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Abstract

:

Composting is an environmentally friendly method for transforming the nutrients present in livestock manure into organic fertilizer. In this study, the compost quality-enhancing and N2O and CH4 emissions-reducing effects of superphosphate were investigated during industrial-scale in-vessel composting of swine manure. Alongside a control group, three different doses of superphosphate were tested: 5% (SSP5), 10% (SSP10), and 15% (SSP15). The results revealed that the superphosphate reduced the N2O and CH4 emissions by 18.5–26.3% and 15.8–25.1%, respectively. In addition, the superphosphate enhanced both the N and P contents of the compost. However, it had an adverse impact on compost maturity, with the SSP15 dose showing the lowest germination index (GI) at 70.4% and the highest electrical conductivity (EC) at 9.04 mS·cm−1. These findings suggest that superphosphate has potential for greenhouse gas mitigation and nutrient augmentation in industrial composting. Although the economic benefits of superphosphate addition for GHG reduction are limited, the technology holds considerable economic potential for nitrogen conservation. Further investigations should focus on combining superphosphate addition with other improvements, considering both compost quality and economic viability.
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1. Introduction


Composting is a well-established method of organic waste treatment that leverages microbial biodegradation processes, and it has been widely used in livestock manure recycling and fertilizer production [1,2,3]. Based on the applied processing methods, composting can be classified as windrow composting, in-vessel composting, vermicomposting, or an aerated static pile [4]. Among these methods, in-vessel composting is attractive to modern industries because it requires less space, requires fewer labor resources, offers better odor control, and drastically shortens the composting duration relative to other methods [5,6,7,8].



A notable concern with composting is the emission of greenhouse gases (GHG) [9,10]. During composting, the primary GHGs emitted are methane (CH4) and nitrous oxide (N2O), which have global warming potentials that are 28 and 265 times greater than CO2 over a 100-year timeframe, respectively [11]. Undesired GHG emissions, which occur when the aerobic process is not adequately controlled during composting, not only lead to secondary environmental pollution, but also result in diminished nutrient content in the compost product [12]. Studies have reported that 0.1–6.0% of the initial carbon in the biomass is lost as CH4 [13], and 0.2–9.9% of the initial nitrogen is lost as N2O [10].



Superphosphate, primarily composed of free phosphoric acid (H3PO4), calcium sulfate (CaSO4), and calcium dihydrogen phosphate (Ca(H2PO4)2), has emerged as an effective amendment to promote nitrogen conservation and mitigate GHG emissions during composting [14,15]. During this process, superphosphate undergoes hydrolysis, releasing phosphate ions that interact with ammonium and magnesium to form struvite crystals (MgNH4PO4·6H2O), thereby reducing nitrogen loss and enhancing nitrogen retention in the compost [16]. In a laboratory-scale in-vessel composting study of swine manure, Pan et al. (2023) [17] reported that the addition of 6% superphosphate resulted in decreases of 80% and 28% in N2O and CH4 emissions, respectively. Moreover, numerous studies have shown that superphosphate can enhance compost quality without negatively impacting compost maturity [18,19]. Although many studies have highlighted the benefits of superphosphate in composting, the majority of industrial-scale research has primarily focused on windrow composting rather than in-vessel composting. For instance, in an industrial-scale windrow composting study using chicken manure and rice bran, Pan et al. (2023) [17] reported that phosphate promoted N2O emissions while reducing CH4 emissions. The conditions and characteristics of industrial-scale in-vessel composting can differ markedly from those observed in laboratory-scale and windrow composting [20]. Additionally, few studies have focused on swine manure composting without the addition of bulking agents (e.g., cornstalk), which are the most common raw materials used in regional industrial composting.



Thus, the objective of this study was to study the effects of superphosphate addition on compost products and GHG emissions during in-vessel composting at an industrial scale. Emphasis was placed on (i) the maturity and nutrient content of compost products, (ii) GHG emissions throughout the composting process, and (iii) the cost–benefit analysis of the superphosphate addition method. The results from this study offer unique insights into mitigating GHG emissions and enhancing compost quality in industrial composting.




2. Materials and Methods


2.1. Composting Materials and Setup


Swine manure was collected from a local pig farm in Sanmenxia, Henan Province, China. The raw swine manures were measured at the start of the experiment, with average properties including a total organic carbon (TOC) of 37.7%, total nitrogen (TN) of 3.2%, C/N ratio of 11.6, pH of 7.4, and moisture content of 79.4%. Superphosphate (P2O5 ≥ 12%, dry weight basis) was obtained from a Chinese chemical company (Keda, Shandong, China).



An industrial-scale composting reactor (S-90 ET, CHUBU ECOTEC, Nagoya, Japan) was used in this study (Figure 1). This reactor had a total capacity of approximately 86 m3 and covers an area of approximately 56 m2. The composting vessel had a height of approximately 3.7 m and a diameter of approximately 5.5 m, and the raw material inside reached 3.2 m in height. The main body of the reactor was made of a steel plate, and the outer wall was made of stainless steel, where the insulation material was filled in the middle layer to eliminate heat loss. Forced aeration equipment (0.02 MPa) was installed at the bottom of the reactor, and the reactor was aerated from bottom to top. A continuous turning device was also installed in the reactor to alleviate problems related to anaerobic conditions that may arise during the composting process in oversized piles. The typical duration of the composting period was 8–9 days in the summer and 10–12 days in the winter. Compost material was introduced from the top and exited from the bottom of the reactor every day. Unlike laboratory-scale composting reactors, this equipment has the typical features of factory composting and was already in continuous operation for commercial fertilizer production.




2.2. Experimental Design


Throughout the experiment, the reactor received approximately 4000 kg of swine manure daily without the addition of bulking agents. In addition to a control treatment (CK) that did not contain any additives, three additional treatments were established with superphosphate, which was blended with the composting raw materials at concentrations of 5% (SSP5), 10% (SSP10), and 15% (SSP15) based on dry weight. Correspondingly, the specific superphosphate amounts for SSP5, SSP10, and SSP15 were 50 kg/d, 100 kg/d, and 150 kg/d, respectively.



Over a span of 48 days, this study was carried out at a commercial compost factory in Sanmenxia, Henan Province, China. The experiment was conducted in four sequential 12-day phases, starting with CK, followed by SSP5, then SSP10, and finally SSP15. During the CK phase, the reactor was operated continuously, and samples were taken for analysis on Days 10, 11, and 12. Starting on the 13th day, marking the beginning of the SSP5 phase, the reactor was supplemented with 50 kg of superphosphate daily for the next 12 days. Samples for SSP5 were taken on Days 22, 23, and 24. Then, the SSP10 phase began on Day 25, with the reactor receiving 100 kg/d of superphosphate for the subsequent 12 days. Samples were taken on Days 34, 35, and 36. The SSP15 phase followed immediately after, with a 150 kg/d superphosphate addition and a similar sampling pattern.




2.3. Sample Collection


Solid compost samples (200 g) were taken from different locations during composting. The raw materials were obtained from the entrance port, while products were collected from the outlet port. By utilizing a steel sampling tool, samples were extracted from the composting reactor at three distinct levels: the top (0.4 m from the top), the middle (1.6 m from the top), and the bottom (2.8 m from the top).



Gas samples were taken from a PVC flux chamber (25 cm × 25 cm × 30 cm) on the surface of composting material at 8:00, 12:00, 16:00, 20:00, and 0:00. Simultaneously, the stirring and aeration device was turned off 30 min before the measurement. The gas samples were taken from the PVC flux chambers at 0, 5, 10, and 15 min after chamber placement using a 100 mL gas-tight syringe. Gas samples were immediately transferred from the syringe into pre-evacuated air gas-sampling bags.




2.4. Analytical Methods


CH4 and N2O quantification was performed using a gas chromatograph (3420A, Beifen, Beijing, China) equipped with a flame ionization detector (FID) and electron capture detector (ECD). The details of the gas chromatograph were provided in Jiang et al. (2011) [21]. The gas emission rate was calculated by the concentration variation in the chamber as described by Hao et al. (2004) [22]. The deionized water extract of the fresh solid sample (1:10 w/v dry weight basis) was used to analyze composting pH, electrical conductivity (EC), and germination index (GI). The water extract pH and EC were measured by a pH meter (PHS-3C, Shanghai Lei Magnetic, China) and an electric conductivity meter (DDS-307, Leici Co. Ltd., China), respectively. To analyze the GI, ten cucumber seeds and 5 mL water extracts of the samples were placed on Petri dishes with filter paper, as cucumber seeds have been shown to be suitable for the evaluation of compost maturity [23]. Triplicate deionized water treatments were used as the control. The Petri containers were kept in the dark for 48 h at 25 ± 2 °C. GI was determined by cucumber seed germination and calculated according to the method described by Wu et al. (2019) [24].



The air-dried samples, collected at entrance port, outlet port, and different locations throughout the composting process, were used to measure total nitrogen (TN), total organic carbon (TOC), K2O, and P2O5. All measurements were conducted at the end of the process to ensure consistency and comparability. The TN and TOC contents were analyzed by a Vario MACRO Cube elemental analyzer (Elementar Analysensysteme, Langenselbold, Germany). Following the China National Standard NY 525-2021 [25], P2O5 content was determined through H2SO4 and HClO4 digestion and analyzed using the molybdenum blue spectrophotometry, while the K2O content was measured using the flame photometric method following digestion in H2SO4 and H2O2.




2.5. Statistical Analysis


Mean values and standard deviations of measurements for three consecutive days of each treatment are reported. All statistical analyses were achieved with R software version 4.2.1 (R Core Team, Vienna, Austria). One-way analysis of variance (ANOVA), followed by Duncan’s multiple range test (p < 0.05 level of significance), was used for the separation of means.



For the cost–benefit analysis, the cost was calculated as the sum of the social cost of carbon (SCC) from GHG emissions during composting, and the transportation and purchase costs of the superphosphate additive. The economic benefits were estimated based on the retention of nutrients (N, P2O5, and K2O) in the final compost product, along with the reduced need for mineral nitrogen fertilizer usage and production.





3. Results


3.1. Maturity Indices


The initial pH varied slightly among the treatments, with values of 7.4 for CK, 7.3 for SSP5, 7.1 for SSP10, and 7.0 for SSP15, aligning with the range reported in previous studies on swine manure composting systems [16]. Due to the volatilization and decomposition of organic acids [26], the pH exhibited an upward trend as composting began, eventually settling in the range of 7.4 to 7.7 (Figure 2a). This range aligns with the optimal pH values that are conducive to plant growth, nutrient accessibility, and microbial activity [27]. Notably, SSP10 and SSP15 significantly lowered the pH in both the raw materials and the resulting compost products, likely due to the inherent acidity of superphosphate (pH = 1.5). The effect of superphosphate addition on pH reduction has also been observed by several researchers in small-scale experiments [28,29].



Electrical conductivity (EC) reflects the salinity levels of compost, and elevated EC can pose risks to seed germination and plant health when compost is utilized [30]. As shown in Figure 2b, the EC increased with the addition of superphosphate. The final EC values for the CK, SSP5, SSP10, and SSP15 treatments were 4.27, 5.70, 7.36, and 9.04 mS·cm−1, respectively, exceeding the recommended standard values (4 mS·cm−1) for compost applications to soil and potentially causing phytotoxicity [31]. However, EC is influenced by the properties of raw materials and external additives, and an EC value exceeding 4 mS/cm does not necessarily indicate immaturity [32]. Similar increases in EC with the addition of superphosphate have been found by various researchers under laboratory conditions [15,17,33]. However, the EC values in our study were significantly higher, likely due to the dissolution of PO43−, HPO42−, H2PO4−, and Ca2+ from superphosphate, facilitated by the organic acids generated during the initial and thermophilic phases of composting [15]. Nevertheless, previous reports have indicated that the rise in EC due to added Ca2+ may not be of significant concern [18]. This is because most Ca2+ is expected to either precipitate as minerals or be preferentially adsorbed by the soil when compost is applied [34].



The addition of superphosphate significantly decreased the compost C/N ratio during the composting period (Figure 2c). Owing to the absence of high-C co-composting materials such as straw, the initial C/N ratio was relatively low compared to previous studies; however, the final C/N ratios of the compost products, ranging from 12.0 for SSP15 to 16.0 for CK, were consistent with the values reported in those studies [24,33]. Traditionally, the C/N ratio has served as a key indicator for assessing the stability of the composting process and the maturity of the final product, as it reflects the balance between nitrogen retention and the conversion of carbon into CO2 and humus [35]. A final C/N ratio <21 is accepted as the maturity standard for compost products [36], and a C/N ratio of 15 or even lower is deemed preferable for agricultural use [37]. Given these standards, all the treatments in our study met the accepted C/N ratio standards, with SSP15 emerging as the best for soil application.



The germination index (GI) is a critical parameter for evaluating compost phytotoxicity and maturity, effectively reflecting characteristics such as the cumulative temperature, dissolved organic carbon (DOC), and water-extractable nitrogen (Nw) [23,38]. As shown in Figure 2d, the GI increased steadily throughout the composting process. However, the addition of substantial quantities of superphosphate adversely affects the GI of compost products, which contrasts with the observations of Wang et al. (2022) [39]. SSP15 exhibited the lowest GI at 70.4%, which was significantly lower than that of any other treatment. This inhibition is primarily attributed to the fact that a high salt concentration limits microbial activity, which is supported by the significant negative correlation observed between the EC and GI. It is worth noting that Yang et al. (2015) [18] reported a similar inhibitory influence of superphosphate on GI during kitchen waste composting. Theoretically, a GI > 50% is regarded as the maturity standard, and a GI > 80% is considered nonphytotoxic to plants [40]. Although only the CK treatment in this study achieved a GI surpassing 80%, all treatments met the maturity criterion.




3.2. Nutrient Contents


The nutrient content of the final composting product is presented in Table 1, and all the treatments met the requirements of the China National Agricultural Organic Fertilizer Standard (NY 525-2021) [25]. Superphosphate has the potential to increase both TN and P contents, and all superphosphate addition treatments yielded a higher TN and P2O5 compared with CK, with SSP15 showing the highest TN, P2O5, and K2O contents. However, there were no significant differences in the TOC content between the control and the superphosphate-amended treatments.



Superphosphate can reduce N losses during composting, thereby enhancing the TN content. This finding is consistent with several previous studies conducted at both the laboratory scale and industrial scale [41,42]. Previous research has revealed that multiple mechanisms contribute to this effect. First, a decrease in pH resulting from superphosphate addition can mitigate the volatilization of ammonium to NH3 by suppressing ammonification [43]. Additionally, the free acids (H2SO4 and H3PO4) in superphosphate chemically stabilize NH4+ by converting it into ammonium phosphate and ammonium sulfate, both of which effectively reduce NH3 emissions by limiting its source [44]. Furthermore, the phosphate ions (PO43−, HPO42−, and H2PO4−) in superphosphate can react with ammonium and magnesium ions to form struvite crystals, which stabilize nitrogen in the compost matrix [45,46].




3.3. GHG Emissions


3.3.1. N2O Emission


The addition of superphosphate markedly reduced N2O emissions during composting, with emissions for CK, SSP5, SSP10, and SSP15 amounting to 0.62, 0.51, 0.46, and 0.46 mg·m−2·h−1, respectively (Figure 3a). Notably, these N2O emissions were considerably lower than those reported in previous research. For example, Chen et al. (2015) [47] conducted a study in a commercial compost plant and reported that the average N2O emission rate during composting was 0.95 mg·m−2·h−1. Similarly, Thompson et al. (2004) [48] noted that the average N2O emission rate during in-vessel liquid swine manure composting was 12 mg·m−2·h−1 N2O. This disparity could be attributed to factors such as forced turning/aeration and the size of the compost volume, with smaller piles typically exhibiting higher N2O emission rates than larger ones [21]. However, it should be noted that, unlike many existing experiments that focus on gas emissions during the composting process, our study did not include the complete composting cycle due to the dynamic operation of the compost reactor. Consequently, the average N2O emission rate (as well as the CH4 emission rates) observed in our study does not represent emissions throughout a full composting process but rather captures the daily emissions occurring in the plant.



Theoretically, N2O emission is linked to incomplete nitrification and denitrification processes during composting, with the majority of emissions typically occurring during the maturation phase [28,49]. Superphosphate can lower the pH of composting materials, facilitating the formation of ammonia nitrogen-degrading microbial communities, mediating the transformation of NH4+-N to NO3−-N, and limiting NOx−-N denitrification to N2O [15,28,50]. Additionally, it limits the denitrification of NOx−-N to N2O during the composting process. However, the addition of superphosphate reduced N2O emissions by 18.5–26.3% in our study, which is lower than the reductions reported in previous in-vessel composting studies. Pan et al. (2023) [17] carried out pig manure composting and reported that 3% and 6% superphosphate additions reduced N2O emissions by 51.3% and 79.8%, respectively. Similarly, Yuan et al. (2018) [28] reported that a 10% superphosphate addition reduced N2O emissions by 55.4% during sludge composting. This lower reduction in our study could be attributed to the inherently low N2O emission rate under our research conditions.




3.3.2. CH4 Emission


CH4 originated from the deoxidization of CO2/H and acetic acid by methanogenic bacteria in the anaerobic areas of the composting matrix [51,52]. The average CH4 emission for CK was 2.69 mg·m−2·h−1. In comparison, the daily average CH4 emissions in the SSP5, SSP10, and SSP15 treatments decreased by 15.8%, 23.4%, and 25.1%, respectively (Figure 3b). Following the introduction of raw materials, each treatment showed a spike in CH4 emissions, likely because the high moisture content in fresh swine manure (i.e., 79% moisture content of fresh manure versus 37% in the in-vessel system) induced localized anaerobic reactions within the compost pile. Throughout the composting process, the average CH4 emissions in our study were markedly lower than those in previously reported research. It was reported that the emission rates of CH4 from the composting of animal waste from cattle and pigs were between 4 g·m−2·h−1 and 12 g·m−2·h−1 [53]. For in-vessel liquid swine manure composting, the average CH4 emission rate was reported to be 0.24 g·m−2·h−1 [48]. The lower CH4 emissions observed in our study could be attributed to the design of the reactor, which included mixing equipment that continually turned over the composting matrix and had forced aeration equipment that ensured a consistent oxygen supply and effectively reduced emissions from anaerobic zones within the pile. Compared to laboratory-scale in-vessel composting and windrow composting, in which compost contents are typically turned over once or twice a week, the presence of anaerobic areas within our composting pile was likely minimized.



Superphosphate has the potential to reduce CH4 emissions. This reduction might be ascribed to the increased SO42− content resulting from the superphosphate application [28]. Previous studies indicated that an increase in SO42− adversely impacts methanogens, inhibiting methanogen activity [34]. Additionally, elevated SO42− levels can negatively influence methanogens by altering their redox potential [18]. In the study of in-vessel kitchen waste composting carried out by Yang et al. (2015) [18], the addition of 10% superphosphate decreased CH4 emissions by 80.5%, while Zhang et al. (2017) [33] reported that the same dose of superphosphate decreased CH4 emissions by 35.5% during in-vessel swine manure composting. Additionally, in an industrial-scale windrow chicken manure composting experiment, Peng et al. (2019) [51] observed that superphosphate reduced CH4 emissions by 62.3%. However, the 15.8–25.1% reduction in CH4 emissions with superphosphate addition can likely be attributed to the continuous stirring and forced aeration in the in-vessel composting system, which mitigated anaerobic conditions and suppressed methanogen activity, thereby diluting the mitigation effect of superphosphate on CH4 emissions.





3.4. Cost–Benefit Analysis


According to the IPCC protocol, CH4 and N2O emissions are converted to CO2-equivalents using their 100-year global warming potentials of 28 and 265 times that of CO2, respectively [11]. Considering the inadequate carbon trading market in the city where the factory is located, we estimated the environmental economic benefits of greenhouse gas emission reductions using the latest estimate of the social cost of carbon (USD 185 per ton of CO2) by Camilleri et al. (2023) [54]. The transportation and purchase cost of superphosphate used in this experiment is USD 100 per ton. Taking into account the current market fertilizer prices, the economic benefits associated with the retention of N, P2O5, and K2O in the compost are estimated to be USD 0.72, 1.00, and 0.60 per kilogram, respectively. Furthermore, by reducing N loss during the composting process and retaining N, the addition of superphosphate also decreases the demand for and production of mineral N fertilizers. The economic benefits resulting from the saved use and production of mineral N fertilizers are calculated based on the GHG emissions associated with N fertilizer production processes described by Zhang et al. (2013) [55] in combination with the carbon social cost estimated by Camilleri et al. (2023) [54].



Taking into account that the average carbon emissions price (CEP) in China stood at only USD 6 per ton in 2020 [56], significantly lower than the environmental cost of USD 185 per ton utilized in our analysis, the economic burden associated with superphosphate addition surpasses the benefits derived solely from GHG emissions reduction (Table 2). Nonetheless, when accounting for the value of nutrients conserved through composting, incorporating superphosphate in compost production enhances P content and mitigates N loss, resulting in overall increased economic gains. Moreover, the superphosphate addition enables more N recovery from compost, thereby decreasing the demand for and production of mineral N fertilizers. Consequently, this significantly reduces GHG emissions during fertilizer production and usage, leading to substantial environmental and economic benefits.



However, it is essential to acknowledge that while the environmental and economic benefits resulting from superphosphate addition, such as reducing N fertilizer production, and increasing fertilizer quality, are substantial, these advantages are challenging for factories to directly obtain. Incentive programs and subsidy policies need to be established to assist composting companies in adopting such technologies. Addressing how to effectively realize these potential economic and environmental benefits to promote the widespread adoption of composting N fixation and GHG emissions reduction technologies in factories will require further research from governmental agencies. In conclusion, the long-term economic potential of incorporating superphosphate in composting is considerable. However, given the current economic market conditions, the benefits of incorporating superphosphate in industrial scale in-vessel composting are not favorable.





4. Conclusions


Superphosphate addition effectively decreased N2O and CH4 emissions during industrial-scale composting, but this decrease was not as pronounced as that observed at the laboratory scale. Additionally, superphosphate had the capacity to elevate the nutrient content of compost. However, it is worth noting that superphosphate addition might adversely impact compost maturity. These results suggest that superphosphate holds promise for use in industrial-scale composting to reduce GHG emissions and enhance nutrient content. Nevertheless, caution should be exercised regarding the amount of superphosphate added, considering its potential effects on compost maturity and the environmental risks associated with leachable P from composts, particularly in sensitive areas where regulatory guidelines for P application are lacking. Our economic analysis found that the economic benefits of GHG reductions caused by the addition of superphosphate are far less than the increased costs. However, given that the process reduces N losses and significantly increases P concentrations, the potential for economic benefits from the nutrient savings and reduced use of mineral fertilizers is huge. Future research efforts should focus on combining superphosphate addition with other improvements to enhance compost maturity while decreasing costs.
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Figure 1. Schematic of the factory composting system: 1. entrance port; 2. feeding port; 3. sampling port; 4. mixer; 5. air pump; 6. outlet port; and 7. exhaust port. 
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Figure 2. Changes in maturity indices in compost samples: (a) pH, (b) EC, (c) C/N ratio, and (d) germination index. Error bars represent standard deviations of mean values (n = 3). Values with the same lowercase letters in a column are not significantly different at p < 0.05. 
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Figure 3. Dynamic changes in (a) N2O and (b) CH4 emissions during composting. Sampling was conducted on Days 10, 11, and 12 for each treatment. Error bars represent standard deviations of mean values (n = 3). Values with the same lowercase letters in a column are not significantly different at p < 0.05. 
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Table 1. Nutrient contents in different treatments and the Chinese national standard (NY525-2021). Values with the same lowercase letters in a row are not significantly different at p < 0.05.
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	Index
	Standard
	CK
	SSP5
	SSP10
	SSP15





	Organic Matter (%)
	≥30.0
	59.2 ± 1.1 a
	59.8 ± 1.7 a
	60.4 ± 1.8 a
	60.8 ± 0.7 a



	TN (%)
	-
	2.15 ± 0.06 c
	2.38 ± 0.11 b
	2.59 ± 0.13 b
	2.93 ± 0.07 a



	P2O5 (%)
	-
	2.46 ± 0.09 c
	2.94 ± 0.21 b
	3.33 ± 0.29 b
	3.97 ± 0.14 a



	K2O (%)
	-
	1.79 ± 0.01 b
	1.76 ± 0.03 b
	1.85 ± 0.05 b
	2.14 ± 0.04 a



	(TN + P2O5 + K2O) (%)
	≥4.0
	6.40 ± 0.13 d
	7.08 ± 0.30 c
	7.77 ± 0.30 b
	9.04 ± 0.07 a










 





Table 2. Annual cost, benefit, and balance of different co