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Abstract: Current rice straw disposal practices have serious repercussions on the environment and,
in addition, do not consider its energy potential. On the contrary, the anaerobic digestion of rice
straw makes it possible to produce renewable energy and to reintroduce into the soil the nutrients
present in the digestate, at the same time, reducing greenhouse gas emissions from paddies. For rice
straw of different geographical origin, by applying a mass balance method to the digester, the
minimum requirements in terms of conditioners (nitrogen, phosphorus and potassium) and water,
which allow obtaining the maximum production of methane, were calculated. The results obtained
show that after the first 30 days (hydraulic retention time) for each ton of rice straw digested, the
daily water consumption varies considerably from one country to another, from a minimum value
of 1.5 m%d to a maximum of 4.3 m3/d. After the same time, the addition of nitrogen and phosphorus
is only required for the optimal anaerobic digestion of Indian rice straw. The low presence of these
elements in Indian straw requires an addition of 3 kg/d of urea and 1.5 kg/d of superphosphate to
compensate for the lack of nitrogen and phosphorus, respectively. In all the examined cases, the
concentration of potassium, even if higher than the optimal value, does not reach levels that can
significantly affect the methane production.

Keywords: rice straw; anaerobic digestion; chemical conditioners; water consumption; calculation
method

1. Introduction

The availability of fossil fuels closely linked to geopolitical aspects, together with
their progressive depletion and their harmful impact on the environment, requires
growing attention to renewable energy sources. Among all the options available,
biomasses, especially those of agricultural origin, represent a source of great interest. The
advantage linked to the use of agricultural waste is particularly evident considering that
the two most important objectives to be achieved in the current century are the increase
in the availability of food and energy.

In the case of rice, which, albeit to varying degrees, is grown all over the world [1],
production in 2017 was estimated at over 750 million tons [2] with a mass of residual straw
which, depending on the variety of rice, is from 0.41 to 3.96 times the rice produced [2,3].
The management of this agricultural residue currently takes place through open field
burning (OFB) or soil incorporation (SI) [4-7] practices which, although advantageous,
have a strong environmental impact. The first method sterilizes the soil but causes the
production of particulate matter and greenhouse gases. The second method prevents the
organic de-pauperization of the soil [8-10] but causes CH, emissions [11-13] whose
extent depends, among other factors, on the flooding methods [14-19], on the Fe content
in the water used for irrigation [20-23] and on the conditioners used [24-27]. The IPCC
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[28] estimates CH, emissions from paddies on average at 1.82 kg/d/ha and forecasts an
increase in the coming years due to global warming [29].

Following previous research [30] which suggested the collection and baling (CB) of
rice straw (RS), this study proposes the energy enhancement of RS through anaerobic
digestion (AD), a practice already followed in several countries including India [31,32] and
China [33]. The choice of AD is linked to the fact that this method applied to RS has
fewer limitations than pyrolysis and gasification which are, currently, applications still
under study, to overcome problems such as the low production of syngas and the high
presence of tar in the latter [34]. Anaerobic digestion compared to combustion [35,36],
which is currently considered the best methodology from an economic point of view for
the energy enhancement of RS [34], has the important advantage of also producing
compost, which is a useful conditioner since it is rich in nutrients (N, P, K, Si, etc.) and is
also able to counteract soil depletion due to its high carbon content.

Figure 1 shows a typical scheme of a digester for biogas production. In the plant, the
RS is first reduced in size in the milling unit and then introduced into the blender together
with water and organic and inorganic substances. The resulting mixture is then fed into
the digester where the biogas (mainly CH, and CO0,) is produced. The extracted digestate
is sent to the dewatering unit, which separates it into two fractions: the compost, mainly
solid, and the sludge which is mainly liquid and which can be totally or partially (in case
of drainage) recirculated.

Chemical
Water conditioners Manure
ﬂBiogas

111

straw Rice straw ‘
|:> :> ' Blender [:> digester
N/

Sludge
; Dewatering unit
Drainage g UATTUATTALTALUAILIA!
7 ‘

{f 4 4 4 4 f igestate
Compost ¢ {MANATANATA] D=

Rice Milling unit Milled Ingestate

Anaerobic

Figure 1. Schematic of a biogas plant.

Many studies on the AD of RS are reported in the literature. Some of these address
aspects related to both physical and chemical pre-treatments [32,37-40] which, together
with the amount of volatile solids (VS) contained in the biomass [41], influence methane
production. The temperature (2045 °C for mesophilic AD and 46-60 °C for thermophilic
AD), pH (5.5-6.5) and mixture homogeneity are basic variables for the process as reported
in [42-45]. The dependence of the biogas yield on the bacterial population and the growth
rate of the latter, both strongly correlated to the amount of nutrients (N, P and K), are
examined in [42,46-48]. The effect of the carbon to nitrogen ratio (C/N) in the digester
affecting bacterial growth is reported in [49-59] and an optimal range of 20 to 30 is
suggested. For RS showing C/N values higher than optimal, several studies reported
examples of co-digestion with animal manure [60-62] which is useful for correcting the
nutrient ratios and for supplying the initial bacterial load [32].

Conversely, in the current literature there is no evidence of analytical studies based
on mass balances, which aim to optimize the anaerobic digestion process of RS. Although
mass balances are proposed in [63], the methods and objectives are different. Firstly, the
authors in [63] carried out an experimental activity while the study proposed here is
numerical. In addition, in study [63], the mass balances aim to evaluate the quantities of
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C and nutrients in the digestate as well as in the compost and sludge while in the present
work, the main aim is to minimize the consumption of both chemical additives and water.

In this work, the proposed method has been applied to rice straw of different
geographical origins and a method has been suggested for the daily control of the digester,
which is valid for both the start-up phase and for the steady-state management.

2. Materials and Methods
2.1. Rice Straw Characteristics and Biogas Production

The chemical composition of RS changes according to the rice variety [64], soil
characteristics [65] and fertilization methods [66]. Conversely, moisture content simply
depends on how long the straw is left on the field. The results of a literature review on the
characteristics of RS in different countries are shown in Table 1. The values used for the
following calculations are written in bold and refer to a specific analysis among those
considered. Table 1 reports the mass fraction percentages for C and for nutrients (N, P
and K) and the C/y ratios (y = N, P, K). The mass fraction of C in the table is not split in
two parts (cellulosic and lignin) because only the cellulosic fraction produces methane but
both fractions are used to evaluate C/y. In the table, all the other elements contained in
the rice straw are lumped in the term Others (Oth). The water (W) content was assumed
equal to 20% (W) because for the CB, a higher humidity could cause spontaneous
fermentations. In Table 1, as in the following tables and figures, the names of the countries
examined are reported using the country code abbreviations based on ISO 3166-1 alpha3.

Table 1. Ultimate analysis of rice straw (mass fraction percentages) and C/y.

Stat C N P K Oth C/N Cc/P C/K
ate [% db?] [-]
38.24-41.00 0.70-0.87 0.61 1.70-2.09
USA [67,68
[ ] 38.24 0.87 0.61 2.09 58.19 43.95 62.69 18.30
.95-38.7 34-1.1 .14 1.94 -
THA [69-71] 35.95-38 0.3 9 0 9 [-1
38.30 0.62 0.14 1.94 59.00 61.77 273.57 19.74
51-39. 53-4.4 27 1.7
MYS [72,73] 35.51-39.98 0.53 3 0 0
35.51 0.53 0.27 1.70 61.99 67.0 131.52 20.89
38.14-52 0.20-1.23 0.12-0.29 0.01-1.04
CHN [74-76] 38.14 0.51 0.29 1.04 60.02 74.78 131.52 36.67
IND [77,78] 38.80 0.20 0.05 1.02 5993 194.0 776.0 38.04
ITA [79,80] 41.20 1.00 0.11 0.96 56.73 41.2 374.55 42.92

2 db: dry basis.

The attitude of an organic waste to produce biogas (biogas potential — BP) depends
on its content in volatile solids (V.S) which are a fraction of the total solids (T'S). The amount
of VS and the BP are variable as is the chemical composition of the RS [32,60]. Table 2
reports the values used in this study. Starting from the reported data (Table 2), for each
ton of RS, a biogas yield of 270 m? at room condition (25 °C, 1 atm) can be expected [60,81].

Table 2. Biogas production: parameters.

Parameters Value
TS 89% wet basis [60]
Vs 71% TS [60]
BP 0.43 m3kgyd [81]
CH, 55% [31,81,82,83]

co, 45% [31]
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During AD, in addition to biogas, negligible quantities of other chemical substances
(N,0, H,S, NH3) and water can be produced which will not be considered in the
calculations [84]. Moreover, it has been assumed that the biogas production rate, closely
related to the growth of bacteria, is described by the Gompertz function [85] as better
explained later.

2.2. Plant Features: Anaerobic Digester and Dewatering Unit

The system assumed as reference for this study is a single-stage low solids anaerobic
digester (LSAD) with a dry matter (DM) content lower than 15% [86].

In the digester, the production of biogas requires a period of time, called Hydraulic
Retention Time (HRT). The HRT depends on both chemical (i.e., VS content) and physical
(i.e., dimensions of the incoming biomass) factors and it affects the size of the digester. In
this study, a HRT of 30 days [31,87] was assumed as reference.

After the HRT, the biomass residues are extracted from the digester and a new fresh
charge of ingestate is introduced. The characteristics of the digestate change according to
the variety of rice while the composition of both the solid fraction (e.g., compost) and the
liquid one (e.g., sludge) depends not only on the digestate but also on the characteristics
of the dewatering unit [88] sketched in Figure 1.

The dewatering unit considered in this study is a typical screw press separator. Inside
the separator, the digestate flows along a cylindrical screen and it is partially drained. At
the end of the screw axle, digestate is pressed against a steel filter completing the dewater-
ing process. The dimensions of the particles contained in the digestate and the size of the
pores of the filter determine the separation factor of the device [89].

Equation (1) reports the separation factor (S;) which is the ratio between the mass of
compost (M.,n,) and the mass of digestate (M;4):

Mcom

Sf = Mdig. €))

In this study, the numerical value for S; was determined referring to [90], using
Equation (2), which is valid for a percentage content of dry matter (DM%) in the range of
4.5%—-10%:

s = DM% — 4.618
ST 13428

Equation (2) reports that, for a specific dewatering unit, S; depends on the quantity
of DM in the digestate—the higher the DM content in the digestate, the higher the per-
centage of compost. The distribution between compost and sludge of the i_th constituent
of the digestate (DM, C, N, P, K) is reported in Table 3 [90].

)

Table 3. Percentages of digestate constituents in compost (i_th,com) and sludge i_th,com valid
when DM% =7.3 [90].

Digestate i_th Constituent i_th,com [%] i_th,slu [%]
DM 61.8 38.2
Cc 64.2 35.8
N 314 68.6
P 51.5 48.5
K 28.2 71.8

To obtain a digestate with DM% =7.3 [90], at each charge of RS, the amount of water
to be added must be evaluated based on the DM already present in the digester. The DM%
contained in the substrate of a stirred digester is the same found in the digestate (ideal
condition).
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2.3. Carbon to Nutrients Ratios

As written above, the growth of bacteria and the biogas yield depend on the amount
of nutrients. In the literature [47,49-59], the optimal quantities of nutrients are related to
the C content into the digester (Table 4).

Table 4. LSAD suggested C/y ratios.

C/y kg -kg™']
20-30 [49-53]
150-320 [50,57]
16-77 [59]

T =<

The comparison between the ratios reported in Table 4 and those of Table 1 highlights
the need for an addition of N and P whose quantities must be determined taking into
account that a fraction of the C contained in RS leaves the reaction environment as bio-
gas (about 40% of the total amount). On the contrary, the comparison between the C/K
ratios warns against an excessive accumulation of K into the digester that could reduce
the production rate of biogas.

2.4. Chemical and Natural Conditioners: Characteristics

Usually, to regulate the C/y too high, an addition of chemical conditioners is recom-
mended: urea (46% N), superphosphate (20% P) and potash (63% K). Furthermore, as
written above, the use of manure (e.g., pig, cattle, chicken) is useful to increase the quantity
of N and the initial bacteria population [32,60-62].

Table 5 highlights the ultimate analysis and the moisture content W for the chemical
and natural conditioners selected for this study.

Table 5. Conditioners ultimate analysis and moisture content: mass fraction percentages.

Conditioner c N P K Oth w
[% db?] [% wh P]
Urea—CH:sN:20 20.00 46.70 - - 33.30 2.00
Superphosphate — Cas(POx)2 - - 19.50 - 80.50 1.00
Potash—KOH - - - 63.00 37.00 8.00
Pig manure [91] 1.15 0.32 0.08 0.10 98.35 67.60

2 db dry basis; ® wb wet basis

2.5. Methods

Based on the literature [49-59], the C/y ratios reported in Table 4 are assumed as
technical factors to be respected to maximize the biogas production in an LSAD.

Figure 2 provides a schematic of the system with all the masses used to perform the
balance on the digester.
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recycled sludge: T
Mrsl

Figure 2. Schematic of the system with the different wet masses.

The mass balances were performed by imposing the conservation of W and of the
chemical species, in particular C, N, P and K.

In this study, each wet mass M; (e.g., Myst, Myre, Mcom, Maig, etc.) was divided into
two normalized fractions: one of water and one of dry matter. The latter was further sub-
divided into its constituents as shown in the following equation:

Xw,j + Xpmj = Xwj + (Xej + xnj + Xpj + X j + Xoen) = 1, ©)]

where xy, ; is the water content; xpy ; is the dry matter which is the sum of the fractions
of C(xcj), N(xn;), P(xp;), K(xg ;) and Oth(xoen,;)-

These fractions (Table 6) for both rice straw and organic/inorganic conditioners are
known because they can be determined from the data reported in Tables 1 and 5 by recal-
culating the percentages based on the wet mass of the substance instead of the dry mass.

Table 6. Mass fractions evaluated on a wet basis.

State Xw j Xpm,j Xc,j [%x‘:i . Xp,j XK j Xoth,j
USA 30.59 0.70 0.49 1.67 45.55
THA 30.64 0.50 0.11 1.55 47.20
MYS 28.41 0.42 0.22 1.36 49.59
kS CHN 20.00 80.00 30.51 0.41 0.23 0.83 48.02
IND 31.04 0.16 0.04 0.82 47.94
ITA 32.46 0.80 0.09 0.77 45.38
Urea 2.00 98.00 19.60 45.77 - - 32.63
Superphosphate  1.00 99.00 - - 19.30 - 79.70
Potash 8.00 92.00 - - - 57.96 34.04

Pig manure 67.60 32.40 0.37 0.10 0.03 0.03 31.87

awb: wet basis.

The proposed model considers that during the HRT (t; = 30 days), neither the di-
gestate (Mg;4) nor the recycled sludge (M,;) are available. During this lapse of time, the
composition of the ingestate (M;, ;) changes continuously because at the beginning of each
day, the mass inside the digester (M) must respect the €/y ratios shown in Table 4. Ad-
ditional water (M,q4,,) must be added to the wet masses of substances to obtain inside the
digester a DM of 7.3%. After HRT, the mass balance must also take into account M,
which affects both Mg, and the addition of nutrients.
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During tg, the methane production follows the growth of methanogenic microor-
ganisms described by the Gompertz distribution [85]. Based on this distribution, the vol-
ume V(t) of biogas produced and the volumetric rate of production dV (t)/dt are:

Vi ¢
V(t) = Veoexp [ln (i) exp (— —)], (4)

tc

av(t) V(t)l V(t)
.~ t n[ Vo ]
5)

avit) Vv, (V;.o) F e o dv(t) _0

=" A dt ’

t=0 =
dt tc

where V, and V,, are the initial (¢t = 0) and the maximum (t — o) volume of biogas
produced. In the previous equations, t. is a characteristic time dependent on the initial
microbial population whose value determines the latency time (t;) at which the produc-
tion rate reaches its maximum value. Figure 3 reports a typical distribution of the rate of
biogas production with t, = 7 days. During the production of biogas, the carbon content
in Mp proportionally decreases.

30

N
(O}

N
o

Retention time ¢ty

=
(2]

Biogas production, m3
R
o

u

0 5 10 15 20 25 30
Days

Figure 3. Daily rate of biogas produced per each ton of rice straw (V, = 270 m?, V; = 0.35m3, ¢, =
3.5 days and retention time tz = 30 days).

From the point of view of the mass balances, the digester, if accurately managed,
reaches the steady state after tz = 30 days. Over a generic time interval At = t* —t*~1,
the mass balance on the digester is described by the following equation:

Mk k-1

— Mg — My =220, (6)

where ME — ME™ is the mass change inside the digester during a day.
At the end of the generic day k, Equation (6) becomes:

Mp = Mg_l + Milgzg - Mgig - Mllycio' ()

Mk

ing

where on the first day (k = 1) ME™! = 0. Table 7 shows the values used in Equations (6)
and (7) on each of the k days.



Energies 2023, 16, 4334 8 of 19
Table 7. Numerical values and ranges for the masses entering and exiting the digester.
Mrst Mman Mure Msph Mdig Mrsl
k <30 1000 100 >0 >0 0 0
k> 30 1000 0 >0 >0 >0 0< M, g <My,

k k k k k—-1pk-1 k—1pgk k-1 prk
_ xC,rstMrst + xC,maanan + xC,ureMure - xC,bioMbio + xC,D MD - xC,D Mdig + xC,slersl

The DM in the digester changes day by day because of both the biogas production
(Mf;,) and DM contained in the ingestate (Mg i,):

ko agk-1 k k k
Mpu,p = Mpu,p + Mpy,ing — Mpm,aig — Mpios (8)

where ML’)‘M,ing is:

k — k k k k k
MDM,ing - xDM,rstMrst + xDM,maanan + xDM,ureMure + xDM,Spthph + xDM,rsersl' (9)

The terms in Equation (9) can assume different values based on k according to Table
7. At the beginning of each day, to obtain inside the digester the desired C/N and C/P
(Table 4), the quantities of inorganic additives (M, and M;‘ph) must be determined start-
ing from the equations:

k k k k=1psk— 1
C xC rstMrst + Xc, maanan + xC ureMure + xC D M - xCD Mdlg + xC slersl (10)
1pgk—1 -1pk Kk’
N Xp, rstMrst + XN, maanan + XN, ureMure + xND M - xN MdLg + xN slersl
k k k k—=1pgk— -1
C _ xC,TStMrst + xC,maanan + xC,ureMure + xCD M - xCD MdLg + xC slersl (11)
- k k k-1 -1
p xP,rstMrst + xP,maanan + xP,spthph + xPD M - xPD Mdlg + xP slersl

where the mass fractions for the different substances in the ingestate are those reported in
Table 6 and the mass M§™* is known because it was determined on the previous day. The
mass fractions of carbon and of the i — th constituent (i = N, P, K, Oth) already present
inside the digester, and so in the digestate, on a generic k day are:

K
X, , 12
T (12)
Kk _ xi,rsthfst + xi,manMr]fwn + xi,ureMIIJ.(re + xi,sphM sph + xZ{DlM Mdlg + xl slerSl 13
Xk, = o (13)
In the four previous equations, from Equations (10) to (13), the mass fractions for the
sludge can be determined starting from the characteristic of the digestate and applying
the coefficients reported in Table 3. Positive values for M, and M¥,, in Equations (10)
and (11) mean that an addition of conditioners is required while negative values highlight
an excess of N and P inside the digester.
On the same day, the mass fractions of DM and W in the digester are:
k _ xDM,rsthst + xDM,manMr,;Ian + xDM,ureMllfre + xDM,sphM;Cph - Mllfio + xllgn_/l?DMg_l - xllng/I,lDMJicig + xgl\_/l,lsldesl 14
XpM,p = ME , (14)
D
xk _ xW,rstMrl'{st + xW,manMrlilan + xW,ureMLIfre + xW,sphM;Cph + xWDM - xWDMdzg + xW sldesl (15)
WD = k
Mp

In the considered LSAD, the ratio (W/DM) between water and dry matter is 12.7
(DM% =7.3). Once the Mf), , has been determined, through Equation (8), the total mass
of water (My; p) is:

w
Mﬁ/,n = MIL;M,D ' (W) (16)

Consequently, on the same day, the mass of water to be added (M%,,,) is:
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M(I;dw = MIiI(/,D - IVIII/(I/_D1 + xlI/?/T[}Min(ig - (xW,rstM]fst + xW.manMrI;lan + xW,ureM{fre + xW,sphM;cph + xll/cl/_,sllerlfsl)' (17)
and the total mass in the digester (MJ) is:
M5 = My p+Miy p. (18)

When k =30, M} reaches its maximum allowed value with reference to the digester
capacity. Starting from k > 30, Mj;, # 0 (Figure 2 and Table 7) and Mg, (Table 3) is
available. The recycled sludge (M%) is useful to adjust the C/y in the digester and allows
for no further addition of manure (Mk,,,, = 0) because of its bacterial charge.

The proposed model, through an iterative calculation of M;;, aims to obtain in the
digester a steady-state condition (M§ = ME~!) paying attention to the C/y ratios. Since,
among the C/y ratios, the one that has the greatest influence on biogas production is
C/N, its value was assumed as a reference for the whole process. The iterative process was
repeated for all the integer values of C/N in the range 20-30 looking for the value, which
allows minimizing both the addition of chemical conditioners and water. After, the C/P
and C/K ratio were calculated to highlight the need for conditioning.

The main steps of the iterative procedure can be summarized as follows:

e Avalue for Mj;; is chosenand M, is calculated;

e The mass of recycled sludge (MX;) required to obtain the desired C/N ratio is eval-
uated using Equation (10), initially setting M{,, = 0;

o If MK, > MK, amass MK, must be added. M¥,, is determined using again Equa-
tion (10);

e The dry mass inside the digester Mf, , is calculated using Equation (8) where
M y,ing is obtained applying Equation (9), setting M5, = 0 and M&,,=0;

e The mass of water M, , and of additional water M%,, are determined using Equa-
tions (16) and (17), respectively;

e A checkis performed to verify if the steady state is reached:

|Mip — Mi5| <, (19)

where ¢ is the maximum accepted deviation set at 0.01 kg. If this tolerance is not re-
spected, a new value for Mgig is chosen.

The most critical aspect of this method concerns the management of the digester
when k < 30 because the required amounts of water and nutrient change day by day.
For this reason, using the previous results, another approach was also investigated in
which, during the first 30 days, the daily quantities of inorganic additives and additional
water are freely chosen, postponing the verification of C/N, C/P and W/DM. Further-
more, when k > 30, the M}, value was fixed to the value previously calculated at the
end of day k = 30.

When M:z{ig is fixed, the masses of compost (MX,,,) and sludge (MX,,) are:

M(l:com = SfMtlicig' (20)

M, = (1—Sp)My,. (21)

If the steady-state condition is imposed for the digester, the outgoing masses ( MX,,,,
Mg, M§;,) will be equal to the incoming masses ( M5, M{y., M&,, Mg,):

Mé(om + lei(sl + MIIJCL'O = M;{st + Mtlfre + prh + Mtllch' (22)

The discharged sludge (M%) is a fraction of M%, which is not recirculated and
which , can be calculated using Equation (22) while MY, is:

My = Mg, — (ME + M) (23)
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3. Results and Discussion

The assumptions reported in Tables 1-7 were applied to the method proposed in this
study and the results discussed in this paragraph are strictly related to these assumptions.

The daily trend of biogas production calculated using Equation (4) (V,, = 270 m?,
about 310 kg of biogas) is shown in Figure 4.

200 OMethane OO Carbon dioxide =

250

200 LT

150

100 ———— ]

50 ——

o Al

1 4 7 10 18 16 19 22 25 28 31 34
Days

Daily production of biogas (kg)
|

Figure 4. Daily biogas production.

Figure 4 shows that the mass of €0, produced is significantly higher than the mass
of CH, but this is not worrying for some different reasons. First, if reference is made to
Table 2, it is possible to note that the volumetric production of CH, and CO, is approxi-
mately the same. Furthermore, AD as an alternative to SI reduces the emission of CH,,
which has a global warming potential 28 times higher than €0, [92]. In addition, the
amount of €O, produced during AD is lower than that which the plant has absorbed
during its growth cycle [28].

Table 8 reports the quantities of by-products and of conditioners used to obtain the
indicated C/N and C/P. The results for k < 30 represent the total quantities accumu-
lated in the digester over the entire period, while for k > 30, the values refer to the daily
requirement. Examining Table 8, it is possible to observe that during the first 30 days, the
quantity of M, isin the range 350 kg-390 kg except for ITA and the USA, for which the
need of urea is close to 250 kg due to the fact the initial C/N is lower.

Table 8. Main incoming/outgoing digester masses reported by country.

USA THA MYS CHI IND ITA

C/N 20 20 20 21 30 20
C/P <200 <200 <200 <200 <200 <200
M k<30 2263t 226.7 t 226.7 t 2282t 2288t 2269t

W k>30 42t/d  21td  20td  15td  15td  43td
M k<30 2520kg 353.6kg 380.2kg 3888kg 371.8kg 2445kg

e k> 30 nr.? n.r. n.r. n.r. 3.0 kg/d n.r.
M k <30 nr. 13.4 kg nr. nr. 101.8kg  46.0kg

Ph k> 30 n.r. n.r. n.r. n.r. l6kg/d 03kg/d

Mgy, k>30 84td  103td 104t/d 109td 11.0td 83td
M,y k>30 36t/d 7.5t/d 77td  87tyd  88yd  33td
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Mgzg k>30 32td 0.8 t/d 0.6 t/d 0t/d 0t/d 33t/d
Meom k>30 17t/d 2.0t/d 21t/d  22td  22td  17td

an.r.: not required.

For all the countries, up to k < 30, the total mass of water (M,4,,) to be added to the
digester is approximately the same because the same initial water content (20%) is as-
sumed for all straws. When k > 30, a mass of sludge rich in water is available and conse-
quently, the daily water requirements change based on the fraction of sludge recirculated.

The nutrients carried by the sludge if returned to the digester can decrease the
amount of conditioners needed. For the straw of Chinese and Indian origin, the sludge
can be totally recirculated because of the low contentin N and P of the straw (Table 1).
Recirculating the sludge for IND, the daily amounts of urea and superphosphate reduce
to 3 kg/d and 1.6 kg/d, respectively, while for CHI, no addition of conditioners is needed.
At the same time, for these two countries, the daily requirement of Mg, is only 1.5 m¥/d.

For THA and MYS, even if a fraction of sludge lower than 10% is discharged, increas-
ing the need for additional water to about 2 m?/d, the addition of conditioners is not re-
quired. In the case of ITA and the USA, to avoid an excess of nutrients in the digester,
Mgy, is about 50% of My, and consequently, the additional water is about three times
greater than for IND and CHI.

The mass of compost, which is determined by the separator (Table 3), varies up to
23% if the minimum (ITA, USA) and maximum (CHIL IND) amounts are compared.

Figure 5 shows how M4, My, and M,, change over time. In the figure, it is pos-
sible to observe how the trends of these needs are, as long as k < 30, closely correlated to
the decrease of C in the digester due to the increase in biogas production (Figure 4). The
area below the different curves for the first 30 days represents the total amounts of Mg,
My, and Mgy, reported in Table 8 for k < 30.

T
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Figure 5. Time trends for additional water (a), urea (b) and superphosphate (c).

After, these aforementioned needs stabilize, sometimes becoming zero, as the daily
biogas production becomes constant. In Figure 5, the trends for Myq,, My and Mgy,
show how the steady-state condition is reached shortly after the retention time. When the
quantities of Mg, My, and Mg,, become constant, My, Mcom and M, also stabi-
lize, because they are strictly correlated to the previous three masses.

During the first 30 days, M,4, shows the same trend (Figure 5a) for all the examined
countries while when k > 30, the trends become different due to the different amounts of
M, The lower the quantity of N and P in the RS (Table 1), the higher the amount of
recycled sludge (Table 8) and the lower the M,,,, required.

Figure 5b shows the different needs of M, for the different countries, which vary
up to 37% if CHI is compared with ITA. When k > 30, it is no longer required to add urea
except for IND. As written above for USA, MYS and CHN, a mass of superphosphate is
never required. Figure 5c shows that for IND and ITA, a mass of superphosphate is always
required but when the steady state is reached, the need is reduced by 50% (IND) and 80%
(ITA) compared to the average value of the first 30 days. A particular trend is shown for
THA for which the superphosphate is required only during the first 10 days.

As previously mentioned, one of the advantages of AD compared to other uses of
rice straw is the availability of compost and sometimes of a drained fraction of sludge,
which can be used in rice cultivation as soil amendments due to the nutrients contained.
For both of them, the ratio of water to dry matter is determined by the separator (Table 3)
and is approximately 28 for sludge and 3.4 for compost.
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Table 9 shows the mass fractions of the chemical elements of interest in the sludge
and compost evaluated referring to the DM, while Table 10 shows the carbon to nutrient
ratios of both the by-products. Table 9 shows that the sludge has a higher content of nu-
trients than the compost while the compost is richerin C than the sludge. For this reason,
the discharged sludge, if available (M5, # 0 in Table 8), favors soil fertilization while the
compost reintroduces chemically stabilized C into the soil which will not be converted
into methane.

Table 9. Mass fractions (dry basis) of the chemical elements of interest in the sludge and compost.

DM USA THA MYS CHI IND ITA
Composition Mty = Meom
[%]

Coatlutase 154-170 152-168 123-13.6 149-165 155-17.1 18.6-20.6
CGiignine 17.3-19.1 17.0-188 15.7-17.4 16.8-18.7 17.1-189 18.7-20.7

N 8.2-2.0 3.1-0.9 2.7-0.8 3.0-0.8 2.1-0.6 3.6-1.0

P 1.3-0.9 0.3-0.2 0.7-0.4 0.7-0.5 0.2-0.1 0.3-0.2

K 3.3-0.9 11.1-2.7 10.0-2.4 6.9-1.7 6.7-1.6 3.7-0.9
Oth 54.5-60.0 53.3-60.0 58.6-65.4 57.7-61.8 58.4-61.7 55.1-56.6

Table 10. Carbon to nutrients ratios for sludge and compost.

USA THA MYS CHI IND ITA
C/y Mslu - Mcom
[kg/kg]
C/N 10.2-40.1  10.2-40.1 10.2-40.0 10.7-42.1 15.4-60.2 10.3-40.2
c/p 242-40.9 95.1-160.6 42.7-72.2 44.7-75.5 144.8-2445 145.1-245.1
C/K 4.0-18.1 2.9-13.2 2.8-12.8 4.6-21.0 4.8-22.1 10.045.6

To simplify the management of the digester, the second approach described above
was applied to the scenarios related to IND and ITA, which are to be considered the most
complex, as they require the addition of inorganic additives also when k > 30. Table 11
shows a possible pattern for the feeding mixture (Mg, My, and Mgy,), the constant
value for My;, evaluated with the previous model at the end of the day k = 30, the values
for both M, and My, that minimize the addition of water and conditioners and the
mass M., determined using Equation (20).

Table 11. Data used for IND and ITA scenarios.

IND ITA
k<15 15<k<30 k>30 k<10 10<k<30 k> 30
My, (t/d) 7.6 7.6 15 7.6 7.6 43
M,,o(kg/d) 24.8 3.0 3.0 8.4 8.4 nr.
Mqpn(kg/d) 6.8 1.6 1.6 4.6 0.3 0.3
Mg;q(t/d) - - 11.0 - - 8.3
M, (t/d) - - 8.8 - - 33
Mg (t/d) - - - - - 33
Mo (t/d) - - 2.2 - - 1.7

Figure 6 elucidates the time progression of the C/N, C/P and W/DM ratios over a 90-
day span that is obtained using the data in Table 11. The figure shows that the C/N and
C/P ratios vary daily but remain consistently within the allowable limits and stabilize by
day 90 at the latest. The implemented water supply methodology ensures that the water
to dry matter ratio in the digestate remains within the applicability range of Equation (2).
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Figure 6. Carbon to nutrient ratios and water to dry matter ratios in the digester versus time shown
by solid lines. Dashed lines define the allowed ranges for these ratios.

Figures 7 and 8 reveal that the resulting dry matter composition in both sludge and
compost is practically in line with the previous analysis results reported in Table 9.

C (lignin) C (lignin)
17.0% 18.7%
C (cellulose) Others  (ceilioss) Others
18.6% 55.1%

3.6% 03%

Figure 7. Mass fractions of main components in the dry matter of the sludge: IND (left) and ITA

(right).
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Figure 8. Mass fractions of main components in the dry matter of the compost: IND (left) and ITA
(right).
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The results obtained, although not general because they are strictly related to the as-
sumptions introduced, show that by adopting a forecasting method, it is possible to man-
age the digester which allows minimizing the consumption of water and chemical addi-
tives. The benefits of such an approach are measurable both in terms of biogas produced
and in terms of chemical additives saved. There is also evidence that using an analytical
approach to digester management allows steady state to be achieved in a short time.

4. Conclusions

This research provides an exploration into the anaerobic digestion of rice straw orig-
inating from disparate geographical regions, underscoring the necessity of enhancing me-
thane production via judicious water resource management and appropriate condition-
ing. The mass conservation-oriented method proposed herein offers precision in predict-
ing and minimizing the requisite volumes of water and conditioners. It is evident from
our investigation that, during the digester’s initial phase, water usage remains relatively
consistent across all scrutinized countries, yet presents substantial variations in subse-
quent stages. The requirement for nitrogen supplementation was observed as a consistent
factor, while the necessity of phosphorus supplementation was determined to be context
specific. Importantly, our study establishes that despite exceeding the ideal values, potas-
sium concentrations do not appreciably impact methane production.

The quantifiable results of this research bolster the progress towards devising effi-
cient, sustainable strategies for the management of rice straw in a multitude of global con-
texts. This furthers the potential of this prolific agricultural by-product as a significant
resource for renewable energy generation.

In conclusion, the effective transformation of rice straw into renewable energy via
anaerobic digestion not only addresses the disposal predicament but also propounds an
environmentally conscious pathway towards a sustainable future in the agricultural in-
dustry. The broader implications of these findings could greatly impact our understand-
ing of waste management and energy production, driving a shift towards more sustaina-
ble practices worldwide.
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