Enhancing the biomethane potential of liquid dairy cow manure by addition of solid manure fractions 
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Abstract
Objectives: To assess the effect of adding solid manure fractions on the biomethane potential (BMP) of liquid dairy cow manure and on the biokinetic parameters of the process. 
[bookmark: _GoBack]Results: The methanogenic potential of liquid dairy cow manure was strongly affected by adding a solid manure fraction. The 90/10 % (w/w) liquid/solid manure fraction mixture was the best substrate for CH4 production. This substrate mixture improved by 50 % the final CH4 production per g substrate and decreased the lag time by 220 % relative to the reference BMP test without the addition. Moreover, the addition of 20 % solid manure fraction adversely affected both the final CH4 production and the maximum methane production rate, while increased the lag time by 400 % compared to the reference BMP test without addition. 
Conclusions: Liquid dairy cow manure should be supplemented with no more than 10 % of solid manure fraction in order to improve the biomethane potential of this important agro-industrial residue. 
 

Keywords: Anaerobic digestion; Biogas; Biokinetic parameters; Biomethane potential; Dairy cow manure.
Introduction
The livestock sector represents approximately 1.2% of the gross domestic product of Europe-27, constituting a very important economic activity in the region (EU-DGARD 2012). Global livestock production is expected to double by 2050, growing faster than any other agricultural sub-sector (Ilea 2009). Small extensive holdings have been progressively replaced by intensive and specialized facilities, leading to new pressures on the environment. Nowadays, manure management is one of the most important environmental issues worldwide (Ilea 2009). This is the case of intensive dairy farms, where ~60 kg of manure are produced per cow per day in average terms (Nennich et al. 2005). In this context, farmers are facing an increasing scarcity of arable surface to apply such amounts of manure as a fertilizer (Chadwick et al. 2015) and, therefore, the excess of manure must be treated.
Anaerobic digestion is one of the most investigated biological technologies for manure treatment due to its potential for energy production through biogas, while the digestate still remains as a valuable fertilizer and soil conditioner (Ariunbaatar et al. 2014). Biogas production from dairy cow manure has been consistently reported as a feasible process for renewable energy production (Cano et al. 2014; Nielfa et al. 2015). However, the biogas production is strongly affected by the composition and characteristics of the manure (Browne et al. 2015), which is related with the cleaning and manure storage practices of each farm. As shown in Fig. 1, most intensive dairy farms generate two kinds of manure: (i) a “solid manure” (water content of 20-30%) obtained from a first removal of the manure accumulated in the bedding zone, and (ii) a “liquid manure” (water content ≥ 90%), which is obtained after the application of cleaning water in all zones in contact with manure, including the bedding zone after the solid manure was removed (Cáceres et al. 2006).
<Figure 1>
This work aimed at assessing the effect of adding solid manure fractions on the biomethane potential (BMP) of the liquid dairy cow manure, the latter being by far the most abundant manure fraction in intensive farms. A first order model was fitted to the experimental BMP data in order to evaluate the impact of solid manure addition on the biokinetic parameters of the process.

Materials and methods
Manure characterization
All experiments were performed with manure from VAZAECO, an intensive dairy farm located in Tordehumos, Valladolid (Spain). The most significant characteristics of the inoculum (WWTP mesophilic digested sludge) and the substrate (manure mixtures) were determined according to standard methods (Apha 2005) (Table 1).
<Table 1>

Biomethane potential tests
The BMP tests were performed in 2-L glass bottles according to Angelidaki et al. (2009) (Angelidaki et al. 2009). Inoculum sludge was degassed during 48h at 35ºC prior to the beginning of the test. Liquid manure fraction supplemented with solid fraction at 0% (w/w), 10% (w/w) and 20% (w/w) served as substrates in the BMP tests. A ratio of 0.5 gVS,substrate/gVS,inoculum was used. After headspace deoxygenation with Helium, the bottles were gas-tight closed and placed in a rotational stirrer at 35ºC. The tests were carried out in triplicate. Blanks without manure (to evaluate the endogenous CH4 production of the inoculum) and controls with cellulose (to confirm the hydrolytic activity of the inoculum) were also performed. Biogas production was monitored by means of a pressure meter, while the composition was determined by gas chromatography according to Díaz et al. (2011). The biomethane potential was expressed as the volume of CH4 produced per gram of substrate VS initially added (at normal conditions) and also in terms of volume of CH4 produced per gram of substrate.

Assessment of biokinetic parameters
The effect of adding solid fraction on the biomethane potential of the liquid manure fraction was evaluated in terms of changes on the biokinetic parameters of the process. For this purpose, the experimental methane production data (B) from the BMP tests were fitted to the reaction curve-type model proposed Donoso-Bravo et al. (2010) (Donoso-Bravo et al. 2010):


where, P, Rm, t and λ represent the maximum biogas production (mL CH4 gVS-1), the maximum biogas production rate (mLCH4 gVS-1 day-1), the experimental time and the lag time, respectively. Parameter fitting was done using the non-linear Generalized Reduced Gradient (GRG2) algorithm of Microsoft Solver®.

Results and discussion
Biomethane potential at several solid manure fractions
Figure 2a depicts the endogenous CH4 production of the inoculum and also the CH4 production curve when the inoculum was supplied with cellulose. These results confirmed that the inoculum was active and possessed hydrolytic activity. It must be mentioned that in the case of the endogenous CH4 production, the volume of methane produced is referred to VS of inoculum, and such endogenous CH4 production was subtracted from the CH4 production curve when cellulose or manure was added.	Comment by I Diaz: Yo soy de la opinión de eliminar esta gráfica por completo. Induce a error a pesar de estar explicada adecuadamente. Por otro lado, recomiendan que la producción de los blancos no supere el 20% de la producción total en los BMP. Para evitar esto tendría que haber dejado desgasificar el fango más tiempo. Es una putada porque 48h es el tiempo típico y la producción endógena elevada solo lo puedes ver a posteriori. Entonces, nos pueden meter caña con esto también. Sugiero dejar sólo la producción del control con celulosa  o eliminar la gráfica 2a.
<Figure 2>

The BMP tests showed that the liquid manure with 0% solid fraction achieved a final CH4 production of 318 mL/gVS (Fig. 2b). When the liquid manure was supplemented with 10% solid fraction, the final CH4 production increased to 349 mL/gVS. On the contrary, addition of 20% solid manure fraction resulted in a decrease in the methanogenic potential achieving a final CH4 production of 178 mL/gVS. It is important to stress that although the addition of solid manure fraction involves an increase in the content of VS in the substrate (Table 1), an important amount of such VS in the solid manure fraction are in the form of straw, which is quite difficult to digest by the microorganisms due to its complex lignocellulosic structure (Mussoline et al. 2013). Therefore, addition of solid fraction to improve the CH4 production from liquid dairy cow manure must be carefully done. Based on the results here obtained, up to 10% solid manure fraction might be added in order to increase the methanogenic potential of this agro-industrial residue.
Differences in the methane production at several solid manure fractions are sharper when the CH4 production curve is referred to the grams of substrate rather than the grams of VS (Figure 2c). From this comparative, the final CH4 production when adding 0% and 20% solid manure fraction was very similar (~14 mL CH4/gsubstrate). However, the lag time recorded when adding 20% solid manure fraction was longer than that recorded in the BMP test with 0% solid manure fraction, confirming that the microbial community requires more time to start degrading a substrate with higher content in straw. Moreover, the final CH4 production observed with 10% solid manure fraction was ~21 mL CH4/gsubstrate, constituting 50% higher CH4 production than that recorded with 0% and 20% solid manure fraction, being therefore the most advantageous mixture for optimizing the methane production. 

Impact of solid manure fraction addition on the biokinetic parameters
The differences in CH4 production in the BMP tests due to the addition of solid manure fraction was also evaluated in terms of changes in the biokinetic parameters. The fitting of the reaction curve-type model to the experimental BMP data is shown in Figure 3. The goodness of fit, quantified through the R2 correlation coefficient, was ≥ 98% in all cases, which confirmed the accuracy of the model used to retrieve the biokinetic parameters. Table 2 summarizes the biokinetic parameters obtained at 0%, 10% and 20% solid manure fractions. Compared to the reference BMP test with 0% solid manure fraction, the addition of 10% solid fraction increased by 12% the maximum biogas production (P value), while addition of 20% solid fraction reduced the maximum biogas production by 45%. This confirmed that liquid manure supplemented with 10% solid manure fraction was the best substrate for CH4 production.
<Figure 3>
<Table 2>

The addition of 10% and 20% solid fraction decreased the maximum biogas production rate (Rm value) by 5.7% and 36% relative to the value obtained with 0% solid fraction, respectively. The fact that Rm decreased in both BMPs carried out with solid manure fraction strongly suggested that the increasing presence of straw played an important role on the overall CH4 production rate, even when a higher final CH4 production was achieved at 10% solid fraction. 
Interestingly, the addition of 10% solid fraction reduced by 220% the lag time (λ value) compared with the value retrieved from the BMP test with 0% solid fraction. This result was likely due to the fact that solid manure contains readily biodegradable organic matter (besides a high load of straw) that may stimulate the activity of the microbial population at the beginning of the tests. However, the results here obtained also showed that an excess of solid fraction leads to an increase in the lag time likely due to an excessive load of straw. Thus, the addition of 20% solid fraction produced an increase in the lag time of 400% relative to the BMP test with 0% solid fraction.     

Conclusion
The methanogenic potential of liquid dairy cow manure was strongly impacted by the addition of solid manure fraction. The 90%/10% (w/w) liquid/solid manure fraction mixture constituted the best substrate for CH4 production. This mixture improved by 50% the final CH4 production per gram of substrate, while reduced 220% the lag time relative to the reference BMP test with 0% solid fraction. On the contrary, the addition of 20% solid fraction negatively impacted both the final CH4 production and the maximum methane production rate, while increased the lag time by 400% compared to the reference BMP test with 0% solid fraction. Therefore, liquid dairy cow manure must be supplemented with no more than 10% of solid manure fraction in order to improve the biomethane potential of this agro-industrial residue.  
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Fig. 1. Solid and liquid manure fractions generated in a typical intensive dairy farm.
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Fig. 2. Methane production curves of: (a) inoculum without manure (asterisk) and inoculum with cellulose (circles); (b) BMP tests with 0% (diamonds), 10% (squares) and 20% (triangles) solid manure fraction; (c) tests expressed as the CH4 produced per gram of substrate with 0% (diamonds), 10% (squares) and 20% (triangles) solid manure fraction.
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Fig. 3. Fitting of the reaction curve-type model (continuous line) to (a) the experimental methane production with 0% (diamonds), 10% (squares) and 20% (triangles) solid manure fraction; and (b) goodness of fit of the model for each manure mixture quantified through the correlation factor R2.




Table 1. Sludge and manure mixtures characterization.
	Parameter
	Inoculum sludge
	Solid manure fraction content 

	
	
	0% (w/w)
	10% (w/w)
	20% (w/w)

	TS (g L-1)
	21.44 ± 0.24
	62.37 ± 2.66
	86.21 ± 0.91
	117.15 ± 1.14

	VS (g L-1)
	12.34 ± 0.23
	40.55 ± 1.71
	60.74 ± 1.22
	85.74 ± 1.20

	Density (g cm-3)
	1.00 ± 0.001	Comment by I Diaz: Considera añadir una cifra significativa más al valor medio, pues la desviación estándar tiene 4 y la media sólo 3.
	1.01 ± 0.009
	1.04 ± 0.015
	1.07 ± 0.014




Table 2. Biokinetic parameters of the BMP tests retrieved from the reaction curve-type model.
	Parameter
	Solid manure fraction content 

	
	0% (w/w)
	10% (w/w)
	20% (w/w)

	P (mL CH4 gVS-1)
	336
	377
	185

	Rm (mLCH4 gVS-1 day-1)
	18.97
	17.89
	12.03

	λ (days)
	1.78
	0.80
	7.15
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