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ABSTRACT 1 

Despite having been widely investigated, dark fermentative H2 production from organic residues is 2 

still limited by process-related issues which may hamper the perspectives of full-scale process 3 

implementation. Such constraints are mainly due to the process complexity, which is largely affected 4 

by multiple and often mutually interacting factors. In the present work, the results of continuous 5 

fermentative H2 production experiments using synthetic cheese whey as the input substrate were 6 

processed to gain detailed knowledge of the process features and identify suitable and critical 7 

operating conditions. Specifically, process interpretation involved a combination of analytical 8 

characterization of the fermentation broth, mass balance calculations and statistical methods 9 

(correlation and principal component analyses). The metabolic products mainly included acetate and 10 

butyrate, which however were likely to derive (in different proportions depending on the operating 11 

conditions) from both hydrogenogenic and competing pathways. For some tests, lactate and succinate 12 

were also found to have been formed. It was observed that the main features of the process (H2 yield 13 

and rate, stability condition) were correlated with the operational and analytical parameters. The first 14 

three principal components identified by the statistical analysis were able to account for: 1) the effect 15 

of retention time and total metabolites produced; 2) biogas (H2 and CO2) generation, butyrate 16 

production and stability condition; and 3) organic loading rate and propionate production. The results 17 

suggested that the main features of hydrogenogenic fermentation can be described by a reduced set 18 

of factors that may be usefully adopted for both process monitoring and prediction purposes. 19 

 20 

Keywords: dark fermentation; metabolic products; carbon mass balance; principal components; 21 

process stability 22 

1. INTRODUCTION 23 
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Among dairy industry residues, cheese whey (CW) is regarded as an attractive substrate for H2 24 

production through dark fermentation (DF) due to its organic content, spanning the ranges 55–117 g 25 

COD/L and 27–46 g BOD5/L. The most abundant components are lactose (39–60 g/L), proteins (1.4–26 

18 g/L), lipids (1–21 g/L), and mineral salts (5–10 g/L). Further details on CW composition derived 27 

from individual studies is reported in Table 1. Although the high concentrations of biodegradable 28 

organic matter in CW may pose potential environmental hazards and may also lead to overloading 29 

wastewater treatment plants, the exploitation of its energy content may open up large challenges for 30 

recovery. 31 

The latest available statistical data on annual cheese production report values of ~24.7 million tons 32 

worldwide (OECD-FAO, 2021) and ~10.1 million tons in the EU-27 (Eurostat, 2020), with a constant 33 

increase over the last decades. It is evident that this also gives rise to large amounts of dairy residues 34 

being generated, with CW production being estimated to reach ~9-10 L per kg of cheese 35 

manufactured (Carvalho et al., 2013). 36 

DF of organic residues has been widely investigated over the past decades, but some big challenges 37 

still exist along the way to full-scale implementation. These include mainly the wide variability of H2 38 

production along with the poor stability of the biochemical process, and the thermodynamic and 39 

biochemical limitations to the H2 yield attainable. Therefore, one of the main goals of the several 40 

studies on DF has involved investigating the influence of the key factors on the H2 yield and the 41 

feasibility of promoting hydrogenogenic pathways by adjusting the operating conditions. 42 

Considerable advance has been made to relate the process parameters and the metabolic routes, 43 

though most of the studies have been conducted in a batch mode (Akhlaghi et al., 2017; Dareioti et 44 

al., 2014; Davila-Vazquez et al., 2008; Kargi et al., 2012; Lopez-Hidalgo et al., 2018; Muñoz-Páez 45 

et al., 2014; Patel et al., 2016; Vasmara et al., 2018; Ziara et al., 2019). In recent years, therefore, the 46 

need has arisen to verify the performance and stability of the process, and the effects on the same of 47 

the operating parameters adopted, under continuous feeding conditions, in turn better approximating 48 

the application on a real scale. In this respect, recent studies have been performed evaluating 49 
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continuous H2 production from a range of residual organic substrates (dairy effluents, agricultural 50 

products, sugar and ethanol industry effluents, industrial wastewater, food waste, organic fraction of 51 

municipal waste and sewage sludge) and using a variety of reactor configurations and operating 52 

conditions (see e.g. Lopez-Hidalgo et al. (2022) and references therein). Despite such efforts made 53 

for an improved understanding of the real-scale performance of fermentative H2 production, deeper 54 

understanding of some unresolved issues is mandatory to assess the process viability under 55 

continuous operation for industrial scale-up purposes,. More specifically, the main open questions for 56 

the implementation of continuous biohydrogen production from real residual substrates include: 57 

• defining strategies to limit substrate-competitive microbial pathways, which typically 58 

encompass solventogenesis (Antonopoulou et al., 2012), lactate fermentation (Castillo 59 

Martinez et al., 2013; Sikora et al., 2013) and heterotrophic homoacetogenesis (Ljungdahl et 60 

al., 1989) 61 

• defining strategies to limit the competitive influence of hydrogenotrophic microbial pathways, 62 

the most common of which comprising autotrophic homoacetogenesis (Saady, 2013), 63 

propionate fermentation (Antonopoulou et al., 2008a) and methanogenesis 64 

• optimizing the operating variables to drive the metabolic pathways towards the desired 65 

direction (Kisielewska et al., 2014; Perna et al., 2013) 66 

• preventing process inhibition by either internal or external factors (such as excessive buildup 67 

of metabolic products, presence of toxic substances, etc. (Castelló et al., 2020)). 68 

Properly addressing such issues is essential to ensure at the same time adequate stability of the 69 

biochemical reactions involved and satisfactory H2 production yields. Different parameters, mainly 70 

involving biogas volume and composition, are commonly used to monitor the performance of DF, 71 

while other indicators of the process evolution include measurements of metabolite production and 72 

characterization of the microbial community (Antonopoulou et al., 2008b; Azbar et al., 2009; Castelló 73 

et al., 2018, 2009; Davila-Vazquez et al., 2009; Venetsaneas et al., 2009; Yang et al., 2007). Such 74 

indicators are however mainly useful to monitor potential fluctuations in the process evolution, but, 75 
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due to the numerous variables involved in the process and their potential mutual interactions, it is 76 

often hard to univocally identify trends that correlate the main features of the process (H2 yield and 77 

rate, stability conditions) with the analytical and operational parameters of the fermentation system. 78 

In this regard, it may be useful, in order to describe the profile of the fermentation process, to derive 79 

suitable indicators to be adopted to explain and assess process performance. Ideally, it would be 80 

desirable to develop aggregate indicators capable of accounting for the complexity of the system and 81 

grasping the relevant characteristics of the process. To the best of the authors’ knowledge, while 82 

attempts have been made in this regard, no such criteria are yet available for use in the interpretation 83 

of the fermentation process. This deficiency represents one of the main obstacles on the road to full-84 

scale application, despite the general conspicuous availability of experimental data and the recent 85 

increase in studies carried out under continuous conditions. The absence of tools capable of 86 

extrapolating from the experimental data reliable indications about the expected performances and 87 

the main operating parameters to be adopted, has so far contributed to discouraging the investments 88 

from companies in the process.  89 

To fill this gap, the present work aims at proposing an approach for the comprehensive chemometric 90 

and statistical analysis of the interrelations among the process operating variables and the monitoring 91 

indicators. The approach was tested on the results of an extensive and specially designed experimental 92 

campaign consisting of 17 continuous fermentation tests performed adopting different values for 93 

some of the main operating parameters. The nature of the underlying phenomena that lead to different 94 

H2 production patterns was investigated by means of statistical processing. This is believed to 95 

contribute to clarify the main features of hydrogenogenic fermentation and, in turn, to foster the 96 

transition to full-scale implementation. 97 
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Table 1. Physical and chemical characteristics of cheese whey derived from various literature sources. Note: when available, either the observed range 98 

or the standard deviation (in parentheses) of values are provided. 99 

pH Lactose Proteins Fats and oils Mineral salts BOD5 COD TS TSS TN TKN Reference 

--- g/L g/L g/L g/L g/L g/L g/L g/L g/L g/L  
3.44 --- --- --- --- --- 55.2 −74.5 --- 9.4 (0.5) --- 0.15 (Ergüder et al., 2001) 
4.9 50 --- --- --- --- 74.2 66.8 22.1 --- 1.49 (Ghaly & Kamal, 2004) 

4.5−5 --- --- --- --- --- 73−86 --- 20−22 0.9−1.2 --- (Farizoglu et al., 2004, 2007) 
--- 39 7.2 7.9 4.6 --- --- 58.7 --- --- --- (Rektor & Vatai, 2004) 
4.2 49.2 --- --- --- --- 102.5 70.9 --- 1.76 --- (Ferchichi et al., 2005) 

3.8−6.3 --- --- --- --- 35.5−46.0 60.3−66.7 --- 4.1−10 --- --- (Blonskaja & Vaalu, 2006) 
4.9 (0.27) 45.9 (0.88) 2.71 (0.05) 9.44 (1.14) --- 37.7 (2.8) 68.6 (3.3) 59.3 (3.8) 1.3 (0.06) --- 1.12 (0.01) (Saddoud et al., 2007) 

--- 43.9 1.42 --- 6.1 --- 100 --- --- --- --- (Yorgun et al., 2008) 
5.8 --- --- 0.99 --- 29.5 73.4 --- 7.2 --- --- (Janczukowicz et al., 2008) 

4.46 (0.3) --- --- 0.9 (0.5) --- 40 (2.55) 60 (10) 59 (0.5) 1.5 (0.23) --- --- (Gannoun et al., 2008) 
4.7 42.6 --- --- --- --- 86.3 --- --- 0.2 --- (Azbar et al., 2009) 

6.0−6.5 50−60 --- --- --- 27−36 50−70 55−65 10−15 --- 0.01−0.02 (Ebrahimi et al., 2010) 
6.23 (0.1) --- --- 1.0 (0.1) --- --- 60.5 (2.8) --- 8.7 (1.34) --- 0.37 (0.05) (Venetsaneas et al., 2009) 
4.88 (0.01) --- --- --- --- --- 67.02 (6) 60.6 (0.3) --- --- 0.86 (Ghimire et al., 2017) 

--- 44−46 6.0−10.0 --- --- --- --- 63.0−70.0 --- --- --- (Jelen, 2011) 
--- --- --- --- --- --- 60 (5) --- --- 1.33 --- (Castelló et al., 2018) 

6.0 (0.1) --- 4.7 1.0 (0.1) --- --- 61 (1.5) --- 6.8  0.83 (Antonopoulou et al., 2008) 
6.34 50.2 6.3 8.4 5.7 --- --- 70.7 --- --- --- (Sanmartín et al., 2012) 
--- --- 8.9−14.1 7.8−14.5 5−10.1 --- --- 69.2−76 --- --- --- (Henriques et al., 2011) 
5.6 --- 17.7 20.8 --- --- --- 108.3 --- 2.7 --- (Macedo et al., 2011) 

4.2−4.5 --- --- --- 6−8 --- 90.6−117 --- --- --- --- (Mostafa Imeni et al., 2019) 
--- = not reported 

 100 
 101 



8 
 

 102 

2. MATERIALS AND METHODS 103 

2.1 Feedstock, inoculum and analytical methods 104 

The substrate used was a synthetic cheese whey (SCW), which was then diluted to pre-set 105 

concentrations in order to adjust the organic loading rate (OLR). The inoculum consisted of activated 106 

sludge (AS) from the aerobic unit of a municipal wastewater treatment plant and was used for the 107 

start-up phase of the continuous hydrogenogenic experiments (see below) after a heat-shock pre-108 

treatment at 105 °C for 30 min. For further details about sample storage and preparation for the tests, 109 

please refer to previous work (Polettini et al., 2022). 110 

The substrate and the inoculum were characterized for the content of total solids (TS), volatile solids 111 

(VS), total organic carbon (TOC) and soluble carbohydrates. For the determination of TS and VS the 112 

Standard Methods for the Examination of Water and Wastewater (APHA; AWWA;WEF, 2017) were 113 

adopted. TOC was measured using a Shimadzu TOC analyser (TOC-VCHS and SSM-5000 module, 114 

Shimadzu, Japan). The analysis of soluble carbohydrates was performed through the colorimetric 115 

phenol–sulfuric acid method using glucose as the standard (Dubois et al., 1956). 116 

The results of the analytical characterization for SCW and AS are shown in Table 2. 117 

 118 

Table 2. Characterization parameters for SCW and AS 119 

Parameter Unit of measure SCW AS 
Total Solids, TS g/L 1109 ± 10.4 20.5 ± 1.8 
Volatile Solids, VS g/L 1076 ± 6.8 16.0 ± 1.4 
Total suspended solids, TSS g/L 441 ±26.3 18.2 ± 0.1 
Total Organic Carbon (TOC) g C/L 487 ± 8.3 9.0 ± 0.7 
Soluble carbohydrates g hexose/L 637 ± 2.5 0.7 ± 0.08 

2.2 Continuous fermentation experiments 120 

Seventeen continuous fermentation runs were performed in 1-L (working volume = 0.5 L) 121 

magnetically stirred lab-scale CSTRs operated in the mesophilic regime (T = 39 ± 1 °C). The system 122 
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pH was automatically controlled at 6.5, as indicated by previous batch optimization experiments 123 

(Akhlaghi et al., 2017), by means of 1 M NaOH addition. 124 

The conditions for the process start-up were derived from previous work (Akhlaghi et al., 2017). In 125 

particular, the reactors were initially fed with diluted SCW and pre-treated (see above) AS at 126 

concentrations of 10.8 g TOC/L and 16±1.4 g VS/L, respectively, flushed with N2 to draw off oxygen 127 

from the reactor headspace and maintained without further feeding (batch mode) for 40 h to allow for 128 

the growth of H2-producing biomass. The final fermentation broth was then thickened upon settling 129 

for 24 h and retained after the discharge of the supernatant for the rest of the experimental run, 130 

switching to continuous operation conditions, with no further inoculum feeding. Under this regime, 131 

the feed was prepared by SCW dilution with deionized water to the desired substrate concentration, 132 

Sf, that was determined based on the condition HRT = Sf/OLR. 133 

The continuous fermentation tests were operated at different HRTs (6-20 h) and OLRs (16-129 134 

g TOC/(L·d)) (see Table 3) in order to explore the features of fermentative H2 production under a 135 

range of operating conditions and identify key factors of the process that may be used to explain 136 

differences in the observed yields.  137 

The experimental design was arranged starting from the test condition corresponding to 95% of the 138 

plateau of volumetric H2 production as derived from preliminary batch experiments on the same 139 

substrate (HRT = 16 h). The lower and upper HRT values (6 h and 20 h) were fixed, again on the 140 

basis of batch results, as the residence times corresponding to the maximum H2 production rate and 141 

to a residual incremental H2 production of less than 1%. The investigated OLR values were set to 142 

span the widest practicable range based on the typical concentrations of real CW substrates. On the 143 

basis of the results obtained at HRTs of 6, 16 and 20 h, further exploration of intermediate HRT 144 

conditions at 8 h and 12 h and selected OLR values was made. 145 

The feed solution was kept at 4 °C in a refrigerator to prevent degradation before testing. The reactors 146 

were discharged and fed intermittently every hour through a peristaltic pump controlled by an 147 

automatic control system. The flowrate was adjusted so as to keep low feeding and discharge times 148 
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compared to the HRT (between 6 and 9 minutes depending on the experimental conditions adopted) 149 

while avoiding system perturbations.  150 

Instantaneous samples of the fermentation broth were taken at selected time intervals and kept in a 151 

refrigerator at −15 °C until analytical characterization. 152 

Table 3. Experimental conditions adopted in the continuous tests 153 

Run no. Run code HRT 
(h) 

OLR 
(g TOC/(L·d)) 

1 R-6-32.5 6 32.5 
2 R-6-65 6 65.0 
3 R-6-97.5 6 97.5 
4 R-6-129 6 129.0 
5 R-8-32.5 8 32.5 
6 R-8-65 8 65.0 
7 R-8-129 8 129.0 
8 R-12-65 12 65.0 
9 R-12-97.5 12 97.5 
10 R-16-16 16 16.0 
11 R-16-33 16 33.0 
12 R-16-52 16 52.0 
13 R-16-65 16 65.0 
14 R-16-129 16 129.0 
15 R-20-32.5 20 32.5 
16 R-20-52 20 52.0 
17 R-20-65 20 65.0 

 154 

2.3 Analytical methods 155 

The fermentation process was studied through analytical characterization of both the fermentation 156 

broth and the biogas.  157 

The volumetric amount of biogas produced was measured by means of a eudiometer connected to the 158 

fermentation reactor using the volume displacement principle. To this end, an electronic load cell 159 

connected to the control system automatically recorded the weight of the displaced aqueous solution 160 

(NaCl-saturated deionised water acidified with H2SO4 to pH = 2 to prevent gas dissolution) 161 

discharged into a collection tank. The weight of the solution was converted to the corresponding 162 

biogas volume by accounting for the liquid density and the temperature and pressure conditions 163 

during the tests. All gas volumes were converted to standard thermodynamic conditions 164 

(T = 273.15 K, P = 105 Pa). 165 
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The analytical characterization of biogas involved sampling with a gastight syringe and subsequent 166 

gas-chromatographic analysis. The gas chromatograph was equipped with a thermal conductivity 167 

detector and a 2-m stainless-steel packed column with an inner diameter of 1 mm. The operating 168 

temperatures of the injector and detector were 100 and 130 °C, respectively, with He as the carrier 169 

gas. The oven temperature was initially set at 80 °C and subsequently increased to 100 °C at 2 °C/min. 170 

The fermentation broth was subjected to solid/liquid separation through centrifugation followed by 171 

0.2 µm filtration, and subsequently analysed for TS, VS, TOC, dissolved organic and inorganic 172 

carbon (DOC and DIC) as well as soluble carbohydrates according to the analytical methods 173 

mentioned in section 2.1. In addition, the concentration of soluble metabolic products (SMPs), 174 

including volatile fatty acids (VFAs: acetic [HAc], propionic [HPr], butyric + iso-butyric [HBu], 175 

valeric + isovaleric [HVal], hexanoic + isohexanoic [HHex], heptanoic [HHep]) and ethanol [EtOH]) 176 

was determined in order to derive information about the prevalent metabolic pathways. The SMPs 177 

were analysed in HCl-acidified (pH = 2) samples with a gas chromatograph equipped with a flame 178 

ionization detector (FID) and a 30 m capillary column with an inner diameter of 0.53 mm. The 179 

temperatures of the detector and the injector were 270 and 250 °C, respectively. The oven temperature 180 

was initially set at 60 °C, held for 3 min at this value, subsequently increased to 180 °C at a rate of 181 

10 °C/min and finally increased to 220 °C at a rate of 30 °C/min and held for 2 min.  182 

For some samples additional metabolic products including lactic acid (HLa) and succinic acid (HSu) 183 

were also analysed through high-performance liquid chromatography (HPLC) using an UV-vis 184 

detector (λ = 220 nm) and a refractive index detector. The column had sizes of 300 × 7.8 mm. The 185 

analysis was performed at 40 °C under isocratic conditions using 0.008 N H2SO4 as the eluent with 186 

an elution rate of 0.6 mL/min.  187 

All the analytical determinations were performed in duplicate. 188 

 189 

2.4 Statistical analyses 190 
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The analytical data were processed to derive a set of variables that were considered to be relevant as 191 

process monitoring parameters. Three different types of variables were accounted for in the analysis: 192 

1) independent operating variables (HRT and OLR); 2) process performance parameters (H2 and CO2 193 

production yield); and 3) process monitoring variables (individual and total amounts of metabolites 194 

produced and the fractions of gasified, dissolved and particulate carbon). A supplementary variable 195 

was further added for the statistical analysis to account for the stability characteristics of the tests. 196 

The list and definition of the 14 variables adopted is reported in Table 4.  197 

 198 

Table 4. Process variables adopted for the statistical analyses 199 

Type of variable Definition Symbol Unit of measure 
Operating variables 
(independent variables) 

Hydraulic residence time HRT h 
Organic loading rate OLR g TOC/(L·d) 

Process performance indicators 
(response variables) 

H2 production yield HPY L H2/kg TOCfeed 
CO2 production yield CPY L CO2/kg TOCfeed 

Process monitoring variables 

Metabolite production:   
     ethanol production EtOH % TOCfeed 
     acetate production HAc % TOCfeed 
     propionate production HPr % TOCfeed 
     butyrate production HBu % TOCfeed 
     total SMPs production SMP % TOCfeed 
Fraction of gasified carbon GasC % TOCfeed 
Fraction of dissolved inorganic carbon DIC % TOCfeed 
Fraction of residual soluble carbon Res_sol % TOCfeed 
Fraction of residual particulate carbon Res_part % TOCfeed 

Supplementary variable Stability index SI --- 
 200 

The dataset consisted of a (m´p) matrix, with m = number of data points (63, corresponding to 201 

samples taken at different times during the 17 experimental runs – see Supplementary Information 202 

document) and p = number of variables (14). The data points (individuals) were processed through 203 

Principal Component Analysis (PCA), which is a statistical technique that allows extracting the 204 

relevant information from a certain dataset in the presence of multiple inter-correlated variables. The 205 

extracted information is expressed as a function of a reduced number of new mutually uncorrelated 206 

variables (the so-called principal components, PCs), that are obtained from a linear combination of 207 

the original variables by minimizing the loss of information associated to the reduction of the dataset 208 

dimensionality. PCA is a useful tool to group data on the basis of similarities (finding common 209 
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patterns among the individuals in each group) and isolate data that display statistically significant 210 

differences. For the fermentation tests, the PCA was applied in order to explain the observed H2 211 

production performance and relate it to key factors of the process. The statistical analyses were carried 212 

out using the FactoMineR package (Lê et al., 2008) available in the R environment (R Core Team, 213 

2021). 214 

 215 

3. RESULTS AND DISCUSSION 216 

3.1 H2 production and organic matter degradation 217 

Previous studies of the research group on continuous H2 production from SCW (Boni et al., 2021; 218 

Polettini et al., 2022) showed that the operating conditions adopted (HRT/OLR combination) 219 

significantly affected both the yield and rate of conversion of the organic substrate into H2. Due to 220 

the high sensitivity of the hydrogenogenic biomass to the fermentation environment, the process 221 

performance also displayed a large variability over time. In some cases, the fluctuations of the H2 222 

volume produced tended to progressively dampen with the operation time reaching steady conditions. 223 

Conversely, in other tests the observed oscillations were as large as the average value (or higher), or 224 

the measured H2 production gradually declined to almost zero as a result of progressive washout of 225 

the hydrogenogenic species. A discriminating criterion between stable and unstable operation was 226 

based on a dynamic stability index, derived as: 227 

𝑆𝐼 = 1 − !".$%&.		()!	*+,$-."/,0)
2&%+23%	()!	*+,$-."/,0)

    (1) 228 

using the moving average and standard deviation of the volumetric H2 production measurements. The 229 

period for the calculation of the statistical parameters of the analytical data (recorded on an hourly 230 

basis) was assumed to be 1 HRT. Stability was considered to be achieved when SI was ≥ 0.75 for at 231 

least 3 consecutive periods until the end of the test (for further details please refer to (Boni et al., 232 

2021; Polettini et al., 2022)). 233 

While a detailed discussion of the criteria to identify the stability condition for H2 production is 234 
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provided in the above mentioned companion study, it is worth stating here that only under specific 235 

operating conditions could steady-state operation be achieved. Furthermore, in several cases, 236 

prolonged timespans were required to attain the stability condition, pointing out at the existence of 237 

long transient periods for either biomass acclimation or competition among the different microbial 238 

species involved. Figure 1 reports a summary of the results obtained in terms of HPY and hydrogen 239 

production rate (HPR), showing the main statistical values of the distribution of hourly H2 production 240 

data. For the stable runs, such parameters are reported separately for the initial transient period and 241 

the stable operation regime, while for the remaining tests the box plots refer to the whole duration of 242 

the experiments. Concerning the stable period, the lowest performance in terms of HPY was observed 243 

for the R-12-97.5 (16.2 L H2/kg TOC) and R-8-129 (18.6 L H2/kg TOC) runs and in terms of HPR 244 

for the R-20-32.5 run (0.8 L H2/(Lreact×d)). It was however evident that properly adjusting the 245 

operating conditions was able to produce a more than threefold increase in H2 production. As a matter 246 

of fact, the best results, in terms of both HPY and HPR, were displayed by run R-6-97.5 (HPY = 49.5 247 

L H2/kg TOC; 4.8 L H2/(Lreact×d)), followed by run R-8-65 (HPY = 42.1 L H2/kg TOC; 2.7 248 

L H2/(Lreact×d)). The fact that short HRTs were generally associated to the region of higher HPY 249 

confirms the results of previous literature studies, which indicated that HRTs below 12 h are required 250 

to enhance the activity of hydrogenogenic microbial species (Davila-Vazquez et al., 2009; García-251 

Depraect et al., 2020; Palomo-Briones et al., 2017). 252 

 253 
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 254 

Figure 1. Average values (´) and range of variation (quartiles and min-max range) of the HPY (a, b) 255 

and HPR (c, d) for the individual experimental runs. Note: each box pair of the stable runs refers to 256 

the initial transient period (1st box) and the stable period (2nd box). Dots represent the outliers. 257 

 258 

To explain the H2 production performance observed in the different tests, the fate of organic matter 259 

during the process was studied through the analysis of carbon partitioning among the various products 260 

of the metabolic reactions. Assessing either the carbon mass balance (see e.g. (Akhlaghi et al., 2019; 261 

Cai et al., 2010; Cooney et al., 2007; Hamilton et al., 2010; Sarma et al., 2017)) or the COD/electron 262 

balances (see e.g. (Cota-Navarro et al., 2011; Lee and Rittmann, 2009; Moat et al., 2002)) during 263 

fermentation can assist the interpretation of substrate conversion into the end products and help 264 
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explain the observed H2 yield on the basis of the products obtained with a view to process 265 

optimization. Considering that in DF the amount of electrons directed to H2 production is a 266 

comparatively low portion of the total amount of mobilized electrons, in the present study the carbon 267 

mass balance was preferred for use to describe the fate of organic matter. The carbon balance was 268 

derived from the measured concentrations of the analysed species in the fermentation broth and the 269 

gaseous phase; the only term that was derived indirectly was the mass of dissolved inorganic C (DIC) 270 

in the liquid phase, that was estimated from the CO2 partial pressure in the gas phase and the pH and 271 

temperature of the liquid phase by applying the Henry’s law. The analysis of organic matter 272 

partitioning included the following terms: 1) SMPs; 2) residual organic C, present as both soluble and 273 

particulate species (i.e., non-degraded compounds, other metabolic products not directly analysed, 274 

and C associated to biomass cells), which were in turn calculated from the difference between TOC 275 

(or DOC) and (SMP + carbohydrate) concentrations; 3) DIC; 4) CO2 in the biogas. A conceptual 276 

scheme showing the meaning of the different terms of the mass balance and the partitioning of the C 277 

species between the solid and gaseous phases is depicted in Figure 2. The term “balance” that appears 278 

in the figure is the amount of C required, due to experimental errors/uncertainties, to meet the mass 279 

conservation principle. 280 

 281 

 282 

 283 

Figure 2. Conceptual layout of C partitioning among the different forms 284 

 285 
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The results of the C mass balance for a number of example runs are reported in Figure 3. In the plots, 286 

the percent distribution of the input TOC among the different forms (left) and its partitioning among 287 

the individual SMPs (right) are depicted. A number of distinguishing features can be derived that 288 

relate C speciation to the observed HPY. In general terms, it can be noticed that, as expected, a major 289 

portion (88±14%) of the input C was retained in the liquid phase during the fermentation process. 290 

Moreover, for this fraction of C, the proportions associated to the particulate and soluble forms were 291 

found to be of the same order of magnitude, although with some fluctuations across the tests. As 292 

shown in Figure 3, the amount of soluble carbon in the fermentation broth was likely mainly 293 

associated to the SMPs (see below for further details) rather than to non-degraded soluble molecules. 294 

It is also worth mentioning that for most of the fermentate samples the analysed metabolites explained 295 

more than 85% of DOC (as shown by the low values of the residual soluble C term in the plots), 296 

indicating that the pool of fermentation products was mainly made of HAc and HBu, followed by 297 

lower contributions of HPr and EtOH; on the other hand, the cumulative amount of HVal, HHex and 298 

HHep always accounted for less than 10% of TOC and in some cases was even undetectable. In some 299 

selected samples, additional metabolites were identified which included HLa and HSu, although this 300 

could not be systematically assessed for all tests due to analytical constraints. 301 

As far as the fraction of particulate C was concerned, this could in principle be present in different 302 

forms, including either non-hydrolysed molecules from the original substrate or microbial cells. It 303 

has been shown in previous studies (Jung et al., 2010; Lay et al., 2010; Palomo-Briones et al., 2017) 304 

that in DF the biomass growth yield may range from ~0.2 up to 0.5 (on a COD basis), therefore the 305 

values obtained in the present work for the amount of particulate C are in line with other literature 306 

references and may be interpreted as being predominantly related to the contribution of biomass (Kim 307 

et al., 2006). 308 

In more specific terms, comparing the two tests that displayed the highest H2 production performance, 309 

it was noted that during the stability period run R-8-65 (with a HPY of 52-56 L H2/kg TOC) displayed 310 
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notably higher associated HBu (21.1-25.8% TOC) and HAc (17.1-23.5% TOC) concentrations 311 

compared to run R-6-97.5 (HPY = 53-64 L H2/kg TOC, HBu = 9.5-13.2% TOC, HAc = 11.7-14.8% 312 

TOC). Based on the results of a metabolic model that was described in a companion study (Polettini 313 

et al., 2022), for run R-8-65 the analysed samples were found to display slightly higher HAc and HBu 314 

concentrations net of homoacetogenesis and other interfering reactions, indicating some larger 315 

contribution of hydrogenogenic pathways compared to the other experiments. Conversely, the initial 316 

transient phase for run R-8-65 was characterised by remarkably lower SMPs concentrations (HAc = 317 

14.0-17.8% TOC; HBu = 1.4-7.6% TOC) which explain the poor H2 production performance 318 

observed in this period (HPY = 2-12 L H2/kg TOC). 319 

When looking at the metabolic products detected for run R-6-65 compared to R-8-65, HAc production 320 

during the stable period was much higher (average = 26.9% TOC vs. 18.1% TOC) while HBu was 321 

only slightly lower; in addition, some occurrence of alcoholic fermentation was observed (EtOH = 322 

2.2-5.1% TOC). The lower H2 production measured for run R-6-65 (HPY = 39-45 L H2/kg TOC) 323 

was explained by the considerable contribution of homoacetogenic consumption (300-490 324 

L H2/kg TOC) that was estimated by the above mentioned metabolic model. Therefore, although 325 

having a higher gross H2 production from the hydrogenogenic acetic and butyric pathways, the 326 

performance of run R-6-65 was negatively affected by the significant competitive role played by 327 

homoacetogenic microorganisms. It was also interesting to note that the contribution of the residual 328 

soluble C for run R-6-65 was negligible, indicating that HAc, HBu and to a much lesser extent EtOH 329 

were the only metabolic products produced at appreciable levels. Conversely, for the two tests R-8-330 

65 and R-6-97.5 the estimated values of the residual soluble C (5.4-29.2% TOC and 14.8-26.5% 331 

TOC, respectively) pointed out at a presumably more complex set of microbial reactions with the 332 

formation of an appreciable amount of additional metabolic products. Unfortunately, in these cases it 333 

was not possible to determine the nature of the products formed, however the results obtained for the 334 

other samples (see below) may suggest that lactic and succinic pathways were also taking place 335 
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concomitantly with the previously mentioned reactions. 336 

Among the tests in which additional metabolites were measured, run R-20-65 revealed a significant 337 

presence of HLa during the initial stages of the process, as already noted by previous studies for HRTs 338 

³ 12 h (Palomo-Briones et al., 2017) that clearly indicated that long HRTs are favourable towards the 339 

selection of lactic acid bacteria. Other studies (Park et al., 2015) also suggested that HLa is formed at 340 

high concentrations during the perturbation phases and tend to disappear when these are recovered. 341 

In agreement with this observation, during run R-20-65 the whole transient phase was dominated 342 

basically by HLa and HAc (concentrations of 5.8-22.2% TOC and 6.9-9.6 % TOC, respectively), 343 

but the former was found to progressively decrease during this phase as the operating conditions 344 

approached stability. The lower HPY observed for this test compared to, for example, run R-8-65 was 345 

clearly related to a lower total amount of SMPs measured in the fermentation broth. Similar 346 

considerations also apply for other tests with high HRTs such as run R-16-65. 347 

Compared to R-16-65, run R-16-33 was classified as unstable and displayed a gradual decline in the 348 

production of both HAc and HBu, with an accompanying reduction in HPY. Among the other 349 

unstable runs, R-6-129 can be taken as an example of the evidence of the progressive selection of 350 

competitive microbial species over the testing time. In this case, the only metabolic products 351 

measured at detectable concentrations were HAc and HBu, and the decline of H2 production over the 352 

testing time was likely due to the gradual decrease in the relative proportion between the 353 

hydrogenogenic and competitive biomass species. As a matter of fact, while HAc production was 354 

approximately constant during the testing period and so was the ratio between the contributions of 355 

the hydrogenogenic and homoacetogenic pathways, HBu production was found to progressively 356 

decrease with time, from 14.0 to 6.7 % TOC, mirroring the declining trend of HPY. 357 

Overall, taking into account the results shown in Figure 3 and the findings from the metabolic model 358 

detailed in previous paper (Polettini et al., 2022), it was concluded that the relative contribution of 359 

the H2-producing pathways decreased at longer HRTs (see Section 3.2 for further details). This 360 

confirms that operation at low HRTs is an effective strategy to promote H2 production. Among the 361 
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reactions recognized as either H2-neutral or competitive with hydrogenogenesis, alcohols were 362 

always found to be produced at much lower levels than acetate, butyrate and (when detected) lactate 363 

and succinate; nevertheless, the contribution of alcoholic fermentation was observed to increase at 364 

longer HRTs and lower OLRs. Some butyrate production that originated from a chain elongation 365 

reaction starting from acetate and ethanol (Spirito et al., 2014) and therefore not associated to H2 366 

production, was also observed, although with a varying contribution depending on the operating 367 

conditions adopted. Among the H2-consuming pathways, propionic fermentation had little relevance 368 

in all the investigated conditions, while homoacetogenesis was found to play a very important role in 369 

H2 consumption as well as to be correlated inversely with HRT and positively with OLR. 370 

The considerations above therefore point out at two contrasting factors that play a role at low HRTs: 371 

as a matter of fact, while decreasing the HRT is expected to favour the growth of hydrogenogenic 372 

biomass, it would also lead to increased H2 consumption through homoacetogenesis. This suggests 373 

that, in order to maximize H2 production, biokinetic control should be coupled with other 374 

biotechnological strategies to inhibit homoacetogenic microorganisms. 375 

On the basis of the simulations of the above mentioned metabolic model, the two best conditions in 376 

terms of H2 production were governed by the following contributions of the main metabolic 377 

pathways: 38.5-52.2% (R-6-97.5) and 33.9-38.7% (R-8-65) for the acetate pathway; 12.4-16.5% 378 

(R-6-97.5) and 12.2-20.9% (R-8-65) for the butyrate pathway; 34.5-45.4% (R-6-97.5) and 379 

45.2-50.1% (R-8-65) for homoacetogenesis. 380 

 381 

  382 
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Figure 3. Carbon mass balance (left) and partitioning of the feed TOC among the individual SMPs 409 

(right) for selected experimental runs at specified sampling times (Notes: the HPY values indicated 410 

refer to the sampling times reported and may differ from the average values shown in Figure 1. The 411 

dashed areas indicate the stable period for each test) 412 

 413 

3.2 Effects of the process variables 414 

The PCA of the experimental data revealed that the first 5 PCs were required to explain ~81% of the 415 

overall variance. Nevertheless, the first 3 PCs were found to explain most of the variance, with a 416 

cumulative contribution of 65%.  417 

The individual PCs allowed grouping the different variables related to the evolution of fermentation 418 

into a smaller set of parameters explaining specific features of the metabolic process while retaining 419 

most of the information associated to the original data. It is worth mentioning that the variables that 420 

were used for the statistical analyses were selected following a first screening based on Spearman’s 421 

correlations (results not shown here) that allowed to exclude factors that were found to be mutually 422 

correlated.  423 

The analysis of the correlations between the PCs and the original variables is reported in Figure 4 in 424 

terms of loading plots depicted in the planes of PCs couples. In loading plots both the distance of a 425 

given variable from the origin and the relative position of variables in the plot convey important 426 

information. Loadings that are close to -1 or 1 (variable lying close to the circle) indicate a strong 427 

correlation with the specific PC. Furthermore, variables grouped together in the plot are positively 428 

correlated, variables lying on opposed quadrants display a negative correlation, while orthogonal 429 

variables are non-correlated. The inspection of the loading plots reveals that PC1 was correlated with 430 

total SMPs (r = 0.96), HAc (r = 0.94), HRT (r = -0.80) and the fraction of residual soluble C (r = 431 

-0.74). The observed correlation among the HRT and the amount of acetate and total metabolites 432 

confirms the findings of previous studies (Palomo-Briones et al., 2017). The second factor, PC2, was 433 
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correlated mainly with CO2 production and the fraction of gasified TOC (r = 0.92, r = 0.80), HBu (r 434 

= 0.70) and H2 production (r = 0.60). Although not specifically included in the PCA, it is emphasised 435 

here that HPR was found to be highly correlated (r = 0.89) with HPY, and similar considerations also 436 

apply for CO2 production (r = 0.80). As a result, the considerations provided below regarding HPY 437 

and CPY are also valid for the corresponding rates. The third component, PC3, displayed appreciable 438 

correlations with OLR (r = -0.79) and HPr (r = 0.62), while PC4 was correlated with DIC (r = 0.63) 439 

and PC5 with the fraction of particulate C (r = 0.78). On the basis of the calculated correlations, it was 440 

therefore inferred that the two independent parameters HRT and OLR were significantly associated 441 

to PC1 and PC3. Furthermore, PC1 mainly accounted for the overall substrate conversion into SMPs 442 

(particularly HAc, which in most cases was the prevalent species detected), while PC2 retained most 443 

of the information on biogas (H2 and CO2) production along with butyrate generation, which can be 444 

justified by the fact that the measured amount of HBu mainly derived from the hydrogenogenic 445 

butyrate pathway (see e.g. (Castelló et al., 2018; Ghimire et al., 2017; Kim et al., 2006; Lee et al., 446 

2008)). In this regard, some authors have shown that butyrate production from hydrogenogenic 447 

fermentation cultures is thermodynamically favoured (Lee et al., 2008).  448 

In order to relate the PCA results to the stability features of the fermentation process, a supplementary 449 

variable was added to the analysis. In particular, stability was measured through the dynamic stability 450 

index (SI) defined by Eq. (1), which was calculated – depending on the specific test considered and 451 

the operating phase – during the transient period, the stable period or the whole test length as 452 

described for Figure 1. Since the SI was defined over 1-HRT periods while the sampling interval was 453 

lower than 1 HRT, all data points for each test were assigned the same SI value on the basis of the 454 

operating regime. As visible in Figure 4, the SI was found to be correlated with PC2 and in turn with 455 

biogas and butyrate production. As a result, the PCA conducted on the experimental data was capable 456 

of recognizing the stability characteristics of the analysed samples and associating them to one of the 457 

identified factors. 458 

The individual contribution of the original variables to the PCs is shown in Figure 5, where the dashed 459 
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lines indicate the value that would be expected if each variable were assumed to contribute uniformly 460 

to a specific PC (in this case = 100%/13 = 7.7%). Variables displaying contribution levels beyond 461 

this cut-off are interpreted as important variables for the PC of concern, since they contribute to it by 462 

more than the average. Specifically, the results of the analysis indicated that the most relevant 463 

contribution was provided by the following variables:  464 

• for PC1: total SMPs, HAc, HRT and residual soluble C 465 

• for PC2: CO2 production + fraction of gasified C, HBu and HPY 466 

• for PC3: OLR, HPr, residual soluble C and residual particulate C 467 

• for PC4: DIC, HPY, HPr and EtOH 468 

• for PC5: residual particulate C and HPY 469 

The predictions of the PCA model using the above mentioned five PCs as the relevant factors are 470 

reported in Figure 6 for the original variables that showed higher correlations with the PCs. It was 471 

found that the reduced set of factors was capable of providing a reasonably close description of the 472 

original data for most of the variables of concern. However, for HAc and total SMPs production, the 473 

estimations of the PCA model were found to be less accurate in the extreme regions of values, 474 

underestimating low concentrations and overestimating high concentrations of such metabolic 475 

products.476 
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 491 

Figure 4. Loading plots in the first 5 PCs space  492 
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 493 

Figure 5. Contribution of the original variables to the first 5 PCs 494 
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 496 

Figure 6. Predicted-vs.-fitted values of selected parameters (model: 5-PCs PCA) 497 

 498 

Conclusions 499 

In the present work, the results of continuous fermentation experiments for biohydrogen production 500 

from SCW were analysed based on carbon mass balance considerations and statistical processing. 501 

The H2 yield was found to vary largely depending on the specific operating conditions adopted in the 502 
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experiments, being related to both the amount and the relative distribution of the individual 503 

metabolites generated. In most cases, the pool of metabolic products was dominated by acetate and 504 

butyrate; however, they were found to derive not only from hydrogenogenic pathways but also from 505 

competing reactions and the contribution of the different metabolic routes was in turn a function of 506 

the specific operating conditions. For some experimental runs, lactate and – to a lesser extent – 507 

succinate were also detected in the fermentation broth, indicating the occurrence of a more complex 508 

set of metabolic reactions that had negative implications in terms of substrate conversion into H2. 509 

H2-neutral pathways (that however compete for substrate utilization with other metabolic reactions) 510 

included ethanol fermentation and chain elongation of acetate and ethanol to butyrate, while H2-511 

consuming reactions involved propionate fermentation and homoacetogenesis. Among these, 512 

homoacetogenesis was found by far to be the major contributor to the set of biochemical reactions; 513 

the order of magnitude of H2 consumption by homoacetogenic biomass was comparable to that of H2 514 

production from acetic and butyric fermentation. While the H2-producing pathways were favoured 515 

by short HRTs, homoacetogenesis displayed a negative correlation with HRT and a positive 516 

correlation with OLR. 517 

The statistical analysis of the experimental results also showed that ~80% of the information 518 

associated to the set of process parameters analysed could be described by five factors that 519 

individually explained specific features of the process itself. Among these, the first three components 520 

were able to explain cumulatively the largest share (65%) of the sample variance. In particular, the 521 

first principal component grasped the effect of retention time and total metabolic products formed, 522 

with shorter retention times being accompanied by higher total metabolites (and acetate) production 523 

and in turn decreased fractions of residual soluble carbon. The second factor mainly accounted for 524 

biogas (H2, CO2) generation and butyrate production, showing a correlation between the two despite 525 

the fact that H2-neutral butyrate production from chain elongation reactions was also likely to play a 526 

role during the experiments. The third principal component mainly explained the effect of the organic 527 

loading rate and that of propionate production, which showed a mutual negative correlation.  528 
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The statistical analysis was also capable of grasping the stability features of the process, which were 529 

mainly explained by the second factor. 530 

In summary, processing of the experimental data proved useful to group the performance and 531 

monitoring indicators of fermentation into a reduced set of variables, each representing a specific 532 

feature of the process. This result is worthy of interest as it contributes to define indications regarding 533 

pivotal operating parameters, such as the HRT and OLR, and the metabolic pathways that are suitable 534 

for ensuring the stability of the process.  535 

Low TRL processes go through development phases characterized by a huge number of studies that 536 

are performed considering different substrates and applying a great variability of operating conditions 537 

(number of parameters considered and range of values adopted), the latter often far from real-scale 538 

application. Depending on the complexity of the process under concern, these phases can last so long 539 

as to determine the stasis of development or even its abandonment. Studies such as the present are 540 

innovative as they give momentum to overcome a critical step in the development path.The 541 

production of hydrogen through DF is no exception. The process is very sensitive to a wide array of 542 

factors, which are also mutually interacting. Such a complexity, although expected for transitional 543 

biochemical processes, represents an obstacle to full-scale implementation, which is still a long way 544 

off despite the large number of studies conducted so far on various substrates. Systematic analysis, 545 

processing and understanding of data from reduced-scale experimental tests are intended to validate 546 

the research outcomes from previous studies and consolidate the knowledge on the fermentation 547 

process, in turn providing reliable indicators that may form a solid basis for the transition to full-scale 548 

application of the process itself. 549 

 550 

References 551 

Akhlaghi, M., Boni, M.R., De Gioannis, G., Muntoni, A., Polettini, A., Pomi, R., Rossi, A., Spiga, 552 

D., 2017. A parametric response surface study of fermentative hydrogen production from cheese 553 

whey. Bioresour. Technol. 244, 473–483. https://doi.org/10.1016/j.biortech.2017.07.158 554 



30 
 

Akhlaghi, M., Boni, M.R., Polettini, A., Pomi, R., Rossi, A., De Gioannis, G., Muntoni, A., Spiga, 555 

D., 2019. Fermentative H2 production from food waste: Parametric analysis of factor effects. 556 

Bioresour. Technol. 276, 349–360. https://doi.org/10.1016/J.BIORTECH.2019.01.012 557 

Antonopoulou, G., Gavala, H.N., Skiadas, I. V., Lyberatos, G., 2012. Modeling of fermentative 558 

hydrogen production from sweet sorghum extract based on modified ADM1. Int. J. Hydrogen 559 

Energy 37, 191–208. https://doi.org/10.1016/J.IJHYDENE.2011.09.081 560 

Antonopoulou, G., Gavala, H.N., Skiadas, I. V, Angelopoulos, K., Lyberatos, G., 2008a. Biofuels 561 

generation from sweet sorghum: fermentative hydrogen production and anaerobic digestion of 562 

the remaining biomass. Bioresour. Technol. 99, 110–9. 563 

https://doi.org/10.1016/j.biortech.2006.11.048 564 

Antonopoulou, G., Stamatelatou, K., Venetsaneas, N., Kornaros, M., Lyberatos, G., 2008b. 565 

Biohydrogen and methane production from cheese whey in a two-stage anaerobic process. Ind. 566 

Eng. Chem. Res. 47, 5227–5233. https://doi.org/10.1021/ie071622x 567 

APHA; AWWA;WEF, 2017. STANDARD METHODS FOR THE EXAMINATION OF WATER 568 

AND WASTEWATER, 23RD EDITION. 569 

Azbar, N., Dokgöz Çetinkaya, F.T., Keskin, T., Korkmaz, K.S., Syed, H.M., 2009. Continuous 570 

fermentative hydrogen production from cheese whey wastewater under thermophilic anaerobic 571 

conditions. Int. J. Hydrogen Energy 34, 7441–7447. 572 

https://doi.org/10.1016/j.ijhydene.2009.04.032 573 

Blonskaja, V., Vaalu, T., 2006. Investigation of different schemes for anaerobic treatment of food 574 

industry wastes in Estonia. Proc. Est. Acad. Sci. Chem. 55, 14. 575 

https://doi.org/10.3176/chem.2006.1.02 576 

Boni, M.R., De Gioannis, G., Muntoni, A., Polettini, A., Pomi, R., Rossi, A., Spiga, D., Zonfa, T., 577 

2021. Bio-H2 production from cheese whey and wastewater sludge in semi-continuous systems, 578 

in: SIDISA 2021 – XI INTERNATIONAL SYMPOSIUM ON ENVIRONMENTAL 579 

ENGINEERING. Politecnical University of Turin, Turin (Italy). 580 



31 
 

Cai, G., Jin, B., Saint, C., Monis, P., 2010. Metabolic flux analysis of hydrogen production network 581 

by Clostridium butyricum W5: Effect of pH and glucose concentrations. Int. J. Hydrogen Energy 582 

35, 6681–6690. https://doi.org/10.1016/J.IJHYDENE.2010.04.097 583 

Carvalho, F., Prazeres, A.R., Rivas, J., 2013. Cheese whey wastewater: Characterization and 584 

treatment. Sci. Total Environ. 445–446, 385–396. 585 

https://doi.org/10.1016/j.scitotenv.2012.12.038 586 

Castelló, E., Braga, L., Fuentes, L., Etchebehere, C., 2018. Possible causes for the instability in the 587 

H2 production from cheese whey in a CSTR. Int. J. Hydrogen Energy 43, 2654–2665. 588 

https://doi.org/10.1016/j.ijhydene.2017.12.104 589 

Castelló, E., García y Santos, C., Iglesias, T., Paolino, G., Wenzel, J., Borzacconi, L., Etchebehere, 590 

C., 2009. Feasibility of biohydrogen production from cheese whey using a UASB reactor: Links 591 

between microbial community and reactor performance. Int. J. Hydrogen Energy 34, 5674–592 

5682. https://doi.org/10.1016/j.ijhydene.2009.05.060 593 

Castelló, E., Nunes Ferraz-Junior, A.D., Andreani, C., Anzola-Rojas, M. del P., Borzacconi, L., 594 

Buitrón, G., Carrillo-Reyes, J., Gomes, S.D., Maintinguer, S.I., Moreno-Andrade, I., Palomo-595 

Briones, R., Razo-Flores, E., Schiappacasse-Dasati, M., Tapia-Venegas, E., Valdez-Vázquez, I., 596 

Vesga-Baron, A., Zaiat, M., Etchebehere, C., 2020. Stability problems in the hydrogen 597 

production by dark fermentation: Possible causes and solutions. Renew. Sustain. Energy Rev. 598 

119, 109602. https://doi.org/10.1016/J.RSER.2019.109602 599 

Castillo Martinez, F.A., Balciunas, E.M., Salgado, J.M., Domínguez González, J.M., Converti, A., 600 

Oliveira, R.P. de S., 2013. Lactic acid properties, applications and production: A review. Trends 601 

Food Sci. Technol. 30, 70–83. https://doi.org/10.1016/J.TIFS.2012.11.007 602 

Cooney, M., Maynard, N., Cannizzaro, C., Benemann, J., 2007. Two-phase anaerobic digestion for 603 

production of hydrogen–methane mixtures. Bioresour. Technol. 98, 2641–2651. 604 

https://doi.org/10.1016/J.BIORTECH.2006.09.054 605 

Cota-Navarro, C.B., Carrillo-Reyes, J., Davila-Vazquez, G., Alatriste-Mondragón, F., Razo-Flores, 606 



32 
 

E., 2011. Continuous hydrogen and methane production in a two-stage cheese whey 607 

fermentation system. Water Sci. Technol. 64, 367–374. https://doi.org/10.2166/WST.2011.631 608 

Dareioti, M.A., Vavouraki, A.I., Kornaros, M., 2014. Effect of pH on the anaerobic acidogenesis of 609 

agroindustrial wastewaters for maximization of bio-hydrogen production: A lab-scale evaluation 610 

using batch tests. Bioresour. Technol. 162, 218–227. 611 

https://doi.org/10.1016/j.biortech.2014.03.149 612 

Davila-Vazquez, G., Alatriste-Mondragón, F., de León-Rodríguez, A., Razo-Flores, E., 2008. 613 

Fermentative hydrogen production in batch experiments using lactose, cheese whey and glucose: 614 

Influence of initial substrate concentration and pH. Int. J. Hydrogen Energy 33, 4989–4997. 615 

https://doi.org/10.1016/j.ijhydene.2008.06.065 616 

Davila-Vazquez, G., Cota-Navarro, C.B., Rosales-Colunga, L.M., de León-Rodríguez, A., Razo-617 

Flores, E., 2009. Continuous biohydrogen production using cheese whey: Improving the 618 

hydrogen production rate. Int. J. Hydrogen Energy 34, 4296–4304. 619 

https://doi.org/10.1016/j.ijhydene.2009.02.063 620 

Dubois, M., Gilles, K.A., Hamilton, J.K., Rebers, P.A., Smith, F., 1956. Colorimetric Method for 621 

Determination of Sugars and Related Substances. Anal. Chem. 28, 350–356. 622 

https://doi.org/10.1021/ac60111a017 623 

Ebrahimi, A., Najafpour, G.D., Mohammadi, M., Hashemiyeh, B., 2010. Biološka obrada surutke u 624 

postrojenju sa trostepenim rotirajućim biološkim kontaktorom i bioreaktorom uasff. Chem. Ind. 625 

Chem. Eng. Q. 16, 175–182. https://doi.org/10.2298/CICEQ100315025E 626 

Ergüder, T.H., Tezel, U., Gu, E., Demirer, G.N., 2001. Anaerobic Biotransformation and Methane 627 

Generation Potential of. Waste Manag. 21, 643–650. 628 

Eurostat, 2020. Agriculture, forestry and fishery statistics: 2020 edition. Agric. For. Fish. Stat. 2020 629 

Ed. 630 

Farizoglu, B., Keskinler, B., Yildiz, E., Nuhoglu, A., 2007. Simultaneous removal of C, N, P from 631 

cheese whey by jet loop membrane bioreactor (JLMBR). J. Hazard. Mater. 146, 399–407. 632 



33 
 

https://doi.org/10.1016/j.jhazmat.2006.12.051 633 

Farizoglu, B., Keskinler, B., Yildiz, E., Nuhoglu, A., 2004. Cheese whey treatment performance of 634 

an aerobic jet loop membrane bioreactor. Process Biochem. 39, 2283–2291. 635 

https://doi.org/10.1016/j.procbio.2003.11.028 636 

Ferchichi, M., Crabbe, E., Gil, G.-H., Hintz, W., Almadidy, A., 2005. Influence of initial pH on 637 

hydrogen production from cheese whey. J. Biotechnol. 120, 402–409. 638 

https://doi.org/10.1016/j.jbiotec.2005.05.017 639 

 640 

Gannoun, H., Khelifi, E., Bouallagui, H., Touhami, Y., Hamdi, M., 2008. Ecological clarification of 641 

cheese whey prior to anaerobic digestion in upflow anaerobic filter. Bioresour. Technol. 99, 642 

6105–6111. https://doi.org/10.1016/j.biortech.2007.12.037 643 

Gannoun, H., Khelifi, E., Bouallagui, H., Touhami, Y., Hamdi, M., 2008. Ecological clarification of 644 

cheese whey prior to anaerobic digestion in upflow anaerobic filter. Bioresour. Technol. 99, 645 

6105–6111. https://doi.org/10.1016/j.biortech.2007.12.037García-Depraect, O., Diaz-Cruces, 646 

V.F., Rene, E.R., León-Becerril, E., 2020. Changes in performance and bacterial communities 647 

in a continuous biohydrogen-producing reactor subjected to substrate- and pH-induced 648 

perturbations. Bioresour. Technol. 295, 122182. 649 

https://doi.org/10.1016/J.BIORTECH.2019.122182 650 

Ghaly, A.E., Kamal, M.A., 2004. Submerged yeast fermentation of acid cheese whey for protein 651 

production and pollution potential reduction. Water Res. 38, 631–644. 652 

https://doi.org/10.1016/j.watres.2003.10.019Ghimire, A., Luongo, V., Frunzo, L., Pirozzi, F., 653 

Lens, P.N.L., Esposito, G., 2017. Continuous biohydrogen production by thermophilic dark 654 

fermentation of cheese whey: Use of buffalo manure as buffering agent. Int. J. Hydrogen Energy 655 

42, 4861–4869. https://doi.org/10.1016/j.ijhydene.2016.11.185 656 

Hamilton, C., Hiligsmann, S., Beckers, L., Masset, J., Wilmotte, A., Thonart, P., 2010. Optimization 657 

of culture conditions for biological hydrogen production by Citrobacter freundii CWBI952 in 658 



34 
 

batch, sequenced-batch and semicontinuous operating mode. Int. J. Hydrogen Energy 35, 1089–659 

1098. https://doi.org/10.1016/J.IJHYDENE.2009.10.073 660 

Henriques, M., Gomes, D., Rodrigues, D., Pereira, C., Gil, M., 2011. Performance of Bovine and 661 

Ovine Liquid Whey Protein Concentrate on Functional Properties of Set Yoghurts. Procedia 662 

Food Sci. 1, 2007–2014. https://doi.org/10.1016/j.profoo.2011.10.001 663 

Janczukowicz, W., Zieliński, M., Debowski, M., 2008. Biodegradability evaluation of dairy effluents 664 

originated in selected sections of dairy production. Bioresour. Technol. 99, 4199–4205. 665 

https://doi.org/10.1016/j.biortech.2007.08.077 666 

Jelen, P., 2011. WHEY PROCESSING | Utilization and Products. Encycl. Dairy Sci. Second Ed. 667 

731–737. https://doi.org/10.1016/B978-0-12-374407-4.00495-7 668 

Jelen, P., 2011. WHEY PROCESSING | Utilization and Products. Encycl. Dairy Sci. Second Ed. 669 

731–737. https://doi.org/10.1016/B978-0-12-374407-4.00495-7 670 

Jung, K.W., Kim, D.H., Shin, H.S., 2010. Continuous fermentative hydrogen production from coffee 671 

drink manufacturing wastewater by applying UASB reactor. Int. J. Hydrogen Energy 35, 13370–672 

13378. https://doi.org/10.1016/J.IJHYDENE.2009.11.120 673 

Kargi, F., Eren, N.S., Ozmihci, S., 2012. Bio-hydrogen production from cheese whey powder (CWP) 674 

solution: Comparison of thermophilic and mesophilic dark fermentations, International Journal 675 

of Hydrogen Energy. https://doi.org/10.1016/j.ijhydene.2012.02.162 676 

Kim, D.H., Han, S.K., Kim, S.H., Shin, H.S., 2006. Effect of gas sparging on continuous fermentative 677 

hydrogen production. Int. J. Hydrogen Energy 31, 2158–2169. 678 

https://doi.org/10.1016/J.IJHYDENE.2006.02.012 679 

Kisielewska, M., Wysocka, I., Rynkiewicz, M.R., 2014. Continuous biohydrogen and biomethane 680 

production from whey permeate in a two-stage fermentation process. Environ. Prog. Sustain. 681 

Energy 33, 1411–1418. https://doi.org/10.1002/EP.11890 682 

Lay, C.H., Wu, J.H., Hsiao, C.L., Chang, J.J., Chen, C.C., Lin, C.Y., 2010. Biohydrogen production 683 

from soluble condensed molasses fermentation using anaerobic fermentation. Int. J. Hydrogen 684 



35 
 

Energy 35, 13445–13451. https://doi.org/10.1016/J.IJHYDENE.2009.11.128 685 

Lê, S., Josse, J., Husson, F., 2008. FactoMineR: An R Package for Multivariate Analysis. J. Stat. 686 

Softw. 25, 1–18. https://doi.org/10.18637/jss.v025.i01 687 

Lee, H.-S., Salerno, M.B., Rittmann, B.E., 2008. Thermodynamic evaluation on H2 production in 688 

glucose fermentation. Environ. Sci. Technol. 42, 2401–2407. https://doi.org/10.1021/es702610v 689 

Lee, H.S., Rittmann, B.E., 2009. Evaluation of metabolism using stoichiometry in fermentative 690 

biohydrogen. Biotechnol. Bioeng. 102, 749–758. https://doi.org/10.1002/BIT.22107 691 

Ljungdahl, L.G., Hugenholtz, J., Wiegel, J., 1989. Acetogenic and Acid-Producing Clostridia, in: 692 

Clostridia. Springer US, Boston, MA, pp. 145–191. https://doi.org/10.1007/978-1-4757-9718-693 

3_5 694 

Lopez-Hidalgo, A.M., Alvarado-Cuevas, Z.D., De Leon-Rodriguez, A., 2018. Biohydrogen 695 

production from mixtures of agro-industrial wastes: Chemometric analysis, optimization and 696 

scaling up. Energy 159, 32–41. https://doi.org/10.1016/J.ENERGY.2018.06.124 697 

Lopez-Hidalgo, A.M., Smoliński, A., Sanchez, A., 2022. A meta-analysis of research trends on 698 

hydrogen production via dark fermentation. Int. J. Hydrogen Energy 47, 13300–13339. 699 

https://doi.org/10.1016/J.IJHYDENE.2022.02.106 700 

Macedo, A., Duarte, E., Pinho, M., 2011. The role of concentration polarization in ultrafiltration of 701 

ovine cheese whey. J. Memb. Sci. 381, 34–40. https://doi.org/10.1016/j.memsci.2011.07.012 702 

Moat, A.G., J.W., F., Spector, M.P., 2002. Fermentation pathways, in: Microbial Physiology. Wiley-703 

Liss, New York, pp. 412–433. 704 

Mostafa Imeni, S., Pelaz, L., Corchado-Lopo, C., Maria Busquets, A., Ponsá, S., Colón, J., 2019. 705 

Techno-economic assessment of anaerobic co-digestion of livestock manure and cheese whey 706 

(Cow, Goat & Sheep) at small to medium dairy farms. Bioresour. Technol. 291, 121872. 707 

https://doi.org/10.1016/j.biortech.2019.121872 708 

Muñoz-Páez, K.M., Poggi-Varaldo, H.M., García-Mena, J., Ponce-Noyola, M.T., Ramos-Valdivia, 709 

A.C., Barrera-Cortés, J., Robles-González, I. V., Ruiz-Ordáz, N., Villa-Tanaca, L., 710 



36 
 

Rinderknecht-Seijas, N., 2014. Cheese whey as substrate of batch hydrogen production: Effect 711 

of temperature and addition of buffer. Waste Manag. Res. 32, 434–440. 712 

https://doi.org/10.1177/0734242X14527333 713 

OECD-FAO, 2021. Agricultural Outlook 2021-2030, OECD-FAO Agricultural Outlook. OECD. 714 

https://doi.org/10.1787/19428846-EN 715 

Palomo-Briones, R., Razo-Flores, E., Bernet, N., Trably, E., 2017. Dark-fermentative biohydrogen 716 

pathways and microbial networks in continuous stirred tank reactors: Novel insights on their 717 

control. Appl. Energy 198, 77–87. https://doi.org/10.1016/j.apenergy.2017.04.051 718 

Park, Jeong Hoon, Kumar, G., Park, Jong Hun, Park, H.D., Kim, S.H., 2015. Changes in performance 719 

and bacterial communities in response to various process disturbances in a high-rate 720 

biohydrogen reactor fed with galactose. Bioresour. Technol. 188, 109–116. 721 

https://doi.org/10.1016/J.BIORTECH.2015.01.107 722 

Patel, A.K., Vaisnav, N., Mathur, A., Gupta, R., Tuli, D.K., 2016. Whey waste as potential feedstock 723 

for biohydrogen production. Renew. Energy 98, 221–225. 724 

https://doi.org/10.1016/J.RENENE.2016.02.039 725 

Perna, V., Castelló, E., Wenzel, J., Zampol, C., Fontes Lima, D.M., Borzacconi, L., Varesche, M.B., 726 

Zaiat, M., Etchebehere, C., 2013. Hydrogen production in an upflow anaerobic packed bed 727 

reactor used to treat cheese whey. Int. J. Hydrogen Energy 38, 54–62. 728 

https://doi.org/10.1016/j.ijhydene.2012.10.022 729 

Polettini, A., Pomi, R., Rossi, A., Zonfa, T., De Gioannis, G., Muntoni, A., 2022. Continuous 730 

fermentative hydrogen production from cheese whey – New insights into process stability. Int. 731 

J. Hydrogen Energy 47, 21044–21059. https://doi.org/10.1016/J.IJHYDENE.2022.04.229 732 

R Core Team, 2021. R: A language and environment for statistical computing. 733 

Rektor, A., Vatai, G., 2004. Membrane filtration of mozzarella whey. Desalination 162, 279–286. 734 

https://doi.org/10.1016/S0011-9164(04)00052-9 735 

Saady, N.M.C., 2013. Homoacetogenesis during hydrogen production by mixed cultures dark 736 



37 
 

fermentation: Unresolved challenge. Int. J. Hydrogen Energy 38, 13172–13191. 737 

https://doi.org/10.1016/j.ijhydene.2013.07.122 738 

Saddoud, A., Hassaïri, I., Sayadi, S., 2007. Anaerobic membrane reactor with phase separation for 739 

the treatment of cheese whey. Bioresour. Technol. 98, 2102–2108. 740 

https://doi.org/10.1016/j.biortech.2006.08.013 741 

Sanmartín, B., Díaz, O., Rodríguez-Turienzo, L., Cobos, A., 2012. Composition of caprine whey 742 

protein concentrates produced by membrane technology after clarification of cheese whey. 743 

Small Rumin. Res. 105, 186–192. https://doi.org/10.1016/j.smallrumres.2011.11.020 744 

Sarma, S., Anand, A., Dubey, V.K., Moholkar, V.S., 2017. Metabolic flux network analysis of 745 

hydrogen production from crude glycerol by Clostridium pasteurianum. Bioresour. Technol. 746 

242, 169–177. https://doi.org/10.1016/J.BIORTECH.2017.03.168 747 

Sikora, A., Błaszczyk, M., Jurkowski, M., Zielenkiewicz, U., 2013. Lactic Acid Bacteria in 748 

Hydrogen-Producing Consortia: On Purpose or by Coincidence?, in: Kongo, J.M. (Ed.), Lactic 749 

Acid Bacteria - R & D for Food, Health and Livestock Purposes. InTech. 750 

https://doi.org/10.5772/2825 751 

Spirito, C.M., Richter, H., Rabaey, K., Stams, A.J.M., Angenent, L.T., 2014. Chain elongation in 752 

anaerobic reactor microbiomes to recover resources from waste. Curr. Opin. Biotechnol. 27, 753 

115–122. https://doi.org/10.1016/j.copbio.2014.01.003 754 

Vasmara, C., Pindo, M., Micheletti, D., Marchetti, R., 2018. Initial pH influences microbial 755 

communities composition in dark fermentation of scotta permeate. Int. J. Hydrogen Energy 43, 756 

8707–8717. https://doi.org/10.1016/j.ijhydene.2018.03.122 757 

Venetsaneas, N., Antonopoulou, G., Stamatelatou, K., Kornaros, M., Lyberatos, G., 2009. Using 758 

cheese whey for hydrogen and methane generation in a two-stage continuous process with 759 

alternative pH controlling approaches. Bioresour. Technol. 100, 3713–7. 760 

https://doi.org/10.1016/j.biortech.2009.01.025 761 

Yang, P., Zhang, R., McGavey, J., Benemann, J., 2007. Biohydrogen production from cheese 762 



38 
 

processing wastewater by anaerobic fermentation using mixed microbial communities. Int. J. 763 

Hydrogen Energy 32, 4761–4771. https://doi.org/10.1016/j.ijhydene.2007.07.038 764 

Yorgun, M.S., Balcioglu, I.A., Saygin, O., 2008. Performance comparison of ultrafiltration, 765 

nanofiltration and reverse osmosis on whey treatment. Desalination 229, 204–216. 766 

https://doi.org/10.1016/j.desal.2007.09.008 767 

Ziara, R.M.M., Miller, D.N., Subbiah, J., Dvorak, B.I., 2019. Lactate wastewater dark fermentation: 768 

The effect of temperature and initial pH on biohydrogen production and microbial community. 769 

Int. J. Hydrogen Energy 44, 661–673. https://doi.org/10.1016/j.ijhydene.2018.11.045 770 

 771 

 772 


