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Abstract

Liquid digestate recirculation can fundamentallivedhe problem of voluminous liquid
digestate discharge for biogas projects. Howetieruncertainty of the effect of
recirculation under different feedstock restritts application of recirculation
technology. In this study, the comprehensive effeftstraw to manure feeding ratios
and liquid digestate recirculation on anaerobiesigpn performance and microbial
community structure were investigated. Recircutati@s beneficial for biomethane
production and digestion stability in digestersofn stalk and straw/manure 3:1 by
alleviating the loss of ammonia and alkalinity, ight aggravated the accumulation of
ammonia and organic acids and reduced methaneuwneler 1:1, 1:3 and pig manure.
The feeding ratios and recirculation formed a caomabieffect on ammonia
concentration in the fermentation system, and wheriotal ammonia concentration
was above 1,500 mg/L, acids accumulation and dealimethane production would
occur whether with recirculation or not. The migedlcommunity structure varied
corresponding to the fermentation state. In thd-wel digesters, which were 3:1 with
recirculation and 1:1 without recirculation, theamloant methanogens were
Methanosaeta, while in the inhibited digesters,idabsarcina and Methanosphaera
dominated the methanogen community. Based on piogldcGJ energy, the strategy of
3:1 with recirculation reduced the discharge afililjdigestate by 81.9 % and the use of

clean water by 65.4 % compared to that of 1:1 waithrecirculation. An integrated
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approach of adjusting feedstock formula and selelstiemploying liquid digestate
recirculation was proposed to produce liquid digesbn-demand with downstream
application requirement, which will make biogasustty eco-friendly and
cost-effective.
Keywords
Anaerobic co-digestion; Digestate recirculatioma@tto-manure ratio; Corn stalk; Pig
manure.
1 Introduction
Anaerobic digestion is the most commonly used réwuteal with much
agricultural wasteproviding useable and renewable energy in the fafrbnogas
(Frigon and Guiot, 2010; Ward et al., 2008). Biogesduction from agricultural waste
will help offset fossil fuel demand, reduce polutifrom agricultural waste and fossil
fuel consumption (Patrizio et al., 2015), and alpgrade matter cycling in agricultural
sectors to produce high-quality food and other pot&l (Alburquerque et al., 2012).
Digestate, also known as effluent or residued)esatyproduct of anaerobic
digestion, and the disposal of which is the bamigHe continuous operation of biogas
projects(Monlau et al., 2015). With the increase and exjensf biogas projects, the
amount of digestate simultaneous increase. Thdresually and low-cost disposal of
excessive digestate, especially the liquid pas,decome an urgent problem hindering
the promotion of anaerobic digestion technologyret al., 2013; Hu et al., 2014).

Irrigation is a common practice of liquid digestG@fambone et al., 2017). However, in
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China, due to the lack of transportation facilitigee liquid digestate can only be poured
into the surrounding farmland. More importantlye ghositive effect of applying liquid
digestate in farmland needs to be based on therd&foacrop fertigation, which is
seasonal and intermittent. The continuous dischizmys to cause the soil to exceed its
bearing capacity and cause serious pollution (RetIMuller, 2011). In some European
countries, liquid digestate needs to be storednimre than 180 days before irrigation,
which occupies a huge space and also emits poif(éia and Murphy, 2016). Seeking
alternative approaches to reuse liquid digestadegi®bal requirement for the economy
and sustainability of most biogas projects.

An alternative approach to reduce the volume dbefit is to recirculate liquid
digestate back into digesters (Jarvis et al., 188&et al., 2015; Zuo et al., 2015). Other
than discharge reduction, liquid digestate recatiah can also reduce the overall water
consumption of biogas projects, which cuts costsaso saves water resources. And
the overall energy consumption can also be redtlwedgh recirculation due to the
recovery of retained heat in warm liquid digestatang et al., 2018). However, whilst
recirculation can improve fermentation efficier{®eng et al., 2016) and system
stability (Gottardo et al., 2017) by recycling nefits, buffers and microorganisifis et
al., 2018; Ratanatamskul and Saleart, 2016), itatemresult in the accumulation of
fermentation inhibitors (Estevez et al., 2014) and-degradable substances (Ni et al.,
2017) leading to inefficient digestion and evengess failure (Wu et al., 2016;

Zamanzadeh et al., 2016). Previous studies hawséacon the effect of liquid digestate
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recirculation under particular one feedstock angfocess. However, the effect of liquid
digestate recirculation under different feedstamkriula has not been compared. And
how liquid digestate recirculation affects the ¢gedting system and microbial
community structure of crop straw and livestock orarhas not been reported.
Considering the diversity of feedstock charact®ssand many co-digestion situations,
studies on the interaction between feedstock ratmosthe effect of recirculation will
help give full play to beneficial parts of reciratibn impacts and avoid the adverse
effect.

The aim of this study is to investigate the effafcliquid digestate recirculation
under different ratios of crop straw and livestoc&nure on semi-continuous anaerobic
digestion. Corn stalk (CS) and pig manure (PM) viaken as representatives of crop
straw and livestock manure since they make upattgeet proportion of their types.
Systematic data (gas production and fermentatianacteristics) was obtained and
discussed from ten lab-scaled digesters semi-aomiisly fed by five feedstock ratios
with or without liquid digestate recirculation. Badal and Archaeal community
structure was investigated by high-throughput seqg. Emission and consumption
per unit energy output were compared between wafbpmed digesters without and
with recirculation. The appropriate feedstock m@md the suggestion for feedstock
adjustment were provided to take advantage ofaelation. The benefits of liquid
digestate recirculation were quantified. Resultthef study indicated that, by

appropriately adjusting the feedstock and fermengiarameters, liquid digestate
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recirculation could be successfully applied to mmegas plants playing the role of
reducing waste and recycling matter, water, andggnerhich will make biomethane
production cleaner and more efficient.
2 Material and methods

Source, characteristic, and preparation of feedtstod inoculum were detailed
presented in 2.1. Design, operation and samplimgnaerobic digestion were
introduced in 2.2. Methods were classified by arnialy gas, digestate, and
microorganisms, and were listed in 2.3. Tools useathta analysis and graphical
presentation were summarized in 2.4
2.1 Feedstock and inoculum

Corn stalk (CS) was collected from the Shangzhuatqerimental Station (Beijing,
China) of the China Agricultural University, milledth a high-speed pulverizer
(FW100, Taisite, Tianjin, China), and stored atma@mperature. Pig manure (PM) was
collected from a pig farm (Hebei, China) of the i@hAgricultural University. PM was
stored at room temperature in sealed barrels ardch@venly before daily feeding of
the digesters. The inoculum was collected from-& 86nstantly-run continuous stirred
tank reactor in Lab of West Campus, Center of Bssrengineering, China Agricultural
University. The CSTR was fed by rice straw andydaianure and run at 37 with an
average daily methane yield of 90 L/d for over twonths. About 5 L effluent of the
CSTR was collected every day and stored in a 5@alesl barrel at room temperature

until the barrel was full. Then, the collected @éiht was stored anaerobically at[37
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for two months, and was thoroughly stirred onceytd eliminate the interference of
residual substrates in methane yield and to formdgenous inoculum. The
compositions of CS, PM, and inoculum are presemdéble 1.
2.2 Experimental design

To simulate different feedstock conditions, theédwing five recipes were selected
as follows: only CS, 3:1, 1:1, 1:3, and only PMg firoportions of which (CS:PM) were
based on their volatile solid (VS) contents. Inteaase, experiments were carried out to
compare performance with and without recirculatbthe liquid digestate. The
experimental design is summarized in Table 2. Tmeats without recirculation were
labeled A to E; treatments with recirculation wiadeeled Ar to Er. Digestion was
carried out in ten digesters, each with a totalina of 6.2 L, and a working volume of
5.0 L. Digestions were carried out under mesopbiieditions (371), and were fed
once a day. The organic loading rate (OLR) wagg4M®/(L-d) and both the hydraulic
retention time (HRT) and the solid retention tingBRT) were 20 d. Digestions were
initiated by the addition of 5.0 L of inoculum atieen discharged 250 mL digestate and
injected 250 mL feedstock every day. For digestgtis recirculation, the discharged
250 mL digestate was liquid-solid separated byrdeging 5 min at 3,000 rpm (CR3i,
Thermo Electron Co., Waltham, MA, USA), after whid®0 mL of the liquid digestate
was recirculated to digester by replacing 150 mtewmn preparation of feedstock. The
biogas generated by each digester was collectad 5iL gas bag. The compositions

and volumes of biogas produced by each digestex measured daily. Approximately
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20 mL of effluent from each digester was samplegrgwother day and frozen at -35
prior to further analysis.
2.3 Analytical methods

Biogas: volumes were monitored using the waterldcgment method and then
converted to a volume at standard conditions (@82,325 kPa). Methane content was
analyzed using a biogas analyzer (GA5000, Geot&ifain).

Digestates: total solid (TS) and volatile solidsSj\contents, alkalinity, total carbon,
and total nitrogen were analyzed using standarthodst(APHA, 2017). The pH was
determined using a pH meter (SX610, Sanxi, Chi@a)lulose and hemicellulose
contents were analyzed using a fiber analyzer sygtenkom 2000, Ankom Technology
Corp., Fairport, NY, USA). Concentrations of ladicd and volatile fatty acids (VFAS)
including formic, acetic, propionic and butyric deiwere analyzed using a high
performance liquid chromatography (HPLC) systemigoed with an ion-exchange
column (Aminex HPX-87H; 30 0 mm x7.8 mm, BioRad beditories, Hercules, CA,
USA) and a diode array detector (SPD-M20A, Shima#zwto, Japan). Samples were
centrifuged at 12,000 rpm for 30 min (CR3i, TherAlectron Co., Waltham, MA, USA),
and the supernatants were filtered through a Qu2filter (Nylon66, Jinteng
Experimental Equipment Co., Ltd., Tianjin, ChinB)lute sulfuric acid (5 mmol/L) was
applied as the eluent (0.6 mL/min) at 35°C (Cailet2018). The concentration of total
ammonia nitrogen (TAN) was measured by a flow iggcanalyzer (AA3, SEAL,

Germany). The concentration of the free ammoniagén (FAN) was calculated based
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on equation Eq. (1) (Hansen et al., 1998).

-1
[FAN] = [TAN] x<1 410 png,gz)) Eq. (1)

10~ (OO0 T

Where [TAN] is the concentration of total ammomag(L), [FAN] is the
concentration of free ammonia (mg/L), and T(K)he temperature (kelvin).

Microbial analysis: total microbial DNA was extradtfrom 3 mL of effluent from
digesters at the 80day using a bead beating plus column purificaRBB + C) as
previously reported by Zhao et al. (2017). Highetighput (lllumina Miseq) sequencing
was conducted by Majorbio Co., Ltd. (Shanghai, @nhiRPCR and Illlumina Miseq
sequencing were conducted as described by Zhdo(2047). The primer sets 338F
and 806R (5-ACTCC TACGGGAGGCAGCA®d
5-GGACTACHVGGGTWTCTAAT-3") were used for bacteriand primer sets
524F-10-extF and Arch958-modR (5-TGYCAGCCGCCGCG@FA and
5-YCCGGCGTTGAVTCCAATT-3) were used for archaeahdreads were assigned
operational taxonomic units (OTUSs) at 97 % sequenodarity. Community structure
was analyzed at the phylum and genus levels usm&ilva database (Release 115
http://www.arb-silva.de) (Zhao et al., 2017).

2.4 Statistical analysis

Statistical significance was evaluated by usingarate analysis of variances at a
P-value of less than 0.05 in IBM SPSS Statistica6ster analysis and principal
component analysis (PCA) were conducted using ellsured parameters, including

methane production, pH, alkalinity, lactic aciddamlatile fatty acids. Origin 9.0 and

8
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Canoco for Windows 4.5 was used for data analysisgaaphical presentation.
3 Results and discussion

The responses of digester performance to liquidsdaje recirculation under
varying straw/manure ratios were investigated. ifkeraction between feeding ratios
and recirculation was analyzed and discussed. Miafrcommunities in digesters of
different strategies, including feeding ratio angether with recirculation, were
observed, and the relationship among operatiotegiis, fermentation parameters, and
microbial community was discussed. Finally, theddgs of proper use of recirculation
were quantified, and practical suggestions were/ doaguide the appropriate
application of recirculation by summarizing theiopzed strategies.
3.1 Effects of feeding ratios and recirculationdigester performance

The effect of digestate recirculation under varyiegding ratios on digester
performance were discussed by promotion in se@&ibri and inhibition in section 3.1.2.
Performance enhancement by liquid digestate rdaiion was observed in digesters
fed with only CS and CS:PM 3:1, and performancebition was observed in digesters
fed with CS:PM 1:1, 1:3, and only PM. The interaotof feeding ratios and digestate
recirculation was discussed in section 3.1.3.
3.1.1 Improved effects of recirculation under C8 &%:PM 3:1

The stable period of methane production, which daas6-20 for A and day 6-35
for Ar, was prolonged 15 d with the recycled usiion of liquid digestate (Fig. 1a). The

methane production significantly (P<0.05) increasech 3.080.16 L/d for Ato 3.3&
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0.20 L/d for Ar with an increased efficiency of 4§ showing the effect of liquid
digestate recirculation on methane production ecéraient when fed with only CS..
The pH, alkalinity, and TAN of stable periods ofthhé and Ar decreased as digestion
proceeded, indicating that the buffer substancds@rogen nutrients discharged along
with digestate were more than those added alorngfe#dstock and produced by
digestion. The decline of pH, alkalinity, and TANAr was slower than that of A,
because soluble matterliquid digestate recycled back to digesters,clvhinade a
decreased dilution of buffer substances and nitraggrients. As a result, the stability
of digesters was improved by recirculation througpitilization of the buffer substances
and nitrogen nutrients, so the longer period ohlpgpcess performance was achieved in
Ar than A. Consistent conclusions were draw intlale (2018) and Peng et al. (2016),
where liquid digestate recirculation achieved me¢hproduction enhancement of 11 %
and 21 % along with stability improvement. When piedecreased to under 6.8,
alkalinity decreased to under 2.0 g/L, and TAN dased to under 50 mg/L (day 24 for
A and day 40 for Ar), total acids concentrationrphaincreased (Fig. 2a&b), showing
an imbalanced state of digesters. It is obviousttif@supplementation of buffering
capacity by liquid digestate recirculation did fibtthe loss of buffer substances
through discharge when fed by only CS, so Ar filed at the end. Before the
concentration of acids increased, there was nafggnt difference (P>0.05) in the
concentration of total acids between A and Arpélivhich were 0.240.01 g/L. Since

hydrolysis of crop straw is the key rate-limitirtgs in anaerobic digestion (Yu et al.,

10
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2016), and acids (mainly substrates for methanggeas in a deficiency in Ar, it was
inferred that the acids returned by recirculatiaswlirectly converted into methane and
formed the increase of methane production in Ar.

As in digesters fed with CS:PM of 3:1 without (B)dawith (Br) liquid digestate
recirculation, gas production continued at a stemdyhigh level for the duration of
experiment (Fig. 1b), and no significant differerffe0.05) between B and Br was
observed on methane production and proportios.dbnsistent with results obtained by
Hu et al. (2014), who investigated anaerobic digastf CS added with urea (C/N=25)
with and without liquid digestate recirculation amal difference in methane production
was found between treatments. However, the pHJiaika total acids concentration
(Fig. 2c&d) and ammonia concentration (Fig. 3byé&ased from 7.340.02 for A to
7.52£0.02 for Ar, from 3.5@0.54 g/L to 5.940.76 g/L, from 0.980.30 g/L to 1.5%

0.56 g/L and from 37870 mg/L to 76&177 mg/L, with an increasing rate of 2 %, 70 %,
58 % and 101 %, showirthe throttling effect of liquid digestate recirctitan on

alkalinity, acids and ammonia, the same with A AndAmong the above parameters,
only the alkalinity of B showed a significant dezse trend (P<0.05). According to the
formula of its trend line [y=-0.025x+4.37680.7256, where y is alkalinity (g/L), and x
is time (d)], the alkalinity of digester B will digee to 2.0 g/L by the 95th day of
digestion, at which time, the stability of digesBewould collapse just as in digesters A
and Ar. Whereas, risk of fermentation failure carmmpredicted in digester Br based on

available data at present, showing a good effe@fculation on the stability of

11
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digesters fed with CS:PM 3:1.

In summary, the improved effect of liquid digestageirculation occurs in the
fermentation system characterized by a lack of \biffering capacity, and specific
nutrients. Usually, this kind of fermentation systes caused by feedstock that is
relatively difficult to degrade and imbalance irtments, such as crop straw. And the
reason for the improvement is to alleviate the tifSasufficient substances through
recirculating liquid digestate to make full usettoé limited substances and render high
performance.

3.1.2 Inhibited effects of recirculation under 1113, and PM

The dynamics of daily methane production and priogoiof the digesters fed by
CS:PM 1:1 (C and Cr), 1:3 (D and Dr), and only F&afd Er) without and with liquid
digestate recirculation are shown in Fig. 1c-e. Agithese six treatments, only digester
C (1:1 without recirculation) performed stable afiicient after start-up till the end. No
significant change trend (P>0.05) was found in rme¢hproduction, VFAs, alkalinity,
and ammonia concentration, indicating the equiiforibetween hydrolysis, acidification,
and methanogenesis in digester C. However, thebadbstate of fermentation was
disturbed by liquid digestate recirculation showrnV&As, alkalinity, and TAN
cumulated in Cr over time. Imbalanced digestiow alscurred in Cr, D, Dr, E, and Er.
The methane production of these digesters wentgfiréour periods: start-up period,
stable period 1, decline period, and stable pe2idebr digesters Cr, D, Dr, E and Er, the

methane production in stable period 2 was 24 %8185 %, 73 %, and 93 % lower

12
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than that in stable period 1, indicating these stggs were in an inhibited state. The
methane production in stable period 2 in digesietts liquid digestate recirculation was
only 77 %, 18 % and 23 % of the methane produgtistable period 2 in digesters
without recirculation under CD: PM 1:1, 1:3 andyRM, which reflected the
aggravated inhibition with liquid digestate reciation.

Unlike methane production, the dynamics of VFARahiity, pH (Fig. 2f-j), and
ammonia concentration (Fig. 3c-e) in digesterdDCiDr, E, and Er couldn’t be divided
into periods, but continuously changed over tintee Teason to this asynchrony is that
inhibitors need to accumulate to exceed limits feefbey exert their inhibitory effect. In
anaerobic digestion, ammonia is an essential mitioe microbial growth and a good
buffer for digester stabilization when it is in appropriate dose. But when ammonia
accumulated to a relatively high dose, it beconmemaibitor to restrict methanogenesis
((Rajagopal et al., 2013; Wang et al., 2016). |s gtudy, whether with liquid digestate
recirculation or not, when the TAN above 1,500 mglhd FAN above 50 mg/L, the
corresponding methane production ended the stabiedhl and entered to the decline
period. The duration of stable period 1 in digesteith liquid digestate recirculation
was shorter than that without recirculation undhersame feedstock condition,
indicating inhibitors were enriched by liquid di¢gt® recirculation.

It is accepted that ammonia strongly inhibited raatigenesis but minimally
affected hydrolysis and acidification, as a resulivhich, VFAs accumulation will occur

(Rajagopal et al., 2013; Wang et al., 2016). Theceatration of acetic acid, propionic

13



274  acid, and butyric acid increased along with theaase of TAN. The increased VFAS
275 usually results in a decrease in pH and furtheitdimethanogenesis activity, just like
276  the final rancidity of A and Ar. However, in Cr, Dy, and E, VFAs, alkalinity and

277 ammonia neutralized each other so that the pH didiecrease. The interactions

278  between VFA, alkalinity, and ammonia led to an Inifeild steady-statg.i et al., 2015),
279  where the pH was in the suitable range recommehgditerature for the anaerobic

280 digestion (Chen et al., 2008), but methane prodaaemained relatively stable in an
281  inefficiency state, shown as the stable period th@se inhibited digesters. These results
282  were in agreement with those of former investigatioonducted by Huang et al. (2015)
283 and Wu et al. (2016)t is noteworthy that butyric acid, which is an ianfant chemical
284  raw material and organic intermediate (Fu et @17}, counted over 55 % of the

285 cumulated VFAs in digesters Cr, D, Dr, E, and Ewe Tole of accelerated VFA

286 accumulation through liquid digestate recirculatioight be performed with further

287  research to benefit the biological production afybia acid.

288 In summary, the recirculation of liquid digestatadigesters, which is in

289  equilibrium and steady-state, will break the bataand cause accumulation and then
290 come to the inhibition. Identically, the recircudat of liquid digestate in digesters,

291  which is in excessive and accumulation state, agitlelerate accumulation and lead to
292 aggravated inhibition. As in this study and pregigtudies, the main inhibitor turned
293  out to be the accumulation of ammonia when perfogmecirculation in digesting

294  animal manure. Other inhibitors, such as TS accatiaul (Estevez et al., 2014) and

14
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increased viscosity (Ni et al., 2017), were alamfibto be the main cause of inhibition
in a few types of research.
3.1.3 Interaction of feeding ratios and liquid ditgge recirculation

Cross comparison by cluster analysis and prin@paiponent analysis (PCA) was
conducted on gas production and proportion as agethe internal digestion parameters
of all the digesters.

Cluster analysis divided the digestion strategis four categories (Fig. 4a).
Digesters A, Ar, and B were clustered together beedheir nitrogen (TAN<500 mg/L)
and buffer (alkalinity<10 g/L) content were low athelclining over time. Digesters C
and Br were clustered because of the excellenbpeence in both gas production and
system stability. Digesters D and Cr were clusta®the slightly inhibited group, and
the digesters E, Dr, and Er were clustered asdheusly inhibited group.

From the perspective of the influent of digestdrs,changes in feeding ratios and
the use of digestate recirculation are both measafrehanging influent composition.
The high carbon to nitrogen ratio (C/N ratio) odgrstraw could lead to an imbalance in
nutrients and a lack of buffering capacity (Nestadl., 2017; Sawatdeenarunat et al.,
2015). And the low C/N ratio of animal manure cocdaise the inhibition of ammonia
accumulation (Rajagopal et al., 2013). So the dhfiestraw-to-manure ratios formed a
C/N gradient from high to low in influent from digter A to E. If the recirculated liquid
digestate was regarded as a co-substrate justikand PM, the C/N ratio of influent

was changed by exchanging CS-PM-water influent3eRB/-digestate influent through
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liquid digestate recirculation. When calculated @8l ratios of influent from the
composition of raw materials and liquid digest#te, C/N ratios of influent in
recirculated digesters were 1.3-3.2 lower thanitihdigesters without recirculation
(Table S1), because some carbon in raw materialgisaipated as CHind CQ while
little nitrogen has gone as NHAll recirculation digesters were clustered with
non-recirculation digesters which were fed with em@S and less PM, namely Br with
A, Cr with B, Dr with C and Er with D, because theimilar C/N ratios could service
similar nutrition and environment for anaerobicanigms. When the C/N ratio of the
raw material is higher than the suitable range Gh¥ ratio of the new substrate
composed of liquid digestate will be closer to sh@able range, or enter the suitable
range, providing more balanced nutrients for miogaaisms and obtaining more
efficient digestion process. Similarly, when thé\@atio of raw material is lower than
the appropriate range, the recirculated liquid stigee will make the C/N ratio of the
new substrate lower and farther away from the gpyate range, resulting in a greater
imbalance in digesters. Based on this, liquid dagesrecirculation is more suitable in
anaerobic digestion of materials with a slightlghiC/N ratio (a C/N of 25 in this study),
such as lignocellulosic materials.

The results of PCA closely complemented those wdtel analysis (Fig. 4b). The
four performance groups shown by cluster analysedequate, well-run, mildly
inhibited and severely inhibited), could be cleabsitioned across the arched

distribution. The proportion of CS gradually desesand PM increases along the arch
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from left to right. The points that are positioredhe left-hand end of the arch reflected
a shortage of buffering matter, while the poiniadyat the right-hand end of the arch
reflected inhibition by ammonia and accumulatiomafanic acids, indicating that the
lignocellulosic materials tends to the digestiorfgrenance type of inadequate, while
livestock manure tends to the type of excessive.fabtor loading plot for the PCA is
presented in Fig. 4c. Alkalinity, TAN and FAN cabtite to the positive direction of
principle component 1 (PC1) and principle compor&(C2). All acids contribute to
the positive direction of PC1 and negative dirattod PC2. If a point moves close to the
positive direction of PC1 it means both acid arklaincrease, and if a point moves
close to the negative direction of PCLlit meansaeadse in acid and alkali. Liquid
digestate recirculation moved the distribution lbfeedstock mixtures to the right,
among which only CS (A and Ar) was moved right apgvards while 1:1 (C and Cr),
1:3 (D and Dr) and only PM (E and Er) were moveghtiand downwards (Fig. 4d). The
results indicated that the effect of liquid digéstaecirculation on anaerobic digestion
under all tested feedstock conditions is to in@eakalinity, ammonia and organic acids
concentrations. For digesters in inadequate statie as digesters fed with CS or CS:PM
3:1, the increasing of alkali and acid by recirtiolarelieved or eliminated the shortage.
While for digesters in balance or excessive stath as digesters fed with CS:PM 1:1,
1:3 and PM alone, the increasing of alkali and &gidecirculation triggered or
aggravated the accumulation of ammonia and VFAsiogusubsequent adverse

fermentation performance.
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In summary, feeding ratios and digestate reciranabioth are measures to change
influent. Different feeding ratios from CS to PMoprded different C/N ratio from high
to low for the digesters, and formed different levaf metabolites from inadequate to
accumulated. On the basis of feeding ratios, ligliggstate recirculation played a role
in reducing the C/N ratios of influent, and recggliparts of metabolites, and benefited
digesters with high C/N and inadequate metabolitdsbited digesters with low C/N
and accumulated metabolites.

3.2 Effects of feeding ratios and recirculationnsicrobial community

Anaerobic digestion is conducted by a community nocrobes. To further
understand the microbial responses to feedingsatra liquid digestate recirculation,
microbial analysis by Illumina MiSeq sequencing sv&arried out. The relationship
between fermentation parameters and microbial comitynuwas analyzed by
redundancy analysis (RDA). The detailed microbiadmmunity structure of
methanogens and the correlations between factatsnathanogens was shown and
discussed.

3.2.1 Summary of the observed sequence

The summary of microbial analysis including richsasd diversity indexes were
in Table S2. Corresponding to the fermentationgrarance of digesters, inhibited
digesters (Cr, D, Dr and E) showed lower richnegkdiversity in bacterial community,
which was indicated by less OTUs and species, l&@i@o and Shannon indices, and

higher Simpson indices in digesters Cr, D, Dr arttldn in digesters Ar, B, Brand C. In
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terms of archaea, this difference between unirdubégnd inhibited digesters was not
obvious, but the diversity of archaea in digestewfich produces the highest methane
yield, was lower than that of other digesters,¢ating the methane metabolism of high
efficient digesters was relatively pure and simple.
3.2.2 Redundancy analysis

The relationship between fermentation parametestsvaarobial community was
analyzed by redundancy analysis (RDA) (Fig. 5). Wt digester points were
projected perpendicularly onto the arrow of CS BM] the projections of digesters
with liquid digestate recirculation located closethe positive end of PM and further to
the negative end of CS than digesters fed by the$aedstock ratios but without liquid
digestate. The microbial community structure chargethat of more PM and less CS
under the influence of liquid digestate recircwatiwhich was corresponding to the fact
summarized from the fermentation performance dataong all the fermentation
parameters, the arrows of TAN and propionic acidevtbe longest in Fig 5a, indicating
the major effects of TAN and propionic acid to leaietl community changes. While, the
arrows of TAN and Alkalinity were the longest irgfb, indicating their major impacts
on archaeal community dynamics. The different streamure ratios in feedstock caused
the varying amount of flow-in nitrogen and thenulé=d in difference in TAN. The
discharge or recirculation of liquid digestate @lithe change in the amount of
flow-out TAN. Then, under the major effect of diféat TAN, the microbial community

evolved into different structure and formed diff@rdigester performance types.
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Bacteria species from phylum of Firmicutes, Cloaoastes, Tenericutes and
Proteobacteria; Methanogens from genus of Methdleus) Methanosarcina,
Methanobrevibacter, Methanosphaera and Methanabaotsurvived the high TAN
environment, and formed the methanogenic metabalister severely inhibition of
ammonia.
3.2.3 Microbial community structure

The community structures of archaea at genus ieged shown in Fig. 6a.
Combined with digester performance, the dominartheregen in digester Ar were
Methanocorpusculum (19.3 %) and Methanosaeta %3, and the unique archaeal
community of digester Ar corresponded to its inadeg and out-run state. The
dominant methanogen was Methanosaeta in digest$.8 %), Br (51.9 %), C
(83.4 %) and Cr (67.3 %), and these digesters ®alene steady methane production.
However, digesters B, Br and C was in steady-$tate beginning, but digester Cr was
in steady-state after mildly inhibition. Corresporgito the slightly inhibition in
digester Cr, Methanobacterium (12.4 %), Methanosghé/.2 %) and Methanosarcina
(5.9 %) in digester Cr were enriched. In digesizr®r and E, which were also in the
fermentation state of inhibitory, Methanosarcinaswaundant, accounted 41.2 % for D,
32.1 % for Dr and 49.7 % for E. In addition, Metbaphaera, Methanobrevibacter,
Methanoculleus were more abundant in digestersr2nd E than in other digesters. An
interesting phenomenon was that the relative alnoelaf Methanosaeta were 35.4 %

and dominant in archaea in the severely inhibiigdsier Dr with the TAN of 3,000
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mg/L. However, it has been widely reported thathebsaeta are sensitive to high
ammonia concentrations (Wilson et al., 2012; Zaradah et al., 2016). In the study by
Zamanzadeh et al. (2016) on anaerobic digestidooof waste, the digester with liquid
digestate recirculation also had a higher relagivendance (91 %) of Methanosaeta than
that of digesters without recirculation (65 %) undesophilic condition. It was
speculated that the toxicity of ammonia to Methaets was relieved in digesters with
liquid digestate recirculation.

The relationship between fermentation parametedsr@@thanogens was shown in
Fig. 6b by correlation analysis. Among all the pageters, the percentage of CS in
feedstock showed the significant correlation (PSPwWith methanogens from 6 genera,
indicating the change in feeding ratios was on#efmain factors that led to change in
methanogen community structure. Also, TAN was dni® main factors who showed
significant correlation (P<0.05) with methanogersf 5 genera. Methanogens from
genus of Methanoculleus, Methanosarcina, Methandiaeter, and Methanosphaera
showed significant positive correlation (P<0.05)hngoncentrations of acids and
ammonia, which was consistent with results from RBrad showing the tolerance of
these methanogens under inhibition of acids and @maraccumulation.

The changes in bacteria community structure wet@sdramatic as methanogens.
(Fig. S1). Firmicutes and Bacteroidetes accourtedver 60 % of the total bacteria and
were dominant phylums in all digesters, and thatied abundance of Firmicutes

gradually increased along withe proportion of CS decreased in feedstock. TAN wa
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the main factor in changing bacteria communityctrce because TAN showed
significant correlation with 12 bacterial phyla amyahe top 14 phyla.

In summary, the microbial community structure varieorresponding to the
fermentation state. The dominant methanogens in wed-run digesters were
Methanosaeta, while Methanosarcina and Methanosplamninated in the inhibited
digesters. TAN was the main factor in microcial dyncs. And liquid digestate
recirculation might relieve the toxicity of ammonta Methanosaeta in inhibited
digester.

3.3 Benefits analysis

In order to quantify the benefits of liquid digestaecirculation, the consumption
and emission data under the same energy outputcatnelated based on the data in
this study from the best process without recir¢atafdigester C, marked as convention
mode) and the best process with recirculation &eyeBr, marked as recirculation mode)
(Table 3). The discharge of liquid digestate ofineedation mode was reduced by 81.9 %
compared to that of convention mode, and solubdéenetal oxygen demand (sCOD)
emission was reduced by 70.4 %. The water consompirater used in diluting
feedstock into desired influent TS) of recirculatimode was cut down by 65.4 % of
convention mode. The warm liquid digestate, inst@adater at ambient temperature
mixed with raw materials, could reduce the heatleddo raise the influent to the
fermentation temperature due to heat recovery. &lteg to the equation expressed by

Wang et al. (2018), the theoretical heat requicegiise the influent to fermentation
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temperature in recirculation mode was 56.3 % lavan that in convention mode,
reducing the influent heat load from 9.7 % to 4.2P®total energy production (energy
of total produced biomethane). The reduced wateswmption and influent heat load in
recirculation mode, on the one hand, marked théribaion of recirculation in saving
resource and energy; on the other hand, indicaebdenefits of cost-saving. Under the
buying water price of 2-7 CNY and the selling bidhaae price of 2-4 CNY, the saved
cost in the recirculation mode of water and heat Wa-15.7 % of total revenue from
sales of biomethane.

When scaled up to daily biomethane production g8A0 n? and compared to
convention mode, the recirculation mode could redhe discharge amount of liquid
digestate of 335.7 t/d, reduce sCOD emission & fl®, save water of 280 t/d and
theoretically recover heat from liquid digestatel6f0 GJ/d, showing the advantages of
recirculation mode in reducing pollutant, savinga@rce and energy, and reducing cost.
However, a more detailed calculation is needed uaaertain situation and include the
cost of handling raw material and solid digestatéctv have huge regional differences.

As a potential benefit, the production time and amaf liquid digestate might be
controlled by changing proportions of agricultunaste in feedstock and selectively
employing liquid digestate recirculation while eresiiefficient production of renewable
methane. A new operation strategy of alternategu€i®:PM 3:1 with recirculation (Br)
and CS:PM 1:1 without recirculation (C) could befpemed in the same one digester,

and run C when liquid digestate was needed whiieBruwhen not needed. The
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integrated approach will achieve on-demand produoatf liquid digestate and facilitate
downstream utilization of liquid digestate for sggatmination promotion (Aihemaiti et
al., 2019), pest control and growth regulationdt.al., 2016) in the seasonal
agricultural process, which will achieve high valu#ization of liquid digestate and
promote sustainable development of agriculture.
3.4 Production recommendation

Liquid digestate recirculation provides a possipitif not discharging continuously
produced, large amounts of liquid digestate inest@iomethane projects, which attracts
the attention of practitioners and researchers. é¥®w because of the difference of raw
materials and processes, the liquid digestate mddas also very different, which makes
the recirculation of liquid digestate perform ditfat effects under different situation.
The possible negative effects of recirculationrrestts popularization and application.
The interaction between feedstock formula and dguiigestate recirculation on
anaerobic digestion was investigated in this stiRBsults indicated that recirculation
was a process to reduce material loss from digedter this reason, the improved effect
of recirculation occurred in digesters that wereklaf nutrients and buffers, while the
inhibited effect occurred in digesters that weraratance of nutrients and buffers. Since
the inhibitory effect of liquid digestate recirctitan is caused by inhibitor accumulation,
the inhibition is not immediately apparent with theginning of recirculation. In the
process of liquid digestate recirculation, it isammended to grasp the changing trend

of possible inhibitors to keep high efficient andadjust in time.
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As under the same operation condition of this stddyesters fed by more-straw
feedstock performed into inadequate state and meprby liquid digestate recirculation
while digesters fed by more-manure feedstock perméorinto excessive state and
inhibited by liquid digestate recirculation. In ditth, both the fermentation parameters
and the microbial analysis indicated that digestetis liquid digestate recirculation
were similar to those without liquid digestate reglation but fed by more manure and
less straw. That is, if the liquid digestate ragiation will be applied to a well-run
digester, it is necessary to adjust the feedstockdla, appropriately increase the
proportion of straw and reduce the proportion ohara, to match the liquid digestate
recirculation so as to avoid inhibitor accumulatéord achieve desired performance.
And the appropriate proportion under conditionshe$ study was 25 %. Conversely,
some external conditions may cause the raw matddathange, such as the manure in
the area is not enough to be used as co-digestberial, or the straw is eager to be
disposed of because of the seasonal harvest. éflaun digester had to change
feedstock formula to fed by less manure or momanstthe liquid digestate recirculation
is recommended to be introduced to make full udeuéiers and nutrients to match the
change in feedstock formula.

This study focused on the response of digestiofopeance to liquid digestate
recirculation under different feedstock conditiovigh uniform process conditions,
rather than optimize the recirculation processifiéi@ent feedstock conditions. So, the

final failure or decline of methane production aced in digesters fed by only CS,
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CS:PM 1:3, and only PM. However, it is worthwhiteftrther study the optimization of
liquid digestate recirculation under these feedstmnditions and other types of raw
material in the future, which is conducive to reidgahe discharge of liquid digestate
from the source and making full use of water, haat, substances in liquid digestate.

Li et al. (2018) and Peng et al. (2016) also suidiee effect of liquid digestate
recirculation on digesting CS, pretreatment meth@d&®OH), buffering agents
(NaHC(Q), and longer HRT (40-45 d) were used, which comlake straw easier to
degrade, provide better conditions, and more tionarficroorganisms to degrade. As a
result, no process failure occurred, and long-testiathle, and efficient fermentation was
achieved. An integrated approach including pretneat, pH control, liquid digestate
recirculation, etc. may be a potential scheme teestihe problem of mono-digestion of
crop straw in areas where manure and other coibge®aterials are scarce.

In studies on liquid digestate recirculation in mandigesters, appropriate
interventions were introduced to reduce the negatnpact of liquid digestate
recirculation on digesting animal manure and previte possibility of ensuring both
high efficient digestion and the long-term openatod recirculation. In a study by Nie et
al. (2015) on mono-digesting chicken manure wiilil digestate recirculation, 72 %
of ammonia in liquid digestate was removed throdgbompression steam stripping
before recirculation, and long-term stable digesti@s achieved. Besides, air stripping
was used by Wu et al. (2016) to mitigate ammonigund digestate before

recirculation in anaerobic digestion of chicken oran Results showed the ammonia
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concentration in digester was declined after ammsetripping of liquid digestate, and
methane yield was back to the same level as theataligester without recirculation.
However, either vacuum stripping or air strippieguires additional equipment and
operation costs, which limits these technologigseé@romoted. Further research is
needed to reduce costs and simplify operation.

Some studies have been optimized and explored ¢ine detailed process
optimization, including recirculation ratio (pattiarecirculation)(Ratanatamskul and
Saleart, 2016; Zuo et al., 2015), pre-mixing timhé&quid digestate with raw material
before recirculation (Elsayed et al., 2019; Liwakt 2019), etc., to achieve high efficient
digestion with liquid digestate recirculation. mg way, the liquid digestate
recirculation will have the potential to be appligter a wider variety of raw material
conditions and operating processes. And the adgartbcontrollable discharge of
liquid digestate, waste reduction, and water coragEm of liquid digestate recirculation
will benefit more regions and people.

4 Conclusions

Ten lab-scaled semi-continuous anaerobic digedad)y corn stalk, pig manure,
and their 3:1, 1:1, 1:3 mixtures, with or withoigiiid digestate recirculation, performed
as four states of inadequate, well-run, mildly mtad and severely inhibited. Methane
production was promoted by recirculation when fethworn stalk and 3:1, while
inhibited under 1:1, 1:3 and pig manure. Microlz@mmunity varied to their

performance states. The regimes of 3:1 with rel@tmn and 1:1 without recirculation
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outperformed the other digesters, and their domimethanogens were Methanoseata.

Recirculation mode showed 81.9 % liquid digestatkiction, 70.4 % COD reduction,

and 65.4 % water saving to that of convention madech achieving efficient and

cleaner biomethane production.
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727 Table 1.

728  Characteristics of corn stalk (CS), pig manure (RR{ inoculum.

729
Parameter Unit Corn stalk Pig manure  Inoculum
Moisture content % Wet weight  8.58+0.33 68.20+£0.5793.14+0.42
Total solids % Wet weight  91.42+0.31 31.80+0.41 6&®B34
Volatile solids % Total Solids 98.55+0.18 78.00£8D.2 58.93+0.19
Hemicellulose % Total Solids 30.47+0.01 14.56+0.0411.56+0.02
Cellulose % Total Solids 34.08+0.19 9.28+0.44 130163
Total carbon % Total Solids 61.81+0.62 47.02+1.08 0.39+0.07
Total nitrogen % Total Solids 1.22+0.00 4.78+0.00 .86%0.00
C/N ratio 50.7+0.7 9.8+1.13 21.8+0.00
pH Not determined 7.7+0.0 7.51£0.0
Averagezstandard deviation (n=3)

730
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733  Table 2.

734  Experimental design in this study.

735
Setup Feedstock CIN Rétio Liquid digestate Nanie
(or CS:PM) in the study
1 Only CS 50.7 Discharge A
2 Only CS 50.7 Recirculation Ar
3 3:1 25.2 Discharge B
4 31 25.2 Recirculation Br
5 1:1 16.7 Discharge C
6 11 16.7 Recirculation Cr
7 1:3 12.4 Discharge D
8 1:3 12.4 Recirculation Dr
9 Only PM 9.8 Discharge E
10 Only PM 9.8 Recirculation Er
a. The CS:PM is the ratio of corn stalk to pig nrann feedstock, and is based on volatile
solid (VS) content.
b. Calculated from proportion and composition af raaterial
c. The letter “r" represents recirculation.
736
737
738
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739 Table 3.
740  Comparison of emission and consumption per unitggheutput between convention

741 mode (based on digester C) and recirculation mbdged on digester Br).

Convention Recirculation

Unit Difference®
mode mode

Energy output GJ 1 1 0.0%
Biomethane m*  27.9 27.9 0.0 %
Revenue of selling gas CNY 57.5-115.0 57.5-115.0 0.0 %
I nfluent
Corn stalk kg 68.8 112.4 -63.3 %
Pig manure kg 249.9 136.8 45.3 %
Clean water h  1.23 0.43 65.4 %
Liquid digestate rh  0.00 1.01 -
Effluent
Solid digestate kg 387.5 470.9 -21.5%
Liquid digestate m  1.16 1.22 5.2 %

-Recirculation m 0.00 1.01 --

-Discharge m  1.16 0.21 81.9%

-sCOD discharge kg 5.00 1.48 70.4%

Heat required GJ 0.097 0.042 56.3 %
Methane required n 270 1.18 56.3 %
Clean water cost CNY 2.5-8.6 0.9-3.0 65.4 %
Heat cost CNY 5.4-10.8 2.4-4.7 56.3 %
Sum of water and heat cost CNY 8.0-19.7 3.3-7.8 0-68.9 %

Proportion of cost in
revenue
a. Difference was calculated as (x-y)/x*100 %,whei®the value of convention mode andy is
value of recirculation mode.
b. 1 GJ energy is converted from 27 .9biomethane, the heat value of which is 35.9 MJ/m
c. Gas sold is bio-natural gas with a methane ptmpoof 97 %, and the price is 2-4 CNY
according to practice in China.
d. The values, which are united by kg, are basedeairweight.
e. The moisture content of solid digestate is #8.8fter solid-liquid separation.
f. Heat required to raise the influent to fermeotattemperature (351). The ambient
temperature is assumed as(20
g. The commercial water price is assumed 2-7 CNoo@ting to practice in China.
h. Heat cost is calculated as the reduced inconselbhg biomethane by the combustion of
biomethane to obtain these heat.

% 12.2-254 5.1-9.7 58.0-61.9 %

742
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754  Fig. 3. Total ammonia (TAN), free ammonia (FAN) centrations (symbol-lines)

755  without (blue circle) or with (orangeiangle) liquid digestate recirculation.
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758  Fig. 4. Cross comparison by [a] cluster analysienghien digesters are clustered into
759  four performance types of inadequate, well-rundigilnhibited and severely inhibited;
760 and by [b] principal component analysis (PCA).Tbk factor loading plot for PCA. [d]

761  Position changes in PCA caused by liquid digestteculation.
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764  Fig. 5. Redundancy analysis of bacteria on phylewell(a) and archaea on genus level

765  (b) with fermentation parameters.
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Highlights

® Cross effects of liquid digestate reuse and feed-formula on performance and microbes.

® Recirculation is beneficial when straw to manure ratio is 3:1 or higher in feedstock.

® Recirculation mode ran well and reduced 81.9% liquid discharge and 65.4% water usage.

® Cooperation of feedstock and recirculation may achieve controllably liquid discharge.
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