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[image: DSC00657.JPG]In this paper we will examine strategies for recycling different types of biodegradable waste materials. Our primary goal is to recycle waste at the highest level of profitability. Often the best approach is to employ several strategies where by-products at one level become inputs at other levels. Let us begin with household waste.
Household Waste
[image: 003.jpg]In developing countries, sometimes up to 85% of household waste is biodegradable. Food waste alone comprises up to 50%. Each day one might collect this waste and bring it to a centralized composting facility. But the cost of doing so is generally quite high. What I propose, instead, is a mesophilic reduction and storage unit that would be set up at each household where space permits.
[image: 007.jpg][image: 006.jpg]There are many ways to construct such bins. A bin could be constructed out of concrete, a concrete molded, for example, in three sections (see above). The three sections could be held in place by three wires situated in three horizontal grooves drawn along the outside of the bin. The bin would have a large lid for stirring and clean out, and a small lid for the daily input of waste.
We can also construct such bins using half-bricks. The 60 cm diameter bin shown here is constructed out of 84 half-bricks costing a total of about $3.00 US.
Thirty such mesophilic storage units were set up on in the village of Xuan Tho in Vietnam. One bin in particular was closely studied after it had been in operation for eight months. During this time, this bin had received about 720 kg’s of biodegradable solids or roughly 960 liters. At the end of this period, there had been a 92% reduction in the weight of the waste and a 79% reduction in its volume. 
[image: DSC01415]If stirred properly, there are no unpleasant odors coming from such bins. There are no flies. Even though a bin might receive 3 kg’s of waste per day, it would only have to be cleaned out less than once a year. Such storage bins can eliminate the daily collection, transport and land-filling of as much as 85% of the residential waste stream in developing countries. 
If food waste and other biodegradable waste are stored and processed on site and are not commingled with other types of residential waste, then it becomes a lot easier for scavengers to hand sort and recover recyclables such as paper, cardboard, plastics, glass and metals. Both the quantity and quality of recyclables recovered by scavengers greatly increases. If biodegradable waste is processed on site, scavengers should be able to recover well over half of the remaining waste. This leaves only about 5% of the residential waste stream that must be collected and land-filled. 
[image: 038-015L]If there are black soldier fly adults in the area around this storage unit, they will be attracted to it as an ideal site to lay eggs. Once BSF larvae reach maturity within the storage unit, they easily find a way out through the aeration holes. They then dig down into the soil where they pupate and later emerge as adults. The storage bins therefore serve as seeding units for the promotion of an abundant wild population of BSF. But why cultivate BSF larvae?
[image: BSF adult-3]BSF larvae are some of the most voracious eaters within the natural world. They can effect as much as a 20-fold reduction in the weight and volume of food waste in a period of less than 24 hours. In an area of only one square meter, they can devour up to 40 kg of fresh food waste per day. And for each 100 kg of food waste, there are roughly 20 kg of nutrients of a high protein (42%) and fat (34%) content. BSF larvae can be processed into a dry meal that has roughly the same value as Menhaden fish meal valued at about $1,200 US dollars per ton. 
BSF larvae eat just about any type of fresh putrescent waste, even meat and dairy products. They thrive in the presence of salt, ammonia and food toxins. It takes them roughly two hours to die when submerged in rubbing alcohol, and they can be centrifuged at 2,000 g without harming them in any way. They are tough, robust and adaptable.
These larvae emit a distinctive odor that drives away all other species of flies. BSF adults do not bite or pester humans. They do not have functional mouth parts. They do not eat, or regurgitate on human food. They do not go into houses. They have never been associated with the transmission of disease. 
[image: 015.jpg]When the larvae mature, they set out in search of a dark, dry place where they can pupate. They search the periphery of the waste, and if, within a container, they are provided with two small ramps, they easily crawl up and out of the waste. The two ramps spiral up (left and right) to the top where an exit hole is provided. The larvae then fall into a bucket.
[image: 000.jpg]This special container, called a biopod, has no moving parts. It requires, no energy, no electricity, no fuel, no chemicals, nothing, not even water. 
Two sizes of biopod are currently being manufactured in Vietnam: 2-foot and 4-foot. The large 4-foot unit shown here on a pallet can process up to 40 kg’s of food waste or pig feces per day.
BSF residue constitutes an ideal substrate for red worms. In fact red worms grow much faster on BSF residue than on partially decomposed food waste. BSF larvae digest fresh putrescent waste, something that red worms cannot do, and red worms digest the more recalcitrant cellulosic materials, something that larvae cannot do. Together they form a perfect partnership, recovering all possible nutrients. Red worm castings constitute one of the best growing mediums for plants. Let us turn now to the recycling of human waste.
Human Waste
If we are serious about recycling human waste in a sustainable manner, our first, and perhaps most important duty, lies in not mixing urine with feces. A double-outlet toilet, one for urine and the other for feces, is all that is needed. The feces receptacle is exactly the same device used for the mesophilic storage of biodegradable household waste. Of course the design of the lid is quite different.
[image: 004.jpg][image: 015.jpg][image: 014.jpg] 
[image: 005.jpg][image: 004.jpg]Another option is a squatting toilet. Since in this case the feces receptacle has to bear the entire weight of a person, it is best that it be constructed out of brick. ` 
The feces storage bin is inhabited by BSF larvae in about 20 days after its construction. BSF larvae eat human feces within an hour or two after it is introduced. This is a powerful factor in eliminating odor. Biochar can also be added to the storage bin from time to time to further eliminate odor. The larval residue is then eaten by red worms operating below the larvae within the same bin. But what happens to the urine? 
Urine could be collected from these toilets, diluted and directly applied to certain crops as a source of NPK. There is, however, another approach, and it allows for the complete processing of urine on site.
[image: ]This approach involves a tiny aquatic plant that is one of the fastest growing plants on earth. As it floats on the surface of the water, it extracts NPK and other nutrients from water through all surfaces of its leaf. Given sufficient sunlight, it can reduce quantities of NPK in water down to almost undetectable levels. This amazing plant, found throughout the world, is called duckweed. 
In a near-optimum environment, certain duckweed can double in mass within a period of only 16 hours. Its protein content is one of the highest in the plant kingdom (sometimes as high as 45%). It is also rich in beta carotene, xanthophyll, as well as vitamins A and B. It contains very little fiber and indigestible matter. 
[image: Duckweed pond with trang.BMP] In this approach, urine would be flushed from the urine-diverting toilet into a small duckweed pond located near the toilet. Since duckweed covers the entire surface of the pond, very little ammonia would volatilize and give rise to unpleasant smells. The adjacent picture depicts a 2 x 6-meter duckweed pond used to process the urine of a small restaurant in the Mekong.
Agricultural and Forestry Waste 
[image: RicehullsA.jpg]“According to World Health Organization estimates, more people in the developing world die each year from conditions related to indoor air pollution — mostly from inefficient, solid-wood-burning stoves — than tuberculosis or malaria.”[footnoteRef:2] [2:  http://www.newsweek.com/id/226941/page/1 
] 

[image: DSC00757.JPG]One might argue that many people in developing countries cannot afford kerosene, LPG or propane, and that little can be done to stop the burning of low-grade biomass fuels. 
Ultimately the answer does not lie in abandoning low-cost biomass fuels, but in extracting from them a gas that burns as cleanly as propane or any other fossil fuel. With the help of Alexis Belonio we started fabricating in Vietnam top-lit, updraft, forced-air gasifiers. These gasifiers operate quite well on many types of fine and undensified biomass wastes such as rice hulls, coffee bean husks, coconut coir, bagasse, wood chips, sawdust, the shells of nuts and so forth. 
Some types of biomass, such as straw and pine needles, must be slightly compacted or shredded to increase their bulk density. Forestry waste should be chipped. 
[image: 003a][image: 001.jpg]But the costly step of pellitization (as much as $125 US/ton) is generally not required. Ideally the moisture content of the biomass should not exceed 12%. Biomass can be sundried, or it can be dried using residual gasifier heat. 
This particular TLUD gasifier is nothing more than a vertical cylinder with a removable burner on the top and a fixed grate at the bottom. A small fan supplies air underneath the grate, and the speed of the fan is controlled by means of a speed regulator. The diameter of the reactor determines the amount of gas produced, and the height of the reactor determines the length of time that this gas is produced.
[image: 111]In starting the process, the burner is removed and the reactor is filled with biomass.[footnoteRef:3] The fan is turned on, and paper is placed on the top of the biomass and lit by means of a match or cigarette lighter. Once the paper burns over the entire surface of the biomass, it only takes seconds for the biomass to ignite.  [3:  For a short video on this gasifier, see: http://www.esrla.com/pdf/gasifier.mpg] 

[image: IMG_0022.JPG][image: 002.jpg]As the biomass ignites, a flame rises up from the top of the reactor. At this point, the burner is placed on the reactor, and the flame comes through the holes of the burner. The fan speed is then lowered according to the amount of heat required. Note that there is no lighting of gas. 
This is quite important from the point of view of safety, since at no time is CO being discharged. 
Once the burner is placed on top of the reactor, the open flame within the reactor goes out, and true gasification begins. Soon the temperature within the reactor reaches as high as 1000 C (provided the biomass is sufficiently dry). 
As the burn proceeds from top to bottom, a thick layer of hot fine char is formed above the point where the gases are released. As the gas is forced through this bed of fine char, most complex hydrocarbons are broken down into simple molecules of hydrogen and carbon monoxide. It is this intimate and prolonged contact of gas with char that results in the beautiful blue flame so characteristic of this type of gasifier. This does not happen in a bottom-lit updraft gasifer or in a side-draft gasifier. [image: IMG_0104]
[image: 015.jpg]Also there is a distinct advantage in burning the gas at the top of the reactor. The gas does not cool down or have to be cooled down prior to combustion. There is none of the inefficiency or loss of heat associated with remote burners. This is why the bottom-lit downdraft design is not ideal in many applications.
In the case of the TLUD design, if more burners are required, more gasifier are put in operation. They might be of different diameters, and their fans might all be operating at different speeds. This gives a high degree of flexibility and control.
Three models of stoves are now being fabricated in Vietnam:  
1. model 150 = 2 kg to 4 kg of biomass per hour at a price of $52 US
2. model 250 = 5 to 10 kg of biomass per hour at a price of $90 US
3. model 500 = 20 to 40 kg of biomass per hour at a price of $232 US
All is fabricated out of high-quality stainless steel. These prices will drop considerably when these gasifiers are produced in large numbers. These prices include the fan, the adapter, the speed control unit and a set of motorbike cables. If there is no electricity from the mains, the speed regulator can be connected to any 12-volt battery, even the battery within a motorbike. For safety reasons it is advisable that the gasifier be enclosed. An enclosure can be inexpensively constructed out of brick, as shown in the drawings below:
[image: 009.jpg][image: 005.jpg]When the reactor gets so big that it is too heavy to lift, then it can be pivoted. The following drawing shows a reactor of an 800 mm diameter. This unit can gasify from 50 to 100 kg’s of rice hulls per hour. 
[image: 008.jpg]The char produced in the gasification of biomass has a multiplicity of uses and has a much greater value in general than the original biomass material utilized to produce it (including its delivery to the site). In other words, a high-quality gas can be produced at a negative cost or profit. Each household or small business operating a gasifier can sell bio-char and, in so doing, completely offset the cost of gathering or purchasing the biomass it needs. 
The fact that this TLUD gasifier operates in batch mode allows it to fulfill other important functions. At the end of a batch cycle, the biochar within one reactor generally contains enough heat to dry the biomass (loaded but not lit) within a second reactor. Therefore the one reactor can be designed to serve as a multi-purpose vessel: a dryer, a gasifier and a heat exchanger. 
In this case biomass does not have to be transferred from dryer to gasifier, and char does not have to be transferred from gasifier to heat exchanger. When biomass is finally lit in a reactor that served as a dryer, it is dry enough to gasify at very high temperatures. When biochar is finally evacuated from a reactor that served as a heat exchanger, it is relatively cool and does not have to be sprayed with water.
Let me conclude by showing how the above technologies can be combined in the raising of pigs.
The price of soy bean meal, fish meal, and rice bran (main ingredients in pig feed)  have all risen in recent times, while the price of pork has generally declined. The main cost in raising pigs is [image: DSC_0686.JPG][image: DSC_0685.JPG]the cost of feed (up to 70%). The pig farmer has simply become the means by which large feed companies make money.
Pigs, like humans, have inefficient digestive systems relative to many other living systems. A large percentage of the nutrients eaten by the pig remain in its feces. Of course methanogens can convert fecal nutrients into methane, but in this case, nutrients are not returned to the food chain. What I propose here is that the feces of the pig be collected and processed by the combined action of BSF larvae and red worms, and that the urine of the pig be flushed into a duckweed pond. 
Swine Waste
Human waste and pig waste should be processed and recycled in roughly the same manner. The separation of feces from urine is critical in eliminating pollution and odor, and it is critical as well in the recovery of nutrients at a high value. The pictures at the top of this page show larvae grown exclusively on pig feces on a farm in the Mekong.
Soldier fly larvae can be cooked using gasifier heat and fed to pigs. Some Vietnamese also cook and eat BSF larvae, as seen in the adjacent picture.
[image: DSC00218.JPG]Many pig farmers in Asia make rice wine. The mash from this process is then fed to pigs to offset the cost of feed. Gasifier heat can be used in the distillation of rice wine. It can also be used to cook raw and unprocessed foods such as fresh taro leaves and soy beans. 
Also many pig farmers search out different types of waste that could be fed to their pigs. However they are reluctant to feed these wastes directly to their pigs for fear of the transmission of disease. They insist on cooking these waste materials. But the cost of energy is generally too high to do so. 
Food and Market Waste
However, with this gasification technology, the pig farmer does not have to worry about the cost of energy and is now free to cook or sterilize many types of waste. Large quantities of restaurant and institutional food waste are available, as well as many types of market waste such as waste vegetables, fish and chicken offal, and so forth.
After the pig farmer prepares and cooks his own feed, he does not have to dry it (as in the case of a feed company). He can feed the freshly cooked material immediately to his pigs. This eliminates a costly drying step and results in a substantial savings in the cost of feed. 
In summary, the pig farmer can completely eliminate the odor and pollution associated with pig waste. He can recycle a substantial portion of the nutrients in pig waste using BSF larvae, red worms and duckweed. He can employ the pig as a scavenger to dispose of many different types of waste nutrients. By means of a simple gasification technology, he can cook and process pig feed at a zero energy cost. He can sell biochar and worm castings as a valuable soil amendment. In the end he becomes totally independent of feed companies and, unlike the current situation, he is able to operate at a relatively high level of profitability. 
Sustainability in pig farming, as we have seen, means integrating several key technologies. On the one site the small pig farmer produces: food, fuel, feed and fertilizer. This is summarized in the following diagram:

There are two more technologies that I would like to highlight. One is thermophilic composting, which, I suggest, can be accomplished very efficiently by means of a compost fleece.[footnoteRef:4] This has to be the cheapest means of achieving true thermophilic composting. The other is lactic acid fermentation. Dalat, for example, has 100 tons per day of vegetable waste that can be easily fermented into a high quality pig feed, as researched in another paper within this conference. [4:  See: http://autrusa.com/s/c01.pdf] 

To the extent that the small-scale farmer applies technologies such as those outlined in this paper to the recycling of biodegradable materials, the management of biodegradable waste becomes nothing other than an integral aspect of sustainable food production. 
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Grate af Bottom of Reactor
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