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Introduction

Anaerobic digestion (AD) is a well-established biochemical process for organic waste valorisation and
renewable energy generation. However, the inherent complexity, nonlinearity, and time-varying dynamics of AD
pose significant challenges for process stability and optimisation. Conventional control strategies (ON/OFF, PID)
often fail due to limited adaptability to complex microbial interactions and varying substrate characteristics. In
Iran, despite abundant biomass resources, biogas technology remains underdeveloped due to low fossil fuel costs,
insufficient technical expertise, and limited public awareness. This study aimed to design, construct, and evaluate
a laboratory-scale AD system with an Adaptive Neuro-Fuzzy Inference System (ANFIS)-based intelligent
controller. The core innovation lies in integrating fuzzy logic reasoning with neural network learning in real time
and self-adaptive regulation of process variables. Additionally, a novel hybrid ANFIS-Gompertz model was
developed as a proof-of-concept for dynamic kinetic parameter estimation, and the feasibility of using a low-cost
optical sensor for early warning monitoring, along with theoretical scale-up analysis, was investigated.

Materials and Methods

Substrate and Reactor: Fresh cattle manure (1:1 with water) was characterised for moisture (90.54%), TS
(9.46%), VS (78.21%), COD (910 mg L Oz), and C/N ratio (21:1). A 2 L borosilicate glass reactor (H/D = 1)
with variable-speed agitation (50-150 rpm) and a hot water jacket heating system was fabricated.

ANFIS Control System: The ANFIS controller had three inputs (temperature, pH, and pressure) and three
outputs (agitation speed, heating power, and gas release), with two Gaussian membership functions per input (8
fuzzy rules) to prevent overfitting. It was implemented on an ESP32 microcontroller with sensors (LM35,
MPX5700DP, E201C9, MQ4, and TCS34725) for turbidity monitoring.

Experimental Design: Response Surface Methodology (RSM) with a Box-Behnken design (17 runs)
optimised temperature (30-40°C), agitation speed (50-150 rpm), and HRT (15-35 days). Kinetic models
(modified Gompertz, logistic, and first-order) and a hybrid ANFIS-Gompertz model were developed. Model
evaluation used Rz, RMSE, AIC, and BIC, with 5-fold cross-validation and three independent reproducibility runs.
Theoretical scale-up to 330 L and 1,000 L was analysed based on hydrodynamic similarities.

Results and Discussion

ANFIS Control Performance: The ANFIS controller achieved 98.5% prediction accuracy, steady-state
temperature error of 0.12 + 0.03°C, settling time of 4.2 + 0.5 min, and an overshoot of 2.1 + 0.3%. Energy
consumption was reduced by 28.9% compared to PID control (768 + 25 W vs. 1,080 + 38 W). pH error was
maintained at £0.02.

Biogas Production: Total biogas production over 30 days was 33.6 L (19% increase over simple control), with
a maximum methane content of 62.5%. Average daily production was 1.12 + 0.25 L day™ (CV = 1.19% across
replicates). Volatile fatty acids (VFAs) peaked at 1,800 mg L? (days 10-15), with the VFAs/alkalinity ratio
reaching 1.8, indicating transient acidification followed by recovery. Ammonia remained below the inhibitory
threshold (1,050 mg L'* < 3,000 mg L?).

Kinetic Modelling: The hybrid ANFIS-Gompertz model provided the best fit (R2 = 0.960, RMSE = 0.85, AIC
= 35.2, and BIC = 39.2), outperforming modified Gompertz (Rz = 0.994, RMSE = 0.95), logistic (R? = 0.986,
RMSE = 1.40), and first-order (R? = 0.950, RMSE = 2.55) models. Estimated B,, = 33.6 L, R,, = 0.132 L day?, A
= 4 days. Five-fold cross-validation confirmed good generalisability (mean R? = 0.955 + 0.006, RMSE = 0.92 +
0.06). However, due to limited training data, this model is presented as a proof-of-concept requiring further
validation with larger datasets for industrial applications.
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RSM Optimisation: Optimal conditions were 36.6°C, 110 rpm, and 24 days HRT, achieving 33.6 + 0.3 L
(error < 0.6% vs. predicted 33.8 L). ANOVA confirmed model significance (F = 38.5, p < 0.001, Rz = 0.972).
Reproducibility was excellent (CV = 1.19% for biogas, 1.44% for hybrid model RMSE).

Scale-Up Analysis: Theoretical scale-up to 330 L (pilot) and 1,000 L (industrial) while maintaining a constant
Reynolds number (0.27x10%) was analysed. Recommended pilot parameters: agitation speed 100 rpm, heating
power 1,200 W, and insulation thickness 5 cm. Daily biogas production projections: 185 L day™ (pilot) and 560 L
day (industrial). Experimental validation at pilot scale and CFD simulations are required for confirmation.

Conclusion

An automated laboratory-scale AD system with ANFIS-based control was successfully developed and
evaluated. The key achievements include: (1) ANFIS control with 28.9% energy savings and superior stability
compared to PID; (2) RSM-optimised conditions (36.6°C, 110 rpm, and 24 days) achieving 33.6 L biogas with
62.5% methane; (3) a proof-of-concept hybrid ANFIS-Gompertz model (R2=0.960, RMSE = 0.85) demonstrating
the potential of integrating intelligent systems with kinetic modelling; (4) a low-cost optical sensor (TCS34725)
as an effective early warning system for process instability; and (5) theoretical feasibility of scale-up to 330 L
based on hydrodynamic similarity.
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Table 1- Technical specifications of sensors used in the anaerobic digestion system

ob; s .
. Sl - a . . (F)curhdons
i SrSeilal gl mSojlail godgame o SRMS gl el S Uncertaint
Sensor Parameter Range Accuracy  Repeatability Response  Calibration ) y
Time Error B
Lo,
LM35 > 0-100°C +05°C +0.1°C <1sec +0.2°C +0.55 °C
Temperature
E201C9 pH 0-14 +0.1 pH +0.05 pH <5sec +0.05 pH +0.12 pH
Sl +2.5% of +0.5% of o . +2.7% of
MPX5700DP Pressure 0-700 kPa reading reading <1lms +1% of reading reading
-l 0, 0,
MQ4 o 300-10,000 ppm 10% of 5% of reading < 10sec 5% of reading 11% of
Methane reading reading
©)955) B3k yg )
TCS34725  Reflected light digital values) ron ding 2% of reading <05 sec 3% of reading ding
intensity (turbidity, (<% V7 Jime »oe)
qualitative)
o guuias g 2Eolof] (532 ¥ (5lgnisr wile ) S
Fig. 1. 2-litre laboratory anaerobic digester and sensors
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Table 2- Characteristics of cattle manure at 1:1 ratio with water

Sl 1,8 AD sl

VS aoyd (LAIFE) TS o> ((YV:)) 395 40 (pyS s

&lp allas 039050 )3 Ken (Mg LT 2Y-) COD 4 (ZYAIVY)

LS 5 S 4 K > (595 58 Slaaseitio =Y Jgua

;e j 5 oo - dgo Moyd Mol dgo Mo yd Mo yd
43905 (‘:’)3) ‘?" L! ‘?"’f‘s)" i "‘"f?'b-) M)b b J . 9-0' ) J ) CcOD (mg L-l 023 N FYvs
Mixing ratio with water Moisture KVYES J prowcyts 0 : )
Sample ; o 2) Density (kg m=3)
(weight) (%) TS (%) VS (%) Ash (%)

S35 358

Cattle 11 90.54 9.46 78.21 21.79 910 1,065
manure

Froner-Lacerda et al., 2024; Negahban et al., ) « szl ANFIS siadlga J 38 alewsin
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AIC YL polie g 4z sl (¢ ycha s 3,Slas 905l (slaodld
Hblioe 3l ot oddy 9 9 5l e (S oLt
RMSE 5 (Y/¥) AIC Jliio optaS b Sl A s oyl ke
@l (Samn g By w1y Jobs oy yag oyg05] slaodly y3 (+/VY)
oolsie 3 porde Gldl) Budzd (nl Bas i g A md s
D9 )] uslio (L]

295 ¥ g (1Lad PH ded) (639)9 T L ANFIS 38 s
(1Y) 536 (5 A (3 3,5 ecoseleS ol cs5mn o)
1 Y g S ot 38kee ol 38 (b
wlod slad g a0 AN/D B> L ANFIS S wiuw (ool
A Gl (g D Sdas S Sl w dxy NV E L[Vl
s Gl o (bl ON/OFF 4 PID glaouis s
Olmebl (gl (Y Jgda) cily yinlS 488> ¥/Y £ </ 4. ANFIS
Or Sl wlie sl yilejl plad csls e gaunlis |
oSS byly 5 > ON/OFF 4 PID ANFIS (sleosss s
dile loj dPM WV e ien oy 0 °C o gabeis glo)
@ L bl Jiie )TV L 5 (OlnSe Slyos g 59y VY
93 o g ANFIS >, Slac yan (o)l cine Mz t-test yg0;l
el (opizan (P < 0.01) b L_i K (goa s s
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Table 3- Performance comparison of control systems
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Lo jlul sllas
Steady-state temperature error (°C)

0.52+0.080.31 +0.05 0.12 +£0.03

o 205+21 103+12 42+05
Settling time (min)
a l a
O 152+18 81+09 21+03
Overshoot (%)
PH jub olas

0.11 +£0.020.05 + 0.01 0.02 + 0.005
Steady-state pH error

Sl Srae 1,320+ 45 1,080 +38 76825
Energy consumption (W)

| ot €8 2.15+0.351.42 +0.28 0.45 + 0.08
Prediction accuracy (%)

0903 g (i ylzel (390l (slmodlsde gazme KSa5 4 ANFIS J S winw i <83 - Jgua
Table 4- Prediction accuracy of the ANFIS control system for training, validation, and test datasets

8313 dlaxi o B> k> RMSE sWé RMSE
22 g iction ¢ RMSE pH
Dataset Number of data  Prediction accuracy RMSE Temperature RMSE Pressure
(%) (%) °C) (kPa)
a. ]
oy 33 (70%) 99.1+0.3 0.10 +0.02 0.015+0.005  0.08+0.01
Training
ESWHRS
T 7 (15%) 98.2+0.5 0.14 +0.03 0.025 + 0.008 0.12 +£0.02
Validation
vendl
;’_Z”t 7 (15%) 98.5+04 0.12+0.03 0.020 + 0.006 0.10+0.02
S
0 (ol (Sl
e 47 (100%) 978+04 0.15+0.04 0.028 + 0.009 0.13+0.03

5-fold CV average

31t u,ub& (Edike Sl Oy d‘).f ANFIS Gliseo (gla)lis b duglis —0 J,»
Table 5- Comparison of different ANFIS architectures to determine the optimal number of fuzzy rules

Sl Ol xS (63959 B 45 Cugais &lgd dluxi (el gLrodld) RMSE ,, - Ao
Architecture  Number of rules Number of MFs per input ~ RMSE (test data) Result
(i) S 5o g9 000 2 0124003 352 e oblulrete
Minimum (proposed) Suitable for proof-of-concept
boste _)w” 27 (3x3x3) 3 0.18 +0.05 52.8 “’b’.l’f’“’%"
Medium Overfitting
S L 64 (4x4x4) 4 0354008 784 2 ot
Full Severe overfitting
iS5l sl edgame dy o g Bl iulj8l (Sl byl ) Susa L VFAs (0T Ghuls g 518 gas aad g5 el
g (S8 oo 3> ) oS (V-0 MG LT ) Sligel clalé i o> Al gy VYRSV 00 ailjs, A5 pSibie
Soigine olej Job > VFAS o5 o8 3l Lis ANOVA ol Wiy &) oy > VFAS clale (5 Jous) ad ol 75V/0 oo

(VY U85 ¥ Jga) (p<0.001) el VIA & 59, ol 5 CaildB 4 VFAS Cand g duwy (VA= mg L)
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Table 6- Descriptive statistics of biogas production and methane percentage over 30 days

ool oSl Jhre Blyoul  JBlas STl
Parameter Mean SD Minimum Maximum
() iy S5 5 112 025 0.90 1.32
Daily biogas production (L)
olie o
Methane percentage 50.5 8.5 32.0 62.5
(%)
() aligy oo 25 0.20 0.37 1.45

Daily methane production (L)

©935 Slyd (S il Sl plyiea TCSBAT25 (4)55 jguis (Slodiie (2l @l 5 (5 Slaseie =Y Jga
Table 7- Calibration results of TCS34725 optical sensor for qualitative monitoring of digester liquid turbidity

b Sl oy
Parameter Value Explanation
sgpaian Jho F R0k il L S5 jguies

Sensor model

Fhe b 03gioxe
Effective spectral range

bl JSSs
Communication protocol
Sl 2l b gl SR
Calibration R? with acetic acid
(Mg L) (S0l o391
Measurement range (mg L)
8ly e 13 GC glaodly b SuwwonR2
Correlation R2 with GC data in real digester
environment

TCS34725 (ams OSRAM
( ) Colour sensor with IR filter

FeR0ple S35 9 (Jye b oind iy
Covering visible and near-
IR spectrum

ESP324; ol Jlus

400-900 nm (with IR filter)

12C ¢

Easy connection to ESP32

0.05+08 3)lbil bayze ) bawgie (Siuwed

- Moderate correlation in standard medium

500-2,000 45l ol S ol 2
Based on initial calibration
e b () S ialS

0.08 + 0.65*

Reduced correlation in digester
environment

kol 5,08 ((sS5) @938 Ol pouss Mgy ik L lyess el gl laid
Primary application Qualitative turbidity trend monitoring Only for detecting severe changes
ol ot 355 SIS, 5 3las sl Slga L S35 oS SN (sl 285 s

Interference with suspended solids and Low accuracy for quantitative

Main limitation : o
microbial pigments measurement

5 ol a8 )5 sl BSL > conmd i ke )+ /50 i aBly Lases 15 GC slaodls b ( Siwrods (35l Lasro 53) +/Ae 1Sl sl b (gl IS 3¢

(8L 03lial B a8 i (sl By pguaias
* Calibration with acetic acid: 0.80 (in a standard environment). Correlation with GC data in a real environment: 0.65 (this value
indicates insufficient accuracy for quantitative applications; the sensor is usable only for qualitative alerting).
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Fig. 2. Comparison of TCS34725 reflected light intensity trend and VFASs concentration measured by Gas
Chromatography (GC) during 30 days

4 VFAS cous (p<0.05) ols Lis 1y ¥ g YO Vv oo (slajsy b
g 03wy VN0 slajg) 53 (o) VA & (k) 1Y 5l el
i ()b CiS b Sl oS il Gials IV 5 e
af b olil ) pop)S e Vode X0l Sligel ol
L 98 Ctte (Siumod 9 392 (Vo0 r) (S22 le 3 5l 128
o i bl (r=-0.82) cills b 40 4 VFAS (r=0.89)
o 9 OBl 1l 55 PHL(VE S (Stuen) loj 31 Sl
3,8das a3 1y bnasl JolS  Sinlen 48 iS5l V/Y 290> 4

830 U lan e wan dal8 luk

Sl 8 suls sla el yly s paSe jlusl s
5 bl (VFAS) 3 o lassal (5,50 ol
Yo jgy YO+ I VFAS cdale oS sls Lis A Joss 3 Sligal
9 0%y VN0 sl )3 ) o p)S e VAS e At 44
sl culled 5l (Sl as ol als Ade 4 ¥r 5oy 50 e
LANOVA y50j] sl oS iyl celalusylio g ¢ 4
5, 0l 1) VFAS )b es @lyunii ), slas yuSoslasil
Ve 39y B size ciglas Tukey HSD (4051 4 (F=24.3, p<0.001)

5oy Yo Job 5o anlyd salS sl ol )l s A Jo
Table 8- Changes in key process parameters during 30 days

. . :us GSU i . . ‘ b . o
92 VFAs (mg L as acetic acid) o e w0 S e Rt
Day Alkalinity (mg L™ as CaCOs) NHs-N (mg L) VFAs/Alkalinity ratio ~ Stability status
|
0 250 + 45 1,500 + 80 450 + 35 0.17 Sk
Stable
(XY
5 1,100 + 95 1,200 + 65 650 + 45 0.92 I
Stable
Skl
10 1,800 £ 110 1,000 £ 55 850 + 50 1.80
Unstable
15 1,600 + 95 1,100 + 60 950 + 55 1.45 sir
Borderline
|
20 1,300 £ 75 1,300+ 70 1,000 + 50 1.00 Sk
Stable
b
25 1,000 + 65 1,450 + 75 1,020 + 45 0.69 I

Stable




Sl

30 850 + 45 1,550 + 65 1,050 + 40 0.55
Stable

2 Bs0 agr .l aa b ooly s & IS o 5o, Ve Jsb o Sl ¥ oY IS 40 59, ¥e Jsb o e doys g pH il
Slaigy 53 05,50 cdlad inlidl L g 00g o5 ol (slajs, o & olwl slaje, 5o YARS dgas 5l oyl duoyd wl 0uli
| wb u.u!blf UMW 9 0l ) .)5> Al ‘S:L.c 431)‘9) )lfyu .\Jy ..\39) ! 0wy 090 u_;l.»b dl.!b)a) ).)X £Y/0
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wan 55y Ve Jsb 3 PH @l yess 09, =Y S50
Fig. 3. pH trend during 30 days of digestion
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Fig. 4. Methane percentage trend during 30 days
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Fig. 5. Daily biogas production trend during 30 days

(Uas laygpo (0Sho (gaiiyy) RMSE Lo 5l Lol o)1y (55 j06S
FoS i sl gonmd s aS  dad e &) (g iag 5 )Shas
sl yieh)ly sligy (oilwJso Jd> ar g ol ol Jua
odly Cudgize & dogi bl Sllas bylyd bl (St

S )8 ponse bl

S (5 jladae
FresS Jho &5 amdo0 L3 A Jgi 5 b Jae (5l ol
|y s e 5V RMSE=0.95 5 R?=0.994 | oo
oy 1y oy bl 31 Z2/F g o)y i v Jae o
R2=0.960 L, ANFIS-GOMPENz (s i Jio < biio ;5 b3 s
o s Cora) (6 yiaS (35 s> 43,51 RMSE=0.85

SN slo)lne § (St gla o glojzol)y -4 Jgan
Table 9- Kinetic model parameters and information criteria

yalb ouig Mol 5 pmosS Jdo Syuwd Juo Jgl 4o Jio 3 smegSANFIS- (ouS 5 Jobo
Parameter Modified Gompertz  Logistic  First-order Hybrid ANFIS-Gompertz
Bm (L) 34+ 0.55 336+28 33649 33.6+£0.3
Rm (L day™) 0.130 £0.012 0.112 £ 0.011 - 0.132 £0.008
A (day) 4.0+0.30 41+0.35 - 4.0+0.20
k (day™) - - 0.040 £0.013 -
R2 0.994 0.986 0.950 0.960
RMSE 0.95 1.40 2.55 0.85
AIC 41.8 52.0 76.6 35.2
BIC 44.7 54.9 78.4 39.2

Cbls (oS 5 Jdo opizped Djlw o Powlio wifh g
S99 —igal smodls )3 &) wua Slles buly b 5 ot
ol )l bl s 550005 Jdo oS Jbs 3 )l 1y (asla
RMSE Lo 2 (site o Jioe plgisdn (o 5 Jie oLt
5 JS3) R y0 &5 el syt B 5 (st slos)

ol el YL R2 s s Mol 540065 Jio 43 )31

sboodls p (IS goxie S Bl 9 S el jlsbe sy cyje
299 L ANFIS-Gompertz .S 5 Jdo  hlie jd .l o0
cdd gosimd i 4 Cwl (658 RMSE (gl <5 b R?
Je Sy ool el adliy) g sladais laimoin > 5YL
My lalaod ot 45 &S ee oo )8l |y (o8 5
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Fig. 6. Comparison of experimental data with kinetic models

b a8 5 g8l S5 A b (+/F lns CBlyoil) ) YY/S L
s Ciirllas (5o YY/A) RSM o ba s 04 iy jlde
089y b silwdinge @l (4o VY I jies gllad) el (o
sl sl ol 0as LIV Jgan )3 (RSM) Gasly o
2 ol o a8 ) plesl (ANOVA) Luilyly 30 RSM Jas
R2=0.972 yues sy b pod dyd o .ansl 005 81,1 VY Jois
L S sboa b asd s 3jly R2-adjusted=0.956
S S +/+) 5l 28 p-value 5 YA/D Lyl F-value lade .l
pae 5l o /A% liebl w3 Jis (gLl gyl e
o Lis Lack of Fit (p-value=0.124 > 0.05) (¢l jxe

ol (53l 30 Solatuw slas 3939 pie g Jio ColaS

>dea,laie) 9 RSM L (5 5lauddags

Syl o3 &) Ve Jgas ;3 RSM L (gjlwdigs gl
oS ¢85 ool (ANOVA) Luib g 3JUT RSM o i liis!
O oo bopgd anpd Jae .l ord LI VY Jous o o il
odls b gd jlws b)), R2-adjusted=0.956 5 R?=0.972
5| S p-value 5 YA/D L yly F-value jlace ol L i o0
Ll oo 7R luebl paws )3 Jdo (s)lol (gyl5 sime I (Sl </
(V) Jos)

ao YHIF (L) g Ll 5 5 S 155 Shis
2y (Gay V¥ Silo oyloj cadBd 13 593 VYV ji0d Cas yun 5l

(LSS Y posl) RSM. Juto (i lizel g dinge balps =V ¢ Jgu>
Table 10- Optimal conditions and RSM model validation (3 replicates)

sl gl EEPRC TP VIV KtV X W S Wpge- WA KT (SDpSile) (2920 yladto (%) s
Parameter Range Optimal value Predicted value Experimental value (mean + SD) Error (%)
(°C) > 30-40 36.6 - 36.6 +0.2 -
Temperature
(IPM) ojoo e 50150 110 - 11043 -
Agitation speed
Uss) e olej 95 35 24 - 24105 -
Retention time (day)
(L) Sy - - 33.8 33.8+0.3 0.4
Biogas production
(L) ol 2y - - 17.0 17.0£0.2 0.4

Methane production
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Table 11- External validation of RSM model at 4 random points

itk (O)ls (M) e sy )Wl OlS o eadiohe s sty S5 =
RUN Temperature  Agitation speed Retention time Predicted production Experimental Error
(day) (L) production (L) (%)
1 33 70 20 30.5 305+05 0.6
2 35 130 28 335 335104 0.4
3 38 90 18 318 31.8+0.6 0.6
4 32 110 30 29.2 29.2+0.5 1.1
RSM Jas (slys (ANOVA) il g /;:Jlﬂ =YY ,Jg..\q-
Table 12- ANOVA results for RSM model
Ol grie Oluye ggome $31j) 423 Olaape nSle L o1ie Dvalye S
Source SS df MS Significance
Ly —A (R
> 452 1 45.20 55.08  0.0001 -’ J_‘-‘f”
Temperature Significant
e B
QR =Sy 38.7 1 38.70 4716 0.0002 o
Agitation speed
i by —C .
> o 52.3 1 52.30 63.73 <0.0001 Significant
Retention time
AB 8.4 1 8.40 10.24  0.0150 M3 gxe
AC 12.1 1 12.10 1475  0.0063  Significant
BC 6.3 1 6.30 7.68 0.0275 Mdgine
A? 38.5 1 38.50 46.92 0.0002  Significant
B? 42.8 1 42.80 52.16 0.0002 oo
(o 35.6 1 35.60 43.38  0.0003  Significant
ooile s 5.74 7 0.82 - - -
Residual
o e )b&_?"u)‘&
IR 4.12 3 1.37 338  0.1240 Not
Lack of Fit L
significant
; ks
e 1.62 4 0.41 - - -
Pure Error
Eoee 290.24 16 - - -
Total

il 9 48 Cud gy 3 I VWY £ 1oV &g, a5 (Sl
Ay R? ke ANFIS-Gompertz oS 5 Jao oisud Jolie
oS o gl ]y <A £ /-5 1, RMSE 4 /00 £ +/- -5
JHo cwlie pdumess bl g osd nin 085 S
pore Gl dalllas Cpl c0ald dgamme dluay das sy il
2 (VS oSk p ytd VAB) S0 (5009 M55 2550 gana
Sdawlie Lol ccily Jod o8 5 Slos ;5 aliiie Olalllae b dulie
S lasily) 55T e 0y pld (s )3 Sle5 oy oo
LPID Juie ;5 ANFIS) 00i8 J 58 g5 5 (55 cclopse 5
Gl @S lgnsel gl dem Ld b plal blisl L (ON/OFF

sy dod) Jiwe oS8 dw o ANOVA s yoll y

AU ity 20 o0 5 3 )lagine 1 (Bl olej g yjen

F-) Los Lus—w ¢ (F-value=63.73) solo yloj 4 bosyo
ol (F-value=47.16) :jjeb ce po o (Value=55.08

Jaliie cadies jluiel g (5 yaia ) S5 slagiule T
@Y 53 )lS5 by bl b oo, ialesl gy s
Gy b g FINY /Y 8 S adg nSle S0l LS
Loy ,S5 oy (6l sime NS t-teSt yg05] 5 0390 VAL il psis
sl Silosum (635 9w pis ,Soly a5 (p=0.78) 5,55 sl



5§ Sls g 4z il lygken (RMSE=0.85 4 R2=0.960)
Wblanng (S 5 Jho cuslie (g plymmess Sl 5 053 moin
Lol
Eola S y2izpulite Julas

g wdin a5 bis bl gpdaplie oo
Sy s ploml I VY oo (Sl jalgn) s0e) (Seeldgpi
O Ol 5 GERL TPM Voo W e 1 jhen oy pglate
Mo bl walgs yiolidl Clg VYo v o YO & iy (dulo)S o
Joia) ey algs oy )3y VAD @ (b (pl )3 90 &5,
i

hamlie o islejl 4 jls ol (650 (50,by3 (alab gliss
2 25n ola) iy Slaosls o 5 oy Ll | s
9 Yl A5 anld ylals oatas ol Loazsly cggece
Ableo (695 255 51 S 9m 5 )3 s Cogllae Jeusly
5-fold Cross-) —ize 0 Jolite i w)lael gl
&S ol olas ANFIS-Gompertz S 5 Jse I, (Validation
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Table 14- Scale-up analysis for different volumes (based on hydrodynamic similarity)

Falyly (G Y) 2Rl ol (I FYe) Cghl ol () Voor) gmbo wlde (s pdywliio alal,
Parameter Laboratory scale (2 L) Pilot scale (330 L) Industrial scale (1,000 L)  Scale-up relationship
”{_ ) A 0.13 0.6 1.03 D o VA(1/3)
Reactor diameter (m)
HD=1
. )’ﬂ)h 5_“’;\' 0.13 0.6 1.03 el
eactor height (m) constant
| opR e 110 100 60 N o DA(-2/3)
Agitation speed (rpm)
(X10%*) 3450, 2 Re = pND*p
Reynolds number 0.27 0.27 0.27 <l
(x10%) constant
e N, = P/(pN°D?)
, ol N; N 5.2 5.2 5.2 b
ower number (N;) constant
oy 1.9 250 8,500 P o N2Ds
Agitator power (W)
- Ln e ‘ .-
e Iy 50 1,200 40,000 Q o VA(2/3)
Heating power (W)
s ilS by 331
Gele culbs 4 gl o 2B 13
Insulation thickness 2 5 10 e )
Increases with decreasing
(cm)
SIV
©2 & gaw S
Surface-to-volume 46 16 35 SIV o VA(-1/13)
ratio (m™)
)lfsw 43l).9) J‘J9; L Lo
Daily biogas 112 185 260 Pro o(‘r,':.ir_;n;allto volume
production (L day?) p
ke 439, Mg
U 09y Y s B/
0.57 93 283 olin 807 bl

Daily methane
production (L day?)

Based on 50.5% methane

Sl gl siiw g e 4 cuid 1y 295 (55 RMSE=0.85
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