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Abstract
Sludge is generated from settling of winery wastewater from seasonal cellar activities. Most primary winery wastewater 
sludge is generated during the crush season and is often disposed to landfill. This practice is an economic and environmental 
burden and ignores the potential for valorization. In this study, a series of biochemical methane potential tests were conducted 
using seasonal batches of sludge with and without the addition of selected micronutrients (Co, Cu, Ni) at different inocu-
lum to substrate ratios and temperatures (ambient vs 37 °C). The highest specific CH4 yields were obtained at an inoculum 
to substrate ratio of 4 with the addition of micronutrients from sludge collected during (206 ± 2.7 mLCH4/gVSadded) and 
after (177 ± 1.4 mLCH4/gVSadded) the crush season at 37 °C and ambient temperatures (15.3 to 27.1 °C), respectively. In 
some instances, digestion at 37 °C appeared to promote inhibited steady-state conditions leading to lower CH4 yields than 
at ambient temperatures. This suggested that the sludge could be easily digested without heating, particularly during the 
warmer months of grape harvesting and crushing. The composition of the digestate indicated that it may be suitable as an 
agricultural fertilizer, with high concentrations of N (21.5 to 27.7 g/kg dry weight) and C (229 to 277 g/kg dry weight), as 
well as the presence of all essential micronutrients.
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1  Introduction

Solid and liquid wastes are generated by the wine industry 
through winemaking processes. Solid wastes from winemak-
ing include lees, fining agents, filtration aids, and agricul-
tural waste known as grape marc or pomace (skins, seeds, 
and stems). Winery wastewater (WWW) is generated when 
cellar equipment and floors are washed and/or sterilized and 
contains solid grape residuals, chemicals, and filter aids in 
variable quantities [1]. Over the last three decades, a num-
ber of industrial biorefineries have been set up to extract 
value-added products from grape pomace and lees including 

bioactive compounds such as phenolics, dietary fiber, cel-
lulose, grapeseed oil, and tartaric acid [2–8]. Valorization 
approaches that have been explored on a more theoretical 
level include fermentation of pomace for bioethanol pro-
duction, energy production from gasification or pyrolysis of 
pomace, and extraction of condensed tannins for use as wood 
adhesives [9–13]. Grape pomace has also been composted, 
vermi-composted, or co-composted with substrates such as 
green waste, municipal waste activated sludge (WAS), olive 
mill waste, and spent winery filter material as a lower value 
valorization option [14–18]. Co-composting may enhance 
the quality of the compost [14, 16]. Application of such 
compost to agricultural land may increase plant yield, as in 
the case of fertilizer obtained from co-composting of pom-
ace, WWW, olive mill sludge, olive mill wastewater, and 
green waste, which was shown to increase radish yield [17].

Primary winery wastewater sludge (PWWS) and sec-
ondary winery wastewater sludge (SWWS) are indirect 
solid wastes that are generated by the wine industry. 
Unlike direct forms of solid winery wastes, WWS is not 
suitable for higher value valorization. Indeed, some winer-
ies contract commercial companies to remove WWS and 
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dispose it to landfill, which is (i) an economic burden on 
the industry, (ii) a burden on landfill sites, and (iii) ignores 
the potential for valorization of the organic-rich waste.

In water-stressed countries, including South Africa, 
Australia, and some areas of the USA, cellar effluent is 
often used for beneficial irrigation after primary settling 
and pH adjustment if required. This results in the genera-
tion of copious amounts of PWWS. Conversely, in many 
wineries, especially those in Europe, WWW is either dis-
charged into municipal sewers for concurrent treatment 
with domestic wastewater or it undergoes secondary treat-
ment in situ generating SWWS that differs in character 
from PWWS [19, 20]. Although SWWS and PWWS differ 
in nature, both are malodorous and potentially toxic to the 
environment, mainly due to high concentrations of (poly)
phenolics and volatile fatty acids (VFA). It has been shown 
that stabilized SWWS from constructed wetlands can be 
used directly as a soil conditioner [19] and that SWWS 
from a continuous activated sludge (CAS) process is a 
suitable substrate for anaerobic digestion (AD) [21].

From economies of scale, composting and AD are gen-
erally preferred for decentralized and centralized biodeg-
radation of organic matter, respectively [22]. However, 
composting can be labor-intensive because compost piles 
need regular turning and stalks may need to be ground 
[14]. In addition, a large spatial footprint is required as 
the process is slow. Anaerobic digestion occurs at a faster 
rate, requires a smaller spatial footprint, and emits less 
greenhouse gases than composting, provided the biogas 
from AD is utilized [22]. Promising results have been 
obtained from AD of grape pomace, lees, and grape marc 
[21, 23–26]. Arguably, in contrast to WWS, these are 
already being used for extraction of more valuable prod-
ucts than biogas. Nonetheless, these studies indicate that 
valorization of WWS via AD may be a viable remediation 
approach. Previous studies of AD of primary and second-
ary WWS were ineffective (< 30 mLCH4/gVS) in relation 
to other winery wastes like grape marc [27]. To the best of 
our knowledge, no other studies have been conducted on 

the AD of PWWS, including the addition of micronutrients 
and the use of digestate as a fertilizer.

The aims of this study were therefore to determine the 
biochemical methane potential (BMP) of PWWS from a 
winery during and after the crush season at different inocu-
lum to substrate (ISR) ratios, with and without the addition 
of micronutrients at different temperatures (ambient and 
37 °C). Furthermore, the digestates were characterized and 
compared with commercial organic fertilizers in terms of 
their macro- and micronutrient compositions.

2 � Materials and methods

2.1 � Biochemical methane potential experiments

The inoculum was prepared by randomly feeding the diges-
tate obtained from previous AD experiments [28] with 
PWWS for > 6 months before the start of the first experi-
ments. The composition of the biogas produced by the 
inoculum was monitored on a weekly basis. The inoculum 
was deemed ready for use once the CH4% of the biogas 
was > 60%.

Approximately 100 L of PWWS was collected from dur-
ing and after the crush season. The PWWS was transported 
to the laboratory immediately and thoroughly homogenized 
using a blender. The PWSS was fully characterized together 
with the inoculum. As the microbial communities are natu-
rally dynamic in nature, the inoculum for each of the four 
experiments was characterized separately.

Two experiments were conducted with both the crush and 
the post-crush PWSS, giving a total of four sets of experi-
ments: (i) crush experiment 1, (ii) crush experiment 2, (iii) 
post-crush experiment 1, and (iv) post-crush experiment 
2. Experiment 1 for both PWWS substrates was conducted 
at ambient temperature (20.7 °C ± 2.0 °C) using a combi-
nation of two variables inoculum to substrate ratio (ISR) 
(2:1, 3:1, 4:1) and nutrient addition (nutrients/no nutrients) 
(Table 1). The character of the PWSS taken during the crush 

Table 1   Parameters used for 
experiments 1 and 2

PWWS, primary winery wastewater sludge; ISR, inoculum to substrate ratio; N, nutrients (5 mg/L Cu2+, 
20 mg/L Ni2+, 20 mg/L Co2+)

Crush season PWWS Post-crush season PWWS

Experiment 1 Experiment 2 Experiment 1 Experiment 2

Temperature Ambient Ambient 37 °C Ambient Ambient 37 °C

ISR 2 ✔ ✘ ✘ ✔ ✘ ✘
ISR 2 + N ✔ ✘ ✘ ✔ ✘ ✘
ISR 3 ✔ ✘ ✘ ✔ ✘ ✘
ISR 3 + N ✔ ✘ ✘ ✔ ✘ ✘
ISR 4 ✔ ✔ ✔ ✔ ✔ ✔
ISR 4 + N ✔ ✔ ✔ ✔ ✔ ✔
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season informed the choice of (micro)nutrients (5 mg/L cop-
per (Cu2+), 20 mg/L nickel (Ni2+), 20 mg/L cobalt (Co2+)). 
These metabolic co-factors were deficient in both batches of 
PWWS [29, 30]. Three controls were included in each exper-
iment: inoculum only, substrate only, and inoculum + ace-
tate, all with and without nutrients. All BMP experiments, 
including controls, were conducted in duplicate.

The experimental set-ups for the variable combination 
resulting in the most efficient performance in terms of 
specific biogas and CH4 generation in experiment 1 were 
repeated at ambient (19.4 °C ± 1.77 °C) and mesophilic 
(37 °C) temperatures simultaneously to determine the effect 
of these temperatures on AD efficiency (experiment 2). The 
sets of experiments were first performed during the crush 
season using the crush season sludge, followed by the post-
crush season sludge.

For reference, the results for characterization of all of the 
reactor contents at the beginning and end of the experiments 
are provided in the Supplementary material (Supplementary 
Tables  1 and 2).

2.2 � Biogas measurements

Biogas was collected directly from the reactors into 2-L 
Supelco (Bellefonte, USA) foil gas sampling bags. The 
volume of biogas was determined three times per week on 
designated days by extracting the gas from each bag into 
graduated gas tight syringes. Volumes were measured at 
20.7 °C ± 2.0 °C and pressure of 1008.7 ± 2.7 hpa. The com-
position of the biogas was determined using a Geotech (War-
wickshire, UK) Biogas 5000 instrument. The performance 
of AD was assessed using the specific total biogas and CH4 
yields based on volatile solids added (mL/gVS).

2.3 � Physicochemical analyses

Total solid (TS) and total volatile solid (TVS) concentra-
tions were determined by standard methods (weight loss 
on ignition at 105 °C and 550 °C), respectively. A Merck 
(Darmstadt, Germany) Spectroquant Prove® 600 spectro-
photometer together with Merck cell tests or kits was used to 
determine chemical oxygen demand (COD) (cat no: 14555), 
volatile fatty acids (VFA) measured as total volatile organic 
acids (VOAt) (cat no: 01763), total organic carbon (TOC) 
(cat no: 14879), total nitrogen (TN) (cat no: 14537), total 
alkalinity (TAlk) (cat no: 101758), total phosphorous (TP) 
(cat no: 14729), ammonia as NH4

+ (cat no: 00683), sulfate 
SO4

2− (cat no: 14791), sulfide (S2−) (cat no: 14779), and 
chloride (Cl−) (cat no: 14789) concentrations, according 
to manufacturers’ instructions. Quantification of carbon, 
hydrogen, nitrogen, and sulfur (CHNS) concentrations 
(%wt.wt) was determined at the Central Analytical Facility 
of Stellenbosh University using an Elementar (Hamburg, 

Germany) Vario EL cube Elemental analyzer according to 
the manufacturers’ instructions. Major and minor elements 
were quantified at the same facility using a Thermo ICap 
6200 ICP-AES instrument for trace analyses, while ultra-
trace analyses were performed on an Agilent (Santa Clara, 
USA) 7900 ICP-MS instrument, according to manufacturers’ 
instructions.

3 � Results and discussion

3.1 � Characterization of wastewater, primary 
winery wastewater sludge, and inoculum 
and theoretical suitability of sludge 
for anaerobic digestion

3.1.1 � Organic fractions, ammonia, and sulfides

Due to the seasonal nature of winery operations, there is a 
considerable intra- and inter-site variation in the character-
istics of WWW and by inference in PWSS [1]. Samples of 
WWW taken from the same winery over the crush season 
exhibited a high COD:N ratio of 226 (Table 2). High COD:N 
ratios are typical of WWW, and a source of N is often added 
to secondary wastewater treatment systems to assist biore-
mediation [1]. Notably lower COD:N ratios were measured 
in the PWWS (12.9 and 24.1 for the crush and post-crush 
season PWWS, respectively). It was therefore noted that N 
partitioned preferentially into the PWWS and indicated that 
the character of the PWWS cannot be extrapolated directly 
from that of the WWW.

In this study, the C content from the (CHNS) elemental 
analysis was notably higher in the post-crush than the crush 
season PWWS, but the converse was true for the TOC. The 
post-crush PWWS exhibited significantly higher (ANOVA, 
p > 0.05) concentrations of TS, TVS, and COD than the 
crush PWWS (Table 2). The higher TOC in the crush season 
PWWS was due to the presence of fresh pomace residues 
from washing equipment and floors during the crushing. The 
post-crush PWWS still contained some pomace residues and 
solubilized degradation products because the settling delta 
at the winery had not been completely de-sludged after the 
crush period. Overall, the organic character of the PWSS 
adequately reflected seasonal operational variabilities.

Theoretically, the C:N ratio of the crush season PWWS 
(11.6) and post-crush season PWWS (7.1) were both below 
optimal for AD of carbonaceous substrates, which has been 
widely reported as 20–30 [31]. The AD process for carbo-
naceous substrates with lower C:N ratios may be susceptible 
to instability due to the potential accumulation of NH4

+ and 
VFAs. High concentrations of VFAs can inhibit methano-
genesis leading to bioreactor instability or failure [32]. In 
this study, The VFAs contributed 21% and 32% to the crush 
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and post-crush season PWWS CODs, respectively, based 
on the theoretical COD yield of acetic acid [33]. Similarly, 
the stoichiometric contribution of VFAs to the TOC for the 
crush and post-crush PWWS was 40% and 62%, respectively. 
In this case, the total VFA concentrations of the PWWS and 
inocula (Table 2) were above previously reported inhibitory 
thresholds of 5.80–6.90 g/L [34].

Ammonia in WWW emanates from cellar cleaning 
products and/or from hydrolysis of proteins from lees and 
grapes. The pH, temperature, C:N ratio, and elemental con-
centrations influence the degree of toxicity of NH4

+ on the 
sensitive methanogenic archaea during AD [35]. Hence, a 
range of inhibitory concentrations (IC) has been reported 
in literature, from 2 to 14 g/L as total NH3-N and 0.053 to 
1.45 g/L as NH3 [29]. In this study, the NH4

+ concentrations 
in the PWWS fell within these previously reported ranges 
for inhibition of AD (Table 2).

The S2− concentration measured in the post-crush PWWS 
was 89% higher than the concentration measured in the 
crush season PWWS (0.75 g/L and 0.08 g/L, respectively). 
For hydrogenotrophic and aceticlastic methanogens, IC50 
ranges reported in literature for H2S are 0.043–0.125 g/L and 
0.014–0.060 g/L, respectively [36]. In this study, the meas-
ured equivalent H2S concentrations for the PWWS substrates 
were within the inhibitory range, particularly for aceticlas-
tic methanogens. However, HS− is likely to ppt. as metal 
sulfides during AD. This can alleviate toxicity by reducing 
the HS− concentration, and in some instances, reducing the 

bioavailability of concentrations of toxic cations by co-ppt. 
Conversely, AD can be retarded if the bioavailabilities of 
essential metabolic co-factors are reduced to below func-
tional microbial requirements.

Although the measured VFA, NH4
+, and HS− concen-

trations were above inhibitory values reported in literature, 
this does not necessarily translate into poor performance as 
each substrate and inoculum is unique. Indeed, it has been 
shown that substrates that appear unsuitable for AD may 
yield good AD results after long-term acclimation of the 
functional microbial communities to the particular physico-
chemical milieu provided by the substrate [37].

3.1.2 � Elemental composition of primary winery 
wastewater sludge and inoculum

The elemental composition of grapes varies according to the 
soil geochemistry, the agricultural practices, and the grape 
varietal and rootstock. Potassium (K+), the element found 
in the highest concentrations in the crush season PWWS, 
is found in high concentrations in grapes and can also be 
present in cellar cleaning products. Sodium is also typically 
present in high concentrations in WWW because caustic 
soda (NaOH) is the main cleaning and sterilizing agent 
used in most cellars [1]. However, Na+ tends to remain in 
the soluble fraction of WWW [38], while much of the K 
remains in the PWWS because it is a constituent of the pom-
ace. This is reflected by the relatively low concentrations of 

Table 2   Characteristics of primary winery wastewater sludge and inoculum used in the biochemical methane potential experiments as well as 
parameters measured in the wastewater over the same period (average and standard deviation from the mean, n = 3)

PWWS, primary winery wastewater sludge; Inoculum 1, inoculum for ambient experiments (experiment 1); NA, not applicable; ND, not deter-
mined; Inoculum 2, inoculum used for ambient vs mesosphilic experiments (experiment 2)

Parameter 
(n = 3)

Crush  
PWWS

Crush  
inoculum 1

Crush  
inoculum 2

Post-crush 
PWWS

Post-crush 
inoculum 1

Post-crush 
inoculum 2

Winery effluent

Elemental CHNS analysis (g/kg dry weight)
  C 29.4 ± 2.45 32.5 ± 2.2 25.2 ± 2.9 40.1 ± 1.3 26.5 ± 0.3 20.4 ± 3.9 NA
  H 0.55 ± 0.05 4.86 ± 0.55 4.85 ± 0.42 6.61 ± 0.43 3.62 ± 0.52 2.28 ± 0.64 NA
  N 2.54 ± 0.04 2.86 ± 0.16 1.89 ± 0.25 5.67 ± 0.14 2.25 ± 0.20 1.78 ± 0.39 NA
  S 0.38 ± 0.04 0.89 ± 0.05 0.57 ± 0.15 0.34 ± 0.03 0.38 ± 0.07 0.38 ± 0.08 NA
  C:N 11.6 11.6 13.3 7.1 11.8 11.5 NA
Characterization (g/L wet weight homogenized sludge, g/L wastewater)
  COD 149 ± 5 35.5 ± 1.0 206 ± 14 346 ± 26 95.2 ± 8.8 71.7 ± 5.6 6.79 ± 1.20
  TP 0.70 ± 0.01 0.17 ± 0.01 0.82 ± 0.20 1.65 ± 0.13 0.49 ± 0.09 0.44 ± 0.06 0.20 ± 0.07
  TN 11.5 ± 0.5 2.3 ± 0.4 2.5 ± 1.07 14.3 ± 0.5 2.4 ± 0.8 4.5 ± 0.1 0.03 ± 0.02
  VFA 28.5 ± 0.7 8.98 ± 0.35 44.6 ± 10.4 104 ± 5 26.1 ± 1.1 23.3 ± 2.36 1.37 ± 0.15
  HS− 0.08 ± 0.01 0.06 ± 0.01 0.08 ± 0.01 0.75 ± 0.02 0.11 ± 0.01 0.13 ± 0.02 ND
  NH4

+-N 1.89 ± 0.04 1.3 ± 0.17 5.39 ± 0.06 1.18 ± 0.35 1.02 ± 0.21 1.16 ± 0.13 ND
  TS 173 ± 10 257 ± 7 62.3 ± 4.1 301 ± 14 145 ± 2 117 ± 1 ND
  VS 91.9 ± 11 97.8 ± 8.7 32.8 ± 22 247 ± 9 67.9 ± 1.5 85.3 ± 1.4 ND
  COD:VS 1.62 0.36 6.28 1.40 1.40 0.84 ND
  VS:TS 0.53 0.38 0.53 0.82 0.49 0.72 ND
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Na compared with K in the PWWS, particularly in the crush 
season PWWS (Table 3).

In the case of metals, a large range of concentrations 
expected to inhibit AD has been reported in literature. This 
is due to variabilities in substrates, the degree of functional 
microbial acclimation to the intended substrates, substance 
synergism, and antagonism and operational differences [39]. 
Acclimated microbial communities may adapt to prevent 
metal toxicity or deficiency by altering their rate limiting 
flux and/or protecting key enzymes from reactive metals 
[40]. Soluble microbial products (SMPs) and extracellular 
polymeric substances (EPS) also play significant roles in 
chelating metals, thereby reducing their bioavailability to 
microbes in anaerobic digesters [40]. Metals are not only 
inhibitory—many are also essential metabolic co-factors, 
and it is common practice to supplement AD reactors with 
a co-factor cocktail to enhance AD. In this study, the meta-
bolic co-factors Ni, Zn, Co, and Cu were either within or 
below the optimal range for AD [29], hence the addition of 
Ni, Co, and Zn as micronutrients in the experiments.

3.2 � Biochemical methane potential tests

The quality and quantity of CH4 generated from AD are fun-
damentally dependent on the oxidation state of the organic 

C. Higher CH4 yields are associated with more reduced 
substrates [41]. Sludge characteristics are often used to 
infer CH4 generation potential [42]. Buswell’s equation has 
been used for decades to estimate the theoretical BMP of 
organic substrates assuming 100% conversion into carbon 
dioxide (CO2) and CH4 [43]. However, the theoretical yield 
is usually overestimated as the methanogenic archaea are 
highly susceptible to inhibition [29, 35]. The yields were 
therefore determined experimentally in this study.

3.2.1 � Anaerobic digestion of primary winery wastewater 
sludge from the crush season

The first set of BMP experiments was conducted using 
PWWS taken during the crush season. Although it is well 
known that stable mesophilic (30–38 °C) and thermophilic 
(40–60 °C) temperatures typically increase the rate of AD, 
digestion still occurs under ambient conditions in some 
temperate and tropical climates [44]. In order to ascertain 
whether AD of PWWS could feasibly be conducted without 
having to install and operate sophisticated heating equip-
ment, the BMP experiments were first conducted in the 
laboratory under ambient conditions in a non-temperature-
controlled environment. Most WWW (and hence PWWS) 
is generated during the crush period, which falls within the 

Table 3   Elemental cation concentrations in primary winery wastewater sludge and inoculum used in the biochemical methane potential experi-
ments

BDL, below detection limit; PWWS, primary winery wastewater sludge; Inoculum 1, inoculum for ambient experiments (experiment 1); Inocu-
lum 2, inoculum used for ambient vs mesosphilic experiments (experiment 2); ND, not determined

Crush PWWS Crush inoculum 1 Crush inoculum 2 Post-crush PWWS Post-crush inoculum 1 Post-crush inoculum 2

Major elemental parameters (g/kg dry weight)
  Fe 3.83 ± 0.13 3.59 ± 0.11 4.23 ± 0.95 2.96 ± 0.12 4.85 ± 0.85 5.02 ± 0.36
  Al 11.1 ± 0.14 7.18 ± 0.24 10.2 ± 2.23 10.7 ± 0.22 13.0 ± 2.03 10.0 ± 1.16
  Ca 7.37 ± 0.45 22.1 ± 0.19 10.4 ± 2.07 0.91 ± 0.12 10.3 ± 1.15 14.4 ± 3.03
  K 51.8 ± 4.70 43.2 ± 1.39 29.5 ± 4.17 3.73 ± 0.12 61.5 ± 24.7 39.8 ± 15.7
  Mg 1.60 ± 0.23 3.74 ± 0.19 2.32 ± 0.44 1.21 ± 0.41 2.19 ± 0.21 1.99 ± 0.13
  Na 1.03 ± 0.16 30.9 ± 0.99 3.40 ± 0.09 0.18 ± 0.05 4.72 ± 1.61 3.75 ± 1.69
  P 2.85 ± 0.12 5.24 ± 0.15 4.14 ± 0.93 5.40 ± 0.11 2.91 ± 0.05 3.80 ± 0.31
  Si 0.91 ± 0.01 1.39 ± 0.12 0.65 ± 0.11 2.52 ± 0.53 1.57 ± 0.27 1.78 ± 0.35

Minor elemental parameters (mg/kg dry weight)
  B 68.1 ± 48.3 54.6 ± 5.60 40.5 ± 7.58 BDL 45.3 ± 2.00 46.4 ± 2.50
  Mn 39.7 ± 1.60 333 ± 3.80 93.0 ± 17,0 23.4 ± 2.20 74.5 ± 13.5 80.3 ± 11.3
  Co 1.30 ± 0.50 16.9 ± 0.83 26.3 ± 5.84 BDL 20.4 ± 8.90 BDL
  Ni 36.9 ± 4.9 11.6 ± 0.70 52.9 ± 12.1 12.9 ± 3.10 49.5 ± 5.40 36.0 ± 6.30
  Cu 147 ± 12.7 168 ± 8.10 157 ± 34.5 120 ± 3.00 208 ± 30.3 197 ± 79.4
  Zn 300 ± 15.0 1443 ± 71 449 ± 100 354 ± 2.4 511 ± 82.6 385 ± 35.2
  Sr 21.6 ± 1.70 90.4 ± 0.70 51.14 ± 9.67 67.1 ± 11.9 39.1 ± 3.00 67.1 ± 11.9
  Mo 3.01 ± 1.30 5.0 ± 0.2 1.70 ± 0.47 ND ND ND
  Pb 34.2 ± 6.40 19.1 ± 6.70 24.3 ± 7.30 34.7 ± 8.60 29.7 ± 6.30 35.1 ± 10.5
  Ba 133 ± 8.60 42.8 ± 4.90 72.9 ± 19.2 69.8 ± 2.50 114 ± 29.6 114 ± 13.1
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warm summer/autumn months in wine-producing countries. 
As a cost-effective option, it is feasible that PWWS could 
be pumped from existing settling tanks/deltas into simple 
digesters. These could be off-the-shelf polyethylene tanks, 
for example. Black containers exposed to sunlight could 
absorb heat and assist with increasing the temperatures of 
the reactor contents. Alternatively, specialized insulated 
reactors used in combination with solar heating could be 
employed.

Promising results were obtained at ambient temperatures 
(experiment 1). Good specific biogas (Fig. 1A) and CH4 
generation (Fig. 1B) were achieved within 40 days (Fig. 2). 
In terms of ISR and nutrient addition, both biogas and CH4 
generation increased with increased ISR and nutrient addi-
tion. In practice, reactor capacity is reduced at lower ISRs 
as less digestate needs to be retained between batches (for 
batch reactors), and more solids can be wasted in the case 
of continuous reactors. In this study, the comparatively low 
efficiency at ISR2 obtained during (ambient) experiment 1 

would not support the use of this ISR for piloting a system to 
treat PWWS. Although reasonable absolute cumulative CH4 
generation was achieved at ISR2, the quantities were masked 
when corrected for the contribution by the inoculum con-
trol as prescribed in the standard method applied [45]. This 
led to some anomalous negative generation rates at ISR2. 
Although the inoculum had been pre-acclimated to a differ-
ent batch of PWWS, it was hypothesized that the sensitive 
microbial populations needed to adjust to the slight change 
in substrate, especially when present in lower concentrations 
(ISR2). Many researchers do not pre-acclimate inocula to 
the intended substrate, which can reduce AD efficiency as 
acclimation then needs to take place during the experimental 
period [39]. This may lead to long lag phases, and in some 
cases, the microbial consortia may completely fail to adapt 
to the new substrate. In an attempt to standardize testing to 
allow inter- and intra-study comparisons, some standardized 
methodologies prescribe the use of inocula from municipal 
wastewater sludge digesters for all AD testing [45]. While 

Fig. 1   Corrected specific biogas 
(A) and methane (B) measured 
in reactors. ISR, inoculum 
to substrate ratio; N, (micro)
nutrients (Co, Cu, Ni). Experi-
ment 1 at ambient temperature 
and experiment 2 at ambient 
and 37 °C
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this may be acceptable if a similar substrate is being tested, 
the sudden exposure of sensitive functional microbial spe-
cies (such as methanogens) to completely different phys-
icochemical environments may not be prudent. For exam-
ple, it has been shown that methanogenesis was completely 
inhibited using a non-acclimated inoculum from digesters 
treating abattoir effluent [46], while good methanogenesis 
was obtained using a specifically pre-acclimated inoculum 
to digest the same tannery effluent [47].

In this study, the advantage of using acclimated inoc-
ula was jeopardized by the presence of residual substrate 
in the inoculum at the start of the experiments. Ideally, 
the substrate should be depleted in inocula used for BMP 
experiments [45]. The residual substrate was due to the 
nature of the PWWS that contained slowly biodegradable 

lignocellulosic material from the grape pomace, making sub-
strate exhaustion impossible without compromising on the 
viability of the sensitive methanogenic populations via star-
vation. The presence of residual substrate resulted in biogas 
and CH4 generation in the inoculum control. However, the 
origin of the substrate in the inoculum was the same as the 
experimental substrate, and the specific yields were cor-
rected to include the biogas contribution from the inoculum 
in the results (Fig. 1). Notwithstanding the biogas contribu-
tion from the inoculum substrate, around 1.5 L CH4 was 
generated from 1 L reactor contents at ISR2 during experi-
ment 1 (Fig. 2A).

To assess the degree to which AD could be enhanced at 
under stable mesophilic conditions, the optimal CH4 genera-
tion conditions (ISR4 with nutrient addition) were applied 

Fig. 2   Cumulative methane 
generation with crush season 
sludge (A) and post-crush 
season (B) primary winery 
wastewater sludge at ambient 
temperatures
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under both ambient and controlled mesophilic (37 °C) condi-
tions simultaneously (experiment 2, Fig. 1). Under ambient 
conditions, the biogas and CH4 yields were lower than those 
attained during experiment 1, once again demonstrating the 
variability in biogas yields that can be obtained when even 
slightly different inocula are used. In this case, all of the 
other experimental factors remained consistent between 
experiment 1 and experiment 2. The same inoculum had 
been maintained by feeding with the same PWWS. The 
results suggest that it is impossible to avoid temporal vari-
ations in the microbial community structure and function 
when maintaining inocula. However, the 2.6-fold higher spe-
cific CH4 generation obtained at 37 °C clearly demonstrated 
that, as expected, performance efficiency could be increased 
significantly by increasing and controlling the temperature 
within an optimal range.

In comparison to the theoretical yield (530 mLCH4/
gVSadded and 58% CH4) calculated from the COD:VS ratio 
[41], the maximum yield (206 ± 2.7 mLCH4/gVSadded) of the 
crush season PWWS was only 39% of the theoretical, but 
the CH4 composition of the biogas (56%) was close to the 
theoretical value.

3.2.2 � Anaerobic digestion of primary winery wastewater 
sludge from the post‑crush season

In contrast to results obtained with crush season PWWS, no 
clear trend on the effect of ISR and nutrient addition on AD 
efficiency of post-crush PWWS was demonstrated (Fig. 1). 
However, in terms of absolute cumulative CH4 generation 
(Fig. 2B), the highest yield was obtained at ISR2 with 
nutrient addition, and the lowest at ISR4, strongly sug-
gesting that there were sufficient active functional microbes 
present at ISR2 for efficient methanogenesis. At ambient 
temperature (experiment 1), the yields attained were all 
higher with the post-crush season PWWS than with the 
crush season PWWS. This may have been related to the 
inoculum, and/or the presence of higher concentrations 
of readily biodegradable organics, including VFAs in the 
post-crush PWWS (COD 346 g/L, VFA 104 g/L) than in 
the crush PWWS (COD 149 g/L, VFA 29 g/L) and/or the 
use of a more robust inoculum.

The results of experiment 2 (ambient vs 37 °C) showed 
a similar trend to those obtained during AD of crush sea-
son PWWS in that substantially lower specific biogas and 
CH4 yields were obtained at ambient temperature (ISR4 
with nutrients) during experiment 2 than during experi-
ment 1. In contrast to the results obtained with crush season 
PWWS, the amount of biogas was only negligibly higher 
(27 mL/gVSadded) at 37 °C than under ambient conditions 
during experiment 2. However, due to a promisingly high 
CH4 contribution at 37 °C (79%) when compared to ambi-
ent conditions (59%), there was a greater difference in the 

specific CH4 yield (45 mL/gVSadded). In comparison to the 
theoretical yield (496 mLCH4/gVSadded) calculated from the 
COD:VS ratio [41], the maximum yield (177 ± 1.4 mLCH4/
gVSadded) was only 36% of the theoretical maximum, but the 
CH4 composition of the biogas fell within the theoretical 
range (50–71%) under ambient conditions and was notably 
higher than the theoretical yield at 37 °C.

The differences in yields in experiments 1 and 2 with the 
same substrate at ambient temperatures could be explained 
by the fact that the average ambient temperatures during 
experiment 1 (20.7 ± 2.0 °C) were higher than those during 
experiment 2 (19.8 ± 1.87). However, greater temperature 
variations (range of temperatures) occurred during experi-
ment 1 (16.8 to 27.1 °C) in comparison with experiment 2 
(15.3 to 22.8 °C), which could theoretically lead to greater 
methanogenic community instability and reduced AD effi-
ciency [48]. Furthermore, in comparison to lower tempera-
tures, mesophilic and thermophilic temperatures typically 
improve reaction kinetics and promote methanogenesis 
[48–50]. Therefore, temperature differences and fluctua-
tions do not appear to explain why the yields were also less 
at 37 °C than at ambient temperatures during experiment 2, 
even though higher temperatures can promote some reactor 
instability due to an increased rate of dissociation/solubiliza-
tion of inhibitors as previously described [28].

Apart from the complexity of the physicochemical and 
biochemical reactions, these results appear to confirm that 
that the inoculum (as the only other variable) was less active 
during experiment 2, once again highlighting (i) the impor-
tance of having a suitable functional microbial consortium 
for BMP experiments and for larger scale reactor start-
up and (ii) the inherent difficulty of comparing intra- and 
inter-study results. Typically, although BMP studies often 
include multiple variables, they do not account for tempo-
ral microbial variations as they are conducted as singular 
experiments.

Notwithstanding the inherent difficulties already alluded 
to regarding inter- and intra-study comparisons, results were 
compared with those reported in literature for AD of winery 
solid wastes under mesophilic conditions. All but one study 
used sludge from municipal wastewater treatment plants as 
the inoculum. Higher specific CH4 yields (365 ± 20 mLCH4/
gVS) were obtained digesting pomace in 250-mL semi-con-
tinuous reactors [25]. However, the hydraulic retention time 
of 104 days was considerably longer than with PWWS where 
most biogas was generated within 30 days (Fig. 2). The high-
est specific CH4 yields were obtained for batch AD of lees 
(876 ± 45 mLCH4/gVS), grape must (838 mLCH4/gVS), and 
SWWS (690 ± 25 mLCH4/gVS) in 500 mL digesters with 
57 days RT [21, 27]. These substrates have also been suc-
cessfully co-AD at pilot scale in 230-L continuously stirred 
tank reactors, but only the overall biogas measurements were 
reported in this case (average 0.450 m.3/kg CODfed) [23]. It 
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has been calculated that sufficient biogas could be generated 
from co-AD of these substrates to support winery operations 
[21]. The lowest yields (6.45 mLCH4/gVS) were obtained 
with co-AD of dried spent grape pomace and cheese whey 
(100-mL digesters, 58 days), despite using a well-acclimated 
inoculum from a laboratory digester [24]. Similarly, the AD 
of stems, PWWS, and secondary WWS were stunted (< 30 
mLCH4/gVS) likely due to poor acclimation of inoculum to 
substrate [27]

Overall, this study demonstrated that PWWS is a suitable 
substrate for AD, with no lag phase and complete digestion 
taking place within 30–40 days even under ambient con-
ditions. In general, nutrient addition and controlled higher 
temperatures (37 °C) enhanced biogas and CH4 generation 
at higher ISRs, indicating the increased metabolic co-factor 
demand associated with higher concentrations and activities 
of the functional microbial communities (higher ISR).

3.2.3 � Evaluation of methane generation kinetic models

To evaluate the effectiveness of kinetic models for predict-
ing the AD of PWWS, commonly applied models (cone, 
logistic, modified Gompertz, and first order) were fitted 
to the cumulative CH4 production from experiment 1 for 
both crush and post-crush PWWS. In both cases, the cone, 
logistic, and first-order models fitted the experimental data 
with high precision (adjusted R2 > 0.958). For optimal reac-
tors (ISR4 + N), the models predicted the experimental 
data in the order: Logistic > Cone > First order > modified 
Gompertz according to AIC (Akaike information criterion) 
for the crush season PWWS, and predicted maximum CH4 
yields of 151.5, 142.0, 144.1, and 121.2 mlCH4/gVSadded, 
respectively. For the post-crush PWWS, the model fit order 
was Cone > First order > Logistic > modified Gompertz, 
with predicted maximum methane yields of 199.4, 203.8, 
195.2, and 155.7 mlCH4/gVSadded, respectively. For refer-
ence, the complete set of calculated kinetic parameters has 
been provided in the Supplementary Material (Supplemen-
tary Tables  2 and 3).

3.3 � Evaluation of digestate of crush and post‑crush 
primary winery wastewater sludge as a soil 
conditioner/fertilizer

In-depth theoretical analyses of fertilizers need to account 
for a variety of different soil types and plants, ideally includ-
ing pot and/or field experiments. Such analyses were beyond 
the scope of this study which was instead limited to a brief 
evaluation of the PWWS as a “proof of concept” to deter-
mine whether it may be suitable as a fertilizer. This was 
achieved by (i) comparing the macronutrient and micro-
nutrient composition of the digestates with typical organic 

fertilizers and (ii) evaluating whether any elements were 
present in quantities that may be detrimental to plant and/
or soil health.

The PWWS digestate composition was compared with 
a range of four commercial agricultural organic fertilizers 
based on composted chicken manure. Two of these were 
enriched, one with kelp and fishmeal, and the other with Ca 
and P. Both inorganic and organic forms of C are important 
as much C is being lost from the soil due to agriculture, 
other anthropogenic land use practices, and climate change 
across the globe [51, 52]. The total C concentrations were 
2.0- to 2.6-fold higher in the PWWS than in the commercial 
fertilizers, indicating that would be a valuable source of C 
as a fertilizer. In terms of organic C, decayed organic mate-
rial (humus) increases the water retention capacity and the 
cation exchange capacity of soils, assists with soil aeration, 
and provides a reservoir for gradual release of plant nutri-
ents [53, 54]. All the PWWS digestates contained notable 
amounts of organic carbon (measured as TOC), and the 
amount was higher in the crush season PWWS digestate 
(average 261 g/kg) than in the post-crush season PWWS 
digestate (average 104 g/kg) (Table 3). Given the worldwide 
average soil organic carbon (SOC) concentration of 15.5 g/
kg, even the post-crush PWWS could be a valuable con-
tributor of humic material, especially in the case of sandy 
soils [55].

Different plants require macronutrients in different quan-
tities, and some soils themselves contain sufficient elements. 
For example, as the name suggests, calcareous soils have 
high Ca concentrations, but have limited P and Zn avail-
ability [56]. To cater for different requirements, fertilizers 
contain variable ratios of the macronutrients N, P, and K, 
among other elements. The PWWS digestates contained 
similar amounts of N and K to the commercial fertilizers 
but were deficient in P, Ca, and S (Table 4). Depending on 
the soil type and crop, the PWWS may require supplemen-
tation with a source of these elements. Waste gypsum is an 
example of a sustainable source of Ca and S. In terms of 
micronutrients, both batches of PWWS digestates contained 
reasonable concentrations in comparison to the commercial 
organic fertilizers (Table 4), but both the commercial ferti-
lizers and the PWWS contained high concentrations of Fe. 
Although Fe deficiency can be detrimental to plant growth, 
it can be toxic to plants in highly acidic or hypoxic soils 
(usually formed via waterlogging) as Fe3+ is reduced to Fe2+ 
which is more bioavailable than the oxidized form [26]. In 
well-aerated less acidic to alkaline soils, relatively high Fe 
concentrations are generally not problematic [26].

Unlike K, Na is not a plant nutrient and can negatively 
affect the soil structure by binding with negatively charged 
soil particles. This can be offset to some extent by the pres-
ence of divalent cations (Ca2+ and Mg2+) that have more 
than one binding site and replace Na+ [57]. Although the Na 



11254	 Biomass Conversion and Biorefinery (2023) 13:11245–11257

1 3

concentrations in the digestates were high (Table 4), the con-
centrations in the PWSS before AD were relatively low in 
comparison to the inocula (Table 4), clearly demonstrating 
that most of the Na in the digestates emanated from the inoc-
ula. The original starter culture was taken from AD of highly 
saline tannery effluent, and thereafter, the inoculum was fed 
constantly with WWW which also resulted in accumulation 
of Na over time. In reality, Na remains soluble in WWW, 
and is not expected to accumulate to high concentrations 
in PWWS [1,  38] as evidenced by the results in Table 3. 
Even with the anomalously high concentrations measured 
in the PWWS digestates, any sodicity risk was offset by 
high concentrations of Ca and Mg that reduced the sodium 
adsorption ratio (SAR) to ≤ 1.3. To put this in perspective, 
soils with and SAR > 13 are considered sodic [57, 58] and 
those with SAR < 5 pose a low risk [59]. Nevertheless, the 
Na levels will be closely monitored in future studies.

For reference, the character of the digestates from all of 
the reactor contents is included in the Supplementary Mate-
rial (Supplementary Table  5).

Overall, the composition of the PWWS showed excellent 
potential for addition of C, N, and micronutrients to soils. 
Further work will be conducted using pot experiments to 
determine the effects of PWSS digestates on crop growth 
in different soils.

4 � Conclusions

Concurrent AD of PWWS for bioenergy and biofertilizer 
supports a circular economy. During the warmer post-crush 
months, good biogas and CH4 yields from AD may be fea-
sible without the need for heating, making it economically 

Table 4   Concentrations of essential plant nutrients, sodium, and sodium adsorption ratio in the digestates from optimal anaerobic digestion at 
37 °C and ambient temperatures

* Range of organic fertilizers based on composed chicken manure (Bio ganic® Bio ganic crumble®), enriched with kelp and fishmeal (Bio 
ocean®), enriched with calcium and phosphate (Bio rock®). TOC, total organic carbon; SAR, sodium adsorption ratio; ND, not determined

Crush PWWS Post-crush PWWS Commercial*

37 °C Ambient 37 °C Ambient

Macronutrients (g/kg dry weight)
Elemental CHNS analysis

  C 256.9 ± 8.1 277.8 ± 1.5 271.7 ± .9.1 229.2 ± 4.9 106–115
  H 40.9 ± 3.7 43.8 ± 2.6 30.7 ± 1.1 51.0 ± 1.9 -
  N 25.5 ± 1.4 25.6 ± 0.8 27.7 ± 0.1 21. ± 0.5 26–34
  S 3.0 ± 0.2 3.0 ± 0.02 5.1 ± 0.5 3.6 ± 1.1 9–10

XRF analyses
  Ca 10.5 ± 0.24 9.8 ± 1.57 10.36 ± 0.83 9.69 ± 1.66 35–60
  K 38.3 ± 2.11 37.9 ± 3.47 38.42 ± 1.91 27.67 ± 6.63 30–33
  Mg 2.20 ± 0.07 2.00 ± 0.01 2.93 ± 0.09 2.38 ± 0.55 6–7
  P 3.4 ± 0.01 3.3 ± 0.51 5.15 ± 0.43 4.47 ± 0.69 17–27

Micronutrients (mg/kg dry weight, **g/kg dry weight)
XRF analyses

  Fe** 5.1 ± 0.01 5.0 ± 0.02 5.72 ± 0.04 4.76 ± 1.57 5
  B 62 ± 11 57 ± 1.4 50 ± 0.1 40 ± 11 50
  Mn 80 ± 1.1 70 ± 1.6 90 ± 1.0 80 ± 22 570–610
  Cu 25 ± 2.2 23 ± 1.1 250 ± 17 180 ± 56 60
  Zn 57 ± 2.8 49 ± 1.8 620 ± 7.9 450 ± 133 500–540
  Mo 2.0 ± 0.1 4.0 ± 0.0 ND ND 5

Other (g/kg dry weight)
  TOC 282 ± 13.0 241 ± 17.1 98.7 ± 10.6 110 ± 2.82 ND
  Na 3.20 ± 0.17 3.10 ± 0.19 3.26 ± 0.08 2.28 ± 0.57 ND

Ratios
  C:N 10.08 10.87 9.82 10.66 3.73
  SAR 1.3 1.3 1.2 0.9 ND
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viable for smaller wineries. The digestate is a promising 
agricultural fertilizer, especially for addition of C, N, and 
micronutrients to soils. To prevent potential Fe toxicity, it 
is recommended that it should not be used in highly acidic 
or waterlogged soils. Future studies will focus on conduct-
ing pot experiments with different batches of digestates and 
comparing the results.
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