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Abstract: In order to make anaerobic digestion-based processes for short chain organic acid (SCOA)
production attractive, the key performance variables, i.e., concentration, yield, and productivity of
the produced SCOAs need to be maximised. This study analysed recent literature, looking for the
effect of process operating parameters (feed concentration, pH, temperature, and residence time) on
the performance variables. Data from 551 experiments were analysed. Mean values of the SCOA
concentration, yield, and productivity were 10 g 17!, 32% (chemical oxygen demand (COD) COD™}),
and 1.9 g 17! day™!, respectively. Feed concentration and residence time had the most important
effect. Higher feed concentration corresponded to higher product concentration and productivity, but
to lower yield. The mean feed concentration was 109 gCOD 17! and 19 gCOD 1! in the experiments
with the highest product concentrations and in the experiments with the highest yields, respectively.
Shorter residence times corresponded to higher productivity. The mean HRT (hydraulic residence
time) in the experiments with the highest productivities was 2.5 days. Sequencing batch reactors
gave higher values of the performance variables (mean values 29 g 171, 41% COD COD~!,and 12 g
17! day~! for product concentration, yield, and productivity, respectively) than processes without
phase separation.
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1. Introduction

Anaerobic digestion is an industrially established process where microorganisms degrade the
organic matter in the absence of air. Anaerobic digestion is typically used to produce biogas, used as
power and heat source or transport fuel, and digestate, a nutrient-rich fertiliser. Recently, the use of
anaerobic digestion for the production of short-chain organic acids (SCOAs) is attracting interest [1].
SCOAs (e.g., acetic, propionic, butyric acids) are important chemicals widely used in the chemical
industry for the synthesis of plastics, as food additives, and for many other uses [2]. The production of
acetic acid alone was approximately 18 Mt in 2019. The vast majority of the current SCOA production
uses natural gas as primary feedstock. However, natural gas is a non-renewable resource and,
furthermore, the conversion of natural gas into SCOAs requires high temperature, with the associated
energy consumption and process costs, and metal catalysts, which are also non-renewable.

SCOAs are the main intermediates of anaerobic digestion and can be produced from carbohydrates,
proteins, and lipids. Production of SCOAs from anaerobic digestion, rather than from natural gas,
would have important environmental benefits, mainly because of the use of a waste as feedstock,
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of the need of milder conditions of temperature and pressure and of the avoidance of metal catalysts.
However, currently there is no commercial production of SCOAs from anaerobic digestion, because of
several limitations: SCOAs from anaerobic digestion are typically produced as diluted mixtures in
water, requiring energy-intensive and expensive separation, and anaerobic digestion is typically a slow
process, with low volumetric productivity (where productivity is defined as the SCOA production rate
per unit of reactor volume) [3-6]. In order to make the production of SCOAs from anaerobic digestion
competitive with current production processes, it is important to maximise the key performance
variables, i.e., the concentration of the produced SCOAs, their yield on the feedstock, and their
productivity. Indeed, high SCOA concentration corresponds to lower separation costs and high
productivity, high SCOA yield corresponds to high conversion of the feedstock into SCOA, and high
productivity corresponds to high SCOA production rate per unit of reactor volume.

Various process operating parameters influence the SCOA concentration, yield, and productivity.
The nature of the feedstock used influences its biodegradability, while its concentration influences
the SCOA concentration and their productivity. If the feedstock or the products are inhibiting,
high substrate concentration can also negatively affect the yield. Temperature affects any chemical
reactions, and anaerobic digestion is usually favoured by mesophilic or thermophilic conditions.
pH also affects any biochemical reactions and the activity of the various microbial species involved
in anaerobic digestion. The residence time is also an important variable. The hydraulic residence
time (HRT) is expected to influence the process productivity, while the solids residence time (SRT)
is expected to influence the conversion of the feedstock and therefore the SCOA concentration,
yield, and productivity. It is therefore important to choose the process operating parameters in order to
optimise process performance.

This study analysed the literature on SCOA production using anaerobic digestion with
the aim to identify the range of operating parameters used; the range of SCOA concentration,
yield, and productivity obtained; general trends in the effect of operating parameters on SCOA
concentration, yield, and productivity; and gaps in our current knowledge that should be filled with
further research.

2. Methodology

2.1. Data Collection and Analysis

Articles were researched using the words “VFA” (volatile fatty acids), “SCOA”, “acidogenic
fermentation”, “anaerobic fermentation”, and “anaerobic digestion” on Google Scholar in 2019 and
2020, selecting all the studies that could provide enough information on the process conditions and
experimental data to be able to calculate the parameters of interest. After selection, 57 papers were used
for our analysis, resulting in 551 experiments. The list of all the studies considered, with substrates
types, operational parameters investigated, and analysed products, is reported in the the Table S1 of
the Supplementary Materials [7-63].

For each experiment, the following operating conditions were obtained: feed concentration
(g chemical oxygen demand (COD) 1), temperature (°C), pH, HRT (hydraulic residence time) and
SRT (solids residence time) for continuous or semi-continuous experiments, and experiment length for
batch experiments.

The considered liquid phase products were ethanol and the following acids: acetic, propionic,
butyric, valeric, caproic, heptanoic, lactic, formic, succinic, and caprylic. Most studies only reported
and measured some of the considered liquid phase products. Therefore, even though each study
aimed to measure the most important SCOAs produced under their experimental conditions, the total
production of SCOAs may be underestimated and the actual concentration, yield, and productivity in
the considered studies may be higher than the reported values.

For each experiment, where applicable, the following performance variables were calculated
or obtained directly from the papers: product concentration (as total concentration of liquid phase
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products), product yield (as total yield of the products from the fed substrate), and productivity
(as total products produced per unit volume and time). The performance variables were calculated
with Equations (1)-(3), with Equation (3a) used for continuous or semi-continuous experiments and
Equation (3b) for batch experiments:

sum of liquid products (g)

Product concentration (g l_l) = volume (1 1)
total liquid products (gCOD I~
Yield (% COD COD™!) = % : (¢ ) )
substrate concentration (§COD I71)
Product concentration (g l_l)
Productivity (g l_ld_l) = (3a)

HRT (d)

; 1 g Product concentration (g l_l) b
P tivit d) = 3
roaucory (g ) Length of the experiment (d) (30)

The yield was expressed in COD (chemical oxygen demand) units to have a uniform basis
for comparing different products and substrates and because, for any substrates and products,
a 100% product yield is the theoretical maximum in COD units. In the considered literature
studies, the concentrations of the feedstock and of the products were reported in different units,
e.g., COD, volatile solids (VS), etc. In order to convert the data in uniform units, we used the conversion
factors presented in Table 1. For SCOAs and cellulose, conversion to COD units was obtained from the

chemical formulas, using the general oxidation reaction of organic matter, as described in Equations (4)
and (5):

Table 1. Conversion factors used in this study.

Conversion Unit Conversion Factor Reference

VS TS (total solids)~! food waste 0.90 [64-66]
VS t (total) COD™! food waste 0.85 [64]
TS tCOD™! food waste 0.90 [64]
gCOD gVS~! carbohydrates 1.13 [67]
gCOD gVS~! proteins 1.12 [67]
gCOD gVS~! lipids 2.90 [67]
Food waste bulk density kg m™3 500.00 [68]

tCOD VSS (volatile suspended

solids)~! vegetable waste 249 [15]
% COD TS™! food waste 14.01 [64]
VSS tCOD™! food waste 0.39 [64]
Organic matter oxidation :
CyH,OpN; + (411 +a—-2b-3d)0Oy— > nCO, +1/2 (a—3d) H,O + dNH; 4)
COD conversion factor :
f(COD g7') = (8(4n +a—2b—3d))/(12n +a + 16b + 14d) (5)

2.2. Statistical Analysis: Regression Modelling and Pearson’s r Test

Regression modelling was employed to correlate each of the process performance variables
(dependent variables: product concentration, product yield, and productivity) with the operating
parameters (independent variables: feed concentration, pH, temperature, and residence time).
This correlation was then used to identify the influence of changes in independent variables on
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the dependent variables. The general form of regression equation is given in Equation (6), where y
represents each dependent variable, x; represents the independent variables, a is the intercept, b; are
regression coefficients, and ¢ is the residual.

y = ayg + bix; + bxo + ... + buyx, + € (6)

Independent variables were fitted to the respective dependent variable and ANOVA was performed
to assess the significance of each independent variable in the developed model. Effects and significance
of independent variable on the product yield, concentration, and productivity were then studied on
the basis of the regression coefficient and p-values.

Pearson’s r test was applied to verify any significant linear correlation between the single
operational parameters and process performance parameters [69], without considering the possible
interactions between the operating parameters.

Microsoft Excel 365 (Version 2010) was used for the regression as well as for the profiles of
performance variables. The software IBM SPSS Statistics (Version 25) was used for Pearson’s r test and
descriptive statistics.

3. Results and Discussion

3.1. General Observation and Descriptive Statistics

Table 2 shows the substrate types in the considered studies. Food waste included artificial,
simulated, or real food waste/garbage waste/kitchen waste, or organic fraction of municipal organic
waste. Carbohydrate-rich substrate included vegetable-derived waste or wastewater, while protein-rich
waste mainly included animal-derived waste. Sludge included primary and secondary sludge and
sewage sludge, and pure substrate comprised pure substrates such as glucose, peptone, and glycerol,
separately or in a mixture. Manure included chicken manure and cow manure, alone or in co-digestion
with crop waste. Table 2 reports the substrate with the higher percentage when co-digestion was
investigated. Almost half of the experiments were performed using food waste, followed by protein-rich
substrates and sludge.

Table 2. Frequency (number of experiments) and percentage of substrate types, grouped by category.

Substrate Category Frequency Percentage %

Food waste (organic fraction of municipal

solid waste, food waste, food waste

recycling wastewater, artificial kitchen 251 45.6
garbage, microalgae biomass,

kitchen waste)

Carbohydrate-rich substrate (potato
processing waste stream, vegetable and
salad waste, duckweed, crystalline
cellulose, paper mill wastewater, winery
wastewater, maize silage, vegetable waste,
potato waste, wheatgrass powder, fruit and
vegetable waste, potato peel waste,
simulated vegetable food waste)
Protein-rich substrate (tuna waste,
slaughterhouse wastewater, meat and bone
meal, Spirulina platensis, cheese whey, whey
protein, egg white)

Sludge (primary sludge, secondary sludge,
waste-activated sludge, sewage sludge)
Pure substrate (glucose, crude glycerol,
peptone)

Manure (chicken manure, cow manure) 14 2.5

66 12.0

86 15.6

70 12.7

63 115

3.2. Range of Operating Parameters and Performance Variables

Table 3 shows the minimum, maximum, mean, and 90th percentile values for the operating
parameters and performance variables from the considered experiments.
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Table 3. Minimum value, maximum value, mean with standard error (in bracket), 90th percentile of
the considered operating parameters, and process performance variables in the literature experiments.

Parameter Min. Max. Mean 90th Percentile
Operating parameters
Feed concentration (gCOD 171 3 204 53.08 (2.02) 127.70
Run length (day) 1 120 16.16 (0.94) 30.00
HRT (d) 1 30 6.33 (0.45) 20.00
SRT (d) 1 50 6.89 (0.54) 20.00
T (°C) 15 80 37.81(0.39) 55.00
pH 3 12 6.50 (0.08) 10.00
Process performance variables
Product concentration (g 11 0.01 57.13 9.55 (10.92) 23.14
Yield (% COD COD™1) 0.01 98.43 32.06 (23.17) 63.98
Productivity (g17! day™1) 0.00 55.48 1.87 (4.04) 5.05

Although the maximum substrate concentration in the feed was just over 200 gCOD 17!, the mean
value was 53 gCOD 17! and only 10% of the experiments were carried out with feed concentration
higher than 127 gCOD 1~!. Various types of organic waste have a high concentration of organic matter;
however, the availability of highly concentrated feedstocks may also have limited the number of studies
in this range. For example, the concentration of undiluted food waste has been measured at over
300 gCOD 1. Manure can also have a high concentration of COD. Therefore, Table 3 shows that there is
relatively little investigation of process performance with highly concentrated substrates. One possible
reason is the difficult mixing of highly concentrated feedstocks. However, since it is expected that higher
feed concentration results in higher product concentration and higher productivities, this analysis
highlights the need for more investigation on concentrated feedstocks.

As far as the residence time is concerned, for batch experiments, the residence time of the
microorganisms coincides with the run length. For continuous or semi-continuous experiments, we can
distinguish the hydraulic residence time (HRT; residence time of the liquid) and the solids residence
time (SRT; residence time of the microorganisms). The HRT and the SRT coincide in CSTR (continuous
stirred-tank reactor) experiments without solid-liquid separation, while they are different in SBR
(sequencing batch reactor) experiments. Since the vast majority of continuous or semi-continuous
experiments were carried out without solid-liquid separation, as discussed in Section 3.4, in the vast
majority of the considered experiments, the SRT and HRT coincided and the mean values of the HRT
and SRT were very similar (6.33 and 6.89 days, respectively).

The literature studies were carried out in a wide range of temperatures and pH values. The highest
product concentration in the considered studies was 57 g 17!, however, the mean value was just
below 10 g 17! and only 10% of the experiments obtained a product concentration higher than 23 g
171, Considering that high concentration is important to obtain economic separation of the products,
this analysis confirms the need for more studies aimed at achieving high product concentration. In COD
units, the highest reported product yield was close to 100%; however, the mean value was 32% and the
90th percentile was 64%. The highest productivity was 55 g 17! day~!; however, the mean and 90th
percentile values were much lower (1.87 and 5.05 g 1! day™1).

3.3. Profiles of the Performance Variables vs. the Operating Parameters

Figures 1-3 show the process performance variables: product concentration (Figure 1),
yield (Figure 2), and productivity (Figure 3) vs. the four operating parameters considered (feed
concentration, pH, temperature, and residence time). Figure 1a,c,e,g, Figure 2a,c,e,g, and Figure 3a,c.e,g
show all the data, while Figure 1b,d,fh, Figure 2b,d,f,h, and Figure 3b,d,f h show the mean values and
standard error of the performance variables.
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Figure 1. Relationships between product concentration and operating parameters. (a,ce, g)

All the considered experiments. (b,d, fh) Average values of experiments in each narrow range
(width maximum 20%) of the operating parameters (error bars indicate the standard error) with second
grade polynomial curve. The polynomial curve is only used to visualise the general trend, without any
statistical significance.
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Product concentration (Figure 1) shows an increasing trend vs. the feed concentration, as expected.
However, the increase was less than linearly proportional to the substrate concentration, especially for
the highest substrate concentrations. As far as the effect of the pH is concerned, average values of
product concentration were relatively unaffected by the pH in the pH range 4-9.7, but decreased for
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higher values of the pH. The product concentration was also relatively unaffected by the temperature
in the whole range 25-75 °C, while it showed a maximum for intermediate values of the residence
time, although the data were highly scattered. The highest product concentrations were reached by
fermenting kitchen waste, with thermophilic temperature, pH 6, and using batch or SBR with HRT
between 1 and 5 days [48]. The products obtained were lactic acid, acetic acid, and butyric acid. Most of
the experiments with the longest residence times were carried out in batch. Only two semi-continuous
experiments used a residence time longer than 20 days (30 days), achieving a product concentration of
12.7 g 171 [15].

The product yield (Figure 2) showed a gradual decrease with the substrate concentration in the
feed, staying relatively constant within different values of the pH and decreasing for temperatures
above 35 °C and for retention time > 70 days. Maximum yields (close to 100%) were reached with
very diluted substrates as low as 3 gCOD 171. Yields above 88% were reached with a substrate
up to 25.6 gCOD 17! [10,11,42,56], mainly using readily biodegradable substrates such as glucose,
whey protein, and potato processing waste stream.

The most important parameters that affect the productivity (Figure 3) are the feed concentration
and the residence time. The productivity generally increased as the substrate concentration in the feed
increased, and decreased as the residence time increased. These effects can be explained considering
that higher feed concentrations tended to give higher product concentration (and therefore higher
productivity) and shorter residence times corresponded to smaller reactor volume or shorter reaction
time, giving higher productivity. The productivity decreased for higher values of pH (above 6) and
showed a maximum for intermediate values of the temperature (45-55 °C). The highest productivities
(above 10 g 17! day ') were found for feed concentrations between 128 and 149 gCOD 17! [28,48] and
HRT between 1 and 5 days (Figure 3a,b,g,h).

3.4. Comparison of Operating Modes

Table 4 shows the operating parameters and performance variables in the considered studies [7-63]
as a function of the operating mode: batch, CSTR, and SBR. CSTR operating mode here includes
any continuous or semi-continuous processes without solid-liquid separation (i.e., with HRT = SRT),
while SBR processes were characterised by solid-liquid separation with SRT > HRT. Section 3.4 gives
an insight into the process performance for the different operating modes; however, a complete
comparison of all parameters could not be performed, since very few parameters could be considered
across these modes at statistically high enough numbers.

Table 4. Mean value and standard error (in brackets) of operational and performance parameters
grouped by operational mode.

Operational Mode Batch CSTR SBR
Frequency of experiments (%) 63 34 3
Operating parameters
Feed concentration (gCOD 171) 48.48 (2.65) 58.74 (3.06) 86.22 (13.04)
Run length (day) 16.16 (0.94)
HRT (d) 6.42 (0.47) 5.25(1.16)
SRT (d) 6.42 (0.47) 12.44 (3.96)
T(°C) 37.14 (0.49) 38.36 (0.59) 46 (3.07)
pH 6.77 (0.11) 6.00 (0.11) 6.31 (0.31)
Process performance variables

Product concentration (g ) 9.42 (0.59) 8.16 (0.60) 28.79 (5.01)
Product yield (% COD COD™1) 35.41 (1.28) 25.23 (1.58) 41.35 (3.55)
Productivity (17! day™!) 1.04 (0.11) 2.50 (0.20) 12.12 (4.07)

The vast majority of the considered experiments were carried out either in batch or in CSTR mode,
with only 3% of the experiments carried out in SBR. Batch experiments obtained higher mean yield than
CSTR experiments (35 vs. 25%), possibly because the mean run length in batch was longer than the
residence time in CSTR (16 vs. 6 days). However, other factors can contribute to this difference, such as
the higher pH and lower feed concentration in batch experiments. The mean productivity in CSTR
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processes was higher than in batch processes (2.50 vs. 1.04 g 17! day~!) due to the shorter residence time.
SBR processes obtained better performance in terms of product concentration, yield, and productivity
(mean values 28.79 g 171, 41.35% COD COD™!, and 12.12 g I~! day~!, respectively) than batch and CSTR
processes. The main reasons for these effects were probably the higher feed concentration (expected
positive effect on the product concentration and on the productivity), the higher SRT (expected positive
effect on the yield and therefore on the product concentration and productivity), and the shorter HRT
(expected positive effect on the productivity) used in SBR processes. However, the nature of the
feedstock may also explain some of these differences, since several SBR studies were carried out with
glucose, which is readily biodegradable, as a model substrate. This analysis highlights the potential
interest of SBR technology to improve the performance of anaerobic fermentation to produce SCOAs.
However, as stated above, only very few experiments have been carried out in SBR and there is need
of more studies using this technology.

3.5. Analysis of Experiments with the Best Performance

Table 5 summarises and compares the mean operating parameters of the experiments with the
best performance in order to showcase which operating parameters gave the best performance, i.e.,
those with product concentration, yield, and/or productivity over the 90th percentile.

Table 5. Mean value and standard error (in brackets) of operating parameters for process performance
parameters above the 90th percentile.

Operating Parameter lélgheSt Pm.dud Highest Product Yields Highest Productivities
oncentrations
Feed concentration (gCOD 171 108.73 (5.43) 19.28 (2.42) 85.92 (7.46)
Run length (day) 14.58 (1.78) 14.68 (1.48) 4.62 (0.53)
HRT (d) 5.66 (0.93) 6.15 (1.54) 2.46 (0.23)
SRT (d) 6.56 (0.92) 10.27 (3.86) 3.02 (0.41)
T (°Q) 39.75 (1.37) 36.31 (0.78) 40.04 (1.13)
pH 6.48 (0.18) 7.11 (0.34) 5.64 (0.14)

The experiments that showed the highest product concentrations were run with the highest
feed concentration. The mean value of feed concentration for the experiments with the highest
product concentration was 109 gCOD 17!, while the mean value of the feed concentration in all the
experiments was 53 gCOD 17! (Table 3). The highest product yields were obtained with lower substrate
concentrations (mean value 19 gCOD 17!) and with longer SRT. The mean SRT in the experiments with
the highest yields was 10 days, while the mean SRT in all the experiments was about 7 days (Table 3).
The highest productivities were obtained with relatively high feed concentration (86 gCOD 17!) and for
short HRT (2.5 days vs. 6 days as average HRT value of all the experiments, Table 3).

3.6. Statistical Analysis: Regression Model and Pearson’s r Test Results

Statistical analysis of the data was performed with a regression model and with Pearson’s r test.
Regressions were performed to correlate product yield, concentration, and productivity to the selected
independent variables (feed concentration, mode of operation (batch: 0; CSTR/SBR: 1), temperature,
pH, and residence time/HRT). These models follow the generic regression expression in Equation (4).
Table 6 summarises the values of regression coefficients and their associated p-values.
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Table 6. Regression coefficients and their associated p-values. Values in bold indicate a significant
effect (p-value < 0.05).

Product Concentration (g171)  Product Yield% (COD COD-1) Productivity (g1-1 d-1)

Coefficient p-Value Coefficient p-Value Coefficient p-Value
Intercept 3.385 0.1188 52.768 1.14 x 1072 0.321 0.71996

Feed concentration (gCOD 171) 0.136 3 x 1047 —-0.155 1.11 x 10~13 0.024 1.46 x 10~11
Mode (Batch: 0; CTSR: 1) -2.600 0.0032 —8.899 2.35x 10~5 0.668 0.066237
Temperature (°C) —0.004 0.9314 —-0.259 0.011862 0.042 0.018678
pH 0.061 0.7679 0.301 0.539704 -0.129 0.131204

HRT (day) —0.039 0.1497 -0.107 0.100317 —0.060 1.27 X 107

Table 6 shows that regression analyses to the considered data showed significant relations
(p-value less than 0.05) between product concentration, feed concentration, and operation mode;
between yield and feed concentration, mode of operation, and temperature; and between productivity
and feed concentration, temperature, and HRT.

It is observed that batch mode and high feed concentration had positive influence on product
concentration. Lower feed concentration, batch operation, and lower temperature were found to be
beneficial to the product yield. For productivity, shorter residence time, higher temperature, and high
feed concentration had a positive effect. Interestingly, the effect of feed concentration on the yield
seemed to reverse its effect on product concentration and productivity. Clearly, the regression model was
a simplified representation of the complex effect of the operating variables on the performance variables.
In particular, the regression model was linear, while the profiles of the performance variables as a
function of the operating parameters were in general not linear (Figures 1-3). However, the regression
model provided some insight into the main effects of the operating parameters.

The Pearson’s r test gave similar results to the regression model. According to the Pearson’s r test,
feed concentration had a significant correlation with product concentration and yield (p < 0.01). No
significant correlation was found between pH and the three performance parameters, whilst temperature
was correlated with the yield, with a significance level of p < 0.05. The HRT was correlated with yield
and productivity, with a significance level of 0.05.

3.7. General Discussion

Our analysis of the literature shows that, in the SCOA production with anaerobic digestion,
SCOA concentrations of up to 60 g 17!, yields close to 100% (COD COD™!), and productivities close to
50 g 17! day~! were reported. However, the challenge is to obtain high SCOA concentrations, yields,
and productivities under the same experimental conditions. Section 3.7 compares the findings of this
study with other literature studies (Section 3.7.1), analyses the optimum range of operating parameters
(Section 3.7.2), and identifies the main knowledge gaps (Section 3.7.3).

3.7.1. Comparison with Other Literature Studies

Various literature studies have investigated the effect of operating conditions on SCOA production,
usually investigating only one or two operating conditions and often obtaining different results due to
the range of operating conditions and to the nature of the feedstocks used. In this regard, the value of
our study is to bring together the data on process performance from different studies trying to identify
general trends. Limited investigation has been carried out on the effect of feed concentration on VFA
production. Bouzas et al. [70] measured the effect of feed concentration on VFA yield from municipal
primary sludge by two plants, obtaining in one case no effect of feed concentration and in the other
case an increase in yield for higher feed concentration. Our analysis shows that generally, for the
experiments considered in this study, lower yields were obtained for higher feed concentration. Clearly,
the nature of the feedstock used also had an effect on the results and may justify the different trends
observed. Liu et al. [71] investigated the effect of pH on VFA production from sewage sludge, obtaining
the highest yields in the pH range 7-11, and lower yields at pH 5 and 3. Eryildiz et al. [72] investigated
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the effect of pH on VFA production from citrus waste, obtaining high VFA yields at pH 6 but lower
yields at pH 5 and 4. Begum et al. [73] investigated the effect of pH on VFA production from landfill
leachate, obtaining the best results at pH 5.5 and 11. In a study on potato peel waste [74], the highest
VFA yield was obtained at pH 7, with lower yield at pH 5 and almost no VFA production at pH 11.
Jankowska et al. investigated the effect of pH on VFA production from primary and secondary sludge,
obtaining the best VFA yield at pH 10-11, but also obtaining good yields at pH 4 [31]. These literature
studies show that VFA production using anaerobic digestion is possible in a wide range of pH values,
which is confirmed by our analysis, as shown in Figures 1-3. As far as the effect of the temperature is
concerned, Komemoto et al. [36] investigated the solubilisation of food waste in the range of 15-65 °C,
observing the best results at 45 °C, but a good degree of solubilisation in all of the temperature range.
In a study on food waste, Jiang et al. [34] observed the highest VFA yields at 35-45 °C, and a much
lower yield at 55 °C. With municipal and industrial wastewaters, Maharaj et al. [75] observed that the
best temperature for VFA production was 25 °C (the temperature range was 8-35 °C). Our combined
analysis of literature data shows that generally there is some negative effect of higher temperatures
on SCOA production, although the data were highly scattered and good VFA production could be
obtained in a large temperature range. Only a few studies have specifically investigated the effect
of residence time on SCOA production and yield. Bengtsson et al. [76] observed that VFA yield
generally increased as HRT increased in chemostat studies with industrial wastewaters (the range
of HRT investigated was 0-1 days and 0—4 days for paper mill and whey wastewaters, respectively).
In the study mentioned above, Jankowska et al. observed an increase in VFA yield as the run length in
batch experiments increased from 5 to 15 days.

3.7.2. Identification of the Optimum Range of Operating Parameters

One of the applications of the analysis of the literature carried out in this study is the identification
of the range of operating parameters to be used in anaerobic digestion processes for SCOA production
in order to obtain the desired performance. Clearly, the validity of the analysis depends on the quality
of input data. Only reliable literature sources were used, whilst experiments that did not match were
excluded (e.g., COD balance above 100%). Feed concentration should be as high as possible in order to
maximise product concentration and productivity, even though high feed concentration tends to give
lower product yields. Interestingly, the process can be carried out in a wide range of pH values (4-11)
and temperatures (25-75 °C), with only a limited effect on the process performance (defined as the
product concentration, yield, and productivity). The residence time has an important effect on process
productivity, which strongly increases for lower value of the residence time.

3.7.3. Identification of Knowledge Gaps and Recommendations for Further Study

Another important application of this analysis is to identify the gaps in the operating conditions
used in the literature studies, suggesting areas for further research improvements. Although both
the theory and the experimental evidence indicate higher product concentration and productivity
with higher feed concentration, most literature studies have been carried out with relatively diluted
feed. Indeed, the mean value of feed concentration is 53 gCOD 17! and only 10% of the considered
experiments were carried out with feed concentration higher than 127 gCOD1~!. Therefore, our analysis
indicates the need for studies with higher feed concentration. Most studies were carried out with pH
values in the neutral range (6-8, mean value 6.50) and with temperatures in the range of 35-55 °C
(mean value 38 °C). However, it seems that a good process performance can also be obtained outside
these ranges of pH and temperature, opening some interesting perspectives for process optimisation.
For example, low pH can reduce the process costs because of the reduced requirements of chemicals for
pH control, considering the acidifying effect of the products. Low and high pH can also be beneficial
for SCOA production because of the reduced activity of methanogenic microorganisms outside the
pH range 6-8. Similarly, lower temperature can give lower process costs due to the reduced costs
for heating the digester. Our analysis indicates, therefore, the need for more experimental studies
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in a wider range of pH values and temperatures. As far as the range of residence time (or of run
length for batch studies) is concerned, the vast majority of the literature studies were carried out with
relatively low values, lower than 20-30 days. Since, according to the theory, a higher degradation of
the feedstock is expected at longer residence times, more studies with long residence time are required
(above 20 days). The very few studies carried out at long residence times (>70 days) did not obtain a
higher yield than the other studies; however, there were too few studies to identify any significant
effects. In the choice of the residence time for SCOA production, the objective should be to achieve high
yield and high productivity. However, batch processes and continuous processes in CSTR with HRT =
SRT have the limitation that a long residence time, which should favour high yield, can only be obtained
at the expense of the productivity. Indeed, according to our analysis and to the expectations based on
the theory, process productivity decreases for longer HRT values or run length in batch processes. In
order to run processes with short HRT, which should correspond to high productivity (and long SRT,
which should correspond to high yield), the SBR configuration is a promising alternative to the more
common batch or CSTR configurations. However, only about 3% of the considered studies were carried
out in SBR. The few studies in SBR obtained higher product concentration, yield, and productivity than
studies in batch or CSTR, highlighting the need for more experimental studies with this configuration.
Average product concentration in SBR was 3.53 times higher than CSTR and 3.06 times higher than
batch, yield was 1.64 times higher than CSTR and 1.17 times higher than batch, and productivity in
SBR was 4.85 times higher than CSTR and 11.65 times higher than batch experiments. Lastly, it is
suggested that future improvements on the current data analysis methods will be made by analysing
the effect of the substrate composition and by using non-linear regression models.

4. Conclusions

In this analysis of the literature, different approaches (visual, descriptive stats, regression model,
and Pearson correlation test) were used, which gave similar general conclusions about the effect
of process parameters on product concentration, yield, and productivity. Overall, high substrate
concentration in the feed contributed to the maximisation of product concentration and productivity.
Generally, temperature and pH had relatively little effect on the performance variables, although
temperature had a modest significant effect on yield and productivity. pH was not correlated
significantly with any of the performance variables, but higher product concentrations and
productivities were reached with values close to neutrality. Longer HRT negatively affected productivity.
Very few experiments were conducted in SBR, which, however, seemed to indicate a better performance
of this process in terms of SCOA concentration, yield, and productivity. More experimental study
is required on anaerobic digestion processes for SCOA production, aimed at the simultaneous
maximisation of product concentration, yield, and productivity. In particular, a more extended
investigation of process parameters in processes with solid-liquid separation is needed, with longer
SRT and shorter HRT. Moreover, more investigation of highly concentrated feedstocks is recommended.
It is important to remember that other factors influence anaerobic digestion, such as inoculum source,
pre-treatments, trace metal addition, headspace gas pressure, and composition, but few experiments
were performed with the aim of assessing such variables. This literature review thus serves as an
initial critical guideline for the choice of future experimental conditions regarding the production of
SCOAs from anaerobic digestion.
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