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Abstract

Biological hydrogen production in stirred-tank bioreactors depends strongly on mixing
conditions and impeller energy consumption. In this study, a data-driven framework was
developed to optimize the impeller-speed schedule using hourly hydrogen-production data
and the process energy balance. The decision variables included the impeller speed in the
first stage, the impeller speed in the second stage, and the switching time. The problem was
solved in a single-objective mode, aiming to maximize net energy, and in a multi-objective
mode, aiming to increase hydrogen production while reducing mixing-energy consumption,
using a genetic algorithm and NSGA-II, respectively. The single-objective results showed
that operating the impeller at 100 rpm during the first 10 h and reducing the speed to 10 rpm
during the remaining 14 h produced the maximum net energy of 26.0737 KJ/Lrome. This
solution was reproduced in 30 independent runs and matched the result obtained from the
exhaustive evaluation of all 368 feasible schedules. In the multi-objective case, a Pareto front
containing 22 non-dominated solutions was obtained. The knee-point solution consisted of
operating at 100 rpm during the first 7 h and at 10 rpm during the remainder of the process,
providing a suitable balance between hydrogen production and energy consumption. The
results demonstrated that stagewise control of impeller speed can maintain favorable
hydrogen production while reducing mixing-energy consumption.

Keywords: Biohydrogen, Stirred-tank bioreactor, Impeller-speed control,
Genetic algorithm, multi-objective optimization, Pareto front
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Table 1. Main settings of the single-objective and multi-objective algorithms

Parameter Single-objective GA | NSGA-II

Population size 80 30

Maximum number of iterations 300 200
Number of independent runs 30 30

Crossover percentage 0.80 0.90

Mutation percentage 0.35 0.40

Mutation probability for each variable 0.40 0.40
Crossover parameter, (\gamma) 0.10 —
Mutation step relative to variable range 0.20 —
Selection pressure, (\beta) 8 —
Maximum stagnant iterations 60 45

Stopping tolerance 10-1° 10-1°
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Figure 1. GA convergence and comparison with the exact global optimum
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Figure 2. Optimal impeller-speed schedule in the single-objective optimization
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Table 2. Optimal decision variables in the single-objective optimization

Parameter Optimum value Unit
First-stage impeller speed, N; 100 rpm
Second-stage impeller speed, N, 10 rpm
Switching time, tg 10 h
Maximum net energy, E ., 26.0737 KJ/LpomE
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Table 3. Characteristics of the knee-point solution in the multi-objective optimization

Parameter Value Unit
First-stage impeller speed, N; 100 rpm
Second-stage impeller speed, N, 10 rpm
Switching time, t, 7 h
Hydrogen yield, Yy, 3471.3892 | mL/Linfiuent
Mixing energy 0.6706 kJ/Lpome
Net energy 26.0484 kJ/Lpome

Sl aai 0 K, (SO ol o cl ead ools las £ SS o Csliel slagwly el alols a5
e Sl 55 b 051505 (>l p @ly bl 4y by 55,5 polie sl gly ol (ool alols e
ol ol g Sl sl e 3 laesly s T il 5SS polie 45 o3 wits 55
Fb eyl o 1) @sliel slagaly jl pbie (SaiSTy conl aniilys o2 )58 a5 do oo BLS 2595

Crowding-distance distribution on the Pareto front LA S Ja.o.'>

Lo
@
L4
o
°

Hydrogan Yield (mUL__

scem oo oo

2600 X
M -‘:.) Enargy (WL, we!
90k 4 $9) LRl (o)l abold @598 -7 S
Figure 6. Crowding-distance distribution of solutions on the Pareto front



5 el e 4o 48,85 290 Yoo Y JAL# 3—’)1-’ L= S u"JL’ 6))"‘ O 6‘)"5 C"“"b
ol ol Al 5l g LS (551 9,0 g g oaila Bl el N o iy g0 Ve e
l’. @“b u—’\ ..).AT Cwd A kJ/Lpome\J;‘.’V\ij kJ/Lpome’ A0A-. mL/Linﬂuent\ﬂa\Y.‘ \Y\ﬂl.g ).3‘).3 u-u):‘\é

coabls Callas a0 ST (g jlwdigs Aol

sy Jolds aeli (6l ML/LinfluentYOYAY WY L ol 59,000 oded o iion oo )b agu> sloasl g0 j0
Sipl el cnll als Jols ail )3 dolsl jo adds 1 j90 Vo Cae s g Cowdt el Vo j0 4B30 b ,90 VO
Lyl s o bYW 65, cpyiaS ((blie jo .8l iolid8l KI/Lpomed OOYY & <l ol jo LMzl 3 ae
oo 2elS ML/Linfluent Y88 40 59,008 ddgi )] 10 a5 del Cawd 4y 4B y90 Vo e b ol 0 518
Ol pcmlio Joli (o gily alaili g Caslolyon (655 SBrae (Rl L 39,008 og Gl lpl 08

S o ol Bas g0 ]

Comnd ol >l calod )0 0l plol Jats gl Ve jo adumais 5lwaigs (o )65l g luly b)) jokaieas
by bwgio 09 yio gl oyl lae Blymsl g auo o Voo b ol 380 dgus iber ol 9 Hypervolume

ad) Comaz dy Coms pi )1 45 im0 e HLES S ) kel s 4y 4l V1O S0 5 w55l (g2

el 03,5 lolin 1) Gslaal slagealy JolS dcgomme balzl alad jo g 00g sl
S5 azais -¥

03992 35 955150 50 (red Sy (Gl sl (iludinge Sln jmeosls Lozl SO Ghagh (nl 5
90 5% dis g Siogr Cae o ki o) g 090 9 Jol S0 50 red Sa s Sl el (slapuiie 0D )|
48,85 1 je0 Ve Caepuw b 5e0 0,515 a5 ols lis dduacSS clls mll al o ddasnis § eSS LI
YEAVYVL ol @B 6550 o s il yd dslol jo aids 1 90 Ve 4 o] pals g cansi el Vo o
s 5 Sl YPA LolS gomgons azis b o5 w55 gl JolS gllas oS o sl |, KI/Lpome

o5 a1y gy 25 5 sl (ol el & Jis gl Ve ples

5 50 955 il e adlas 45 sal s @ oglial ey YV ol 55 4 bz Sl 5o
g St Sl Voo aido a0 Voo Sy Jold ogily by ols las 1) WS 8 ke 6550 (relS
JolS ligiad 5,5 wal,d Gus 90 Hhos (63 oleie Lyl g gy ouile b Sleles 13 4BBS 1 490 Vv Cak o
S oI5 psboas ol (i 1) 0,580 ol 3,5kee 55 335 5550k 4 b NSGAC | Jolo s



5 e als 1) anld 6550 Bras (s wsllhe wdg L ed Wl pe e Sy slal> e
sl rxie 40,50)lg g (gl jeiz sladalp () 00 nS 025 sloesls l sslatul o] lalllas

g oo Slpidan K08 () g Slles

&1y =0

[1] Ding, J., Wang, X., Zhou, X.F., Ren, N.Q. and Guo, W.Q., CFD optimization of continuous stirred-tank (CSTR)
reactor for biohydrogen production, Bioresource Technology, 101, 7005-7013 (2010).
https://doi.org/10.1016/j.biortech.2010.03.146

[2] Wang, J. and Wan, W., Optimization of fermentative hydrogen production process using genetic algorithm based
on neural network and response surface methodology, International Journal of Hydrogen Energy, 34, 255-261
(2009). https://doi.org/10.1016/j.ijhydene.2008.10.010

[3] Prakasham, R.S., Sathish, T. and Brahmaiah, P., Imperative role of neural networks coupled genetic algorithm on
optimization of biohydrogen yield, International Journal of Hydrogen Energy, 36, 43324339 (2011).
https://doi.org/10.1016/.ijhydene.2011.01.031

[4] Hoseini, S.S., Najafi, G., Ghobadian, B. and Akbarzadeh, A.H., Impeller shape-optimization of stirred-tank
reactor: CFD and fluid structure interaction analyses, Chemical Engineering Journal, 413, 127497 (2021).
https://doi.org/10.1016/j.cej.2020.127497

[5] Basereh, Y. and Beigzadeh, R., CFD Simulation to Evaluate the Mixing Quality by Mixers with Different Blade
Shapes, Iranian Chemical Engineering Journal, 24(139), 136—147 (2025).
https://doi.org/10.22034/ijche.2024.446615.1402

[6] Rezende, M.C.A.F., Costa, C.B.B., Costa, A.C., Maciel, M.R.W. and Maciel Filho, R., Optimization of a large-
scale industrial reactor by genetic algorithms, Chemical Engineering Science, 63, 330-341 (2008).
https://doi.org/10.1016/j.ces.2007.09.001

[7] Sarkar, D. and Modak, J.M., Optimisation of fed-batch bioreactors using genetic algorithms, Chemical
Engineering Science, 58, 2283-2296 (2003). https://doi.org/10.1016/S0009-2509(03)00095-2

[8] Sarkar, D. and Modak, J.M., Optimization of fed-batch bioreactors using genetic algorithm: Multiple control
variables, Computers and Chemical Engineering, 28, 789-798 (2004).
https://doi.org/10.1016/j.compchemeng.2004.02.018

[9] Pirzadeh, Z., Soltani, H., Fallahi-Sambran, M., Haji-Mohammadi, R. and Memarmaher, B., A Relatively Linear
Approach for Heat Exchanger Network Design with the Possibility of Using Internal Utility Exchangers, [ranian
Chemical Engineering Journal, 23(134), 96—108 (2024). https://doi.org/10.22034/ijche.2023.395715.1308

[10] Zohdi, S.H. and Mansouri, S., Modeling and Optimization of Selectivity and Activity of Co/Al.Os Catalyst in
the Fischer—Tropsch Synthesis, lranian Chemical Engineering Journal, 22(129), 26-38 (2023).
https://doi.org/10.22034/ijche.2022.346635.1213



https://doi.org/10.1016/j.biortech.2010.03.146
https://doi.org/10.1016/j.ijhydene.2008.10.010
https://doi.org/10.1016/j.ijhydene.2011.01.031
https://doi.org/10.1016/j.cej.2020.127497
https://doi.org/10.1016/j.ces.2007.09.001
https://doi.org/10.1016/S0009-2509(03)00095-2
https://doi.org/10.1016/j.compchemeng.2004.02.018

[11] Sarkar, D. and Modak, J.M., Pareto-optimal solutions for multi-objective optimization of fed-batch bioreactors
using nondominated sorting genetic algorithm, Chemical Engineering Science, 60, 481-492 (2005).
https://doi.org/10.1016/j.ces.2004.07.130

[12] Vazquez-Castillo, J.A., Venegas-Sanchez, J.A., Segovia-Hernandez, J.G., Hernandez-Escoto, H., Hernandez, S.,
Gutiérrez-Antonio, C. and Briones-Ramirez, A., Design and optimization, using genetic algorithms, of intensified
distillation systems for a class of quaternary mixtures, Computers and Chemical Engineering, 33, 1841-1850
(2009). https://doi.org/10.1016/j.compchemeng.2009.04.011

[13] Silva, C.M. and Biscaia, E.C. Jr., Genetic algorithm development for multi-objective optimization of batch free-
radical polymerization reactors, Computers and Chemical Engineering, 27, 1329—1344 (2003).
https://doi.org/10.1016/S0098-1354(03)00056-5

[14] Srirugsa, T., Prasertsan, S., Theppaya, T., Leevijit, T. and Prasertsan, P., Appropriate mixing speeds of Rushton
turbine for biohydrogen production from palm oil mill effluent in a continuous stirred tank reactor, Energy, 179,
823-830 (2019). https://doi.org/10.1016/j.energy.2019.04.210

[15] Srirugsa, T., Prasertsan, S., Theppaya, T., Leevijit, T. and Prasertsan, P., Comparative study of Rushton and
paddle turbines performance for biohydrogen production from palm oil mill effluent in a continuous stirred tank
reactor under thermophilic condition, Chemical Engineering Science, 174, 354-364 (2017).
https://doi.org/10.1016/j.ces.2017.09.024

[16] Nifio-Navarro, C., Chairez, 1., Torres-Bustillos, L., Ramirez-Mufioz, J., Salgado-Manjarrez, E. and Garcia-Pena,
E.IL, Effects of fluid dynamics on enhanced biohydrogen production in a pilot stirred tank reactor: CFD simulation
and experimental studies, International Journal of Hydrogen Energy, 41, 14630—-14640 (2016).
https://doi.org/10.1016/j.ijhydene.2016.06.236



https://doi.org/10.1016/j.ces.2004.07.130
https://doi.org/10.1016/j.compchemeng.2009.04.011
https://doi.org/10.1016/S0098-1354(03)00056-5
https://doi.org/10.1016/j.energy.2019.04.210
https://doi.org/10.1016/j.ces.2017.09.024
https://doi.org/10.1016/j.ijhydene.2016.06.236

