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Abstract

:

Featured Application


This study shows the potential of heat production from food waste composting and lays the foundation for future heat recovery studies.




Abstract


The optimal initial moisture content and seeding proportion with mature compost (microbial inoculant) during food waste composting were investigated. This involved six different moisture contents (42%, 55%, 61%, 66%, 70%, and 78%) and four different mature compost seeding amounts (0%, 10%, 20%, and 30% w/w). The temperature variation of these different setups during the first four days of composting was used to determine the most effective one. Our findings showed that the initial moisture contents of 55–70% and the 20% w/w of mature compost were optimal for effective food waste composting. A 400 kg compost pile with the optimal compost mixture ratio was then used to study the evolution and spatial distribution of the temperature during a 30-day composting period. Finally, the heat produced during the 30-day composting process was estimated to be 2.99 MJ/kg. Further investigations, including a cost–benefit analysis from a pilot facility, would be required to comprehensively conclude the feasibility of food waste composting as a bioenergy source.
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1. Introduction


Food waste from restaurants, markets, and households, especially in high-density regions, presents a waste management challenge as well as a waste-to-resource opportunity [1]. This waste can be used in a variety of ways, such as for livestock feed [2], for biogas generation [3], to synthesize chemicals [4,5,6], and for composting [7,8]. However, if improperly disposed of, food waste might lead to foul smells, greenhouse gas emissions, and even food and habitats for vector organisms, including rats, cockroaches, and houseflies [9,10]. Composting is one of the most cost-effective and environmentally friendly technologies for managing food waste [11,12].



Composting is a biochemical process that biodegrades and converts food waste into a humus-like substance that can be used as a fertilizer and soil enhancer [7]. Therefore, this technology also transforms waste into a resource that can be utilized by farmers, in cities’ green spaces, and by gardening enthusiasts [13,14]. Apart from food waste, a typical food waste composting system would also consist of a bulking agent and a microbial inoculant [15]. Bulking agents, such as sawdust and cereal plant straws, are used to control the initial moisture content and adjust the C/N ratio of the composting mixture [16,17]. The common bulking agents, being more ligninous in nature compared to the food waste, also provide structure to the mixture, which enhances the flow of air within the compost, and thereby promotes aerobic biodegradation [16]. A microbial inoculant, such as mature compost, is used to enrich the compost with the vital microbial communities required for the biotransformation of food waste [18,19]. In addition, parameters including moisture and turning frequency/aeration rate of the compost mixture are of vital importance for effective composting [20,21]. For instance, a dry compost mixture would inhibit nutrient mobility, while a very wet mixture would hinder oxygen penetration, leading to anoxic conditions [21]. These two extreme moisture conditions would result in lower aerobic microbe activities and negatively affect the composting process. The accepted moisture content range for effective composting is 40–65% [21].



The composting process is exothermic, where heat is released as a result of the biodegradation of the food waste by aerobic microbes [22]. The heat is mostly produced during the thermophilic phase, where the temperatures of the compost pile could be as high as > 70 °C [23]. Few researchers have calculated the heat produced and their results greatly varied, which could be because of the diverse biomass and composting methods used in those studies [22,24]. For example, Ahn, Richard, and Choi [22] calculated the heat generated from composting a mixture of poultry and wood shavings during the thermophilic phase to be 16.83 to 19.7 MJ/kg. Thus, the heat from the composting process has the potential to be captured and utilized in several applications including water heating. However, the heat recovery from composting varies depending on the composting method, composting mixture, type of loading, composting scale, the heat exchange system, basis for the operational data, geographical location, and heat recovery duration [25,26]. Smith, Aber, and Rynk [25] reviewed 45 composting heat recovery systems and reported that the average recovery rates were 1159, 4302, and 7084 kJ/kg dry mass of compost feedstock for lab-scale, pilot-scale, and commercial-scale composting systems, respectively.



Therefore, the objective of this study is to determine the optimal initial moisture content and amount of mature compost to be added to the compost mixture. Six initial moisture contents (42%, 55%, 61%, 66%, 70% and 78%) and four mature compost ratios (0%, 10%, 20%, and 30% w/w) were investigated. In addition, an attempt was made to estimate the heat that can be produced from a 400 kg compost pile after a 30-day composting process. The results from this study will add to the research field on bioenergy.




2. Materials and Methods


The study was carried out at a compost facility located at the National Kaohsiung University of Science and Technology in Kaohsiung, Taiwan. The compost facility was in a double-span greenhouse that covers an area of around 100 m2 and has a maximum height of 7 m. The composting materials consisted of food waste, sawdust (bulking agent), and mature compost (microbial inoculant). The food waste was collected from food establishments and households near to the university; the sawdust was purchased; and the mature compost was sourced from the compost facility.



Uncovered 150 kg cone-shaped compost piles were used to study the optimal initial moisture content and mature compost proportion during the food waste composting. The piles had base diameters of ~1.2 m and heights of 0.6–0.8 m. Six compost piles from the same batch with different initial moisture contents (42%, 55%, 61%, 66%, 70% and 78%) were investigated. The initial moisture content was achieved by spreading the food waste on a mesh filter and air drying overnight, as well as adding different amounts of water. In addition, four compost piles with different mature compost ratios (0%, 10%, 20%, and 30% w/w) were studied to determine the optimal seeding proportion. The moisture content of the piles was maintained at 60–65%.



Thereafter, a 400 kg compost pile with the optimal initial moisture content and mature compost proportion was set up to study the temperature, moisture, and pH of the compost mixture during a 30-day incubation period. The pile had a base diameter of ~1.70 m and a height of 0.7–1.0 m. The compost experiments were set up similarly to our previous study [15]. Prior to mixing the composting materials, the food waste was ground to sizes < 2 cm before the sawdust was added to adjust the moisture content. The mature compost was then applied to ensure that the compost contained adequate microbes for an effective composting operation. Finally, the initial composting material was homogeneously mixed and stacked in cone-shaped piles for easy aeration and parameter control. The compost piles were incubated for 30 days during which the temperature, moisture content, and pH were monitored daily. The piles were turned over daily using shovels to ensure aerobic conditions were maintained.



Before the daily turnover, the surface of the 400 kg pile was divided into ca. 15 × 15 cm patches, and the temperature within each was recorded using a digital thermometer (TES 1310 K-type) with ± 0.1 °C sensitivity furnished in a 1.2 m probe. This facilitated about 50 measurements. The coordinates and the temperature readings were then plotted into 2D temperature contour plots using Surfer® version 15. Compost samples were also collected daily at five different points of the pile (from the center and at four equidistant points, 15–20 cm deep) for the analysis of the moisture and pH. The samples were homogeneously mixed before the analysis. The moisture content was determined following the NIEA R203.02C Taiwan standards, while the pH analysis followed the USEPA method 9045C. The C:N ratio was measured using the NIEA R.409.21C standard method.




3. Results and Discussion


3.1. Optimal Moisture Content and Mature Compost Seeding Amount for Effective Composting


The six initial moisture contents were plotted against the temperature during the first four days of composting, as shown in Figure 1a. The composting setups with the initial moisture contents of 55–70% had the highest temperature-increasing rates (5.7–5.8 °C/day), while the setups with the initial moisture contents of 42% and 78% had the lowest temperature-increasing rates of 2.4 and 2.7 °C/day, respectively. The increase in the compost temperature is an indicator of microbial activity during the composting period [27]. The beginning of the composting period is usually characterized by a dramatic increase in the temperature generated from the aerobic breakdown of the organic matter by the microbial communities present within the compost mixture [28]. A lower moisture content inhibits the microbial activity by hindering the nutrient mobility within the pile. This leads to lower temperature increases [21]. A higher moisture content leads to poor oxygen penetration being required by the aerobic microbes, and thus reduces their activity and shifts biodegradation towards more anoxic conditions which favor the anaerobic microbes [29]. Liang et al. [30] indicated that a 50% moisture content is the minimal requirement for facilitating these microbial activities. From our results, the optimal initial moisture contents of 55–70% were found to be effective for the optimal food waste composting operations.



Mature compost was added to the compost mixture as an inoculant, thereby enriching the microbial communities within the compost pile. Due to its low moisture content, mature compost can also be used to reduce the total moisture content of the composting mixture [31]. Figure 1b shows the temperature trend of the four setups (0%, 10%, 20% and 30% w/w) during the first four days of the composting period. From day 0 to day 1, the temperature increased to more than 45 °C for all the four setups. A clear difference among the setups started to emerge after the first day. The 0% setup, which did not have any mature compost addition, had the lowest temperature increase. This could be because of the lower microbial population compared to the other setups, indicating that the microbial population plays an important role in the temperature increase during incubation [32]. The highest temperature increase was observed for the 20% setup. On day 2, the temperature for the 20% setup rose to more than 70 °C, which was higher than all the other setups, and reached 73 °C on day 3. The seeding proportion of the 30% mature compost did not result in a higher temperature increase. This phenomenon was probably because of a reduction in the initial moisture of the compost mixture caused by the addition of the mature compost, which had a moisture content of only 20%. Our results indicated that seeding the compost mixture with the 20% mature compost was optimal for an effective composting process. However, it should also be noted that by day 4, there was not much difference between the setups, apart from the 0% setup.




3.2. Moisture Content, Temperature, and pH Variation during a 30-Day Composting Period


A compost pile with the optimal initial moisture content and mature compost seeding amount identified in Section 3.1 was used to study the moisture content, temperature, and pH variation during the entire composting process. The physicochemical properties of the compost mixture are presented in Table 1.



Figure 2 shows the moisture content variation during the composting period. The initial moisture content was 65%, which was within the optimal range of 55–70% for the food waste reported in this study. At this optimal range, the pile was not too dry or too wet for the microbial communities to thrive. For instance, sawdust was added initially to reduce the high moisture content of the food waste, and water was added during the thermophilic stage, where water loss occurs via evaporation. The moisture content was maintained at 45–65% throughout the entire process, as shown in Figure 2; hence, the microbial community in the pile had the conditions necessary for an effective performance [21].



The temperature variation is presented in Figure 3. The temperature sharply rose from an ambient temperature to 50 °C after one day, then it briefly stayed steady until about day 4. This abrupt increase in temperature is an indication of the increasing microbial activity when utilizing the compost material [28]. This phase is usually characterized by an abundance of mesophilic microorganisms [33]. However, as the temperature rose to 50 °C, the conditions became unfavorable for the mesophiles, while the thermophiles within the microbial community started to thrive [34]. This group of microbes would first need to acclimatize before growing. This was probably the reason for the observed plateauing in the temperature, as shown in Figure 3. Thereafter, the temperature steadily rose to 70 °C at day 7 and stayed relatively constant at 70–75 °C until day 20. During this thermophilic phase, the microbial activity is at its highest. However, as the nutrients diminish, the microbial activity decreases, leading to the cooling phase, where temperatures fall (days 20–25) and tend to approach the ambient temperature. The compost is said to mature when the temperature of the pile corresponds with the surrounding temperature.



Figure 4 shows the pH variation during the composting period. The initial composting mixture was acidic at a pH of 4.5 and the acidity further increased to 3.6 after day 1. This observation is similar to other previous studies [35,36]. The acidity is probably due to the organic acids, such as acetic acid, that are naturally produced during the fermentation of the food waste [35,37]. However, the pH of the compost pile rises with the increasing composting period. This could be because of the vaporization of the organic acid due to the rising temperature of the pile and the turning of the pile for aeration. Most of the organic acids produced during the fermentation are volatile and the increase in compost temperature would allow them to escape into the environment as gases. NH3, a byproduct of the microbial utilization of the available nitrogen sources, will also be generated during the composting period [8]. A part of the organic acids will be neutralized by the alkaline gas. However, when the pH rises above 6.5, the buffering capacity of the organic acids decreases and leads to the release of NH3. This was probably the reason for the observed steady increase in the pile’s pH, as shown in Figure 4. After the depletion of the nitrogen sources, the production of NH3 will cease and the pH will approach neutral. After day 20, the pH of the pile fluctuated within 7.0~7.5, suggesting that the nitrogen source was depleting, which slowed down the microbial activities.




3.3. Evolution and Spatial Distribution of Temperature during the Composting Period


Two-dimensional temperature contours of the compost pile, shown in Figure 5, were generated to better understand the temperature evolution and spatial distribution during the composting period. The temperatures are represented in different colors and vary along the width and height of the composting pile. From the figure, the average temperature was observed to steadily increase from day 1 to day 16, with the highest temperatures observed from the center of the pile. The regions of the pile near the exterior were cooler than the interior as heat dissipated into the surrounding environment. For instance, the regions with a close-to-ambient temperature (35–40 °C) were located around the exterior on day 1, while the highest average temperatures (~50 °C) were observed in the center of the pile, where heat dissipation is the lowest.



In the succeeding composting days, the temperature from the center of the pile increased, while the cooler layers reduced in size. On day 5, for example, the regions < 40 °C were much thinner and the interior average temperature was higher, ranging from 55–65 °C compared with day 1. This day corresponds to the end of the acclimatization period and the beginning of the thermophilic phase. Day 7–16 covered this phase which is characterized by the highest temperature in the entire composting period. The cooler regions further decreased while the hottest ones grew in size. Most of the pile had a temperature range of 70–80 °C. In this study, the thermophilic phase took roughly 15 days. By day 23, the temperature dropped, signaling the cooling and maturation phase of the compost pile, with the latter phase reached on day 28. The temperatures dropped, with the outer layers falling within 30–40 °C, while the interior part of the pile was < 45 °C. These figures help to better understand the temperature evolution and spatial distribution during the composting process, which would be useful in heat recovery and utilization of this technology.




3.4. Estimation of Heat Produced during the Composting Process


The heat produced during the composting results from the aerobic microbial degradation of the organic waste. The resultant heat can be captured and applied as a bioenergy source. However, before this comes to fruition, the amount of heat that can be generated from the composting needs to be quantified. Unlike combustion, composting does not undergo full oxidation, and therefore the heat produced is relatively lower. Equation (1) was used to estimate the heat produced during our composting experiment. The equation assumes the process is at a constant pressure with a constant specific heat capacity. This is a valid assumption during composting, which has relatively small changes in pressure [38].


  q = m s ∆ T  



(1)




where q is the heat (kJ), m is the mass (kg), s is the specific heat (kJ/kg °C), and ΔT is the temperature difference (°C).



The mass was taken to be 400 kg, the initial weight of the compost mixture, and was assumed not to vary within the 30 days. The ambient temperature was taken to be 30 °C during the entire process. The overall specific heat capacity of the compost, presented in Table 2, was estimated based on the relative amounts of the compost material and their standard specific heats. Therefore, the estimated heat produced from the compost pile in the 30 days was 1194 MJ. This equates to 2.99 MJ/kg of food waste which was higher than the heat produced from the mushroom and municipal waste composting values reported in previous studies (Table 3). However, it was lower than the values reported by [22]. This is because the heat produced during the composting depends on the energy content of the compost mixture, its biodegradability, and the prevailing composting conditions [25].



The heat produced on an hourly basis was 1659 kJ/hr. This was similar to the values of the small-scale composting systems reported by previous studies. Table 4 shows the heat production rates from the different composting scale sizes. The heat production rates increased with the increasing scale of the compost system. Besides the operational design and conditions, the amount of heat that can be produced would depend on the scale of the compost facility [25].



This study investigated the optimal initial moisture content and seeding amount required for an effective composting. An attempt was also made to estimate the heat produced during the 30-day composting process. The study showed that the heat produced from composting can be a potential bioenergy source that can find a number of applications, including absorption refrigeration, organic Rankine cycles, and liquid-to-air heat exchangers. However, before this can be accomplished, further investigations on the heat production, capture, and application should be evaluated for different composting scales. To accurately measure the heat production, factors including the operational conditions, heat losses, and operational design should be considered. A cost–benefit analysis can also be performed to provide a comprehensive conclusion on the bioenergy potential of food waste composting.
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Figure 1. Temperature development influenced by (a) initial moisture content and (b) seeding proportions. 
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Figure 2. Moisture content variation during the composting period. 
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Figure 3. Temperature variation during the composting period. 
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Figure 4. pH variation during the composting period. 
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Figure 5. 2D temperature contour plots of the compost pile at different incubation days. 
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Table 1. Physicochemical characteristics of the 400 kg compost pile.






Table 1. Physicochemical characteristics of the 400 kg compost pile.





	Component
	Weight (kg)
	pH
	C/N Ratio
	Moisture Content (%)





	1. Food waste (comprised of 80 kg vegetable and fruit peel, 70 kg meat and animal skin and 110 kg cooked food)
	260
	4.3
	11
	80



	2. Sawdust
	60
	6.8
	519
	15



	3. Mature compost
	80
	6.5
	29
	20



	Initial compost mixture
	400
	4.5
	22
	65
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Table 2. Estimated material composition and overall specific heat for the food waste compost.






Table 2. Estimated material composition and overall specific heat for the food waste compost.





	
Material

	
Amount Present (%)

	
s (kJ/kg °C)

	
Overall s






	
Water

	
65

	
4.184

	
3.1336




	
Sawdust

	
15

	
1.4 b




	
Mature compost

	
20

	
1.02 a,b








as for soil compost blend, b Values from [39].
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Table 3. Comparison of heat production values during the composting process.






Table 3. Comparison of heat production values during the composting process.





	Compost Material
	Thermophilic Temp (°C)
	Period (Days)
	Heat Production (MJ/ kg)
	Reference





	Food waste
	70
	30
	2.99
	This study



	Mushroom waste
	55–63
	–
	1.23
	[40]



	Municipal waste
	~60
	16
	1.14
	[41]



	Poultry manure and wood shavings
	>60
	–
	16.83–19.70
	[22]







–: Not mentioned.
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Table 4. Comparison of heat production rates of different compost scales.






Table 4. Comparison of heat production rates of different compost scales.





	Compost Scale
	Compost Material
	Period (Days)
	Heat Production Rate (kJ/hr)
	References





	Small-scale

(0.6 m3)
	Food waste
	30
	1659
	This study



	Small-scale

(1 m3)
	Farmyard manure
	–
	2304
	[42]



	Pilot-scale

(1 m3)
	Yard waste
	5
	1948
	[43]



	Pilot-scale

(5 m3)
	Agricultural wastes
	5
	4023
	[44]



	Pilot-scale

(5 m3)
	Pig manure
	21
	16,925
	[45]



	Large-scale

(142 m3)
	Agricultural wastes
	–
	211,011
	[46]







–: Not mentioned.
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