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Abstract 

Municipal solid waste (MSW) landfills worldwide are experiencing the consequences of conventional landfilling techniques, whereby anaerobic conditions are created within the landfilled waste. Under anaerobic conditions, slow stabilization of the waste mass occurs, producing methane, (an explosive, "green house" gas) and toxic leachate over long periods of time. In attempts to reduce the production of this leachate, composite soil cap systems are constructed over landfilled waste. 

As a potential solution to many of the environmental issues associated with landfill sites, it has been demonstrated that the ‘aerobic’ degradation of MSW within a landfill can significantly increase the rate of waste decomposition and settlement, decrease the production of methane gas, reduce the level of pollutants within the leachate, and decrease quantities of landfill leachate that require treatment. Readily integrated into the existing landfill infrastructure, this approach can safely and cost-effectively convert a MSW landfill from anaerobic to aerobic degradation processes, thereby effectively composting much of the organic portions (one of the potentially polluting elements in a conventional landfill site) of the waste. As a result of increased waste decomposition, stabilization, and settlement, not only are landfill operating costs reduced, but also the life of the landfill can be extended, potentially increasing revenues. This paper summarizes the successful results of two separate aerobic landfill projects located in Georgia (USA) and discusses the potential economic and environmental impacts to worldwide solid waste management. 
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1. The Consequences of Anaerobic Waste Decomposition 

Many of the world’s landfills are becoming significant risks to the environment (IWM 1998). Past and present day landfill designs include soil and/or plastic barriers above and below the waste in an attempt to reduce the infiltration of moisture into the waste mass and thus into the environment (Dessaulx 1987). This design approach creates a "dry-tomb" environment within the landfill and induces anaerobic degradation of the waste (Lee and Jones-Lee 1996). Over time, anaerobic decomposition of sanitary wastes can have effects on landfill operations, which actually increase the potential for risks to human health and the environment. These risks include: 

· the production of potentially toxic leachate, containing concentrations of organic and metal compounds, as well as pathogens; 

· slow stabilization of waste mass, increasing the potential for toxic leachate releases through the landfill’s liner systems; and, 

· the long term potential need for site remediation. 

In addition, anaerobic conditions within a landfill result in the production of methane, an explosive, odourless gas, as well as vapour-phase VOCs. Considered a "greenhouse gas", methane generated in landfills is typically in excess of 45% of the total landfill gases. At many landfills in the USA (and throughout the world), these gases are required to be collected, controlled (flare or other end use), and monitored to minimize the risks of gas build up and/or fires as well as to comply with specific environmental regulations. 

Although the "dry-tomb" approach has proved the most common approach adopted for reducing toxic releases from a landfill site, this approach is only a temporary solution (Hudgins 1999a). According to the US EPA, "liner and leachate collection [systems] ultimately fail due to natural decomposition…"  (Hudgins 1998a). The EPA recognizes that "once the unit is closed, the bottom layer of the landfill will deteriorate over time and consequently, will not prevent leachate transport out of the unit." As a result, leachate collection systems and impermeable caps do not decrease the risk that toxic constituents, typically found in aging landfill leachate, will reach local groundwater (Lee and Jones-Lee 1996). To prepare for this, landfill owners are required to set aside funds for their own cleanups. Once the landfill begins releasing leachate, remediation must be initiated, and the waste mass is "managed" once again. Thus, the landfill owners find themselves using a design approach that will most likely fail, and which will in turn increase landfill costs and long-term liabilities. Clearly, other landfill management techniques and approaches are being sought (Hudgins 1999b). 

2. Aerobic Degradation of MSW 

Active aerobic biodegradation processes, for example composting, have demonstrated for years that the biodegradable portion of MSW can be stabilized in a significantly shorter time frame (as compared to anaerobic conditions) by providing the organic waste fractions the proper proportions of air and moisture (Purcell 2000a). This leads to the idea that, in a landfill environment, the concept of in-situ aerobic biodegradation of MSW should be evaluated worldwide (Purcell 2000b). 

Laboratory experiments, including those conducted at the University of South Florida (Stessel and Murphy 1992), have demonstrated that, in an aerobic environment, respiring bacteria convert the biodegradable mass of the waste and other organic compounds to mostly carbon dioxide and water, instead of methane, with a stabilized humus remaining (Bernreuter and Stessel 1999). In addition, the recirculating of the waste’s leachate through the waste mass improves the waste’s degradation, whereby the recycling of moisture, and nutrients are continually made available to the respiring micro-organisms indigenous to the waste. Reportedly, several European and Asian countries are evaluating this approach and have begun their own aerobic landfill studies (Hudgins 1998b).

Under these conditions, the landfill itself serves as a large closed vessel or aerobic landfill system, and can be operated as a cell allowing management of the leachate and landfill gas (LFG), whilst providing the opportunity recycle elements of the landfilled waste (Bernreuter and Stessel 1999). The Fukuoka Method is one such attempt at utilising the organic waste content of MSW through aerobic processing which is being widely applied across Japan (see Figure 1). This approach utilises the self-purifying capacity inherent in ‘nature’ to stabilise waste materials (Hanashima 1999);

· the quality of leachate improves significantly and more rapidly than in anaerobic conditions; offering considerable cost advantages in not requiring secondary treatment

· the generation of methane is reduced thus contributing to the prevention of global warming

· stabilisation of the waste is enhanced making it possible to return the completed landfill sites to other uses in a shorter period

· the technology is cost-effective and simple to construct and operate, allowing a high degree of freedom in the selection of materials for pipes and accessories

Figure 1. Results from the Fukuoka Method (Hanashima 1999)
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One possible method for reducing the demand on declining landfill void is the mass processing of municipal solid waste in ‘bioreactor landfills’ (Leikam and Heyer 1997). Under this model, landfills become a ‘bioreactor’ processing or digesting the waste rather than the more traditional ‘dry tombs’ where the waste decomposes slowly or not at all (Purcell 2000b). Using this approach the life of landfills can be greatly extended, perhaps indefinitely (Hudgins 1999c). Under this model; 

· landfills become processing facilities - rather than being kept dry, injecting leachate into the waste to accelerate the decomposition actively moistens the waste; additionally air can be actively introduced to the waste, which further hastens the decomposition process through the establishment of aerobic conditions.

· landfill construction and engineering are substantially modified with regards to leachate collection, re-circulation and gas collection and management.

· the stabilised material resulting from the enhanced decomposition process will be used as daily, intermediate and final cover on-site, and could be potentially used for land reclamation and other applications in the future.

The operation of MSW landfills as bioreactors has been practised to some extent at many landfill throughout the USA (Reinhart and Townsend 1997). However, the level to which bioreactor operation as been implemented (Hudgins and Green 1999) has most commonly been restricted to some form of leachate re-circulation (Knox 1996).

3. Project Aim

The intention of this project was to show that the ‘test cell’ application of the aerobic processing technique could prove an effective method of landfill management enhancing waste degradation and limiting the environmental impacts commonly associated with landfill sites; leachate, odours, and gas emissions. The technology was applied at 2 test cells in Georgia (USA); the first at Columbia County Landfill (site Number 1) and the second at Live Oak Landfill (site Number 2). The first system, referred to Aerobic System Number 1, was installed within a 16-acre (6.5 hectare) portion of a landfill near Augusta, Georgia (USA) and operated for approximately 21 months. Through a minor modification of the landfill’s operating permit, the Georgia Environmental Protection Division (EPD) within a relatively short timeframe approved the aerobic landfill (30 days). The system was then installed in approximately two weeks and has been operational ever since. Presently, designs are being developed for expansion of the system within the site and also to a nearby-unlined landfill that lies adjacent to the site. The second system, Aerobic Landfill Number 2, was conducted at a larger landfill site in north-central Georgia, which operated for nine months only. This 2.5-acre (1 hectare) landfill cell contained approximately 75,000 cubic yards (57,000 cubic metres) of waste and an average depth of 30 feet (9 metres).

4. Methodology Applied

Both aerobic landfill systems (test cells) rely on natural processes via the addition of air (providing oxygen to the waste mass) and the recirculation of leachate (providing moisture and nutrients for the indigenous, respiring micro-organisms). In both cases, a reliable, flexible system for adding air and leachate was designed based on several leachate recirculation studies conducted to date as well as on practical environmental remediation systems that treat soils and groundwater in-situ. Critical operation data was monitored using a comprehensive system of real-time instruments connected to remote sensing equipment. Upon completion of the project, the degraded waste was excavated to evaluate the effectiveness of the process. In addition, the waste was characterized to determine potential future uses of the recovered waste.

4.1 Operational control

The key to the aerobic landfill’s effectiveness is the proper control of aerobic conditions, whereby waste mass temperatures and moisture are maintained within optimal ranges. This is accomplished by balancing airflow and leachate recirculation into the waste mass in a manner that effectively stabilizes the waste in a much shorter time frame than under conventional anaerobic conditions. At each site, the air injection system was comprised of electric blowers (or compressors) and piping, connected into the existing landfill infrastructure. Vertical air injection wells were installed directly into the waste to provide the oxygen required. 

For landfills with an existing leachate collection system (LCS) (as in the floor of the Landfill No. 1), the aerobic landfill system could incorporate the LCS to provide oxygen to the waste mass. At Landfill Number 1, it was demonstrated that the LCS could still collect leachate during air injection. Landfills with no leachate collection systems, can be readily retrofitted with horizontal and/or vertical air injection wells as required (Hudgins 1999b). Leachate, collected in a holding tank, was pumped into each system through a leachate recirculation system to the top of the waste. The system then injected leachate through the intermediate clay cap (which covers the waste) and into the waste mass. The leachate then percolated downward counter-current to air that was forced into the waste by the blowers/compressors. Leachate that is not utilized during aerobic decomposition migrates downward to the landfill’s leachate collection system or recovery wells, is pumped to the tank, and recirculated through the waste mass. This "closed-loop" configuration reduces the potential for operator exposure to leachate and minimizes operator involvement. 

Aerobic conditions were balanced in each landfill by properly adjusting leachate flow and air delivery into the waste mass to keep the waste mass moisturized and aerated. Improper balancing of air and leachate can lead to poor aerobic landfill performance and, possibly, elevated waste mass temperatures. Technicians closely monitored the aerobic landfill during the start-up period (the first 5 months) to ensure safe, effective operating conditions were established. Adjustments to each system were made based on key data and monitoring was readily accomplished by the available site personnel. Automation of system components can be implemented to further minimize the time requirements for landfill operators. 

4.2 Operational monitoring

During ‘system operation’, waste mass moisture content, temperature and off-gas concentrations (VOCs, CO2, O2, and CH4) were measured in the field to ensure safe, efficient aerobic operations. Using moisture probes, thermocouples, and vapour points that were installed directly into the waste, key operational data were collected from portable monitoring instruments. Other data included an inventory of leachate production / use for mass balance calculations, and measurement of the moisture content of the landfill gas (Hudgins and Green 1999). Continuous monitoring is vital to ensure effective conditions for the aerobic processing.

4.3 Determining success

The primary goal of the aerobic landfill system is to achieve optimum waste stabilization through aerobic degradation. This is defined in terms of; a stabilized organic matter; decreased concentrations of leachate contaminants; reduced methane production; and waste mass subsidence. Laboratory analyses provided the data needed to determine the system’s effectiveness on the leachate. 

Direct measurements of landfill gases were used to determine the amounts of methane production. The subsidence of the landfill waste mass was monitored by physical survey. Although, the biodegradation rate of this process can be determined in various manners, for this application, the biodegradation rate was determined based on oxygen uptake rates, and waste mass temperature measurements (Hudgins and March 1998). 

5. Results obtained

Two independent aerobic landfill demonstrations were conducted at separate landfill sites, both beginning in January of 1997. Quite surprisingly, not only did each demonstration show that aerobic decomposition of MSW in-situ could safely and successfully be accomplished, but the data was almost similar, with respect to LFG reduction and increased waste settlement, despite each landfill being constructed differently (Table 1). As presented below, separate aerobic landfill systems were demonstrated at two municipal landfill sites in Georgia (USA). Readily integrated into the landfills, these two systems demonstrated that landfills can be cost-effectively converted from anaerobic to aerobic degradation processes, and that aerobic degradation of the MSW can provide short- and long-term benefits for landfill operators.

Table 1. Operating conditions at the two test sites

	Design Parameter
	Columbia County Landfill

Site Number 1
	Live Oak Landfill

Site Number 2

	cell size (hectares)
	1.6
	1.0

	average waste depth (metres)
	3.0
	10.0

	total waste volume (m3) involved
	45.2
	49.0

	age of waste at start of project (months)
	18.0
	36.0

	leachate injection rate (litres / day)
	13.6
	25.2

	total leachate injection (litres)
	over 7 million
	6,676,200

	air injection rate (m3 / min)
	56.0
	100.0

	duration of study
	18 months
	9 months

	annual rainfall (cm / year)
	137.0
	114.0


The analyses of vapour samples, leachate chemistry, biological activity, and inspection of waste samples confirmed that each aerobic landfill system was extremely effective at stabilizing the waste. Moreover, each system functions as an in-situ leachate treatment system, whereby leachate volumes as well as toxic contaminant concentrations are reduced (Hudgins and Green 1999). 

Specifically, each aerobic landfill system demonstrated: 1) a significant increase in the biodegradation rate of the MSW over anaerobic processes; 2) a reduction in the volume of leachate as well as organic concentrations in leachate; and 3) significantly reduced methane generation. In addition, waste settlement was observed as each system stabilized the organic portions of the waste mass (Hudgins and March 1998). 

5.1 Landfill Gas Measurements 

Within both aerobic landfill systems, O2 initially increased in many of the vapour points inserted in the waste mass, at system start-up. In conjuncture with this, CO2 fell initially and then rose in close correlation with O2 consumption. When observed with the methane levels, these gas readings indicated a transformation from anaerobic to at least partial aerobic metabolism: CO2 rises as O2 is consumed and CH4 production falls off. Based on direct measurements from thermocouples inserted in the waste, waste mass temperatures remained stable between 40o C and 60o C after aerobic conditions had been reached. This data indicates that aerobic conditions within the waste were attained. At aerobic landfill system Number 2, the landfill gas treatment results were similar. Methane concentrations decreased by at least 80% in three weeks after system start-up and remained consistently below 15% (v/v) for most of the project. Oxygen consumption rose in close correlation with methane decreases.

5.2 Leachate Quality 

Laboratory analyses of Biochemical Oxygen Demand (BOD) and Volatile Organic Compound (VOC) concentrations in the leachate at each site indicated significant reduction through the aerobic process (see Table 2). At Site 1, BOD in the "Sump One" samples were reduced by at least 70%. Organics such as methyl-ethyl ketone (MEK) and acetone were reduced significantly; also faecal coliform was eliminated from the leachate. Total VOC concentrations in the many of the vapour samples collected were less than 1 ppm. At Site Number 2, Iron concentrations in the leachate indicated significant reduction by the aerobic process, from 61 ppm to 23.03 ppm.

Figure 2. Landfill Gas Emissions (%) – indicative of aerobic conditions
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Table 2. Summary of Final Results

	Parameter
	Columbia County Landfill

Site Number 1
	Live Oak Landfill

Site Number 2

	Biodegradation rate (1)
	increased by 50%
	increase of 110%

O2 increased from 0.167 to 0.351 g/VS/hr

	MSW settlement (m / m)  (2)
	greatest = 9%

average = 4.5%
	greatest = 10%

	Methane generation (3)
	reduced by 50-90%
	reduced by 50-90%

	Leachate BOD
	reduced by 70%

1,100 to 300 ppm (3 months)
	reduced by 70%

	Leachate VOCs
	reduced by 75-99% (4) (5)
	reduced by 50%

	Odours
	noticeable reduction
	some success

	Landfill mining

(of valuable materials)
	some mining took place
	compost & soil used as landfill cover

	Leachate volume
	reduced by 86%
	reduced by 50%


(1) Based on CO2 production, O2 uptake, and waste mass temperatures. 

(2) Based on physical survey, future overburden not considered 

(3) Methane reduced by 50 to 90% for 80% of the points; 70 to 90% for the row of points closest to air injection.

(4) Iron reduced by 75% to 90%; Lead was reduced to BDL. 

(5) e.g. MEK, toluene, acetone (for example)

5.3 Leachate Volume Reduction 

Prior to ASL start-up in January 1997, the Landfill No. 1 sent approximately 120,000 gallons (535,000 litres) of leachate each month to the local treatment plant. This leachate was pumped through the landfill’s new lift station (a capital investment of approximately $100,000 or £67,000) with no pre-treatment. During the first six months after system start-up, the Landfill No. 1 did not pump any leachate to the treatment plant. As of March 1998 (14 months after start-up), Landfill No. 1 has only pumped a total of 250,000 gallons (950,000 litres) to the treatment plant. If a leachate production rate of 120,000 gallons per month (480,000 litres) were maintained (the norm at the site prior to the test cells inception), approximately 1.68 million gallons (120,000 gallons x 14 months) or 6.6 million litres would have required treatment. As a result, Landfill No. 1’s leachate treatment needs were reduced by over 85%. It is estimated that this reduction of leachate is caused, in part, by the evaporative effects of the higher waste mass temperatures and the effects of air-drying out the waste. Additional studies associated to this effect are ongoing, including evaluations of waste mass field capacity. 

5.4 Waste Excavation Results 

In November 1997, "aerobic" and "anaerobic" areas of the Landfill No. 1 were excavated to examine the results of the aerobic landfill. In most of the areas excavated, the waste appeared to be MSW typical of the U.S. southeast, bagged and unbagged food, paper, plastic, and miscellaneous wastes. Inspection of the various types of organic wastes collected in the "aerobic" areas confirmed that the aerobic landfill rapidly degraded much of the organic fractions of MSW, similar to other aerobic composting operations, resulting in the production of a rich humic material. 

In comparison, inspection of the waste samples collected from the excavations in the "anaerobic" areas confirmed little to no degradation of the organic wastes present. Also, odours from the excavations in the "anaerobic" areas had significant ammonia and sulphur components. MSW examined in these two areas had been placed into the landfill at approximately the same time. 

At Aerobic Landfill Number 2, the degraded waste was excavated and separated with trommels. The finest fraction of the waste appeared as a suitable soil/compost material and contained sufficient moisture content. The compost was stable, with no curing needed before use. Soluble salts, metals, and pH were within safe ranges. No pathogens were detected in the materials. Lignin-containing materials, especially, wood and paper, did not completely degrade. 

5.5 Waste Settlement 

Waste settlement is a function of waste types, compaction density, moisture, landfill heights, and time (Hudgins 1998a). Physical waste surveys, taken before and during the project, indicated cover settlement at several locations in the aerobic test area of up to 9 inches (23 cm) from a waste depth of 10 feet (3 metres). 

For system Number 2, there was in excess of 12 inches (30 cm) of settlement in most areas (10%), as measured by physical survey (see Figure 3). Combined with the likelihood that much of the wastes that can be excavated can be used as compost and/or soil cover, indications are that the landfill will be able to recapture almost 50% of the available area space. If materials such as plastics, metals, and glass are recovered and markets developed, this figure could increase to 70% or more. This is a very important consideration for many parts of the world where available landfill void is rapidly declining, as in the north-east USA, and the south-east of the UK.
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Figure 3. 12-inch settlement after aerobic treatment
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Original height of landfill surface when pipe was positioned


New height of the landfill following settlement

It is estimated that the aerobic landfill system will increase the predicted landfill waste settlement as a result of the overburden from future waste lifts as the landfill height increases. Meanwhile, the aerobic landfill continues to aerobically degrade and reduce the strength of the waste. Since the degraded waste at these two landfills are relatively similar in composition to the waste in many other landfills, the benefits realized by each landfill using the aerobic landfill process can repeated worldwide. As this technology develops, additional system data can be evaluated to optimise performance of future aerobic landfill systems. 

6. Discussion

The test cells did indicate the level of success that aerobic processing of landfilled wastes can have. Either for use as a means of alleviating environmental concerns or to gain additional airspace to lengthen landfill life, the potential benefits of this approach include: 1) increased revenues through airspace recovery, 2) reduction in leachate contaminants and volumes, 3) reduction in methane gas generation, 4) reduced closure and post-closure costs, and 5) reduced environmental liabilities (Hudgins 1999c). 

6.1 Recapturing of Air Space/ Extension of Landfill Life

In previous laboratory and bench-scale studies, MSW settlement by aerobic degradation has been observed to be 30% and greater (Bernreuter and Stessel 1999). Assuming a waste mass settlement of 15% is achieved at a Subtitle D landfill with fill capacity of 1 million cubic yards, this approach could potentially extend the capacity by 150,000 cubic yards! 

Using an average tipping fee of $24.50 (£15) per ton ($32.50 / ton gross fee minus $8 / ton operational & maintenance costs) and a compacted waste density of 0.65 tons per cubic yard (or 0.5 tons per cubic metre), additional revenues to the landfill could be worth over $2.3 million (Hudgins and Green 1999) or (£1.5 million). This amount does not account for future value of the revenues, which could yield a much higher net value through the sale of recovered materials from landfill mining. Additionally, this 15% increase in air space could extend the life of this landfill by over a year’s worth of operational void (assuming waste is accepted at a rate of approximately 250 tons per day.) 

6.2 Reduced Landfill Leachate Management Costs

A landfill with leachate generation of 120,000 gallons per month (450,000 litres) and a treatment cost of 3 cents per gallon (1p per 2 litres) could save at least $21,600 per year (1997 dollars) assuming the aerobic landfill system process reduced leachate by only 50% (equivalent to £14,000). At a 6% interest rate, future value savings would be over $222,000 (£150,000) over 40 years (10 years of landfill operations plus 30 years of post-closure leachate treatment), which would be significant savings for any site. 

6.3 Methane Gas Management Cost Savings

According to the US EPA, MSW landfills are the largest anthropogenic source of methane (US-EPA 1998a). One methane management approach is landfill gas (LFG) for energy recovery, otherwise known as "waste-to-energy" (WtE). The EPA’s Methane Outreach Program (1997) estimates that of the approximate 3,700 landfills in the nation, only 750 are considered candidate WtE landfills (US-EPA 1998b).  This leaves approximately 3,000 landfills, many of which may face methane gas compliance with few low-cost LFG management options. In an attempt to increase the production of LFG to make WTE possibly more economically attractive at these sites, a number of studies have been conducted using leachate recirculation technologies under anaerobic conditions to increase the production of methane and other gases. In these cases, increased LFG is produced, captured, cleaned, and finally used for combustion and/or supplemental fuel Smith et al 1998). 

In contrast, by minimizing the production of methane gas from landfills, the aerobic landfill provides an alternative, natural, approach to reducing "greenhouse gases" that may be more cost-effective (Ziehmann and Meier 1999). Both test cells demonstrated that methane gas was reduced up to 90% in many of the "aerobic" areas. At many landfills, one of the short-term cost savings associated with this benefit could be the costs that would, otherwise, be directed to methane gas collection, treatment, and management options. In light of this, the US EPA has recognized the aerobic landfill as an emerging Tier II methane control technology and that this approach "is expected to become a prime candidate technology for landfills in the U.S. and elsewhere that can not generate LFG in sufficient quality or quantity to economically recover the associated energy” (US-EPA 1998b). 
6.4 The Aerobic Landfill As A Remediation Option 

Of the numerous groundwater remediation technologies available, many leaking landfills with related groundwater problems look toward conventional "pump-and-treat" or ex-situ systems as a solution (Ziehmann and Meier 1999). However these treatment approaches are initiated only after the release has been identified (Darragh 1997). 

A more pro-active approach is needed, one that not only addresses present groundwater impacts at landfills, but one that also address the landfill waste mass, before it becomes a source of groundwater contamination. By treating the waste aerobically and in-situ, the leachate is treated before it can leak through any cracks in the landfill liner. At landfills undergoing (or preparing for) groundwater remediation, this method of directly treating the waste could lessen the toxicity of the escaping leachate, thereby lessen the toxicity of the impacted groundwater and reduce "downstream" groundwater remediation efforts, saving potentially significant system operating and monitoring costs (Hudgins 1999b).

In the "aerobic areas" of both systems, strong NH3 and H2S odours associated with conventional landfill operations were minimal throughout the aerobic landfill operations. Instead, less pungent, organic odours indicative of composted waste were detected. From a public acceptance perspective, this benefit can be important to solid waste planners during the siting of new landfills or to address odour complaints at existing ones.

Additionally, landfill operators can consider the option of landfill mining as part of a post-aerobic landfill strategy. In these cases, the waste is rapidly stabilized in a more timely manner and the humus removed, analysed, and possibly used for agricultural purposes or as landfill daily cover. The remaining non-degraded matter (plastics, glass, and metal) could have some market value, providing additional income for the operator and reducing "up-front" recycling efforts and associated costs (Hudgins 1999c). Moreover, a less-expensive, temporary cap would be used instead to cover the waste while it degrades, and then removed to allow mining activities. New waste would be placed in the landfill and the previously ‘mined’ humus reused as a cover, prior to re-starting of the aerobic process. Under this option, a significant portion of the costs associated with the cover, closure and post-closure, as described earlier, as well as siting new landfills could be avoided. Altogether, this approach lends itself to a continuous, or "perpetual" landfill, precluding the need for a costly permanent cap and the siting of new landfills, altogether saving millions of dollars (Hudgins 1999b).

7. Aerobic Landfill System Management Costs 

Overall costs for an aerobic landfill can be significantly lower than the costs owners and operators will face during the operation and maintenance of a landfill. Although, there are many landfill design and operational factors to consider as part of the implementation of an aerobic landfill at a particular landfill, it is estimated that an aerobic landfill would provide an attractive return on investment for many landfills (Hudgins 1999c). 

The initial capital cost for an aerobic landfill in these cases would be similar to the costs for the piping requirements for a methane gas collection system. However, since the aerobic landfill could re-use much of its original air and leachate injection equipment on each cell, the net increased capital cost would be minimal. 

Estimates for a complete system are in the range of $3 to $5 per ton. An aerobic landfill application in a cell approach whereby the waste is mined could provide significant savings. Once the waste is degraded and stabilized, the aerobic landfill equipment is then moved to an adjacent cell and this process repeated. The previously degraded wastes are then mined and recovered for market or for re-use. It is estimated that only a few cell areas would be required to perform this cycle of waste placement, aerobic degradation, mining, and cell re-use, rather than an entire landfill. This approach could significantly reduce landfill footprint requirements and construction/capital costs in the millions of dollars; this would offset mining costs. 

7.1 The Cost Model – a hypothetical example of potential savings

For a site which receives 73,082 tons of MSW and has pre-separation of 0 tons, aerobic conditions and careful site management could result in additional waste degradation of 10,962 tons (15% of the mass), whilst an additional 49,696 tons (68%) could be recovered through landfill mining for recoverable materials. Thus a total of 60,658 tons (space saving of 83%) could be made through this approach. The costs of this approach (aerobic processing alone) would be in the order of $2.25 (£1.50) per ton (total cost of $164,435). 

However, the air space in a landfill site (the void) is valued at $20.10 per ton and thus total air space value savings of  $220,329 could be made in aerobic conditions are encouraged. In summary this would result in savings per ton (as compared to simple landfilling) of $0.76 (or $55,894 in total). If the site were to utilise landfill mining as well, the mining costs on remaining 62,120 tons would be of the order of $8 per ton (or $496,958 in total). Of the recovered landfill material; the soil fraction 31,060 tons (50%) would go to landfill as top cover or to market for sale recyclables of 18,636 tons (30%) which goes to market; the non-recoverable 12,424 tons (20%) would then be re-landfilled. Thus, through aerobic degradation and mining a total space reduction of 49,696 tons (80%) could be achieved with an associated air space saving worth $998,824 ($20.10 per ton). Compared to traditional landfill this approach would result in an additional saving of $501,867 ($8.08 per ton). According to recent research (Smith et al 1998);

‘Landfills worldwide are seeking sustainable solid waste management approaches, as well as remediation technologies that are timely. We believe an aerobic landfill approach can, in many cases, accomplish both.  This technology not only can provide the possibility for a "perpetual landfill" (accelerated waste stabilisation combined with landfill mining), but could also address many of the environmental concerns associated with MSW landfills (e.g. groundwater impact, "greenhouse gases".) From a life cycle analysis, this approach could yield significant cost savings and greatly reduce environmental liabilities. Professional solid waste organisations, such as SWANA, are so interested in the potential of this technology that they have established technology forums, such as SWANA's Aerobic Bioreactor Subcommittee, to focus on the development of this technology.’

8. CONCLUSIONS

Overall the aerobic landfill system demonstrated that aerobic decomposition of MSW in-situ could safely and successfully be accomplished. The analyses of vapour samples, leachate chemistry, biological activity and the inspection of waste samples confirmed that the aerobic system was extremely effective at stabilising the waste mass. Moreover the aerobic landfill system can function as an in-situ leachate treatment system, reducing both volume and toxic contaminant concentrations of the leachate. Specifically the aerobic landfill system demonstrated; [a] a significant increase in the biodegradation rate of the MSW over anaerobic processes; [b] a reduction in the volume of leachate as well as organic concentrations within the leachate, and [c] significantly reduced methane generation (Reinhart and Townsend 1997). 

For landfills worldwide, the aerobic landfill promotes a change in the overall management of solid waste disposal. In many cases, the aerobic landfill serves as means to operate landfills more efficiently. Additionally, the aerobic landfill serves as a cost-effective, aerobic remediation solution for landfills that are adversely impacting the environment. In all, this technology could itself into a cost-effective approach to sustainable solid waste management (Smith et al 1998). Through the continued development of this technology, the aerobic landfill system could foster a new perspective on landfilling waste, and, at the same time, reduce the cost burdens of landfill operations and/or site remediation (Darragh 1997). 

According to the US Department of Energy (US-EPA 1998b);

‘MSW landfills worldwide will appreciate this technology’s pioneering approach to management of solid waste through biodegradation and leachate re-circulation. Deployment of this technology will provide the means to operate landfills more efficiently and effectively since it provides a cost-effective approach in addressing a landfill’s impact on the environment.’
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