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Figure 2. Flow diagram of the principal activities in the TOSOLY farm 

 

Sources of biomass 

The whole sugar cane plant is harvested and the tops (leaves + growing point) separated from 
the stalk, which is then passed twice through a 3-roll crusher(trapiche). The extracted juice is 
the dietary energy source for pigs (n=40); the “ tops” are chopped prior to feeding them as the 
energy source for the goats. The bagasse (the fibrous residue after juice extraction) represents 
from 35 to 40% of the fresh weight of the cane stalk and contains from 55 to 65% moisture. It 
is sun-dried during 1 to 2 days to a moisture content of about 15%. The large pieces are 
presently separated and used as litter for the goats; the remaining smaller particles (1 to 3 cm) 
being stored for use as fuel in the gasifier (Photo 2). 

The Mulberry and Tithonia trees are harvested at 6 to 8 week intervals, removing all the fresh 
biomass after cutting about 50 cm above soil level. The mixed foliages are fed immediately to 
the goats, that preferably select the Mulberry of which they eat the leaves and the rind that is 
completely from the stems (Photo 3).   
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Photo 2. Fine bagasse on the left for the gasifier; coarse particles are 
used as litter for goats and cattle but could be chopped and used in the 

gasifier 

 

Photo 3.  Mulberry foliage on the left (most of the rind on the stems 
has been eaten); Tithonia on the right 

 
 

For the Tithonia only the leaves are eaten; the stems are left with the rind untouched (Photo 
3). The stems of both trees that are not eaten by the goats (Photo 4) are collected, passed 
through a high speed (3500rpm) chopper (driven by a 3KW electric motor which receives 
power from the gasifier-alternator) and sun-dried to15% moisture for later use in the gasifier.  
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Photo 4.  Residual stems left by the goats; the white stems (without the rind) are 

from the Mulberry; the green ones with leaves attached are from the Tithonia  

 

Measurement of the EROEI 

The coefficients for the indirect energy cost of inputs to the farming system, such as 
machinery, steel, cement, polyethylene (for the biodigesters) and animal feed, are taken from 
several sources (Table 1). All wastes are recycled. Those of organic origin (excreta from pigs 
and people; washings from coffee processing, and household activities) are the feedstock for 
"plug-flow" , tubular polyethylene biodigesters (Photo 5),  All agricultural activities are done 
by oxen (land preparation) or a horse (transport; Photo 6) or by hand labor (planting, weeding 
and harvesting). No chemicals are used and fertilizer and organic matter are derived from 
recycled goat and cattle manure, the effluent from the biodigesters and "biochar" from the 
gasifier (Rodríguez et al (2009). The only purchased feeds for the animals are rice polishings, 
fish meal and minerals (calcium carbonate, rock phosphate, salt and sulphur). 

  

  

Photo 5. Tubular polyethylene biodigester 
charged with pig manure and water 

Photo 6. New Cocoyam leaves+petioles transported 
by  “Mariscal” in TOSOLY farm 
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Table 1. Coefficients for energy use 

 

The input-output data from the gasifier (Table 2) were taken from the studies of Miech Phalla 
and Preston (2005) and Rodríguez and Preston (2009). These were extrapolated to represent 
the inputs from 1.5 ha of sugar cane (annual yield of 80 tonnes stalk cane) and 1 ha of forage 
trees (annual yield of 6 tonnes/ha of air-dry stems [15% moisture] and outputs when the 
bagasse and tree stems were used as feedstock in the gasifier.  

 

EROEI (Energy Return on Energy Invested) 

 
The coefficients used in the calculation of the EROEI are in Table 2. The calculation of the 
EROEI is in Table 3. If the energy output of the gasifier is based on the calorific value of the 
producer gas then the EROEI is 63. On the other hand, if the output is measured at the point 
of usage (eg: as electricity) then the EROEI decreases to 15.  
  
The major component in the fossil energy inputs is the soybean meal. This will eventually be 
replaced by New Cocoyam silage and yeast-enriched sugar cane juice, produced on the farm.  
  
It is understood that there are some energy costs not accounted for. Apart from the fish meal 
and rice bran used to supplement the sugar cane juice, fed to the pigs, the animals on the farm 
are fed almost exclusively on the `products of photosynthesis. The farm workers mostly 
consume food grown on the farm or in the immediate rural area. There will be additional 
energy costs in the (small) proportion of the food transported into the area and in the services 
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used by the people providing manual labor (eg: their use of grid electricity, health services, 
road maintenance and other services).  
 

Table 2. Calculation of the EROEI (Energy Return on energy Invested) 

 

Results 
The combined activities of gasification and biodigestion using 24 tonnes of fibrous 
byproducts (bagassse + trees stems) from 1.5 ha of sugarcane and 1 ha of forage trees, and the 
excreta from 40 pigs and a family of two adults and one adolescent, yield a total of 261,910 
MJ/year (Table 3; Figure 3). The inputs have an inbuilt energy cost as fossil fuel of 33,205 
MJ/year (Figure 4). The resultant EROEI is 7.9. 
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Table 3. Calculation of the EROEI (Energy Return on Energy Invested) 

Inputs MJ Outputs MJ EROEI 

Machinery 6600 Producer gas 221760   
Human 
power 11200       

Diesel oil 1460 Biogas 40150   

Animal feed 10000       

Construction 4125       
Totals 33205   261910 7.9 

 

  

Figure 3. Outputs of combustible gas energy 
(% of total MJ)according to the source 

Figure 4. Inputs of inbuilt fossil fuel energy 
(% of total MJ) according to the source 

Discussion 
On-farm energy production and EROEI 
  
The results of the study indicate that gasification of fibrous crop residues (from 1.5 ha of 
sugar cane and 1 ha of forage trees) together with anaerobic biodigestion of excreta from 40 
fattening pigs and a family of three persons, can deliver annually 256 thousand MJ of  
combustible gas (equivalent to 6.4 tonnes of oil) - with an EROEI of about 8. This is much 
higher than has been reported for other biofuels derived from biomass (see Hall et al 2009).   

The normal consumption of electricity on the farm is of the order of 5 to 10 KWh daily. The 
daily consumption of sugar cane juice for the pig unit (n=40) is of the order of 200 litres daily 
which requires the crushing of 330 kg of cane stalks daily. With an annual yield of 80 tonnes 
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stalks/ha, the requirement is for 120 tonnes of sugar cane stalks to be produced from 1.5ha. 
The daily production of bagasse is therefore 50 kg (DM basis) sufficient to produce about 41 
KWh of electricity daily. From the 1 ha of forage trees needed for the goat unit, the yield of 
dry stems is estimated at 6000 kg/ha/year, producing a further 13.7 KWh.  - a total of 54.7 
KWh per day. This would provide a surplus at the farm of the order of 45 to 50 KWh daily 
that could be fed into the regional electricity grid or used directly for activities in the local 
community such as (in the future!) the charging of the batteries of electric vehicles. The gas 
produced from the biodigesters (about 5 m3 daily) is surplus to the needs for cooking and 
perhaps 50% could be used for electricity generation which would generate a further 4 KWh 
of electricity daily.   

The EROEI of 8  is more than twice the EROEI (3:1) for oil and six times that for maize-
based ethanol (1.3:1) according to data from Hall et al (2008b).   

The major part of the energy inputs not derived from solar energy relate to human muscle 
power and the purchase of animal feed (Figure 4). Production of soybean meal has a relatively 
high inbuilt energy cost (5.6MJ/kg). It is planned to replace this protein-rich feed by 
increasing the area for growing New Cocoyam and producing a high protein supplement on 
the farm by artisan production of fodder yeast from the cane juice. Replacing the imported 
animal feed by locally produced alternatives would raise the EROEI to 11. The two people 
working on the farm will have some embedded fossil fuel attached to their contribution as 
muscle power. In their calculation of the energy costs of ethanol from maize, Pimental and 
Patzek (2005) assumed a figure of 8000 litres oil per person in USA working 2000 hours per 
year. This is the equivalent of 52 barrels of oil per person per year!!. It is suggested that the 
embodied oil cost of a farm worker in rural Colombia is closer to 1 barrel of oil/year, similar 
to the average for China. Farm workers in rural Colombia do not have a car, they walk to 
work, rarely take vacations, consume mostly what is grown locally and have limited access to 
public services (eg: access roads are unpaved, infrequent or no garbage collection, septic 
tanks for sewage....). There is an obvious need for detailed analysis of this component, which 
will be very "location-specific". 

The next highest source of indirect energy costs is incurred in the manufacture of the 
machinery which accounts for 20% of the total fossil fuel inputs. The steel, which is the main 
component in the machinery being used on the farm, can be recycled at the end of the 
working life, and as such will have a relatively energy over "new"  as the energy cost of the 
steel is mostly incurred  in the mining and processing of the ore. Making an allowance for this 
component would further raise the EROEI.  

Carbon sequestration and soil fertility - other benefits from gasification 

The gasification of fibrous biomass produces a carbon-mineral residue known as "biochar". 
The quantities produced appear to depend on the nature of the biomass being gasified and the 
operating conditions of the gasifier. In the specific case of sugar cane bagasse and tree stems 
in the gasifier in TOSOLY, the production of biochar was recorded as 8.5 and 11.7% of the 
input of bagasse and tree stems, respectively (Rodríguez Lylian, 2009, unpublished data). 
Converting this to a dry matter basis raises the yield to 10 and 14%, which is similar to the 
values reported by Miech Phalla amd Preston (2005) for a range of fibrous crop 
residues/byproducts processed in the same type of gasifier.  

Biochar has been shown to be an excellent conditioner for the acid soils that predominate in 
the humid tropics (Rodríguez et al 2009). The growth rate of maize in acid soils from the 
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TOSOLY farm was increased five-fold by application of the equivalent of 50 tonnes/ha of 
biochar derived from bagasse. It is also expected that most of the carbon in the biochar will be 
permanently sequestered when incorporated in the soil (Lehmann 2007). From the 50 kg of 
bagasse derived daily from 330 kg/day of sugar cane stalks and the 16 kg of stem DM from 
the 130 kg of tree foliage, the daily production of biochar will be 6.6 kg of which 4.4 kg will 
be carbon. In one year this is 1.6 tonnes of carbon (6 tonnes of CO2) sequestered annually (3 
tonnes CO2/ha/year). At the same time, each year,  the biochar will act as soil conditioner 
sufficient to ameliorate 0.24 ha of crop area, assuming an application rate of 20 tonnes/ha 
(Rodriguez Lylian and Preston T R , Unpublished data). Thus in 6 years, the whole of the 
sugar cane and tree foliage area could be treated with biochar, The benefits in terms of 
reduced fertilizer needs have yet to be quantified but appear to be considerable (see Rodriguez 
et al 2009).  

Conclusions 

• The EROEI of 8 for the production of a combustible gas from sugar cane bagasse and 
tree stems appears to be considerably higher than has been reported for other 
technologies for deriving biofuels from biomass. 

• There are other associated benefits from the technology such as the production of 
biochar as a soil ameliorator and means of sequestering carbon. 

• The favourable EROEI of the system reflects the minimum use of external sources of 
energy, which is made possible by the integrated, mixed farming strategy in which 
most of the required inputs are produced on the farm. 
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Chapter 11.  General discussion 

The overall aim of this thesis was to provide data that would contribute to the development of 
sustainable farming systems in the tropics, against a background of the triple world crises of 
resource depletion, especially oil, climate change and economic recession. It is argued that in 
order to respond to these pressures, future farming systems must produce not only food for 
people and feed for animals, but also energy that will perform useful tasks on the farm, with 
surplus supplies being channelled into the electrical grid or for the use of local communities. 
These objectives should be met within a framework of activities that ensures an overall 
negative carbon footprint. Responding to the energy crisis not only requires the development 
of renewable sources of energy. The efficiency of using energy must also be increased as there 
is no alternative form of energy that can replace fossil fuels at the present rate of usage.  

Chapter 1 is a discussion of the issues that should determine the strategy underlying the need 
to develop appropriate farming systems in the face of resource depletion, climate change and 
the failure of the model of market economics. On the basisof this discussion, it was 
hypothesized that the areas to be researched should relate to evaluation of the nutritive value 
of locally-grown feed resources, the need to “de-carbonize” the system by reducing emissions 
of greenhouse gases, generating electricity locally from natural resources, making maximum 
use of solar energy and ensuring there would be no conflict between theuse of available 
resources for both food and fuel production.  

It was not possible to carry out experiments on all the components of the farming system 
shown in the introduction (Chapter 1; Figure 1). The decision was made to study those 
features which were least researched as new information in these areas could be expected to 
have greatest impact on the sustainability of the system and on the potential to provide options 
for future farming practices. The research has been done in a "real farming system" so the 
"real needs" directed the aims of the thesis. The areas researched were crucial areas to be 
developed and improved in the system. Today the farming system is improved and it is clear 
the need to continue doing research to make it more sustainable from the technical, 
environmental and social point of view.  

For these reasons, the components that were chosen as subjects to be researched were: 

• The nutritional value of the foliage of New Cocoyam (Xanthosoma sagittarius) as a 
replacement for soybean meal in diets of growing pigs (Chapters 3, 4 and 5)) 

• The biochar produced as a byproduct of the gasification of the bagasse as a soil 
amendment (Chapter 6) 

• Agronomic studies to measure the biomass yield of New Cocoyam (Chapter 7) 
• Ensiling the combined leaves and petioles of New Cocoyam (Chapter 8)  
• The gasification of sugar cane bagasse and stems of forage trees (Chapter 9) 
• Measuring the EROEI for production of electricity by gasification of sugar cane 

bagasse (Chapter 10)  
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Sugar cane and foliages from trees and crop plants as feed resources for live stock and 
as sources of renewable energy 

The rationale for investigating these resources is based on several premises.  

Localization of production 

The first premise is the need to develop farming systems that utilize resources that can be 
grown on the farm with minimal need for external sources of energy. Transport presently 
accounts world-wide for some 30% of fossil fuel use and is a major component of the 
embodied energy in purchased feeds. This cost can be avoided to a major extent if feeds and 
energy are produced on the farm.  

Farm size 

If the farm size is relatively small (4 to 7ha), the use of animal traction instead of machines is 
much more feasible; and the recycling of livestock manure is facilitated. There are also social 
benefits when the workers are also the owners, as is possible in the “family” farm. The farm 
most be seen as part of a community of small scale farmers. The integrated system requires an 
"integrated teamwork". The system per se requires special people in terms of commitment and 
enthusiasm, requires capable people which does not necessarily mean people with high level 
of education. It is clear that, on balance, the capacity to learn by doing and learn by living 
counts more than the degree of education. The system needs leadership and understanding of 
the global issues to be able to act locally. The system must promote integration with neighbors 
to be able to accomplish the different tasks in the farm. The system is projected to encompass 
family and community development. 

Efficient capture of solar energy 

If it is accepted that solar energy is the only sustainable source of energy, then farming 
systems must be designed to maximize the rate of capture of this resource. Forty years ago, 
Kormondy (1970) pointed out the advantages for biomass production of tropical latitudes and 
of perennial crops and forest compared with annual crops (Figure 1). Similar contrasts were 
highlighted by Patzek (2007; Figure 2). In the latter case the contrast between pastures and 
crops and forests is especially noteworthy. The decision to base the cropping system in the 
TOSOLY farm on sugar cane and trees has thus a firm ecological basis.   
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Figure 1. Net biomass production from different 
ecosystems (Kormondy 1970) 

Figure 2. Net plant productivity of different 
ecosystems in the USA (adapted from Patzek 2007) 

Apart from being perhaps the most efficient known plant for capturing solar energy, sugar 
cane has many other advantages, linked specifically with the thesis expounded in Chapter 1, 
of the need to produce both food/feed and fuel energy in an integrated farming system. The 
ease of separating sugar cane stalk into juice (from which sugar was produced) and residual 
fibre (the bagasse used as fuel to evaporate the water) was exploited five centuries ago by 
European colonialists in the Caribbean. The fact that the juice contains no fibre and is 100% 
digestible was the reason to develop it as the preferred energy source for pig feeding in the 
tropics (Mena et al 1981), as it was hypothesized that the absence of fibre would facilitate 
incorporation in the pig diet of high yielding protein-rich foliages, the fibre content of which 
would have been a limiting factor if combined with conventional energy sources from cereal 
grains. The use of the bagasse as a source of “biofuel” was shown at that time to be 
technically feasible but economically unattractive in a world driven by cheap petroleum and 
natural gas (Chapters 9 and 10).    

New Cocoyam (Xanthosoma sagittifolium) 

Using the fresh leaves as a protein source for growing pigs 

The appreciation of the potential role of New Cocoyam (known locally as “Bore”or 
“Malanga”) in the TOSOLY integrated farming system was accidental. Initial attempts to 
grow and use cassava foliage as the protein-rich forage to accompany the sugar cane juice 
proved to be a failure in that at 1500 masl the plant would not survive the repeated harvesting 
that had proved successful at <20 masl in Vietnam and Cambodia (Preston 2001).  Bore was 
found growing wild in the humid natural forest area of the farm. Observations on the pigs 
offered the leaves of New Cocoyam showed it to be highly palatable and led to the 
experiment described in Chapter 3 (Rodríguez et al 2006) in which 50% of the protein 
normally supplied by soybean meal was replaced by fresh leaves of New Cocoyam with no 
reduction in pig performance rates compared with the control diet of 100% of the protein from 
soybean meal (Rodríguez et al 2006). 

The experiment described in Chapter 4 (Rodríguez et al 2009a) aimed to explore the effects 
on parameters of apparent digestibility and N retention in young growing pigs of 100% 
replacement of the soybean protein by New Cocoyam leaves. In this trial the leaves were 
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homogenized in a blender along with sugar cane juice to facilitate feeding and to avoid 
wastage in the metabolism cage. DM intakes were high (5% of live weight) and similar with 
substitution rates of soybean protein up to 53% and even with 100% substitution intakes were 
only reduced by some 7%. The major effect was a substantial linear decline in the digestibility 
of the protein (by 25% on 100% substitution) as the substitution with New Cocoyam leaves 
was increased, and a resultant linear decrease in N retention of about 25% at the 100% 
substitution level. There was, however, a compensatory response in that N excreted in the 
urine decreased linearly with level of New Cocoyam leaves with the overall result that the N 
retention as a percentage of N digested favoured the diets with increasing proportions of New 
Cocoyam leaves. That the digestibility of the protein was the limiting nutritional factor in the 
New Cocoyam leaves was indicated by the fact that, when the data were corrected for intakes 
of digestible protein, N retention was similar (6.9, 8.0, and 8.0 g.day for diets with 0, 53 and 
100% protein substitution by New Cocoyam leaves) and higher (9.0 g/day) for the diet with 
25% substitution.  

Using the ensiled leaves as a protein source for growing pigs 

The third experiment (Chapter 5; Rodríguez et al 2009b) to determine the nutritive potential 
of New Cocoyam foliage took account of the experiences described in Chapter 8 and 
summarized in the next section, namely using the ensiled leaves in place of the fresh leaves. 
The aim was to determine the feasibility of using ensiled New Cocoyam leaves (ENCL) as the 
only protein source to balance the sugar cane juice in the diet of young growing pigs (mean 
initial LW of 19 kg). The experimental design was a production function with the independent 
variable being the level of crude protein in the range of 80 to 160 g crude protein per kg of 
diet DM . The levels recorded in the experiment varied slightly (87 to 149 g crude protein/kg 
DM) equivalent to a range in proportions of diet DM as ENCL of 46 to 67%.  

The relationship between proportion of ENCL in the diet DM (X) and N retention (Y=g N/kg 
LW) was curvilinear with the maximum value of N retention being reached when the ENCL 
provided 66% of the diet DM, equivalent to a crude protein concentration of 13% in the diet 
DM.  Intakes of DM were high on all diets with the maximum of 4.5% of LW with 55% of 
ENCL in the diet corresponding to a crude fibre content of 9% in the diet DM.  

The experimental deign can be criticized in that the 8 different levels of ENCL were achieved 
by using the same 4 pigs in two consecutive periods such that there was no replication of any 
one chosen level. Nevertheless the results were broadly in line with theoretical expectations. 
The pigs easily consumed the ensiled leaves at levels (66%) which were double those (35%) 
reported by Leterme et al (2005)  who dried and ground the leaves of New Cocoyam prior to 
incorporating them in a diet based on maize. The maximum pig response, as measured by N 
retention, was achieved with 66% of the diet in the form of ENCL. At this point the crude 
fiber content had reached 9% which is within the range (7-10% according to Kass et al 1980) 
when pig growth rates begin to be depressed, as was observed in our experiment. In the 
experiment of Leterme et al 2005, the basal diet contained maize, soybean meal and rice hulls, 
thus with only 35% of New Cocoyam leaf meal in the diet, the overall fiber level was already 
8% in DM, relatively close to the level of 9% fibre with 66% ENCL in a basal diet of sugar 
cane juice.   

In the pig feeding system described in this thesis, in which the basal diet (sugar cane juice) 
contains neither fibre nor protein, these two components have opposing influences on 
performance when foliages are used as the protein supplement. To achieve the level of protein 
necessary to optimize growth rates (about 13-15% in DM) results in reaching levels of crude 
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