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Abstract: Rice straw is an agricultural residue produced in abundant quantities. Open burning and
plowing back the straw to the fields are common practices for its disposal. In-situ incorporation and
burning cause emissions of greenhouse gas and particulate matter. Additionally, the energy potential
of rice straw is lost. Anaerobic digestion is a technology that can be potentially used to utilize the
surplus rice straw, provide renewable energy, circulate nutrients available in the digestate, and
reduce greenhouse gas emissions from rice paddies. An innovative temperature phased anaerobic
digestion technology was developed and carried out in a continuous circulating mode of mesophilic
and hyperthermophilic conditions in a loop digester (F1). The performance of the newly developed
digester was compared with the reference digester (F2) working at mesophilic conditions. Co-
digestion of rice straw was carried out with cow manure to optimize the carbon to nitrogen ratio and
to provide the essential trace elements required by microorganisms in the biochemistry of methane
formation. F1 produced a higher specific methane yield (189 £ 37 L/kg volatile solids) from rice
straw compared to F2 (148 £ 36 L/kg volatile solids). Anaerobic digestion efficiency was about
90 + 20% in F1 and 70 £ 20% in F2. Mass fractions of Fe, Ni, Co, Mo, Cu, and Zn were analyzed over
time. The mass fractions of Co, Mo, Cu, and Zn were stable in both digesters. While mass fractions of
Fe and Ni were reduced at the end of the digestion period. However, no direct relationship between
specific methane yield and reduced mass fraction of Fe and Ni was found. Co-digestion of rice straw
with cow manure seems to be a good approach to provide trace elements except for Se.

Keywords: rice straw; cow manure; anaerobic digestion; trace elements; temperature; methane;

nutrients; renewable energy

1. Introduction

Rice straw (RS) is an agricultural residue that is available in abundant supply. Ap-
proximately 846 million tons were produced in 2017 globally [1]. Present uses are limited
to cooking, feeding animals, constructing buildings, and making paper [2]. However, the
largest share of produced RS is left in the fields [2]. Open burning and plowing the straw
back to the fields are common practices for its disposal, contributing to greenhouse gas
emissions to the atmosphere [3,4], and its energy potential is also lost [5].

Anaerobic digestion (AD) may offer a promising approach to convert RS into biogas.
It can play a dual role in producing renewable energy and treating waste [6]. RS also
has good theoretical methane potential (TMP) and it can be calculated as proposed by
Baserga [7], resulting in 207 to 211 L/kg VS [8]. Moreover, the specific methane yield (SMY)
under different experimental conditions were reported by various authors in their studies,
such as 231 L/kg VS [9], 120 L/kg VS [10], 226 L/kg VS [11], and 100 L/kg TS [12].
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Although AD seems an attractive option for energy recovery based on its SMY, the
main obstacle to this process is the microbial degradation of the lignocellulosic substrate
like RS [5]. Various types of pre-treatments have been used to separate lignin from the
cellulose so the cellulose can be anaerobically digested easily. The results of several studies
showed the effectiveness of physical, thermal, chemical, and biological pre-treatments of
RS [13-16]. Although pre-treatment of RS is effective, it often needs high energy input or
chemicals that are not feasible for farm-scale applications.

There have been other developments in the field of AD of RS apart from the various
pre-treatments. These developments include the usage of appropriate inoculum and co-
substrates, optimal selection of mixing in the digesters, suitable organic loading rate (OLR),
recycling of liquid digestate (LD) to the digesters, and supplementation of trace elements
(TEs). These developments have been used to enhance the energy recovery in the AD of RS
but are mostly implemented at the lab-scale or pilot-scale. The AD of RS at the farm-scale
is still minimal in practice [17]. There is a need for the development of AD technology
that can improve the degradation of RS without or with little pre-treatment and without
external supplementation of TEs to make it feasible for farm-scale applications.

In this work, an innovative temperature-phased anaerobic digestion (TPAD) tech-
nology named “loop digester” was developed by Herbst Umwelttechnik in the “BioRist
Project: A joint research project for innovative process technology for biogas production
from rice straw” [18]. The TPAD was carried out in a “Loop-digester”, working in a contin-
uous process under circulating mesophilic and hyperthermophilic conditions. This process
aims to digestion a substrate under both temperature conditions (two microbial environ-
ments) to enhance energy recovery in the form of SMY. This technology is patented for the
European and Southeast Asian market with international patent no WO 2018/138368 Al
owned by Herbst Umwelttechnik.

AD is a complex biological process. Temperature is one of the most significant param-
eters affecting the activities, survival, and growth of microorganisms [19]. Traditionally,
thermophilic (55 °C) AD is less used than mesophilic (37 °C) because of its lower process
stability and higher energy demand [20]. Several studies reported the advantage of the
thermophilic AD by achieving higher biogas yield using the RS as a substrate [11,12,19].
However, temperature variation should not exceed 0.6 °C/day to maintain a stable pro-
cess [21]. The advantages of mesophilic AD include less energy demand and better stability
of the process. Therefore, combining mesophilic and thermophilic conditions by TPAD
could bring the advantages of both temperature conditions [22]. TPAD technology usually
consists of a first thermophilic stage with a short retention time. This stage acts as a pre-
treatment step to improve the hydrolysis rate. It is followed by a longer mesophilic stage
intending to effectively remove organic matter and degradation of soluble compounds
released under thermophilic conditions [23].

There have been some studies investigating the TPAD technology. Ge et al. [22]
evaluated a thermophilic-mesophilic TPAD technology against a mesophilic-mesophilic
TPAD during the treatment of primary sludge. Han et al. [24] compared the performance
of the TPAD technology (55 °C and 35 °C) with the conventional single-stage mesophilic
approach (35 °C) for the treatment of the mixtures of primary and waste activated sludge.
Similarly, Watts et al. [25] also compared the performance of the TPAD technology (47, 54,
and 60 °C) with the conventional single-stage mesophilic (36 and 37 °C) treating waste
activated sludge. Gianico et al. [23] proposed an inverse TPAD, different from the studies
mentioned above [22,24,25]. The technology is named ultrasound-mesophilic-thermophilic
(UMT) and is used for the treatment of sludge. The first step involves the hydrolysis of
particulate organic matter and performs mechanically using ultrasounds. The second step
occurs in a mesophilic digester. The third step is the thermophilic digester [23].

TPAD was carried out in two stages in these studies. Therefore, the substrate was
not subjected to microbes working on both temperature conditions in a continuous mode.
The working of these microbes in a continuous mode may have resulted in even better
performance. Furthermore, only various sludges were investigated in these studies. TPAD
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has not been applied for the AD of any lignocellulosic substrate such as RS, which is avail-
able in abundant quantity. It is, therefore plausible, to apply TPAD for RS in an innovative
continuous mode using a newly developed loop digester, The RS was co-digested with cow
manure (CoM), while all the studies mentioned above, were used only for the treatment
of various sludges [22-25]. The performance of the loop digester (F1) was compared with
a conventional mesophilic digester (F2) using the key performance indicators (KPI) SMY,
anaerobic digestion efficiency (ADE), and volumetric methane production rate (VMPR).

In addition to TPAD, the integration of appropriate microbes necessary to break down
the lignocellulosic substrates can also be achieved by co-digestion [5]. Co-digestion of RS
with various substrates has been proved to be very effective in both lab and pilot-scale
experiments [5,26-28]. Co-digestion improves substrates treatability since it provides
process stability, a better C/N ratio, increased biodegradation, adjust moisture content,
a supply of TEs, and, therefore, enhance energy recovery [29,30]. Several TEs such as
iron (Fe), nickel (Ni), zinc (Zn), molybdenum (Mo), selenium (Se), tungsten (W), cobalt
(Co), and copper (Cu) are essential for enzyme cofactors involved in the biochemistry of
methane (CHy) formation [31]. An appropriate amount of TEs is required to maintain
the effective growth and metabolism of microorganisms. Various authors have reported
the requirements of different TEs in the AD process [32-35]. A higher amount can cause
inhibition due to the disruption of an enzyme’s structure and function [36]. Apart from
these reported requirements of TEs in the AD process, some researchers also studied the
effect of supplementation of TEs (Fe, Co, Ni, and Se) on CHy yield during the mono-
digestion of RS. They observed improvement in CHy yield due to the supplementation of
these TEs [37,38].

Co-digestion of RS has usually been investigated to adjust the C/N ratio [26-28].
Co-digestion may or may not provide enough TEs. Furthermore, maybe, depletion of TEs
happened and adversely affected the performance of AD. These aspects were not well
considered by the researchers in their studies [5,26-28].

The main purpose of this study was to evaluate and compare the performance of
the newly developed F1 and the reference F2 during the co-digestion of RS with CoM.
Therefore, a hypothesis was formulated that the “F1 (TPAD technology) would increase
the performance of co-digestion of RS with CoM in terms of SMY, ADE, and VMPR”.
Overall, this research work aimed to (1) investigate the performance of the F1 and F2
during the co-digestion of RS with CoM by evaluating the KPI; (2) identify the possible
TEs accumulation/depletion and its effects on the CHj yield; (3) quantify the TEs in the
digesters and compare their concentrations with recommended literature values because a
sufficient amount is essential for stable CHy yield.

2. Materials and Methods
2.1. Substrates

A bale of RS (approximately 150 to 200 kg) was obtained from a farmer from northern
Italy. The collected RS was cut into 10-30 mm pieces by a straw cutter (includes chopping,
cutting, and milling) before adding to the digesters. The straw was stored in a dry place.

Fresh CoM was collected from a cow farm in Brandenburg near Berlin, Germany. The
collection of CoM was conducted in four sets (CoM7, CoM,, CoM3, and CoMy) and stored
in the lab during the experiment. The volume of each set varies on the duration of its usage
approximately from 60 to 80 L. CoM; was the first set of manure, and it was also used
during the commissioning of the experiment. The detail about the duration of usage and
storage of each set of manure is presented in Table 1 The samples of each set were taken on
the first day of manure collection and used to analyze the reported parameters in Table 2.
The manure was kept in the lab for feeding the digesters. For sampling, about 15 to 20 kg
of RS was collected from random locations in the bale. It was size reduced with the straw
cutter. Then a representative sample from this sample was taken for the analysis of the
required parameters.
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Table 1. CoM used during the experiment.

Digester Experimental Day CoM
1to 50 CoM;

51 to 172 CoM,

Fland F2 173 to 245 CoM,
246 to 314 CoMy

CoM 534, Cow manure in four sets.

Table 2. The values represent the arithmetic mean (Avg) with the range (min/max) of double or triple determination. The
parameters with a single value have been received from an external lab.

Parameter RS COM1 COMZ COM3 COM4
Avg (Min/Max) Avg (Min/Max) Avg (Min/Max) Avg (Min/Max) Avg (Min/Max)
TS (%) 89.7 (89.6/89.8) 5.8(5.6/6.1) 7.8(7.8/7.9) 8.4(8.1/8.6) 8.6 (8.6/8.6)
VS (% of TS) 84.6 (84.6/84.6) 75.0 (74.6/75.5) 78.0 (78.0/78.0) 75.4(74.9/76.0) 75.1(74.9/75.4)
x_C (% of TS) 40.9 (40.9/40.9) 39.5(39.4/39.6) 40.4 (40.4/40.4) 40.8 (40.6/41.1) 40.8 (40.6/41.0)
X_N (% of TS) 0.82(0.82/0.83) 1.82(1.75/1.88) 1.95(1.93/1.97) 224 (2.22/2.27) 1.78 (1.77/1.80)
C/N_calculated 49.6 (49.4/49.8) 21.8 (21.1/22.5) 20.7 (20.5/20.9) 18.2 (17.9/18.5) 22.9(22.5/23.2)
X_XP (% of TS) 3.9 NA 19.4 22.7 21.5
X_XF (% of TS) 38.3 NA 17.9 26.1 17.4
x_XL (% of TS) 0.5 NA 2.9 2.2 2.3
X_XA (% of TS) 15.8 NA 22.3 23.8 24.5
Fe (mg/kg TS) 265 (262/267) NA NA 1115 (1058/1172) 1431 (1382/1480)
Ni (mg/kg TS) 1.69 (1.41/1.96) NA NA 2.62 (2.55/2.69) 2.85(2.84/2.86)
Co (mg/kg TS) 0.59 (0.58/0.60) NA NA 0.88 (0.77/1.03) 1.15(1.12/1.18)
Mo (mg/kg TS) 1.10 (1.08/1.11) NA NA 1.26 (1.23/1.29) 1.16 (-/-)
Cu (mg/kg TS) NA NA NA NA 72.9 (70.8/75.1)
Zn (mg/kg TS) NA NA NA NA 296 (288/303)
Se (mg/kg TS) BDL BDL BDL BDL BDL

RS, Rice straw; CoM; 5 34, Cow manure in four sets; TS, Total solids; VS, Volatile solids; x, Mass fractions; XP, Crude protein; XF, Crude
fiber; XL, Crude fat; XA, Crude ash; NA, Not analyzed; BDL, Below detection limit.

Prior to sampling, the CoM was mixed thoroughly. Several subsamples were taken
and mixed to make a composite sample and used for analysis.

The general characteristics of RS and CoM, such as total solids (TS), volatile solids
(VS), total C, total N, and C/N ratio, are presented in Table 2. Moreover, the content of
crude protein (XP), crude fiber (XF), crude fat (XL), crude ash (XA), and TEs are presented
in Table 2. All four sets of CoM were brought from the same source. All the analyzed
parameters were similar in all sets. Therefore, it was assumed to have similar content of
TEs in all sets of CoM and therefore only analyzed in CoM3 and CoMy.

2.2. Experimental Setup

F1 consisted of two different continuously stirred tank reactors (CSTR) working in a
loop. The working net volume of the first CSTR of F1 (F1.1) was 30 L, and the second CSTR
(F1.2) was 4 L. These two CSTRs of F1 were operated at two temperature conditions. F1.1
was working at mesophilic (nearly 45 °C), while F1.2 was working on hyperthermophilic
conditions (65-70 °C). F2 was working as a reference at mesophilic conditions (45 °C)
with a net volume of 30 L. The digesters contained ports for various purposes such as
biogas collection, mechanical agitation, temperature control, feeding, and removal of the
substrates. The schematic diagram of both digesters is shown in Figure 1.
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Figure 1. Schematic diagram of the experimental setup with a recycling of liquid digestate; RS, Rice straw; CoM, Cow
manure; F1.1 and F1.2, Loop digester; F2, Reference digester; LD, Liquid digestate; SD, Solid digestate.

2.3. Experimental Design and Operation

The digesters used in this study were already working with RS and CoM. The sludge
contained in both the digesters was used to continue the experiments in this study. There-
fore, no external inoculum was used in this study for the commissioning.

Co-digestion of RS with CoM was carried out for 314 days. About 45 days were used
for commissioning. The feeding was started with a relatively low OLR at2.2 g VS L=t d~1.
The OLR and hydraulic retention time (tgr) during the experiment were changed in both
digesters, as presented in Table 3. While tyr was 3 to 4 days in F1.2.

Table 3. OLR and tyr during the experiment.

Digester Experimental Day OLR (g VSL-1d-1) tyr (Days)
1 to 50 34 35
F1 and F2 51to 95 3.2 50
96 to 314 4.3 40

OLR, Organic loading rate; tyr, Hydraulic retention time.

Also, four sets of CoM were used in the experiment, as presented in Table 1.

F1 and F2 were fed once a day, seven days a week, with a freshly prepared mixture of
RS and CoM during the whole experiment. The amount of RS and CoM was different at
different OLR. About 1.0 to 1.1 L of the substrate from F1.1 was fed into F1.2, and an almost
similar amount was fed back to F1.1 daily. The LD was obtained manually by filtering the
digestate through a sieve with a 3 mm mesh size. The LD was recycled to both digesters
daily to dilute the substrates and to keep a constant TS content in the digesters. The solid
digestate (SD) remained after the filtration process was discarded.

2.4. Sampling Plan

The process parameters such as FOS/TAC ratio (Fliichtige Organische Sauren/Totales
Anorganisches Carbonat) and ammonium (NH; ") were analyzed every week while pH was
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measured on daily basis in both digesters. The pH and FOS/TAC ratio were determined as
a single value immediately after collecting the digestate sample. For the analysis of TEs
(Fe, Ni, Co, Mo, Cu, Zn, and Se), homogenous samples of 400 to 500 g digestate were taken
bi-weekly during the experiment from F1 and F2 and measured as duplicate.

2.5. Analytical Methods

XP, XF, XL, and XA were determined according to standard procedures described by
the Association of German Agricultural Analytic and Research Institutes [39]. Nitrogen-
free extracts (XX) were mathematically estimated as the difference between organic matter
values and analytically assessed organic compounds [40].

TS was determined per DIN EN 15,934 Sludge, treated biowaste, soil, and waste—
Calculation of dry matter fraction after determination of dry residue or water content
and VS were determined according to DIN EN 15,935 Sludge, treated biowaste, soil, and
waste—Determination of loss on ignition. Analysis of total C and total N was conducted
by Elemental Analyzer (Vario EL III, Elementar Analysensysteme GmbH, Langenselbold,
Germany). The mass fractions of TEs (Fe, Ni, Co, Mo, Cu, Zn, and Se) were determined by
inductively coupled plasma-optical emission spectroscopy (ICP-OES) (iCAP 6000, Thermo
Fisher Scientific, Waltham, MA, USA) according to DIN EN 16,170 Sludge, treated biowaste,
and soil—Determination of elements using inductively coupled plasma optical emission
spectrometry (ICP-OES). The samples were prepared using aqua regia digestion according
to DIN EN 16,174 Sludge, treated biowaste, and soil—Digestion of aqua regia soluble
fractions of elements. All these analyses mentioned above were carried out in duplicates.
Test kits from Macherey-Nagel were applied for the analysis of NHy*. The pH was
determined with a pH-201 pH controller.

The FOS/TAC ratio was evaluated as a ratio between the total volatile fatty acids
(VFAs) (expressed as mg/L of CH;COOH equivalent) and alkalinity (expressed as mg/L
of CaCQO3) [41]. The FOS/TAC ratio was determined in 50 mL of a sample employing a
titration device as a two-step endpoint titration using a 0.5 M HySO; solution [41].

The volume of produced biogas was measured by using Elster’s diaphragm gas meter
(BK-G4MT). Then the volume of dry gas was calculated in the normal state [42]. The
biogas analysis (CHy, Oy, H,S, and CO;) was performed using the gas analyzer SEWERIN
Multitec® 545.

2.6. Calculation of the Theoretical Methane Potential

The TMP, expressed in L/kg VS, of RS and CoM, was calculated based on a method
proposed by Baserga [7]. This method assumes that CH4 production from organic sub-
strates mainly depends upon their content of XP, XL, XE, and XX. TMP of RS and CoM
was estimated from the degradability of XP, XL, XF, and XX, for which the digestibility
coefficients (dxp, dxr, dxp, and dxx) were: 26, 40, 61, and 47%, respectively [43]. Further-
more, the CHy content of biogas was assumed to be 50%. Equation (1) was used for the
calculation of TMP.

TMPIL (kg VS) '] = 0.5 x [(700 x dxp x XP) + (1250 x dxr. x XL) + (790 x dxg x XF) 4 (790 x dxx x XX)] (1)

Also, there is another method proposed by Buswell et al. [44] to estimate the TMP that
assume the complete degradation of organic substrates. In this method, TMP is estimated
from the elemental composition (the content of C, H, O, and N) of substrates. This method
was not used to estimate TMP in this study but results from literature using RS as the main
substrate was used for the comparison purpose.

2.7. Key Performance Indicators

The following KPI were used to evaluate the performance of both digesters.

SMY, expressed in L/kg VS, was defined as the total volume of CH4 produced through-
out the digestion period per unit weight of the VS of the substrate [45]. It was used to
express how efficiently the substrate converted to CHy under the actual experimental
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conditions. The values of SMY presented in this study represent the CH4 produced by the
RS only (CHy4 produced by the CoM has been subtracted) as expressed in Equation (2).

[V_CHA4(RS + CoM) — V_CH4 (CoM)]
[VS_RS]

where V_cp rs + com) is the volume of CHy produced by co-digestion of RS with CoM,
V_cH4 (coM) i the theoretical volume of CHy produced by CoM. VS_gs is the VS added by

Specific Methane Yield (SMY) [L/(kg VS)] = ()

RS to the digesters.
ADE, expressed in %, was calculated as the ratio of SMY and TMP as presented in
Equation (3).
e - SMY
Anaerobic Digestion Efficiency (ADE) (%) = ™D < 100 (©)]

VMPR was used to show how much CH4 was produced per unit volume of the
digester. VMPR expressed in L CHy /(L d) was calculated as in Equation (4).

Volumetric Methane Production Rate (VMPR) [L CH4 (Ld) '] = v/V 4)

where v is the volume of CHy produced daily and V is the net volume of the digesters in L.
These KPI were calculated daily. The overall average of each of these indicators was
used for the performance evaluation of both digesters.

2.8. Statistical Analysis

The mean values of SMY were compared using Student’s ¢-test. The difference was
considered significant for a probability below 0.05 (p < 0.05). The correlation coefficient was
used to determine the relationship between the change (accumulation or depletion) in mass
fractions of TEs and SMY. These statistical analyses were performed using Microsoft Excel.

3. Results
3.1. Performance Evaluation of the Digesters F1 and F2

The estimated TMP (based on Baserga) of RS was 210 L/kg VS. The TMP of CoM,,
CoM3, and CoMy was 177, 178, and 172 L/kg VS, respectively. The TMP of three sets of
CoM was comparable. The TMP of CoM; was not estimated, and it was assumed to be
similar to the other three sets since it was obtained from the same source. Additionally, the
general characteristics of all four sets were similar, as shown in Table 2.

SMY and VMPR are two critical indices used to evaluate the performance of the AD
process. SMY is an indicator of the raw substrate’s utilization efficiency. It shows how
effectively the substrate has been converted to CHy. VMPR is an indicator of the efficiency
of the digester and shows how much CH, can be produced per unit working volume of
the digester.

Figure 2 shows the SMY of RS during the co-digestion with CoM. A stable CHy4
production was achieved in both digesters during the experiment. The overall average
achieved SMY of RS in 314 days of the experiment was higher in F1 (189 4+ 37 L/kg VS)
than F2 (148 4+ 36 L/kg VS). The whole experiment was divided into three different tyg
in both digesters: tyr1, tHro, and tygrs having 35, 50, and 40 d, respectively. Furthermore,
the C/N ratio of the input mixture (RS and CoM) was changed since four different sets
of manure were used in the experiment. The C/N ratio was 26 and 29 at tyr; and tygo.
While the C/N ratio of 28 and 31 were achieved at tyrs. As a result, the average SMY
was 177 £ 42,226 + 31, and 187 4+ 32 L/kg VS at 35, 50, and 40 d, respectively in F1. The
average SMY was 140 + 40, 182 £ 41, and 143 + 29 L/kg VS at these tyR, respectively
in F2.
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Figure 2. (a) Specific methane yield of RS from F1 and F2. (b) arithmetic mean and standard deviation of the population (n
= 314), indicated as error bars of 37.1 and 35.6 for F1 and F2 respectively. RS, Rice straw; tyr1 2,3, Hydraulic retention time

(35, 50, 40 d).
For comparison, the ADE of RS from both the digesters is shown in Figure 3. The ADE
of RS, on average, was 90 & 20% in F1 and 70 £ 20% in F2 for the whole experiment.
(a) Anaerobic digestion efficiency (ADE) (b)
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Figure 3. (a) Anaerobic digestion efficiency of RS from F1 and F2. (b) Arithmetic mean and standard deviation of the
population (1 = 314), indicated as error bars of 20 and 20 for F1 and F2 respectively; tyri 23, Hydraulic retention time

(35, 50, 40 d).
The comparison of VMPR from both the digesters is shown in Figure 4. The overall

VMPR was higher in F1 with an average value of 0.74 + 0.18 L CH4 /(L d) than F2 with an
average value of 0.60 = 0.17 L CHy/(L d).
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Figure 4. (a) Volumetric methane production rate of RS from F1 and F2. (b) Arithmetic mean and standard deviation of the
population (n = 314), indicated as error bars of 0.18 and 0.17 for F1 and F2 respectively; RS, Rice straw; tyrs 2 3, Hydraulic
retention time (35, 50, 40 d).
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3.2. pH in F1 and F2

The pH values of F1 and F2 were monitored daily and shown in Figure 5. The pH
values of both digesters were in the range of 7.2 to 8.0 except for a few values of F2 that
reached up to 8.2. The pH values were stable and showed a similar trend in both digesters.
The average pH in F1 was 7.6 = 0.1 and 7.8 £ 0.1 in F2.

pH (b)

150 210 240 270

Time [d]

Y120 180

trs

60 Y 90

thro

Figure 5. (a) pH in F1 and F2 (b) Arithmetic mean and standard deviation of the population (1 = 314), indicated as error
bars of 0.13 and 0.13 for F1 and F2 respectively; tpry 2,3, Hydraulic retention time (35, 50, 40 d).

3.3. FOS/TAC in F1 and F2

The FOS/TAC was analyzed and investigated in both digesters to study the process
stability. The results are presented in Figure 6. The FOS/TAC values range from about 0.3
to 0.6 in F1 and 0.2 to 0.4 in F2. Higher values were observed in F1 (0.5 £ 0.1) compared
to F2 (0.3 £ 0.1) during the whole digestion time. These results showed stable FOS/TAC
values in both digesters as there was no gradual increase or decrease trend observed. The
FOS/TAC was not analyzed during the first 60 days of the experiment due to technical
limitations (no availability of titration device).
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Figure 6. (a) FOS/TAC and NH,* in F1 and F2 (b) Arithmetic mean and standard deviation of the population, indicated as
error bars with 0.15 and 0.22 for F1 and F2 for NHy* (1 = 37) and with 0.06 and 0.05 for F1 and F2 for FOS/TAC (n = 34)
respectively. tyry 2,3, Hydraulic retention time (35, 50, 40 d).

3.4. NH," in F1 and F2

The NH;* was measured once per week in both digesters, and their values are also
presented in Figure 6. The overall average values of NH;" were 1.3 £ 0.1 g/Lin F1 and
1.6 £ 0.2 g/L in F2. Usually, lower NH4* values were observed in F1 compared to F2
during the whole digestion time. The general trend of NH,* was similar in F1 and F2 as
the values were a bit higher in the last stage of the digestion compared to the early stage.

3.5. Trace Elements over Time in F1 and F2

The mass fractions of TEs, including Co, Cu, Ni, Mo, Fe, Zn, and Se, were analyzed
without change in the feeding (at OLR of 4.2 g VSL~! d~! for about 200 days) in the AD
process. The mass fraction of each element is shown in Figures 7 and 8 in both digesters
except for Se, as its values were below the detection limit. There was no supplementation
of TEs at any stage of the digestion. Since there was no addition of TEs and the measured
mass fractions were assumed to be naturally occurring in RS and CoM.

Both digesters showed almost stable mass fractions for the Co, Mo, and Zn over
digestion. Although the mass fraction of Cu fluctuated in both digesters, there was no
gradual increase or decrease over time. The mass fraction of Ni decreased from 7.0 mg/kg
TS to 4.4 mg/kg TS in F1 during the digestion time. Moreover, lower values (24 mg/kg
TS) were observed at the end of the experiment compared to the start of the sampling
(30.5 mg/kg TS) in F2. There was an apparent gradual decrease in the mass fraction of Fe
in F1. Furthermore, the mass fraction of Fe decreased in F2 at the end of the experiment
(1.4 g/kg TS) compared to its value at the start (2.0 g/kg TS).
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Figure 8. Trace elements in F2 over time. TEs, Trace elements.

3.6. Status of Trace Elements

TEs were analyzed during the digestion time in both digesters, and their average

values are presented in Table 4. The average concentrations of Co, Cu, Fe, and Zn were
similar in F1 and F2. Higher concentrations of Mo and Ni were available in F2 as compared
to F1. Se was below the detection limit in both digesters.
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Table 4. Status of TEs in F1 and F2. Average (arithmetic mean) of 15 values with standard deviation (+).

F1 F2
TEs mg/L
Co 0.16 = 0.0 0.19 £ 0.0
Cu 524 +£04 481 +0.5
Fe 258.2 +31.7 242.0 +27.6
Mo 0.31 £0.1 0.97 £ 0.1
Ni 0.74 £0.1 420+ 0.5
Zn 2746 = 1.6 2452 +2.4
Se BDL BDL

TEs, Trace elements; BDL, below detection limit.

4. Discussion
4.1. Substrate and Estimation of Its Theoretical Methane Potential

Mubhayodin et al. [17] presented the general characteristics of RS in their review article,
and the values obtained in this study (Table 2) were comparable with their reported values.

The method to estimate the TMP in this study is based on the assumption that CHy
production from organic substrates mainly depends on the amount of XP, XL, XF, and XX
and their digestibility coefficients [7]. Another method, proposed by Buswell et al. [44],
estimates the TMP that assumes the complete degradation of organic substrates. In this
method, TMP is estimated from the elemental composition (the content of C, H, O, and N)
of substrates. These two methods were compared to assess how closely they can estimate
TMP to actual SMY. The estimated TMP of RS and CoM used in this study is presented in
the results section.

Li et al. [27] reported the TMP as 443 L/kg VS and SMY as 267 L/kg VS during
the co-digestion of RS with pig manure while using the substrates in a ratio of 1:1. In
another study, these authors calculated the same TMP (443 L/kg VS) but different SMY
as 196 L/kg VS during the co-digestion of RS with CoM [26]. Moreover, Mei et al. [28]
estimated TMP as 357 L/kg VS and SMY as 250 L/kg VS when RS was co-digested with
chicken manure. The results of these studies showed a high TMP as compared to their
achieved SMY. The possible explanation could be that the organic substrates were not
completely degraded during the AD, which was used to measure SMY. At the same time,
its complete degradation was assumed for the estimation of TMP.

Amon et al. [46] established a CH4 energy value model for various energy crops based
on the amount of XP, XL, XF, and XX. Various varieties of maize and cereals were used to
measure SMY, and it was compared with corresponding TMP. The SMY and TMP were
similar in their study. Similarly, Speckmaier et al. [47] conducted a study for maize silage,
grass silage, and rapeseed oil. The TMP and SMY showed similar results. Mittweg et al. [48]
compared TMP from maize using three different models with SMY determined by the
Hohenheim biogas yield test. Two of the tested models showed a satisfactory performance
compared to the mean SMY values.

The results of the studies mentioned above indicated that the method used in this
study was better to estimate the TMP. Therefore, it can also help estimate the need for the
raw substrate for the planned biogas plant.

4.2. Advantages of F1 over F2

The TMP of RS was 210 L/kg VS. However, the SMY of RS is often reported lower than
TMP due to the difficulty in the degradation of tightly bound lignocellulosic material [5].
Therefore, several physical, biological, chemical, or thermal pre-treatments of the straw are
often used to disassociate the polymers and expose the soluble components to improve
the degradation and ultimately achieve higher SMY [5]. Previous studies have shown that
the AD of RS can give different SMY under mesophilic conditions such as 231 L/kg VS [9],
120 L/kg VS [10], 226 L/kg VS [11], and 100 L/kg TS [12]. Apart from experimental
conditions, different SMY may also depend upon the species and growing regions of
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RS. In this study, the average achieved SMY from F1 was 189 £ 37 L/kg VS which was
significantly higher (28%) than F2 (148 + 36 L/kg VS). The SMYs obtained in this study
from both the digester were in the range reported in the above-mentioned studies.

The average SMY was 177 + 42, 226 + 31, and 187 4 32 L/kg VS at 35, 50, and 40 d,
respectively, in F1. The average SMY was 140 £ 40, 182 £ 41, and 143 4+ 29 L/kg VS in F2.
The SMY from F1 was always higher than F2 at all different tyr. This can be attributed
to improved treatment of cellulose/fiber and the formation of acids such as acetic acids,
formic acids, propionic acid and, butyric acid in F1. Besides, the SMY increased with the
increase of tyR from both digesters. This phenomenon could be attributed to the improved
degradation of cellulose and hemicelluloses present in the RS at higher tyr [49].

The C/N ratio of the input mixture was in a range from 26 to 31 in the experiment
in both digesters. The range of recommended C/N ratio for the AD process is 20 to
30 [50]. Hence, the C/N ratio used in this study was in the range recommended in the
literature except 31. The input mixture of RS and CoMy, which was used from day 246
to 314 (68 days) in the experiment, resulted in a C/N ratio of 31. The average SMY
from F1 was 183 £ 42 L/kg VS during these 68 days, similar to its overall average SMY
(189 £37L/kg VS). In F2, a low SMY (126 £ 22 L/kg VS) was achieved compared to
its overall average yield having a higher C/N ratio of the input mixture. These results
suggest that the performance of F1 was better even at a higher C/N ratio compared to
F2. Working with digester at the higher C/N ratio would be beneficial as it requires less
amount of N rich co-substrate such as manures. Therefore, F1 could reduce the need of
N-rich co-substrates.

On average, 90 £ 20% of theoretical CHy (i.e., 210 L/kg VS) was achieved from F1.
While on the other hand, the ADE was 70 &+ 20% in F2. These results demonstrate that the
digestion of RS in F1 was more efficient, having a 20% higher ADE. Li et al. [26] investigated
the effect of various substrate ratios on the AD of RS with CoM. They reported ADE with
various VS ratios ranges from 35% to 53%. Similarly, Li et al. [27] also studied the effect of
various substrate ratios on the AD of RS with pig manure. Their achieved ADE at different
VS ratios was from 45% to 60%. The values of ADE obtained by Li et al. [26,27] were lower
than the values obtained in this study. It may be attributed to the use of different methods
to estimate the TMP. The authors of these studies used a method proposed by Buswell
et al. [44], which assume the complete degradation of organic matter and estimate higher
TMP than the method proposed by Baserga et al. [7] in this study. Furthermore, the lower
estimation of TMP in this study could be due to lower digestibility coefficients.

In addition to the SMY, the VMPR is another parameter used for the performance
evaluation of the AD. The VMPR is an indicator of the efficiency of the digester. The VMPR
was 0.74 £ 0.18 L CH4 /(L d) in F1 and 0.60 £ 0.17 L CHy4/(L d) in F2. The higher VMPR in
F1 than F2 indicates higher disposal capacity per unit volume, and therefore potentially
reducing the investment costs. Li et al. [27] have conducted co-digestion of RS with pig
manure at OLRs of 3.0, 3.6, 4.2, 4.8, 6.0, 8.0, and 12.0 g VS L1 d~! and VMPR of about 0.7
to 0.8 was achieved at OLRs of (3.0-4.2) g VSL~! d~!. Another similar study conducted by
the same authors about the co-digestion of RS with CoM at the same OLRs reported VMPR
of about 0.6 to 0.9 at OLRs of 3.0, 3.6,and 4.2 g VS L~ d~1 [26].

4.3. Analysis of the Stability of the AD Process

The pH is usually used to assess the health of the AD process. The optimal pH
for maximizing the activities of acidogenic and methanogenic microorganisms is known
to be different [27]. The optimal pH for hydrolysis and acidogenesis is between 5.5 to
6.5 [27], whereas it is between 6.5 and 7.2 for methanogenesis [21]. Thus, the pH should
be maintained within the correct range to reduce the inhibitory effects. The AD process is
considered to be normal when the pH is in the range of 6.8 to 8.0 [27]. In this study, the pH
values were in the range of 7.2 to 8.0 in both digesters considered normal. Although the
pH in both digesters was in the normal range, the pH values of F1 were a bit lower than in
F2 which can be attributed to a higher amount of VFAs.
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VFAs are essential intermediate products formed during the AD process. VFAs are
products of hydrolysis and acidogenesis, as well as substrates for methanogenesis. A
correct balance between hydrolysis/acidogenesis and methanogenesis is indicated by a
stable concentration of VFAs [27]. VFAs produced from hydrolysis and acidogenesis should
be consumed by methanogenic bacteria in time to develop a stable AD process; otherwise,
an accumulation of VFAs can result in inhibition [5,27].

NHj; is a by-product of the AD process and reacts with CO, to form NH;* and
alkalinity [5]. The alkalinity is used to quantify the buffering capacity as it mitigates pH
changes during the production of VFAs in the AD process [5,27].

The higher FOS/TAC values in F1 compared to F2 in Figure 6 indicated the higher
availability of VFAs. The possible explanation could be the substrate was initially, at least
partially digested by mesophilic bacteria in F1.1. Then, hyperthermophilic bacteria in F1.2
were able to break down the already partly digested substrate into lower organic acids and
short-chained alcohols. Acetic acids were at least partly formed in F1.2 along with other
lower organic acids. Finally, acetic acid in the substrate was converted into biogas in F1.1.
Hence, F1 could accelerate the hydrolysis and conversion of VS into VFAs and encourage
methanogenic activity. These findings were supported by the higher SMY obtained from
F1 compared to F2.

RS was used in this study and it is a poorly degradable substrate like other lignocellu-
losic materials and hydrolysis (formation of VFAs) is considered the rate-limiting step [51].
The results of FOS/TAC from F1 showed its better ability to degrade the RS and produce
higher CH4 compared to conventional mesophilic digestion. Therefore, loop technology
can be considered for the AD of other substrates similar to RS like wheat straw, maize
straw, etc., at various scales such as pilot and farm.

The FOS/TAC ratio is used to determine the stability of the AD process [52]. According
to Li et al. [27], the AD process is considered stable when the FOS/TAC ratio is less than
0.4 whereas, when it is between 0.4 and 0.8, the process would be unstable. The AD process
is severely unstable if this ratio is greater than 0.8. The optimum FOS/TAC ratio is 0.25
to approximately 0.5 as reported by Wan et al. [53]. In this study, the FOS/TAC ratio was
0.2 to 0.4 (with an average of 0.3 & 0.1) in F2 within the limit values for the stable AD
process as proposed in the studies mentioned above. The maximum FOS/TAC value in F1
was 0.6, which is out of the optimum range suggested in those studies, but the AD process
was still stable with stable CHy production. Although, FOS/TAC ratio in F1 was under the
limit value (0.8) recommended by Fachagentur Nachwachsende Rohstoffe [54].

The degradation of proteins, peptides, and amino acids creates NH4* [27]. NHy*
is considered the most crucial nutrient for methanogenic bacteria, and it is consumed
during the AD of VFAs [5]. Thus, NH,* is produced and consumed during the AD process.
Analysis of concentrations of NH4* showed its lower values in F1 (1.3 + 0.1) compared to
F2 (1.6 + 0.2), as shown in Figure 6. Higher pH generally results in lower NH;". The pH in
F1 is lower than F2, but not a huge difference exists. There is another relationship between
temperature and NHy*. Higher temperatures cause a higher proportion of NH; and lower
NH,*. Since the temperature of F1 (hyperthermophilic) was higher than F2, this could be
the explanation of lower NH,* in F1.

There was an increased concentration of NHy" at the last stage of the digestion in
both digesters. The possible reason could be, at this stage, the microbial growth reached a
stable phase whereas the protein continued to degrade, which resulted in a bit increase
in concentration. The NH4" concentrations were maintained within a suitable range in
both digesters. The highest NH,* concentration was 1.8 g/L in F1 and 2.1 g/L in F2, which
were lower than the inhibition level of 3.8 g/L [55].

These results mentioned above suggest that monitoring the trends of pH, NH;* and
FOS/TAC ratio is necessary to check the stability of the AD process.
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4.4. Effects of Trace Elements on the AD Process

Various TEs such as Fe, Co, Ni, Mo, Se, and W have been shown to enhance methano-
genesis [5]. The substrates usually supply TEs to the biogas digesters, and it is expected
that the deficiency of these TEs may reduce the AD performance [56].

The mass fractions of Co, Cu, Ni, Mo, Fe, and Zn were analyzed over time to study
their accumulation or depletion and their effect on SMY. The results revealed, no depletion
or accumulation of Co, Mo, Cu, and Zn in both digesters since their mass fractions were
stable during the digestion time as shown in Figures 7 and 8. The possible explanation for
the stable mass fractions of these TEs during the AD could be their constant availability
in the RS and CoM (feeding substrates). A depletion of Ni and Fe was observed in both
digesters. There was an apparent gradual decrease in the mass fraction of Fe in F1 over
digestion time, as shown in Figure 7. In F2, the mass fraction of Fe was reduced from
2.0 to 1.4 g/kg TS on the last sampling day. The depletion can be attributed to the retention
of these TEs that could have happened in the digesters. There is a probability that TEs
may react with Fe-sulfide releasing Fe?*. The resulting Fe?* may precipitates as hydroxides
(Fe(OH),) or carbonates (FeCO3) [57].

Maihnert [58] studied the depletion or accumulation of TEs (Fe, Cu, Zn) during the
mono-digestion of maize silage, forage rye, beet silage, and cattle manure in one year lab-
scale experiments. Their results showed a depletion of Cu and Zn when the maize silage
or forage rye were used as input substrates while Fe remained stable or even increased.
Ensiled sugar beet provided stable content of Cu and Zn, and there was an increase in the
mass fraction of Fe. A digester fed with cattle manure showed almost stable contents for
these TEs. The results obtained in our and Mahnert’s [58] studies showed that the different
TEs could be influenced differently in the digesters. Some TEs deplete, but at the same
time, others can be stable. TEs may be involved in many physicochemical processes due
to the complexity of the AD process. The precipitation of TEs by sulfide, carbonate and
phosphate and deposition in the digesters in the form of sludge could play an essential
role in their depletion [57].

The Fe content gradually decreased (from 2.4 to 1.5 g/kg TS) in F1 from the start of
analysis (day 95) till the end (day 299). Furthermore, Ni content was higher from day 95 to
day 123 and then decreased but remained stable until the last sampling day. The depletion
of Fe and Ni in F1 is shown in Figure 7 and the SMY in Figure 2. There was stable SMY, and
no gradual decrease in SMY was observed due to the gradual depletion of Fe. Similarly,
the trend of depletion of Fe and Ni in F2 as shown in Figure 8 did not correspond to SMY
reduction. Additionally, the correlation coefficient between SMY and Fe and Ni were 0.13
and 0.10, respectively, in F1. Similarly, the coefficient was —0.07 and 0.2 for Fe and Nij,
respectively, in F2. Therefore, no direct relationship can be found in the depletion of Fe and
Ni with SMY in both digesters.

Gonzalez-Suarez et al. [59] studied the depletion of Fe, Ni, Co, and Mn during mono-
digestion of maize silage. At the end of the experiment (day 96), Fe and Co were decreased
while the mass fraction of Ni and Mn was stable. A decrease of 11% in CHy yield was
observed at the OLR of 2.5 g VS L~! d~!. The authors suggested that TEs in the inoculum
were sufficient to support the CHy production during the start-up but not enough to
maintain the required amount during the more extended period in mono-digestion. The
authors also conclude that the depletion of TEs can happen during the mono-digestion of
maize straw in a long- term operation. It can cause the failure of the process due to the
limitation of TEs. In contrast, in this study, co-digestion of RS with CoM was carried out
and it seems like the co-substrate continuously provided TEs. The only depletion of Fe and
Ni was observed in this study, and they have not resulted in lower microbial activity or
instability in the digesters. Similarly, Mussoline et al. [5] also obtained higher content of Fe,
Ni, and Co when the RS was co-digested with piggery wastewater and paper mill sludge
compared to its mono-digestion. Therefore, the presence of these TEs in the co- substrates
appeared to enhance CHy yield due to higher microbial activity.
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Besides the enhancement in CHy yield, the availability of TEs in the digesters can also
possibly affect the AD process stability. The pH and FOS/TAC remained stable during
the whole duration of the experiment in both digesters. This suggests that the amount of
TEs required by the methanogens to convert acids into methane during this co-digestion
was available in the substrates. The process stability was not adversely affected by the
TEs. Some authors also reported the effect of TEs on the process stability during the AD
of various substrates, such as Lindorfer et al. [60] studied the effect of applying a mixture
of TEs in the digester fed with energy crops and cattle manure. The FOS/TAC ratio was
as high as 0.8 before the supplementation of TEs. Its value was reduced to 0.3 after the
application of TEs in a few days. The enhanced consumption of VFAs by methanogens
consequently increased the biogas yield. Pobeheim et al. [61] reported that the limitation of
Ni and Co during the AD of model substrate for maize showed an adverse effect on process
stability and biogas yield. The deficiency of these TEs resulted in the accumulation of VFAs
and led to a strong decrease of the pH value, ultimately decreasing methanogenic bacteria’s
activity. Although, the stable process was achieved with the increased supplementation of
Ni and Co. Similarly, an increase in the utilization of VFAs rate by the supplementation
of TEs was also observed by Ariunbaatar et al. [62] during the AD of food waste. Hence,
it can be derived that the presence of TEs was also beneficial in maintaining the process
stability in this study.

4.5. Comparison of Available Trace Elements with Recommended Values

Various authors have reported the requirement of different TEs in the AD
process [32-35,63]. The recommended concentrations of TEs reported by different authors
are summarized in Table 5.

Table 5. Recommended concentrations of TEs in the AD process.

Bischofsberger et al. [63]

TEs Sahm [32] Takashima et al. [33] Mudrack et al. [34] (Cited Sahm [32]) Kloss [35]
mg/L

Co 0.06 >(0.00059-0.12 0.003-0.06 0.06 0.5-20
Cu 0.06-64 - - - -

Fe - >(0.28-50.4 1-10 - 10-200
Mo 0.05 >0.00096-0.048 0.005-0.05 0.05 0.1-0.35
Ni 0.006 0.0059-5 0.005-0.5 0.006 0.5-30
/n - - - - -

Se 0.008 0.079-0.79 - 0.008 0.1-0.35

AD, Anaerobic digestion; TEs, Trace elements.

The average concentration of Co found in F1 was 0.16 + 0.0 mg/L and 0.19 £ 0.0 mg/L
in F2. The observed concentrations from both digesters were within the range measured by
Schattauer et al. [56], who investigated the abundance of TEs in various biogas plants [56].
Co concentrations in this study confirmed the recommendations given by Sahm et al. [32]
and Bischofsberger et al. [63], as well as Takashima et al. [33]. Although, the values found
in this study were lower than recommended by Kloss [35].

Average Cu concentrations were 5.2 &+ 0.4 mg/L and 4.8 + 0.5 mg/L in F1 and F2,
respectively. The values of Cu from both digesters in this study lie in the range given by
Sahm et al. [32].

Fe concentration was 258 &+ 31.7 mg/L in F1 and 242 + 27.6 mg/L in F2. The Fe values
in this study covered the full range recommended by Kloss [35], Mudrack et al. [34], and
Takashima et al. [33].

Mo concentration was found 0.31 £ 0.1 mg/L and 0.97 £ 0.1 mg/L in F1 and F2,
respectively. The values obtained in this study cover the range given by Kloss [35] but lie
above the values given by Bischofsberger et al. [63] and Mudrack et al. [34].

The concentration of Ni was observed in F1 with 0.74 £+ 0.1 mg/L and in F2 with a
value of 42 £ 0.5 mg/L. These values were above the quantities given by
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Bischofsberger et al. [63] and within a wide range by Takashima et al. [33] and reached the
lower end of the values by Kloss [35]. Moreover, the average concentration of Ni in F2 was
higher than in F1. It can be due to its higher background (in digester) concentration since it
was also higher at the start of sampling day (95). A possible explanation could be the higher
retention of Ni in F1. The retention of Ni can happen in the form of precipitation, such as
NiNH4PO4.6H,0 or NiKPO4.6H,O. The pH of the digester can also influence the extent of
precipitation. Apart from precipitation, TEs including Ni can also be involved in sorption
to the solid fraction, either biomass or inert suspended matter in the AD process [57].

The average concentration of Zn was 27.5 £+ 1.6 mg/L and 24.5 & 2.4 mg/L in F1 and
F2, respectively. These values fall in a range reported by Schattauer et al. [56]. There were
no recommended values given for the Zn in the literature.

The concentration of Se was below the detection limit in both digesters and could not
be used for the comparison with the recommended values in the literature. Presumably,
the supplementation of Se to achieve recommended values can also increase the CHy yield.

The concentrations of investigated TEs were at least within the range of the recom-
mended values in the literature except for Se. It can be concluded that the availability of
TEs in both the digesters was due to the natural occurrence in the RS and CoM. There was
no need for the addition of these TEs except Se as the substrates provided them during the
co-digestion. It can be concluded that both digesters seem to have enough TEs except Se.
One must consider that the absolute concentration of these TEs does not represent their
availability to the microorganisms. These TEs could be fixed in insolvent compounds like
phosphates, sulfates, sulfides, or carbonates and not available for microbial uptake. Further
research on the availability of TEs during the co-digestion of RS with CoM is necessary to
understand the actual amount of TEs available for microbial activity and their impact on
the SMY.

5. Conclusions

A Co-digestion of RS was carried out with CoM in an innovative loop digester (F1) and
reference digester (F2). The performance of the AD process was compared by evaluating
the KPI. Higher SMY, ADE, and VMPR were achieved in F1 due to accelerated hydrolysis
and VS conversion into VFAs. Furthermore, the AD process was stable in both digesters
during the digestion period.

Co, Mo, Cu, and Zn were stable in both digesters, while the content of Fe and Ni
reduced toward the end of the digestion. There was no direct relationship found between
SMY and reduced content of TEs (Fe and Ni). Besides, the co-digestion of RS with CoM
seems to be a good approach to provide TEs except for Se. There was a lack of Se, and its
external supplementation may improve AD.

Further research should be focused on assessing bioavailable fractions of TEs and
their impact on AD performance. Additionally, innovative loop digester technology should
be applied for similar agricultural residues such as wheat and maize straw.
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Abbreviations

AD Anaerobic digestion

ADE Anaerobic digestion efficiency
BDL Below detection limit

CoM Cow manure

CSTR Continuously stirred tank reactors

FOS/TAC Ratio Fliichtige Organische Sauren/Totales Anorganisches Carbonat
ICP-OES  Inductively coupled plasma-optical emission spectroscopy

KPI Key performance indicators

LD Liquid digestate

OLR Organic loading rate (OLR)

RS Rice straw

SD Solid digestate

SMY Specific methane yield

TEs Trace elements

TMP Theoretical methane potential

TPAD Temperature-phased anaerobic digestion
TS Total solids

UMT Ultrasound-mesophilic-thermophilic
VFAs Volatile fatty acids

VMPR Volumetric methane production rate
\E Volatile solids

XA Crude ash

XF Crude fiber

XL Crude fat

XP Crude protein

XX Nitrogen-free extracts
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