms of nitrogen, but not hemicellulose. Neutral detergent fiber and acid 

detergent fiber were used to determine hemicellulose and cellulose/lignin content.  
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Hemicellulose content was obtained by subtracting ADF from NDF, while cellulose/lignin 

content was calculated by subtracting hemicellulose from ADF. 

In Vitro Organic Matter Digestibility 

In vitro organic matter digestion was conducted using a modification of the two-

stage technique (Moore and Mott, 1974). In this procedure, the sample was incubated 

with rumen microorganisms for 48 h followed by 44 h incubation with acid-pepsin. The 

IVOMD represents the portion of the dry matter in a feed that can be digested by 

animals at a specified level of feed intake. A higher IVOMD value indicates a better 

feedstock quality for both animal consumption and anaerobic digestion.  

Nitrogen 

For total nitrogen analysis, non-juice components were digested using a 

modification of the aluminum block digestion procedure of Gallaher et al. (1975). This 

method is a modification of the standard Kjeldahl procedure, which determines the total 

N of the sample, including organic (e.g., protein and non-protein) and inorganic (e.g., 

nitrate) nitrogen. A 0.25 g sample was digested for at least 4h at 375°C using 6 ml of 

H2SO4 and 2 ml H2O2, the catalyst used was 1.5 g of 9:1 K2SO4: CuSO4. Nitrogen in the 

digestate was determined by semiautomated colorimetry (Hambleton, 1977). The total 

N present in the sample was used to determine the total amount of protein by 

multiplying the total N by 6.25. Total Kjedahl nitrogen of the juice was measured 

according to EPA method section 351.2. Ammonium- nitrogen (NH4-N) was determined 

by a modification of EPA Method section 305-1.  

Total Phosphorus 

For the TP determination, ground samples were digested using a modification of 

the aluminum block digestion procedure of Gallaher et al. (1975). A 0.25 g sample was 
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digested for at least 4h at 375°C using 6 ml of H2SO4 and 2 ml H2O2, the catalyst used 

was 1.5 g of 9:1 K2SO4: CuSO4.  Phosphorus in the digestate was determined by 

semiautomated colorimetry (Hambleton, 1977). Total phosphorus and of the juice were 

measured according to EPA methods section 365-1.  

Characterization of Sweet Sorghum Juice  

pH, Electrical Conductivity and Brix  

The juice obtained from pressing stems of harvested sweet sorghum was mixed 

thoroughly and sieved through a 20-mesh wire sieve (850 μm) to remove the solid 

particles and submitted to basic analysis. Electrical conductivity and pH were measured 

using an Accumet Model 30 conductivity meter (Thermo Fisher Scientific, Waltham, 

MA), and Accumet Model 10 pH meter (Thermo Fisher Scientific, Waltham, MA), 

respectively. The Brix content (%) of the juice was measured using a pocket 

refractometer (Atago Co. LTD, Japan) (Houlou and Stevens, 2012). Between two 

different sample readings, the refractometer was cleaned with deionized water and 

dried with a paper towel. Juice samples were kept at -20oC to preserve the sample for 

additional analysis. Stored sweet sorghum juice was thawed and analyzed for TN, TP, 

and ammonium nitrogen according to above described methods.  

Alkalinity  

Alkalinity was measured in SS juice following APHA (2005) procedures. A 0.1N 

solution of H2SO4 was standardized to a value of 0.11N by titrating a known 

concentration of Na2CO3 to a pH of 4.5. Alkalinity was calculated in mg CaCO3 

equivalents by the following equation: 

            
                          

(              )
                                                                  (2-6) 
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Potassium 

Elemental potassium was measured using an ion selective electrode (Clean 

Grow Ltd. Cork, Ireland) according to standard methods (APHA, 2005). The probe was 

calibrated using standard solutions of 10, 50, and 100 mg/L of known potassium 

concentration. The calibrated probe was used to determine the potassium concentration 

of the ADE. 

Chemical Oxygen Demand  

Total COD was measured using a modification to standard methods (APHA, 

2005). A representative sample of the juice was obtained and fully homogenized using a 

360 mL stainless steel blender (Waring, Torrington, CT) for 1 minute on high speed. 

The entire homogenized sample was poured into 600 mL glass beakers and stirred on a 

magnetic stir plate. Using a transfer pipette and volumetric flask, a 50 mL aliquot was 

obtained from each sample and diluted to 500 mL with de-ionized water in a 500 mL 

volumetric flask for a dilution of 10%(v/v). The diluted sample was further poured into 

900 mL glass beakers and stirred on a magnetic stir plate. Using a transfer pipette and 

volumetric flask, a 50 mL aliquot was obtained from each sample and diluted to 500 mL 

with de-ionized water in a 600 mL volumetric flask for a final dilution of 100%(v/v). 

Furthermore, a 50 mL aliquot was obtained from the 1/100 and diluted to 250 mL with 

de-ionized water to obtain a final dilution of 1/500%(v/v). A 2 mL aliquot of the 1/500 

diluted sample was added to Hach COD reagent tubes (HR 20-1500 mg COD/L). Tubes 

were digested for 2 h at 150°C in a Hach Model 45600 COD reactor (Hach Company, 

Loveland, CO). 
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Methane Index Test 

A methane index test (MIT) was conducted to assess the methane yield of 

different biomass materials used in this experiment. The MIT assay was performed in 

accordance to the method describe by Wilkie et al. (2004). The inoculum used in the 

MIT assay was a mixture of flushed dairy manure obtained from the University of Florida 

Dairy Unit in Hague, Florida and effluent of an operating anaerobic digester fed food 

waste and fibers. The resultant inoculum was composed of 90% flushed dairy manure 

and 10% food waste digester effluent by volume. In order to reduce the fraction of large 

particles and have a homogeneous inoculum, the inoculum was completely mixed and 

screened through a 20-mesh wire sieve (850 μm, Newark Wire Cloth Co., Newark, N.J). 

The pH of the mixed, screened inoculum was 7.6. 

Samples of dried, ground material was added to individual 250 mL serum bottles 

along with 200 mL of the inoculum solution, which corresponded to a loading rate of 2g 

of volatile solid per liter. The amounts of sample added in the MIT bottles were 0.405 ±. 

0.002 g, corresponding to 0.366 ± 0.006 g of VS. In order to quantify endogenous 

methane production from the inoculum, a negative control (blank) was used with 

inoculum only (no substrate addition). The MIT of the juice was conducted using three 

different OLR: 2 g COD/l, 1 g COD/L, and 0.5 g COD/L. The amount of juice sample 

added for each ORL is presented in Table 2-3. Additionally, a MIT assay was performed 

with avicel cellulose and glucose serving as positive controls. Serum bottles were fitted 

with a rubber stopper and sealed with aluminum caps to maintain airtight, anaerobic 

conditions. All triplicate samples were inverted to prevent possible leaking and placed in 

an incubator at 35°C. All samples were periodically measured for gas production for 60 

days. 
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Methane Production Measurement 

The hydraulic displacement method described by Wilkie et al. (2004) was used to 

measure the volume of methane production from the MIT bottles using an apparatus 

consisting of 250 mL bottles filled with a KOH solution connected to a 50 mL pipette 

(Figure 2.2). For the reading of the methane production, MIT bottles were connected to 

a 250mL serum bottle filled with 5M KOH. This solution dissolved the carbon dioxide 

content of the biogas passing through it, so that only the methane proportion of the 

biogas generated pressure on the headspace of the MIT bottle. As the pressure 

increased, an equivalent volume of liquid was displaced proportional to the methane 

produced. The volume of methane is therefore the reading of the volume of liquid 

displaced. A concentration of 1g/L of alizarin was added to the KOH solution as a pH 

indicator to monitor for carbon dioxide saturation. Methane production from each 

sorghum component was adjusted by subtracting the methane volume of each bottle 

from the mean of inoculum control and was converted to standard temperature and 

pressure (STP) (0 0C and 760 mm Hg). Daily production was cumulated and adjusted 

per g of VS loaded. 

Statistical Analysis 

Cumulative methane production was calculated for each plant component.  Mean 

and standard deviation were determined for each sample. Cumulative methane 

production was fit to a first-order kinetic model using non-linear fitting. 

         (   (    ))                                                                                           (2-7) 

Where: 

CH4= cumulative methane production at time t (mL/g VS loaded @STP) 

CH4f=ultimate cumulative methane production (mL/g VS loaded @STP) 
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k=kinetic rate constant (day-1) 

The solver application in Microsoft Excel 2011 was utilized to solve for CH4f and k 

by minimizing the residual sum of squares of triplicate data points. Standard error of 

each parameter was calculated using the square root of the variance. Significant 

differences between mean values of different parameters were determined using a 

Student’s T-test (α= 0.05), using JMP statistical software from SAS. The methane yield 

of each plant component obtained from the MIT was used to determine the methane 

yield of that component per hectare. Methane yield of all components was summed to 

calculate the methane yield of the whole plant. 

Additionally, the methane potential of sweet sorghum as a dedicated energy crop 

was evaluated using three different scenarios. In the first approach all the plant biomass 

were dedicated to anaerobic digestion. In the second approach, the heads are used as 

animal feed or human food, the leaves are left in the field for increasing soil organic 

matter and nutrient content, the stem (juice and extracted stalk) was used for methane 

production. In the last scenario, only the juice is used for methane production, the 

extracted stalk is used for animal feed and the other parts are used as described in the 

second scenario. 
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Table 2-1.  Fertilizer application volumes and total-N application rate for onion and corn 

Fertilizer N content 
(%) 

Application 
rate (kg/ha) 

Experimental 
unit (sf) 

Total N 
added (g) 

Fertilizer 
added 

Urea 46  160  6.7 10.2 22(g) 

FE 5  160  6.7 10.2 204(g) 

ADE 0.5 160 6.7 10.2 5(gal) 

FE- Fish emulsion, ADE- anaerobic digester effluent 
 
 
Table 2-2.  Fertilizer application volumes and total-N application rate for bean 

Fertilizer N content 
(%) 

Application 
rate (kg/ha) 

Experimental 
unit (sf) 

Total N 
added (g) 

Fertilizer 
added 

Urea 46  120 6.7  8.0 17.4(g) 

FE 5  120  6.7 8.0  160.0 (g) 

ADE 0.5 120  6.7  8.0 4.2(gal) 

FE- Fish emulsion, ADE- anaerobic digester effluent. 

 

Table 2-3.  Amounts of feedstock and inoculum used in the MIT for Sweet Sorghum 
juice 

Sample ID ORL (g COD/L) Volume inoculum (mL)  Sample added 

Juice 1 200 1.07 mL 

Juice 2 200 2.14 mL 

Juice 0.5 400 1.07 mL 

Glucose 2 200 0.4 g 
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Figure 2-1.  Partitioning of fiber in feedstock. Adapted from (Galyean 2010). 
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Figure 2-2.  Apparatus for measuring methane production through hydraulic 

displacement. Components are: A) MIT Bottle, B) tube for biogas flow, C) 
needles in septa, D), 5M KOH with alizarin in 250 mL serum bottle, E) roller 
clamps for tube closure, F) tube for displaced KOH solution, G) 50mL pipette 
with 0.5 mL graduations, H) stand. Adapted from (Wilkie et al, 2004) 
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CHAPTER 3 
CHARACTERIZATION OF ANAEROBIC DIGESTER EFFLUENT AS A FERTILIZER 

SOURCE FOR HAITI 

In Haiti, agricultural production accounts for 28% of the gross domestic product 

(GDP) and involves mostly family-owned farms that supply more than 50% of national 

food production (Dolisca and Jolly, 2008). In the last two decades, Haitian farmers have 

not successfully maintained sufficient productivity because of accelerated degradation 

of the Haitian environment. As a result of an unprecedented population explosion and 

severe exploitation of the environment, agricultural productivity in Haiti suffers from 

constant soil quality depletion through human-accelerated erosion processes. This 

situation, coupled to a lack of access to basic agricultural inputs such as fertilizers, 

improved seeds, irrigation water, and appropriate farming practices, has contributed to 

keeping the performance of the agriculture sector unsatisfactory (USAID, 2011). 

Agriculture in Haiti encompasses both cash and subsistence crops. Cash crops 

include plantain, rice, onion, and are mostly cultivated in irrigated areas and humid 

zones. Subsistence crops are mainly grown for family consumption and involve cereals 

(maize and sorghum), legumes (black beans, pigeon peas, and lima beans), tubers 

(cassava and sweet potato), plantain, fruits and fresh vegetables. It is worthy to note 

that this categorization is not mutually exclusive. Excess production of subsistence 

crops is often sold in the market and the farmer consumes cash crops as well. In the 

production systems, these two categories are intertwined together and commonly found 

on the same piece of land. In a context of limited land resources, households tend to 

diversify their crops as much as possible to minimize their risk and ensure food 

production (Baro, 2002). 
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Many attempts have been made to address the weakness of the agricultural 

sector in Haiti. For instance, the government has been subsidizing fertilizers at 80% for 

more than a decade making the product more affordable to farmers. Despite this 

assistance, chemical fertilizer is limited to a small number of farmers operating in 

irrigated land and humid hillsides where water is abundant. An average of 20,000 Mg of 

mineral fertilizers are used every year by only 5% of Haitians farmers mainly in rice-

producing areas and for high-value vegetable crops (USAID, 2011). Little attention is 

being given to small acreage rain-fed agriculture. Rain-fed agriculture accounts for 80% 

of agricultural production, particularly traditional crops including beans (Phaseolus 

vulgaris L), maize (Zea mays L), cassava (Manihot esculenta) and sweet potatoes 

(Ipomoea batatas).  

Organic and biological sources of nutrients have not been widely promoted in 

Haiti. Animal manures have been used in the past, but utilization of these resources has 

decreased considerably as a result of the decline in livestock production. Although 

various institutions have been promoting composting of organic residues and utilization 

of nitrogen fixing trees (e.g. Leucena) as methods to replenish nitrogen and organic 

contents of the soil, adoption of such alternative sources to sustain small farm vegetable 

production is limited. However, in the context of continuous increases in the cost of 

synthetic fertilizers and pesticides, smallholder farmers must find alternatives to 

unsustainable inputs that heavily depend on fossil fuels to successfully feed their 

communities. To sustain the food production system, farmers must adopt sustainable 

practices using alternative sources of soil nutrients; reduce soil erosion, use animal and 

green manures, mulch, and compost to maintain soil fertility. Recycling of organic waste 
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through anaerobic digestion helps maintain soil nutrient status, stimulating various 

aspects of soil fertility. Anaerobic digestion (AD) of organic residues produces anaerobic 

digester effluent (ADE), a biofertilizer with elevated mineral nitrogen concentrations and 

organic matter (Tambone et al., 2010). Along with other benefits, AD simultaneously 

supports crop production and environmental protection. Despite its attractive benefits, 

implementation of AD is at its nascent stage in Haiti. In contrast to other organic 

fertilizers, ADE is not well known and its agricultural use remains an unexplored field in 

research. The efficient and appropriate use of ADE in crop production requires more in-

depth knowledge in terms of physical and chemical characteristics and fertilizer value. 

The purpose of this study was to assess the effectiveness of ADE as a nitrogen 

fertilizer. The effect of ADE on the yield and growth of onion, bean, and maize was 

compared in a field study with the response of a conventional synthetic fertilizer (urea) 

and an organic fertilizer (fish emulsion). The tested crops included maize, bean, and 

onion. Crops were chosen based on their importance in the Haitian agricultural sector. 

Maize is among the top three cereals grown in Haiti. In fact, maize is grown by almost 

all Haitian farmers across all agro-ecological zones. Maize production averaged 

204,989 Mg per year representing about 40% of the total cereal production of the 

country. Farmers rarely apply fertilizers to corn and consequently obtain yields as low 

as 0.7 Mg/ha (USAID, 2011). Bean is extensively cultivated in humid and sub-humid 

mountainous regions and in the irrigated plains of Haiti. Although its production has 

substantially increased in the last decades, bean yields are relatively low, averaging 0.7 

Mg/ha. Onion is a cash crop and mostly cultivated in high-elevation humid zones. Its 

yield is dependent on the usage of fertilizers. 
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Characterization and Nutrient Composition of ADE 

Physico-chemical characteristics of ADE are presented in Table 3-1. The 

moisture content of the ADE was 98.98 ±0.05%. With a relatively high moisture content, 

the ADE used in this experiment can be classified as liquid material and can be directly 

used for fertigation to provide both water and nutrients. The pH (7.2 ± 0.02) was slightly 

alkaline and corresponded to typical pH ranges of most commercial digesters 

(Alburquerque et al., 2012). In addition, the low EC (4.5 ±0.06 mS/cm) of the ADE 

increases its suitability for land application with reduced risk of salinity accumulation and 

subsequent plant inhibition. 

The nutrient composition of the ADE is presented in Table 3-1. Total nitrogen 

(TN), total phosphorus (TP), and elemental potassium (K) were 502.5 ±16.7, 102.0 

±8.54, and 374.0 ±4 ppm respectively. Nutrient concentrations of the ADE were lower 

than values of most commercially digesters (Moller and Muller 2012). However, total 

ammoniacal nitrogen (TAN) was 301 ±9.13 ppm indicating that 60% of the total nitrogen 

was in a readily available form for plant uptake. While the ammonium fraction of the TN 

will be rapidly converted to nitrate in most soil conditions or assimilated directly by the 

plant roots, the organic fraction will be mineralized overtime representing a nutrient 

reserve for the growing season. At an application rate of 25.4 mm/ha, the ADE can 

provide 120 kg N/ha, 56 kg P2O5/ha and 108 kg K2O/ha. At this rate, ADE supplies 

100% of N, 81% of K, and 42% of the phosphorus recommended for beans. An 

increase of the application rate to 57.76 mm/ha could provide all recommended 

nutrients for beans, maize and onions (Tables 3-2 and 3-3). The cost of fertilizer for 

producing beans, maize, and onions is evaluated at $480, $540, and $625 US 

dollars/ha, respectively. Utilization of ADE will cover 70%, 88%, and 75% of the total 
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fertilizer cost for bean, maize and onion production, respectively, when the fertilizer 

application is formulated on a nitrogen basis (Table 3-2). If the application rate is 

formulated on a phosphorus basis, the ADE will cover all fertilizer costs. However, when 

the application rate is based on the phosphorus concentration of the ADE, nitrogen and 

potassium are over applied (Table 3-3). In this experiment, soil testing prior to planting 

revealed that the site could provide the amounts of potassium and phosphorus essential 

to grow beans, maize and onions. Consequently, the fertilization rate was formulated to 

meet the nitrogen requirement only. 

Effects of ADE on Vegetable Production 

Effects on Onion Yield 

The effects of different fertilizer treatments on onion yield are presented in Table 

3-4. These results suggest a significant response (p<0.05) to all fertilized treatments 

when compared to the control (no fertilization). The maximum values of fresh total 

biomass (22.2 ±3.2 Mg/ha), total bulb (17.5 ±2.4 Mg/ha) and marketable yield (12.0 ±2.5 

Mg/ha) were found in onion plots treated with FE. A similar result was found in onions 

treated with ADE (P<0.05) with 20.03 ±3.22 Mg/ha of total biomass, 15.21 ±1.22 Mg/ha 

of total bulb weight, and 11.03 Mg/ha of marketable bulb yield (Table 3-4). These results 

indicated that ADE stimulated an increase of 33.5%, 39.3% and 41% for the total 

biomass, total bulb and marketable bulb yield, respectively, compared to the control 

group (Figure 3-1). The results of this experiment support the effectiveness of the 

application of ADE in increasing onion growth and yield. No significant difference was 

found between the other types of fertilizer for all the response variables considered in 

this study. 
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Onions treated with ADE resulted in a greater concentration of TKN and 

phosphorus in bulb tissue (Figure 3-2) compared to the other fertilizers while those 

fertilized with fish emulsion contained higher concentrations of potassium in bulb tissue. 

In terms of nutrient uptake (Figure 3-3), ADE and FE led to a greater P and K uptake as 

compared to urea and the control. Onions treated with FE had significantly higher 

nitrogen uptake than the other treatments. This finding suggests that a fraction of the 

yield obtained from ADE treatment can be explained by the K and P uptake. Nutrient 

content of the onion juice and characteristics of the juice in terms of pH, EC and brix are 

presented in Figures 3-4 and 3-5, respectively. No significant different was found 

between the soluble content of onion bulbs suggesting that fertilizer sources were not a 

differentiating factor. 

Effect on Bean And Maize Yield 

Tables 3-5 showed the effects of ADE on the yield of beans. Bean total dry 

biomass ranged between 2.6±0.1 and 4.5 ± 0.5 Mg/ha in all treatments tested. ADE 

yielded higher total biomass but not significantly higher than yields than either FE or 

urea. Similarly, the grain yield was identical among all fertilized plots. Compared to the 

control, bean yield increased by 40% with ADE, 30% with FE, and 45% with urea. 

Likewise, total biomass increased by 40% with ADE, 38% with FE, and 28% with urea 

(Figure 3-6). These results indicated that ADE application enhanced bean yield to the 

same extent as urea and fish emulsion. 

Table 3-6 showed the effects of ADE on the yield of maize. Total biomass and 

grain yield of maize obtained from plants treated with the ADE, FE and urea treatments 

were higher than yields obtained in the control plots. The difference was not significantly 

different between plots treated with FE and the control fertilized plots, however, the 
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difference was significant between urea and ADE. The grain yield ranged between 7.7 

and 13.8 Mg/ha within the fertilized plots. The yield of the control was 4.81 and was not 

significantly different than plants treated with FE. This may have resulted from the 

variation of the soil fertility of the site. In addition, because only 10% of the Nitrogen 

concentration of the fish emulsion was in a plant available form, the rate of nitrogen 

release may not be proportional to the nitrogen demand of maize. The grain yield 

obtained from this experiment was consistent with work by Loria et al. (2002) who 

reported significant response of corn to raw and digested manure. However, the authors 

reported lower yield (6.12 to 7.84 Mg/ha) than the yield recorded in this experiment. 

Similarly, Chantighy et al. (2008) found that liquid swine manure treated by anaerobic 

digestion had a similar fertilizer value when compared to mineral fertilizer in terms of 

grain yield. Compared to the control, maize grain yield increased by 62% with ADE, 

31% with FE, and 61% with urea (Figure 3-7). The highest total biomass yield was 

obtained with ADE, representing an increase of 60% compared to the control. 

With respect to macronutrient contents of bean and maize grain, plants treated 

with ADE had grain TKN, TP, and potassium concentrations that were similar to the 

control values. However, ADE treatments reached higher nutrient concentration for 

bean than the control, however; the N concentration was not significantly different 

among various treatments. (Figures 3-9 and 3-11). The total N concentration in maize 

plants (Figure 3-9) was similar to the rates reported in other studies (Biau et al., 2012). 

In addition, fertilizer treatment did not affect soluble content of onion or grain nutrient 

content of either bean or maize. 



 

 73 

Postharvest Soil Properties 

Differences between chemical and physical soil properties before and after the 

experiment were not significant. As it is depicted in Table 3-10, most soil parameters did 

not change when compared with the value prior to the experiment irrespective of the 

fertilizer treatment. However, soil TKN concentration was slightly higher in plots treated 

with ADE than the control plots (Table 3-7) for all tested crops. Total soil organic matter 

followed the same tendency, indicating that application of ADE had the capability to 

increase soil organic matter. Soil treated with ADE had also higher Ca, Mg, TP, and K 

concentration than the control. The results of this study were in accordance with those 

found by Lee (2010) who reported higher organic matter content, higher soluble 

phosphorus and greater K concentration in plots treated with organic fertilizers 

compared to unfertilized soil. This low change of the soil TKN concentration observed in 

plots treated with ADE corroborates the fact that the nitrogen component of the ADE is 

mostly in ionic form that is readily available for plant uptake. Additionally, the soil 

organic matter of plots treated with ADE was significantly higher than the control but not 

significantly different than the other treatments. Alburquerque et al. (2012) reported no 

statistically significant difference for the soil TN concentration when comparing ADE and 

mineral fertilizer.  

Discussion 

The effects of ADE on the vegetative growth and yield of major crops commonly 

grown in Haiti were evaluated in this study. Nutrient concentrations of ADE found in this 

experiment support the assumption that ADE contains readily available plant nutrients.  

Anaerobic digester effluent showed positive fertilization effects in onion, bean, and 

maize production. The response of those crops in terms of vegetative growth, total 
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biomass, and marketable yields to ADE application was significantly higher than the 

control (no fertilization). The results of this experiment indicated that ADE increased the 

yield of onion, bean and maize by 42.5, 40.5, and 65%, respectively compared to the 

control.  These results are in corroboration with those found by Alburquerque et al. 

(2012) who reported significantly greater response of plant development (watermelon) 

to ADE and mineral fertilizer compared to the control. Likewise, no statistical difference 

was recorded on marketable yield of lettuce between ADE and traditional organic and 

mineral fertilizers (Montemurro et al., 2010). Rajendran et al. (2012) reported that ADE 

increased potato yield by 27.5% and forage by 1.5% compared to plants that did not 

receive any fertilizer. For such types of crops, ADE contains enough plant available-N 

for vegetable production and therefore can be used as a substitute for synthetic 

nitrogen. An economical comparison between conventional nitrogen fertilizer and the 

ADE suggested a 100% savings in fertilizer cost when application is made on 

phosphorus basis, assuming that the farmer produces the ADE on his farm. The results 

of this experiment showed that anaerobic digestion could help farmers maximize 

nutrient recycling from organic wastes and reduce their reliance on inorganic fertilizer. 

Like all fertilizer applications, ADE application depends on specific crop nutrient demand 

and the nutrient concentration of the anaerobic digester effluent. This study 

demonstrated that ADE was able to supply nutrient to high demand nitrogen crops such 

as maize. 

The TKN concentration in the soil at the end of the experiment did not differ 

significantly between the three-fertilizer sources; however, soils treated with ADE had 

higher TKN concentration than the control. The slight increase of soil nitrogen 
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concentration can be explained by the fact that a certain fraction of the total nitrogen 

concentration of ADE is in organic form and may not be completely mineralized during 

the growing season. Furthermore, only a 7% increase of TKN was found in soil treated 

with ADE compare to the control plots. The relatively high ammonium concentration of 

ADE indicates that ADE may be most beneficial for high N demanding crops with a 

short growing period specifically in organic vegetable production where fast release 

fertilizers are generally lacking (Moller and Muller, 2012). Additionally, application of 

ADE was effective at increasing soil organic matter. This improvement in soil organic 

matter is essential to sustain productivity and enhance biological and chemical soil 

properties. This is in agreement with Tambone et al. (2009) who reported that ADE 

could act as a soil amendment. Anaerobic digester effluent can be used to enhance 

organic farming where inorganic fertilizers cannot be applied (Walsh et al., 2012). 

In areas with poor soil quality, the application of nutrients (organic or inorganic) is 

necessary to sustain food production. Heilig and Kelly (2012) reported that dry beans 

growing under organic production with no fertilizer inputs had 19.8% lower yield than 

beans growing under conventional production with nitrogen inputs. This study 

suggested that even though beans have the potential to fix nitrogen, application of ADE 

could substantially increase the yield. The result of this experiment showed that ADE 

could be used to supplement elemental nutrients needed to increase yields in bean 

production. Loria et al. (2007) evaluated the use of anaerobically digested swine 

manure as a nitrogen source in corn production. The results of this study suggest that 

farmers in developing countries such as Haiti can use anaerobic digestion as a method 

to recycle farm wastes and generate biofertilizer at low cost. They can substantially 
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increase their yield by using higher fertilization rates, which would depend on the 

nutrient concentration of the ADE and the growing crops. They can preferentially digest 

wastes high in nitrogen content such as animal manure, urine, human waste, and 

biomass from legumes. Agoramoorthy and Hsu (2008) reported that after the launch of 

biogas projects in India’s remote villages, chemical fertilizer use was reduced by 50.1%. 

The improvement in the living conditions in terms of reduction of usage of firewood, 

kerosene, and fertilizer, and improvement of hygiene and human health support the 

potential of AD to promote local development and a cleaner environment.  
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Table 3-1.  Physico-chemical characteristic of anaerobic digester effluent (ADE) 

Parameter Unit Value 

pH  7.2 ±0.02 

Moisture % 98.93 ±0.05 

Total solids % 1.07 ±0.05 

Total ash %TS 23.36 ±0.73 

TOM %TS 76.64 ±0.73 

COD mg/L 15000 ±1000 

EC ms/cm 4.51 ±0.06 

ORP mV -298 ±15 

Nitrogen (total) mg/L 502.5 ±16.7 

Phosphorus (total) mg/L 102.0 ±8.54 

Elemental potassium mg/L 374 ±40 

TAN mg/L 301 ±9.13 

TOM: Total organic matter, COD: Chemical oxygen demand, EC: electrical conductivity, 
ORP: Oxidation reduction potential, TAN: total ammonia Nitrogen  

 



 

 78 

Table 3-2.  Economic value of ADE for bean, maize and onions at application rate based on total nitrogen 

Nutrient Crops Recommended 
(kg/ha) 

Application 
rate 

(mm/ha) 

Supplied 
(kg/ha) 

Additional 
needed 
(kg/ha) 

Cost needed 
(US dollars) 

Economic 
value of ADE 
(US dollars) 

% 
Saving 

N Bean 120 25.4 120 0 143 143 100 

P2O5 Bean 134 25.4 56 79 194 81 42 

K2O Bean 134 25.4 108 26 145 117 81 

Total     105 482 341 70.7 

N Corn 168 33.67 168 0 201 201 100 

P2O5 Corn 134 33.67 78 56 194 113 58 

K2O Corn 134 33.67 152 0 145 163 100 

Total     56 540 477 88 

N Onion 168 33.67 168 0 201 201 100 

P2O5 Onion 168 33.67 78 90 243 113 46 

K2O Onion 168 33.67 152 16 181 163 90 

Total     106 625 477 76 

Fertilizer cost was estimated using current market price of urea, superphosphate and potassium chloride  
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Table 3-3.  Economic value of ADE for bean, maize and onion production at application rates based on total phosphorus 

Nutrient Crops Recommended 
(kg/ha) 

Application 
rate (mm/ha) 

Supplied 
(kg/ha) 

Additional 
needed 
(kg/ha) 

Cost needed 
(US dollars) 

Economic 
value of ADE 
(US dollars) 

% 
Saving 

N Bean 120 57.76 288 0 143 345 100 

P2O5 Bean 134 57.76 134 0 194 194 100 

K2O Bean 134 57.76 260 0 145 311 100 

Total     0 482 850 100 

N Corn 168 57.76 288 0 201 417 100 

P2O5 Corn 134 57.76 134 0 194 145 100 

K2O Corn 134 57.76 260 0 145 280 100 

Total     0 540 842 100 

N Onion 168 72.4 361 0 201 432 100 

P2O5 Onion 168 72.4 168 0 243 243 100 

K2O Onion 168 72.4 326 0 181 351 100 

Total      625 1026 100 
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Table 3-4.  Effect of fertilizer treatment on onion (Allium cepa) growth and yield 

Treatment Total 
biomass 
(kg/EU) 

Total 
bulb 

(kg/EU) 

Total 
biomass 
(Mg/ha) 

Bulb yield 
(Mg/ha) 

Marketable 
yield (Mg/ha) 

ADE 1.3 ±0.2 0.9 ±0.1 20.0 ±3.2a 15.2 ±1.2a 11.0 ±1.0a 

Urea 1.2 ±0.1 0.9 ±0.0 19.3 ±1.5a 13.9 ±2.3ab 10.8 ±3.3a 

FE 1.4 ± 0.2 1.1 ±0.2 22.2 ±3.6a 17.5 ±2.4a 11.9 ±2.5a 

Control 0.9 ± 0.2 0.7 ±0.2 15.0 ±2.5b 10.9 ±2.8b 7.8 ±1.0b 

Values are given as treatment mean followed by 1 standard deviation. Values followed 
by different letters are significantly different at p<0.05. EU: experimental unit. 
Marketable yield are onion of diameter equal or higher than 20mm 

 

 

Table 3-5.  Effect of fertilizer treatment on bean (Phaseolus vulgaris) growth and yield 

Treatment Total biomass 

(g/EU) 
Grain yield 

(g/EU) 
Total biomass 

(Mg/ha) 
Grain yield 

(Mg/ha) 

ADE 280.0 ±30a 131.5 ±22.4ab 4.5 ±0.5a 2.11 ±0.4ab 

FE 270.0 ±10a 139.9 ±5.8a 4.3 ±0.2a 2.25 ±0.1a 

Urea 233.3 ±11.5b 112.3 ±24.4b 3. 7 ±0.2a 1.80 ±0.2b 

Control 164.3 ±5.3c 76.9 ±0.2c 2.6 ±0.1b 1.24 ±0.0c 

Values are given as treatment mean followed by 1 standard deviation. Values followed 
by different letters are significantly different at p<0.05 EU: experimental unit 
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Table 3-6.  Effect of fertilizer treatment on maize growth and yield 

Treatment Total biomass 
(kg/EU) 

Grain yield 
(kg/EU) 

Total biomass 
(Mg/ha) 

Grain yield 
(Mg/ha) 

ADE 1.74 ±0.2a 0.86 ±0.1a 27.9 ±2.6a 13.9 ±1.6a 

FE 1.01 ±0.2b 0.48 ±0.1b 16.3 ±3.7b 7.7 ±1.9b 

Urea 1.87 ±0.4a 0.80 ±0.1a 30.1 ±5.7a 12.9 ±2.2a 

Control 0.64 ±0.3b 0.30 ±0.1b 10.3 ±2.7c 4.8 ±0.8b 

Values are given as treatment mean followed by 1 standard deviation. Values followed 
by different letters are significantly different at p<0.05 EU: experimental unit. 
 
 
Table 3-7.  Soil characteristic at time of planting 

Parameter Unit Value 

pH  6.25±0.15 

SOM % 3.61± 0.14 

P mg/kg 110.5±20.5 

K mg/kg 61±18 

Mg mg/kg 1047±170.5 

Ca mg/kg 212±6 
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Table 3-8.  Soil properties after harvesting as affected by different fertilizer treatment 
(mg/kg) 

Treatment  Crop P  K  Ca  Mg  TKN  SOM (%) 

ADE Onion 88.84 37.6 847.2 226.4 1478 4.77a 

Urea Onion 76.6 37.36 720.4 282 1469 4.34b 

FE Onion 84.32 67.16 581.6 161.8 1373 4.40b 

Control Onion 79.28 39.64 696 182.7 1445 4.00c 

ADE Beans 115 71.2 1073 282 1285 4.46a 

Urea Beans 88.84 37.6 847.2 226.4 1356 4.52a 

FE Beans 92.04 31.28 845.6 219.2 1431 4.39a 

ADE Corn 51 38 821 164 1353 3.68a 

Urea Corn 48.24 25.11 732.42 159.64 1176.47 3.49ab 

FE Corn 51.16 49.01 801.34 173.05 1530.36 3.63a 

Control Beans 84.32 67.16 581.6 161.8 1373 4.34b 

Control Corn 41.30 25.91 587.73 126.00 795.85 3.25c 
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Figure 3-1.  Increase in onion yield by fertilization treatment compared to the control (no 

fertilization) 

 
Figure 3-2.  Nutrient concentration in dry onion bulbs by fertilization treatment. Total 

Kjeldahl nitrogen (TKN), Total phosphorus (TP), potassium (K). Values 
represent the average and error bars are ± standard deviation 

0

10

20

30

40

50

60

70

ADE Urea FE

%
 I

n
c
re

a
s
e

d
 c

o
m

p
a

re
d

 t
o

 t
h

e
 

c
o

n
tr

o
l 

Total Biomass Marketable yield

0

5

10

15

20

25

30

35

40

45

50

Urea ADE FE Control

T
is

s
u
e

 a
n

a
ly

s
is

 o
f 
b

u
lb

 (
g
/k

g
) 

TKN TP

K



 

84 

 

Figure 3-3.  Nutrient uptake by onion bulbs by fertilization treatment. Total Kjeldahl 
nitrogen (TKN), Total phosphorus (TP), potassium (K). Values represent the 
average with one standard deviation 

 
 
Figure 3-4.  Characteristics of onion juice by fertilization treatment 
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Figure 3-5.  Nutrient contents of onion juice by fertilization treatment in mg/L 

 

 
Figure 3-6.  Percentage increase in bean yield compared to the control (no fertilization) 
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Figure 3-7.  Percentage increase in maize yield compared to the control (no fertilization)  

 

 
Figure 3-8.  Tissue analysis of bean (grain) by fertilization treatment 
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Figure 3-9.  Nutrient uptake of bean (grain) by fertilization treatment 

 
Figure 3-10.  Tissue analysis of maize (grain) by fertilization treatment 
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Figure 3-11.  Nutrient uptake of maize (grain) by fertilization treatment 
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CHAPTER 4 
CHARACTERIZATION OF SWEET SORGHUM FOR BIOFUELS AND FOOD 

PRODUCTION 

Sweet sorghum (SS) has been recognized as an attractive bioenergy crop 

because of its high productivity, drought tolerance, and the versatility of its components. 

Its richness in directly fermentable sugars makes it a valuable alternative feedstock to 

most common bioenergy crops (Stefaniac et al., 2012). Sweet Sorghum stem contains 

approximately equal quantities of soluble (glucose and sucrose), and insoluble 

(hemicellulose and cellulose) carbohydrates. For a comparable yield, SS consumes less 

water and fertilizer than most common bioenergy crops. According to Miller and Ottman 

(2010), irrigation frequencies did not affect the yield of the Cultivar M-81E, which ranged 

from 20 to 31 Mg/ha. However, Wortmann et al. (2010) reported yields of 8 to 48 Mg/ha 

across different N fertilization rates. Sweet sorghum has been extensively evaluated for 

its sugar content and ethanol yield. Miller and Ottman (2010) reported an average of 

ethanol yield of 2,726 L/ha from the fermentation of juice sugars. Furthermore, Zhao et 

al., (2009), evaluated the ethanol yield of both non-structural carbohydrates and simple 

sugars, and reported estimated ethanol yield ranged between 3,533 to 5,414 L ha-1. 

Although the science and technology for ethanol production are technically available, 

implementation of fuel ethanol production has not been economically feasible yet in 

many countries around the world. Many developing countries including Haiti lack the 

necessary infrastructures and cannot afford the high investment cost required to 

embrace ethanol production for transportation fuel. 

Adoption of sweet sorghum in the Haitian farming system is at its nascent stage. 

Currently, it is being explored as an alternative to boost local agriculture and supply a 

reliable animal feed source. Despite these attractive features, characterization of SS 
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plant biomass for biofuels in the form of methane coupled with food/feed production has 

not been explored. Therefore, it is necessary to investigate the amenability of SS 

biomass for biofuels and feed/food production in terms of biomass partitioning, 

proximate analysis, and methane production potential. Sweet sorghum plant biomass 

obtained from the experimental field at the Energy Research and Education Park at the 

University of Florida, Gainesville, FL., was partitioned into distinctive components and 

analyzed for its potential methane production and its chemical characteristics.  

Crop Yield and Biomass Partitioning 

The characterization of various SS plant components is presented in Table 4-1. 

Weights of fresh leaves, fresh heads, fresh extracted stem, and juice were 0.084 ± 0.02, 

0.096 ± 0.03, 0.487 ± 0.09, and 0.215 ± 0.07 g/plant, respectively. These results show 

that the stem accounted for 80% of the total fresh biomass of the plant, which was 

0.882g while the leaves and the heads represented 9.5% and 10.5% of the total plant 

biomass, respectively. The total dry biomass was 0.307 g/plant, suggesting that the total 

solid content of the plant was approximately 35%. Total fresh biomass yield and dry 

biomass yield averaged 74.2 ± 12.1 Mg/ha and 29.0 ± 4.9 Mg/ha, respectively, and 

were in the range reported by Erickson et al. (2011). Dry biomass partitioning followed a 

similar pattern to the fresh biomass (Figure 4-1). The fresh stalk yielded higher biomass 

(41.04 ± 1.4 Mg/ha) than the juice (18.04 ± 4.5 Mg/ha), heads (8.04 ± 1.51 Mg/ha), and 

leaves (7.08 ± 0.95 Mg/ha) (Table 4-2). The morphological characteristics of Sweet 

Sorghum used in this experiment reflected the general value reported in the literature. 

Average plant height, internode length, and internode diameter were 310 ± 2, 20 ± 1, 

and 1.5 ± 0.3 cm respectively (Table 4-3). The plant population 13.2 plants/m2 was in 
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the density range of 12 to 20 plants/m2 reported for SS (Zegada-Lizarazu and Monti, 

2012).  

Feedstock Composition 

 Organic Matter, Fiber Content and Chemical Oxygen Content 

Structural and non-structural carbohydrate content of various plant components 

reflects the suitability of the plant biomass to be used as a feedstock for anaerobic 

digestion and for food or feed. Non-fiber (NF), hemicellulose content (%DM), 

cellulose/lignin content (%DM), and crude fiber (%DM) of various SS biomass are 

presented in Table 4-4. The OM varied from 94.4% to 98.4%; extracted stalk yielded the 

highest value. Results portrayed the typical range of OM reported in the literature for 

sorghum and other grasses. The chemical oxygen demand (COD) varied from 190 ± 5 

to 1032 ± 30 g/kg (Table 4-5). These results indicated that all SS plant biomass 

contained sufficient organic matter for conversion into methane. However, the organic 

fraction of the feedstock is not sufficient to predict its digestibility. In this regard, the 

nature and the composition of different structural elements are key parameters in 

evaluating a feedstock. As it is depicted in Table 4-4, the fiber content on a dry weight 

basis of extracted stalks, heads and leaves averaged 33.6 ± 1.1, 8.0 ± 0.2, and 32.1 ± 

1.3%, respectively. Fiber values suggested that sweet sorghum heads had a larger 

proportion of readily digestible materials available to be converted to methane. Chipped 

stalks and whole plants contained 26.4 ± 1.5 and 27.5 ± 2.3% fiber, respectively. The 

lower fiber content of chipped stalks and whole plant compared to leaves and extracted 

stalks can be explained by the addition of leftover non-structural sugars from the juice, 

which contributes to decreasing the relative fiber concentration. Hemicellulose content 

was higher for the leaves (24.9 ± 1.0 %) and was lower for heads (4.7 ± 0.4%). 



 

92 

However, the whole plant had higher cellulose/ lignin content. High hemicellulose and 

low cellulose/lignin contents indicate that a large fraction of the fiber can be hydrolyzed 

without any chemical treatment and therefore is available for microbial conversion 

through anaerobic digestion. These findings were in accordance with those found by 

Madibela (2002) who reported hemicellulose values for different sweet sorghum plant 

materials of 28.9 to 34.7%. Godin et al. (2010) evaluated cellulose, hemicelluloses, 

lignin, and ash content in various lignocellulosic crops for second-generation bioethanol 

production, and reported that cellulose, hemicellulose, lignin, and ash content of 29.7 ± 

1.0, 25.1 ± 2.3, 3.2 ±0.5, and 9.5 ± 1.1% for SS plant components, respectively. The 

composition of sweet sorghum biomass suggested that sweet sorghum plant 

components contain relatively low fiber and support their suitability for both biofuel and 

feed production. 

In Vitro Organic Matter Digestibility 

In vitro organic matter digestibility (IVOMD) is an estimation of the soluble cell 

constituents and various nonstructural carbohydrates, nitrogenous compounds, 

cellulose and hemicellulose that can be degraded by microorganisms (Burner et al., 

2009). The IVOMD percentage was 46,7 ± 2.1, 66,3 ± 1.8, 60.1 ± 0.5, 58.1 ± 6,2 and 

53.1 ± 2.9% for extracted stalks, heads, leaves, chipped stalks, and whole plants 

(Figure 4-2). The relatively high value of IVOMD in the heads probably results from its 

relatively low fiber and high protein content compared to the other plant components. 

The higher value of IVOMD of the heads suggests that heads have fodder qualities and 

therefore can be used as animal feed.  
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Nutrient Content  

Figures 4-3 and 4-4 show the CP, ash, and phosphorus content of non-juice 

components. Sweet sorghum heads had significantly higher crude protein content (11.2 

± 1.6%) than leaves (6.54 ± 1.3%) and stalk (1.18 ± 0.6%). The phosphorus content of 

the heads was 0.470 ± 0.002% and was significantly higher than the phosphorus 

content of the leaves (0.277 ± 0.001%), the stalks (0.078 ± 0.001 %), the chipped stalk 

(0.076 ± 0.004%), and the whole plant (0.190 ± 0.002%). These results were in 

accordance with Colombini et al. (2012) who reported crude protein content of 12.3, 

10.5, and 8.7 % of DM for whole plant grain sorghum silage, forage sorghum silage, and 

corn silage respectively. The relatively high protein content of the heads suggests that 

they are a promising feedstock for animal feed and human consumption.  

Methane Yield and Methane Production from Non-Juice Components 

Cumulative methane production was measured for 60 d in the assay.  Methane 

production measurements were normalized to per g COD loaded and STP conditions 

after subtracting methane production from the inoculum blank. Cumulative methane 

production was fitted to a first-order kinetic equation with the kinetic rate constant (k) 

and ultimate cumulative methane yield (CH4f) as fitted parameters. 

 Table 3-6 shows the methane yield and the kinetic rates of various SS biomass 

components. The methane yield obtained for the fibrous components of SS was 344.9 ± 

1, 312.0± 1.7, and 303.1 ± 0.6 mL CH4/g COD for heads, leaves, and extracted stalk, 

respectively. Different SS components showed variability in total methane yield. Sweet 

sorghum heads had the highest methane yield while extracted stalk had the lowest 

yield. Statistical analysis of the result (p<0.05) showed that methane yield of sweet 

sorghum heads was significantly different from the yields of other parts of the plant. The 
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difference among various methane yields seemed to result from the diversity of the 

chemical composition of different plant components used in this experiment. On an 

organic matter basis, these values were in accordance with Gunaseelan (2007) who 

reported a typical range of 228 to 538 mL CH4/g of OM for different sorghum cultivars. 

Furthermore, the result of this study demonstrated that methane yield of sweet sorghum 

plant materials is comparable to the yield reported for Zea mays L. silage which is 280- 

420 mL CH4/g OM, higher than winter straw (280 mL CH4/g OM), rice straw (230 mL 

CH4/g OM), rape straw (190 mL CH4/g OM), and Miscanthus X giganteus (200 mL 

CH4/g OM) (Klimiuk et al., 2010). Methane yield obtained from different SS components 

was within typical range for forage, which is generally rich in cellulose content protected 

in most cases by a complex fiber structure making the carbon content inaccessible for 

microbial activity (Rincon et al., 2010). The theoretical methane yield could be estimated 

at 350 mL CH4/g COD. It is evident that the methane yield obtained in this study ranged 

around the expected yield particularly for heads and leaves. Sweet sorghum heads 

reached 98% of the theoretical yield. As it is depicted in Table 4-4, SS heads had higher 

non-structural carbohydrates, which probably contributed to facilitating the degradation 

process.   

Methane Production Rate for Fibrous Components Of Sweet Sorghum 

The methane production rate reflects the biodegradability characteristic of the 

substrate and production of inhibitory intermediate products during the anaerobic 

digestion process. Figures 4-5 and 4-6 display measured and fitted models of distinctive 

methane production patterns for SS stalks, heads and leaves during the course of 60-

day retention time. All SS components showed a monophasic curve of methane 

production and more than 80% of the methane yield was achieved by 20 days for heads 
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and between 25 to 40 days of incubation for other components (Table 4-6). The 

methane production rate appears to approach zero at 45 days residence time. Leaves 

had a higher rate but overall lower methane yield than heads. The lower rate of the 

heads can be explained by the higher protein content that is more difficult to digest. 

Although the total methane yield of chipped stalk and the whole plant (Figures 4-7 and 

4-8) were significantly lower (p<0.05) than the heads, their estimated kinetic rates did 

not show any significant difference. The higher methane yield of the chipped stalk and 

the whole plant compared with the leaves and extracted stalk can be explained by the 

presence of relatively high amounts of directly available sugar in both chipped stalk and 

the whole plant that contributed to increase the microbial activity.  

Proximate Analysis for Methane Yield and Kinetic Rate Prediction 

Compositional characteristics of different SS biomass components were 

expected to predict potential methane production. Although significant differences were 

observed in fiber content, crude protein, and IVOMD of different feedstocks, the 

difference found among the methane yields could be attributed to their chemical 

characteristics. Regression analysis between methane yield of different plant 

components used in this experiment and the NF component was strong (r2=0.90) 

(Figure 4-9) A positive relationship was also observed between methane yield and 

crude protein (r2=0.75) (Figure 4-10). As it was anticipated, samples with high non-fiber 

content reached the highest methane yield. The non-fiber component represents the 

fraction of the feedstock that are easy digestible. However, a negative correlation was 

found between hemicellulose and the methane yield (r2=0.82) (Figure 4-11). This could 

be explained by the fact that samples with low hemicellulose content have either high 

non-fiber content or high cellulose/ lignin content. Non-fiber content and cellulose are 
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more degradable than hemicellulose. In contrast, a poor correlation (r2=0.09) was found 

between the yield and the cellulose/lignin content of the component (Figure 4-12).  A 

poor correlation was found between the crude protein and the kinetic rate (R2 =0.07) 

(Figure 4-13). Contrarily, a higher correlation was found between the kinetic rate and 

cellulose/lignin content (r2=0.72) (Figure 4-14). These findings are in accordance with 

Gunasealan (2007) who reported similar relationships between methane yield and 

carbohydrate content, acid detergent fiber, lignin, and cellulose content for sorghum and 

napier-grass. However, a multiple regression using hemicellulose and crude protein as 

predictable variables revealed a very strong relationship (r2=0.97) with methane yield 

(Table 4-7). Likewise, a strong correlation (r2=0.99) was found between non-fiber and 

cellulose/lignin and the kinetic rates. 

For instance, SS heads and the whole plant had the lowest hemicellulose content 

and highest crude protein; accordingly, their methane yield was higher than the other 

plant components. Likewise, the methane production rate of SS leaves was significantly 

higher than the rate exhibited by the other substrates. Part of this relatively high 

production rate can be attributed to their low cellulose/lignin. These findings indicated 

that a combination of multiple parameters is more adequate to predict methane 

production than single parameters. 

Characterization of Sweet Sorghum Juice for Methane Production 

Juice Yield and Chemical Characteristics 

The extracted juice averaged 18.0 ± 4.5 Mg/ha corresponding to a juice 

extraction ratio of 52.5% (g of juice/g stalk) by weigt. The extracted juice weight did not 

represent the actual juice yield of the plant since 100% extraction efficiency is 

unachievable. Most industrial extraction reaches 80% efficiency (Wortmann et al., 
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2010), but this study did not take into account the extraction efficiency since the leftover 

sugar in the stalk would be recovered by using the stalk for bioprocessing. Figure 4-15 

shows chemical characteristics of the juice. Electrical conductivity, pH, brix content, 

chemical oxygen demand, and alkalinity were 6.4 ± 0.4 mS/cm, 5.1 ± 0.1, 16.1± 0.5%, 

189± 5 g/kg and 403.33 ± 30 mg as CaCO3, respectively. The brix was in the range of 

10.7 and 18.9% reported by Houlou and Stevens (2010). The sugar yield was 2.9 Mg/ha 

based on actual extraction data and was in the range of 2 to 9.9 Mg/ha reported by 

Houlou and Stevens (2010). A theoretical methane yield of 66.9 mL of CH4 can be 

obtained from the conversion of 1 gram of juice through anaerobic digestion. 

Additionally, the juice contains substantial amounts of major nutrients. Total nitrogen, 

ammonia-nitrogen, TP and K were approximately 62.8 ± 8.8, 24.9 ± 6.3, 221.9 ± 80.4, 

and 2,102.9 ± 129.8 ppm, respectively. Total nitrogen concentration of the juice was 

lower than the value reported by Erickson et al. (2012) who evaluated the nutrient 

partitioning in SS plant in response to different fertilization application rates. The 

presence of substantial amounts of nutrients in the juice is a beneficial feature of the 

juice as a candidate feedstock for anaerobic digestion.  

Anaerobic Digestion of Sweet Sorghum Juice 

Figures 4-16 and 4-17 show the methane production and kinetic rates of SS juice 

and the fitted model for the juice. The methane yield of SS juice ranged between 335.1 

± 5.7 mL/g COD at an organic loading rate (OLR) of 1g COD /L and 320.60 ± 20 mL/g 

COD at an OLR of 2g COD/L. Methane yields obtained from the two tested OLRs were 

not significantly different (p<0.05). However, the kinetic rate was significantly higher for 

the lowest loading rate. As the juice is rich in directly fermentable sugars, accumulation 

of fatty acids resulted in acidification from the rapid hydrolysis of sugars, which were 
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generated at a rate that surpassed the metabolic capacity of the acetogen population. 

The accumulation of fatty acids leads to a drop in the pH and the subsequent inhibition 

of the overall process. This dilemma was overcome by lowering the OLR to 1g COD/L. 

At this rate 85% of the ultimate methane yield was achieved at 6 days while only 57.8% 

was achieved at 2 g COD/L for a similar retention time.  

Methane Yield of Sweet Sorghum Biomass 

The methane yield obtained from different SS plant components were used to 

determine the amounts of methane that can be obtained from 1 ha of sweet sorghum. A 

simple scenario based on utilization of all sweet sorghum components for biodigestion 

is presented in Figure 4-18. Total SS biomass of about 28.8 Mg DM/ha per season were 

partitioned into 6.5, 3.4, and 16.3 Mg/ha of heads, leaves, extracted stalk, respectively. 

The juice yield was 18.04 Mg (wet weight)/ha. Based on the organic matter and the 

methane yield of SS plant components, the methane yields (m3 CH4/ha per season) was 

2,100, 1,000, 5,500, and 1,200 for heads, leaves, extracted stalk, and juice, 

respectively. Anaerobic digestion of all SS plant biomass would reach a total yield of 

9,800 m3/ha per season.  

An integrated scheme based on utilization of the extracted stalk and juice for 

methane production is presented in Figure 4-19. According to this scenario, sweet 

sorghum heads would be used for animal feed or food for human consumption, the 

leaves would stay in the field for increasing nutrients and organic matter of the soil. As a 

result, 6,600 m3 CH4/ha per season can be produced coupled to the production of 6.5 

and 3.4 Mg/ha of heads and leaves for each season, respectively. Since nitrogen and 

phosphorus concentrations of the leaves are relatively high compared to the stalk, 

allowing the leaves to stay in the field would improve soil fertility. The ash concentration 
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of the leaves (5.7 ± 0.2%) was higher than other parts of the plant and constitutes 

another valuable reason for leaving the leaves in the field. 

Even though the methane yield of sweet sorghum in the second scenario would 

be lower in comparison to the first scenario, utilization of the heads and the leaves for 

other purposes strengthens the value of SS as a sustainable crop. When SS heads are 

used as animal feed, animal manures are produced as feedstock for anaerobic 

digestion, which will probably increase the methane yield. In a more holistic scenario 

(Figure 4-20), the juice can be used for ethanol production while the extracted stalk is 

used for methane production. The stillage produced from the ethanol fermentation can 

also be diverted to the digester. Wilkie et al. (2000) reported COD value for stillage 

produced after fermentation of SS as high as 79.9 g/L and therefore can be a carbon 

rich feedstock for anaerobic digestion. The diversity of biofuels that can be obtained 

from this approach highlights the versatility of sweet sorghum and the role it can play in 

an integrated energy and food production system. 

Application of Anaerobic Digestion of Sweet Sorghum 

Proximate analysis, IVODM, and MIT of SS plant components show that SS can 

be digested for producing methane gas. If all SS biomass is dedicated to anaerobic 

digestion, approximately 9,800 m3 CH4/ha can be produced per season. This amount of 

methane gas is equivalent to 7,900 million BTU or 7,300 kg LPG per ha per season 

(Table 4-9). The methane yield of SS depends on a large extent to the biomass yield. 

Table 4-10 presents the energy yield per dry ton. Depending on the scenario, different 

considerations are needed when designing a biodigester and deciding how to digest SS 

plant components. In the event where all SS component are diverted to biodigestion, 

one approach may consist of digesting each component separately. This approach 
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would require a sequential process including harvesting, partitioning plant components, 

squeezing the stem, pretreatment, and feeding the digester. In this experiment, the 

pretreatment consisted only of size reduction.  

Differences between chemical characteristics of each SS component and the 

methane production rate suggested that different parameters are necessary for an 

adequate anaerobic process. The sweet sorghum juice is composed of directly 

fermentable sugars that require a relatively lower OLR but a lower retention time when 

compared to fibrous components. While the relatively short retention time required for 

the juice could be a potential advantage, the lower OLR would require a bigger reactor 

volume with economic consequences. On the other hand, the digestion of fibrous 

components of SS including heads, leaves, and stalks would necessitate a smaller 

digester volume at a longer residence time particularly for a batch digester. 

Another challenge that also needs to be addressed is the short harvesting time 

and poor storage qualities of SS components requiring large extraction capacity for 

immediate processing. With the plenitude of directly fermentable sugars in the juice and 

the ubiquitousness of microorganisms, fermentation of the juice can even start in the 

field. Further treatment would be necessary to preserve the composition characteristics 

of the juice before processing. Additionally, storing a large volume of juice would be 

exceptionally challenging. Preservation of sugars after harvest is a major concern for 

the efficiency and economy of bioprocessing sweet sorghum. Because of the high water 

content and the sugar content of the plant, a short distance between the processing unit 

and the agronomic production site is required.  
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Since the ultimate methane yield of the chipped stalk (326.0 ± 2.76 mL CH4/g 

COD) was not significantly different than the methane yields from the juice, and the 

kinetic rate from the juice was significantly higher than the stalk, simultaneous digestion 

of the juice and the stalk would be the most plausible scenario. According to Figure 4-7, 

approximately 90% of the ultimate methane yield from the chipped stalk that includes 

both juice and extracted stalk was obtained at 30 days, which is between the 10 days 

for the juice and 45 days for the extracted stalk to generate equivalent methane yield 

percentages. This would facilitate the design of a reactor that would handle a practical 

OLR during a relatively short period of time. The chipped stalk can be loaded at a higher 

rate than the juice and would require less retention time than the extracted stalk. This 

model of digestion of the chipped stalk would corroborate the integrated scenario where 

the heads are used for animal and or human food and the leaves left in the field. 

Ensilage: A Potential Storage Technique of Sweet Sorghum Component for both 
Feed and Biogas Production 

Considering the results obtained from the digestion of the chipped stalk both in 

terms of methane yield and kinetic rates, ensilage would be a useful technique for SS 

bioprocessing and can be considered as a storage or a pretreatment method either for 

animal feed or anaerobic digestion. During the ensilage process, soluble sugars of SS 

components would be consumed by acid-producing bacteria that could be either native 

or inoculated. The regulation of the process is maintained by the pH, which will drop 

drastically with the production of organic acids resulting from the process and the 

subsequent inhibition of microorganisms. 

The richness of SS plants in soluble sugars and its high moisture content 

increase the attractiveness of SS for silage production. Amer et al. (2012) reported that 



 

102 

SS silage had a similar effect on dry matter intake, energy-corrected milk, and milk 

efficiency on dairy cows compared to alfalfa silage. Similarly, Sun et al. (2010) found 

that silage production from chopped SS plants and extracted stalk met standard 

requirements for good silage quality (pH not more than 4.2, volatile basic nitrogen to 

total nitrogen ratio no more than 12.5%, and little volatile fatty acids content). 

Successful silage production was attributed to the poor juice extraction ratio, which left 

large amounts of sugars in the stalk. If the juice were used for producing ethanol or 

biogas, a higher extraction rate is desired, since 100% extraction rate is unachievable, 

the extracted stalk with the leftover sugar could be ensiled as an animal feed or later 

biogas production. Whitfield et al. (2012) suggested that sweet sorghum silage could be 

the answer to the short processing window after harvesting for biofuel production. 

However, the obvious disadvantages of ensilage for ethanol production specifically are 

the consumption of sugars by acid production bacteria, which are responsible for the 

ensilage process. This conversion of sugars to lactic acids is not a loss for anaerobic 

digestion since lactic acids are also precursors of methane production. Depending on 

the efficiency of the juice extraction process, the amount of sugars required for a 

complete ensiling may not be sufficient in the extracted stalk (Whitfield et al., 2012), 

consequently ensiling the chipped stalk would be the most realistic approach (Figure 4-

21).  

Sweet Sorghum: A Crop for Fuel and Food Production in Haiti 

The results of this study indicated that SS is a multipurpose crop that can be 

used to produce fuel, feed, and food. Anaerobic digestion of all SS biomass or selected 

components can produce substantial amounts of renewable energy in the form of 

methane gas. Adoption of SS in an integrated energy and food production system can 
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contribute positively to an improved environment and promote agricultural and rural 

development. The development of such system would promote access to energy 

particularly in rural areas of developing countries, support the growth of local economies 

and sustain long-term improvement in food security (FAO, 2008). 

The decline of agricultural productivity in Haiti and the continuous degradation of 

the environment necessitate a multifaceted approach that simultaneously addresses 

food and energy security, environment restoration, hygiene and sanitation. Although 

utilization of SS in the Haitian farming system is at its nascent stage, its development 

could help bolster local agriculture. Elements that give grounds for the suitability of SS 

to the Haitian farming system include favorable climate, existing cultural practices for 

grain sorghum, and existing sugarcane infrastructure. Sweet sorghum can be grown all 

year round in Haiti with the possibility of two or more harvests a year. Additionally, as it 

has been reported in the literature, SS has low water and nitrogen requirements. 

Consequently, farmers can rely only on rainfall as water sources in most regions of the 

country and can supply only limited fertilizer needed. If the integrated scenario (Figure 

4-20) is adopted, the effluent from the AD and the nutrients from the leaves can supply 

the fertilizer requirement for the crop. Since Haitian farmers have grown grain sorghum 

for centuries, they would not need to adopt any new technology or adjust their cultural 

practices for SS. Cultural practices for grain sorghum are similar to those required for 

SS. However, they would need to harvest the stems and follow different steps for 

bioprocessing of SS. In the current grain sorghum production system, farmers usually 

collect the grains that are used for human consumption and or animal feed. The leaves 

and the stem are left in the field or fed to animals. The residues are burnt in the field 
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prior to new plantings. In the system with SS, each component of the plant would be 

sustainably used to produce added value products that would contribute to improve 

farmer livelihoods. The existing infrastructures for sugarcane such as extracting mills 

and distilleries can also be allocated to sweet sorghum processing. Farmers can sell the 

juice to local distilleries to supplement incomes or they can digest the SS for producing 

biogas (Figure 4-22). 

Production of biogas from the stem would be the most sustainable approach. It 

would reconcile food production to clean energy and soil quality protection. The heads 

can be targeted specifically to support livestock production, which is elementary to 

ensure food security. In addition, the leaves and the solid residues from the digestion of 

the chipped stalk can be used as a soil amendment and fertilizer to improve and sustain 

soil quality. 
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Table 4-1.  Partitioning of sorghum plant biomass in g/plant. Mean values and standard 
deviation 

Plant components Fresh weight (g) Dry weight (g) % DM 

Leaves 0.08 ± 0.02 0.04 ± 0.00 47.79 ± 7.9 

Heads 0.10 ± 0.03 0.08 ± 0.02 80.65 ± 1.92 

Juice 0.22 ± 0.07 0.031± 0.01  4.3 ± 1.08 

Extracted stem 0.49 ± 0.09 0.12± 0.08 38.62 ± 1.69 

Total 0.88 ± 0.22 0.31 ± 0.09 31.52 ± 2.1 

 

Table 4-2.  Sweet sorghum biomass yield 

Plant component  Harvested FW FW (Mg/ha) DW (Mg/ha) 

Leaves 1.7 ± 0.2 7.1 ± 0.9 3.4 ± 0.4 

Heads 1.9 ± 0.4 8.0 ± 1.5 6.5 ± 0.8 

Juice 4.3 ± 1.1 18.0 ± 4.5 0.8±0.2 

Extracted stem 9.9 ± 0.7 41.0 ± 2.9 16.2 ± 8.7 

Total biomass 16.8 ± 0.6 74.2 ± 12.1 26.9 ± 8.7 

FW : fresh weight, DW : dry weight 

  



 

106 

Table 4-3.  Morphological characteristics of SS plant 

 Plant parameters Average Standard deviation 

Plant height (cm) 311.3 19 

Internode length (cm) 20.1 0.9 

Plant population (plant/m2) 13.2 1.8 

Internode diameter (cm) 1.5 0.3 

Stem height (cm) 222.0 15.5 

 
 
 
Table 4-4.  Proximate analysis of fibrous components of SS  

Plant components Non-fiber Hemicellulose Cellulose+Lignin Crude fiber 

Extracted stalk 58.9 ±0.9c 20.9 ±1.2b 21.3 ±1.4ab 33.6 ±1.1a 

Heads 83.0±0.4a 4.7±0.4d 12.2 ±0.8c 8.0 ±0.2c 

Leaves 60.4±1.1c 24.9 ±1.0a 10.4±0.7c 32.1 ±1.3a 

Chipped Stalk 64.4± 1.4b 14.1 ±1.0c 18.4±2.4b 26.4 ±1.5b 

Whole plant 64.7±2.0b 12.8±1.1c 23.0±2.6a 27.5 ± 2.3b 

Values are mean and standard deviation. Numbers followed by the same letter are not 
significantly different p<0.05. 
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Table 4-5.  Chemical oxygen demand of Sweet Sorghum components 

Plant Components Mean (g/kg) Standard deviation 

Leaves 962.6 91.1 

Heads 1005.3 11.3 

Extracted stalk 1101.1 49.4 

Juice 188.7 5.33 

Chipped Stalk 1032.0 31.5 

Whole plant 993.1 25.1 

 
 
 
Table 4-6.  Estimates of methane production kinetics of SS components 

Plant component Methane Yield (mL/g COD) K (day-1) 

Extracted stalk 303.1 ± 0.6d 0.041 ± 0.0013b 

Heads 344.9 ± 1.03a 0.046 ± 0.0019b 

Leaves 312.0 ± 1.7c 0.058 ± 0.0017a 

Chipped stalk 317.0 ± 0.6c 0.039 ± 0.0013b 

Whole plant 326.0 ± 6.3b 0.040 ± 0.0011b 

Values are mean and standard error. Numbers followed by the same letter are not 
significantly different P<0.05. 
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Table 4-7.  Prediction of methane yield of sweet sorghum components from different 
independent variables 

Response variable Predictable variables  R2 P value 

Constant rate1 NF, cellulose and lignin 0.99 0.0074 

Methane yield2 CP, Hemicellulose 0.97 0.0322 

1: Prediction expression: 0.097 – 0.001*(cellulose and lignin) – 0.0004NF 
2: Prediction expression: 327+ 2.14*CP-1.19 *Hemicellulose 
NF: Non-Fiber, CP: crude protein 
 
 
Table 4-8.  Sweet sorghum juice characteristics  

Juice TP (mg/L) TN (mg/L) K (mg/L) NH3-N(mg/L) 

Average 242.0. 62.8 2100.0 24.97 

SDTV 91 8.81 129.80 6.34 

 

 

Table 4-9.  Methane yield and energy value of Sweet Sorghum on a per ha basis 

SS Components CH4 yield (m3/ha) BTU (Million/ha) LPG (kg/ha) 

Juice 1150 ± 10.1 41 ± 0.4 860. ± 7.5 

Extracted stalk 5450± 23.7 190 ± 0.8 4060. ± 17.6 

Heads 2240 ± 11.4 80 ± 0.4 1670± 8.5 

Leaves 1001. ± 7.8 35. ± 0.3 750 ± 5.5 

Total 9840± 23.8 350 ± 0.8 7340 ± 17.8 

BTU: British thermal unit. LPG: Liquefied petroleum gas 
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Table 4-10.  Methane yield and energy value of Sweet Sorghum on Mg basis 

SS Components CH4 (m
3/dry Mg) BTU (103/ dry Mg) LPJ (kg/dry Mg) 

Juice 26 ± 0.01 920 ± 0.3 20 ± 0.01 

Stalk 120 ± 0.0 4350 ± 0.0 100± 0.00 

Heads 51 ± 0.0 1790 ± 0.0 40± 0.00 

Leaves 23 ± 0.2 798 ± 6.2 16± 0.13 

Total 220 ± 0.5 7860 ± 19.0 170 ± 0.40 

 

 

 

 
Figure 4-1.  Sweet sorghum biomass partitioning. Values are fresh weight in kg/ha 
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Figure 4-2.  Organic matter (OM) and in vitro organic matter (IVOMD) digestibility of SS 

components  

 
 

  
Figure 4-3.  Crude protein and ash content of SS component 
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Figure 4-4.  Phosphorus content of SS component 

 
 

 
Figure 4-5.  Cumulative methane production of SS component measured from the MIT 
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Figure 4-6.  Fitted cumulative methane production curve of SS component  

 

 

Figure 4-7.  Cumulative methane production of whole plant versus chipped stalk 
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Figure 4-8.  Fitted cumulative methane production of whole plant versus chipped stalk 

 

 
 
Figure 4-9.  Correlation between methane yield and fiber content.  
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Figure 4-10.  Correlation methane yield and crude protein 

 
 

 
Figure 4-11. Correlation methane yield and crude protein 
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Figure 4-12. Correlation methane yield and crude protein 

 

 
Figure 4-13.  Correlation between constant rate and crude protein 
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Figure 4-14.  Correlation between constant rate and cellulose/lignin  

 

 
 
Figure 4-15.  Sweet sorghum juice characteristics. Alkalinity values are in g/L CaCO3 
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Figure 4-16.  Cumulative methane production from SS juice 

 

 

Figure 4-17.  Fitted cumulative methane production of SS juice 
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Figure 4-18.  Methane of sweet sorghum plant. Estimates are for 1 ha. All data are in 
dry weight basis except for the juice  

 
 

 
 
Figure 4-19.  Methane of 1 ha sweet sorghum plant. Only the stem is used for digestion. 

All data are in dry weight basis except for the juice 
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Figure 4-20.  Integration of sorghum sorghum for fuel and feed production. Extracted 

stem and juice go to ethanol and/or biogas production, heads are used as 
animal or human food; leaves are left in the field 
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Figure 4-21.  Ensiling of sweet sorghum for feed and fuel production 

 
 

 
 
Figure 4-22. Diversity of sweet sorghum ends products 
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CHAPTER 5 
CONCLUSION 

Fundamental needs for affordable, clean energy and increased food production 

resulting from an unprecedented growth of world population are grand challenges that 

developing countries currently face. Approximately 50% of the world‘s population and 

up to 90% of rural households in developing countries currently rely on raw biomass as 

their primary source of energy (Bruce et al., 2000; FAO, 2010). Utilization of raw 

biomass as an energy source has severe impacts in terms of both public health and 

environmental degradation. In Haiti, utilization of biomass as the primary energy source 

has led to intensive deforestation with subsequent decline in soil fertility and agricultural 

productivity, due primarily to widespread erosion. As a result, new methods that 

simultaneously address the need of energy and food production, while nurturing the soil 

must be developed. Maximizing synergies between food and fuel production can be 

achieved by the utilization of technologies that allow maximum utilization of agricultural 

residues and foster sustainable stewardship of agricultural lands (FAO, 2010).  

Among current bioenergy crops, sweet sorghum has been recognized as an 

attractive energy crop because of its versatility, yield potential and growth 

characteristics (Zegada-Lizarazu and Monti, 2012). Extensive efforts have been made 

to evaluate the potential of SS for ethanol production; however, little is known about its 

potential methane production and the dual role this crop can play to meet food and fuel 

demands, particularly in Haiti. This study explored the applicability of the anaerobic 

digestion of biomass into the Haitian farming system to generate bioenergy and sustain 

food production. The two objectives of this study were: 1) characterize anaerobic 

digester effluent (ADE) and assess its effect on the growth and yield of common 
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vegetables grown in Haiti, specifically onion, corn, and bean and 2) assess the 

suitability of SS as a multipurpose crop for biofuels and food production. 

Fertilizer Value of Anaerobic Digester Effluent 

Addition of anaerobic digester effluent to the soil had a positive effect on the 

growth and yield of the vegetables used in the described experiments. The yields of 

crops treated with ADE were significantly higher than those that did not receive any 

fertilizer, but were not significantly different from treatments that were fertilized with urea 

and fish emulsion. ADE fertilization experiments indicated that ADE had both nutritive 

value for plant growth as well as increasing soil organic matter and thus might be useful 

for both organic and conventional vegetable production. Mineralization appears to not 

be the limiting factor for plant growth after ADE application. A large fraction of total 

nitrogen (60% in this study) was in the soluble ammonium form, which can be directly 

assimilated by plants and is also readily converted to nitrate in favorable soil conditions. 

Additionally, the organic fraction gradually mineralizes to become plant available and, 

therefore, constitutes a slow-release nutrient reserve for the growing period. However, 

timing and rate of ADE application are essential to avoid nutrient losses and 

synchronize plant needs to nutrient availability. 

Utilization of ADE as a fertilizer source is very attractive in promoting sustainable 

agriculture particularly in developing countries such Haiti. Anaerobic digestion not only 

offers an environmentally-friendly, fuel-producing method of management for organic 

wastes generated on-farm, but also recycles plant nutrients that can be used to offset 

the need for synthetic fertilizers. This is particularly important for nitrogen demanding 

crops like onions and corn where fertilizer cost represents a large fraction of the 

operating cost. 
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Characterization of Sweet Sorghum for Food and Fuel Production 

Sweet Sorghum plant components obtained from the energy grass field trial at 

the Energy Research and Education Pack, University of Florida, Gainesville were 

analyzed according to standard forage quality tests. Triplicate samples of each 

component were analyzed for crude protein, fiber, acid detergent fiber, neutral detergent 

fiber, and ash. Results from the proximate analysis were used to determine the non-

fiber, hemicellulose and cellulose/lignin content of SS components. A methane index 

test (MIT) was performed to evaluate the potential methane production. Sweet Sorghum 

heads had lower fiber content (8.0 ± 0.2%) and higher crude protein (11.2 ± 1.6%) than 

other plant components. The low fiber content and the high crude protein concentration 

make the heads a valuable feedstock for human consumption and or animal feed. The 

methane yield of different plant components varied from 303.1 ±0.6 to 344.9 ±1.03 mL 

CH4/ g COD at STP. Sorghum heads produced a greater methane yield and had 

significantly higher methane generation rates, when compared to all other plant 

components. Simple regression analyses revealed that a positive relationship existed 

between the individual variables of non-fiber and crude protein. The results of multiple 

regression analyses showed strong correlation between determined variables (crude 

protein and hemicellulose) and the response variable (methane yield). These results 

suggested that a combination of multiple parameters gives a better prediction of the 

methane yield and the production rate than a single variable. Plant components with low 

fiber content tend to have a higher methane yield but other parameters such as crude 

protein, type of fiber (hemicellulose, cellulose/lignin) are also determinant parameters. 

The results of this study suggest that Sweet Sorghum could be used as a 

multipurpose crop because its stem, rich in structural and non-structural carbohydrates, 
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can be processed into methane gas. The in vitro digestibility and the nutrient content 

analyses indicated that sweet sorghum heads could be used as animal feed and human 

consumption. When all Sweet Sorghum components are directed to anaerobic 

digestion, approximately 9,800 m3 CH4 per hectare and per season can be obtained. In 

an integrated farm scenario, the stem and juice can be used for making biogas, the 

heads can be used for animal feed or food for human consumption, the leaves would 

stay in the field for increasing nutrients and organic matter of the soil. Since nitrogen 

and phosphorus concentrations of the leaves are relatively high compared to the stalk, 

allowing the leaves to stay in the field would improve soil fertility. In addition, when the 

heads and others components of the plants are used for animal feed, animal manure 

are produced, which can be anaerobically digested. The solid residue of the anaerobic 

digestion process can be used as soil amendment while the liquid effluent would be 

used as fertilizer. 

Practical Implication and Recommendations 

The primary motivation of this research was rooted in the need to provide clean 

energy and affordable fertilizer sources necessary to improve the living conditions of 

Haitian rural households. The results of this study indicate the existence of promising 

potential for co-production of energy and food. Implementation of anaerobic digestion 

and the use of Sweet Sorghum as a multipurpose crop would eliminate possible 

competition between food and fuel production. This synergy between food and fuel 

production is particularly crucial for Haiti where food production is scarce, and 

unsustainable energy sources are used to prepare food on a daily basis. A zero waste 

system can be created using AD as a means to recycle biomass, organic wastes and 

plant nutrients to produce renewable energy, biofertilizer and food. In this system, the 
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balance between soil fertility management, energy and animal feed can be achieved 

through the tradeoffs highlighted by the results of this study. Integration of food and 

energy production is a developing area of study and extensive research and 

development are needed to elucidate the role that such systems may play within local 

development. For instance, the ADE obtained from the digestion of SS plant 

components can be harnessed as a fertilizer source for growing SS, while the 

production of SS biomass generates food (grain), biogas for cooking, and additional 

biofertilizer for the next SS crop. 

In the Haitian context, implementation of AD on a farm scale would be more 

profitable. Farm demonstration systems that could show the feasibility of producing and 

processing sweet sorghum into renewable energy through anaerobic digestion should 

be encouraged at local levels. Similarly, pilot digestion systems that demonstrate the 

effectiveness of anaerobic digester effluent as a fertilizer should be promoted at the 

individual farm level. Without successfully integrating renewable energy, biofertilizer and 

food production, it is unlikely that farmers may be attracted to practice such systems. 

Adoption of anaerobic digestion in an integrated energy and food production system can 

contribute positively to an improved environment and promote agricultural and rural 

development. The development of such system would promote access to energy 

particularly in rural areas, support the growth of local economies and sustain long-term 

improvements in food security. 
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