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Abstract: This article intends to promote the usage of potato peels as efficient substrate for the anaerobic
digestion process for energy recovery and waste abatement. This study examined the performance of
anaerobic digestion of potato peels in different inoculum-to-substrate ratios. In addition, the impact of
combined treatment with cow manure and pretreatment of potato peels was examined. It was found
that co-digestion of potato peel waste and cow manure yielded up to 237.4 mL CH4/g VSadded, whereas
the maximum methane yield from the mono-digestion of potato peels was 217.8 mL CH4/g VSadded.
Comparing the co-digestion to mono-digestion of potato peels, co-digestion in PPW/CM ratio of 60:40
increased the methane yield by 10%. In addition, grinding and acid hydrolysis applied to potato
peels were positively effective in increasing the methane amount reaching 260.3 and 283.4 mL CH4/g
VSadded respectively. Likewise, compared to untreated potato peels, pretreatment led to an elevation
of the methane amount by 9% and 17% respectively and alleviated the kinetics of biogas production.
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1. Introduction

Potatoes are one of the largest crops worldwide and steadily grow hitherto as a staple food
crop [1]. In the Netherlands, potatoes production is one of the major agricultural activities with more
than 10 million tons produced in 2016 and approximately 50% of the potatoes undergo processing [2].
Potato peels are the main by-product of processing, producing about 8% waste by weight and its
abatement is becoming a major issue. The potato industry produces on average 100 ktons of peels
worldwide annually [3]. Current research is focused on the potato peel waste (PPW) recycling
pathways for pharmaceutical and/or energy industries resulting in an enhanced potato peel waste
management [4]. PPW is used for the production of low-value animal feed or as fertilizer in agricultural
activities [5]. PPW has been previously characterized and contains starch (15–25%), non-starch
polysaccharide (25–30%), acid insoluble and acid soluble lignin (15–20%), protein (18%), lipids (1%),
and ash (6–10%) [6–9].

Its diverse composition can facilitate the production of bio-based products and fuels [10,11].
Peschel et al. [12] found an industrial approach for polyphenols extraction from potato peel waste.
Recent studies also reported a promising method for lactic acid production with mixed microbial
consortia in batch fermentation mode [13,14]. Moreover, its high content of carbon and nutrients
renders it good feedstock for biogas production via the anaerobic digestion (AD) process [15].
AD is a biochemical procedure that degrades organic material and produces biogas (approximately
55–65% CH4—35–45% CO2) by facultative anaerobes and anaerobes bacteria in the absence of oxygen.
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AD mainly comprises three phases (hydrolysis, acidogenesis and methanogenesis) which illustrate
biochemical events during the AD process [16–18]. AD technology has been broadly facilitated in
the treatment of agricultural residuals, wastewaters, and animal slurries with primary objectives the
energy production and waste reduction [19–21]. Versatile utilization of biogas, such as heat and power
generation or vehicle fuel production, is an advantage among other gaseous biofuels [22,23]. Currently,
more than 250 AD plants are operated in the Netherlands providing energy to approximately 2 million
households and targeting to reduce more than 25 million metric tons CH4 equivalent of greenhouse
gas emissions by 2030 [24,25]. The inoculum to substrate ratio (ISR) has been regarded as an intrinsic
factor influencing the AD performance. Notable lessening of methane yield was reported from the
degradation of wastes, when ISRs were over a certain level [26,27].

Simultaneous treatment of solid and/or liquid organic waste also strengthens the process
performance and increases the degradation efficacy, and this is attributed to a synergistic phenomena
which occurs within the digester [28,29]. Comparing with mono-digestion, co-digestion of organic
wastes with different animal slurries has positively affected the performance as it enhances the
buffer capacity to maintain an optimal pH for methanogenic archaea. It also provides a better
carbon-to-nitrogen (C/N) ratio, and utilizes microorganisms and macro and micronutrients which exist
in various wastes [30]. Several reports refer to an optimal range for the C/N ratio as 20–30 which is
far from the C/N ratio of 40–70 provided by the agricultural waste [31–34]. Furthermore, substrates
with too high C/N ratio would not provide the sufficient nitrogen required for the microbial growth,
while substrates with low C/N ratio would inhibit the process because of the NH3 accumulation.
Animal slurries contain a high amount of nitrogen that may hinder the bioreactor performance [35,36].
Pretreatment is also a parameter for further investigation as the degradation rate is affected by the
composition and the characteristics of each substrate. The recalcitrance is a pivotal feature that impedes
the decomposition of feedstocks and may hinder the process performance [16,37].

The present work aimed to add knowledge to the anaerobic digestion of PPW. The investigation of
the anaerobic treatment of potato peels is crucial for the smooth operation and stability of continuous
systems [38]. In the present report, AD performance was investigated by conducting batch experimental
tests. The effect of homogenizing/grinding and acid hydrolysis as pretreatment methods are studied.
The first-order and cone kinetic models were also applied for the prediction of the biogas production
rate and to assess the fitting with the experimental data. This study aims to: (1) Investigate the effect of
ISR on the biogas yield; (2) clarify how the addition of cow manure enhances the AD performance;
and (3) provide insight of the kinetics of the PPW degradation.

2. Materials and Methods

2.1. Inoculum and Substrates

Microbial inoculum (sludge) was collected from a mesophilic operating anaerobic bioreactor from
the wastewater treatment installation of Garmerwolde in Groningen, Netherlands. Cow manure was
collected from a local farmer in the province of Groningen, Netherlands. Prior to their characterization
and use, sludge and manure were stored at 6 ◦C to avoid undesirable fermentation processes. Potatoes
were purchased in a local store and the peels were removed using a sharp knife and were cut into
0.5–1 cm pieces prior to use.

2.2. Experimental Design

The digestion tests were facilitated in batch mode using 500 mL glass bottles with a working volume
of 400 mL operated at 36 ◦C for 55 days. The experimental conditions are given in Table 1. Three
experimental studies were carried out to examine the influence of ISR (R1→5), co-digestion ratio (R6→8),
and pretreatment method (R9→10) respectively on biogas yield by anaerobically treating in batch mode.
The concentrations of the substrates were based on organic loading mass [39,40]. The amount of volatile
solids (VS) of the inoculum and the substrate were calculated based on the predetermined ISRs. For all
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experiments, distilled water was added, and no additional nutrients/ trace elements were added to the
reactors as it was assumed that they are provided by the inoculum (anaerobic sludge).

Table 1. Experimental conditions of the batch tests.

Particular
Experimental Design

ISR
(based on VS)

Co-Digestion Ratio
(based on VS)

Organic Load
(g VS added per L) Pretreatment

Experiment 1
R1 0.25 100:0 10 -
R2 0.5 100:0 10 -
R3 1 100:0 10 -
R4 2 100:0 10 -
R5 4 100:0 10 -

Experiment 2
R6 2 90:10 10 -
R7 2 75:25 10 -
R8 2 60:40 10 -

Experiment 3
R9 2 60:40 10 Grinding
R10 2 60:40 10 Acid hydrolysis

Glass reactors were sealed with rubber stoppers and being flushed for 5 min with nitrogen to
maintain an anoxic environment. Thereafter, they were incubated at temperature (36 ◦C) and rotating
speed (150 rpm). Blank trials containing only anaerobic sludge were conducted to correct the biogas
produced by the inoculum itself. Batch experiments were ended when no biogas was observed. In all
experiments, triplicate serum bottles were used and results were means of triplicates ± standard
deviation. Samples were taken at the beginning, the end, and in four predetermined time spots during
the experimental period to determine the variation of pH, volatile fatty acids (VFAs and alkalinity.
The experiments were terminated when no biogas was observed.

For the first batch experiment (R1, R2, R3, R4, and R5) of studying the influence of the ISR on
biogas production, potato peels were used as the sole substrate and inoculum was added based on the
set ISRs of 0.25, 0.5, 1, 2, and 4. For the second study (R6, R7, and R8) of investigating the impact of
simultaneous digestion on biogas production, all experimental conditions were similar as those of the
first experiment, apart from the type of substrate. Briefly, ISR was fixed at 2, and potato peels were
digested with cow manure (CM) according to the mixing ratios (Table 1) to reach a total organic load
per reactor of 4 g VS. The last experiment (R9 and R10) was conducted to examine the impact of potato
peels pretreatment on biogas production, and all experimental conditions were the same as those of
the second experiment, except that potato peel waste were underwent grinding and acid hydrolysis.

2.3. Analytical Methods

The amount of total solids (TS; g/kg) and volatile solids (VS; g/kg) was determined according to the
recommendations of the Standard Methods of APHA et al. (2005) [41]. PH was estimated off-line using
a pH meter (HI991001, Hanna Instruments, Woonsocket, RI, USA). The titration method was applied to
determine the total alkalinity (TA; mg CaCO3/L) and total volatile fatty acids (TVFAs; mg acetate/L) [42].
Chemical oxygen demand (COD; g/kg) was calculated using a test kit (Hach Lange GmbH, Germany)
according to the manufacturer’s guide and was quantified with a spectrophotometer (DR/2010, Hach,
USA). For the acid hydrolysis pretreatment (AHP), 20 g of PPW was boiled in 200 mL of 0.9% (w/w)
H2SO4 solution for 1 h and for the grinding, a commercial grinder was used to homogenize 30 g PPW
with 90 mL water. The pH of the reactor with the acid-based treated PPW was adjusted to 7 by using
1 M NaOH solution. The lignin amount of substrates was determined according to the procedures
established by the National Renewable Energy Laboratory (NREL) [43].
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The method used to determine the VS removal was based on the previous study [44]. The method
used to estimate the biochemical biogas potential was based on a volumetric test, which considered
the displacement of a liquid into the measure of biogas production [45]. The water displacement
equipment used in this work can provide biogas data within the 5% accuracy [46]. Biogas composition
and its correction was carried out by the procedure followed in a previous study [31]. The methane
potential assay can also be used to estimate the synergistic effect of co-substrates The synergistic effect
can be expressed as the additional biogas yield for co-digestion feedstocks over the weighted average of
the individual feedstock’s biogas yield [47,48]. All the results were the means of replicates of triplicate
± standard deviation (SD) with an accuracy of 5%. Technical digestion time (TDT) (time needed to
reach 80% of the maximal biogas yield) was used to assess the AD performance [49].

2.4. Kinetic Study

Biogas produced during the study was modeled by fitting the experimental data with two classical
kinetic models to identify the kinetic parameters in order to enhance the full-scale application of the
process. A regression analysis was conducted in Matlab R2015b (Mathworks, Natick, MA, USA) and
Microsoft Office Excel (Microsoft Office 2010, Microsoft Corporation, Redmond, WA, USA) and the
first order and cone models were used for the hydrolysis of organic matter and are described by the
equations from previous studies [50,51]:

G(t) = GO ×
(
1− e(−Kt)

)
(1)

G(t) =
GO

1 + (Kt)−n (2)

G(t) is the cumulative biogas yield at digestion time t days (mL biogas/g VSadded), GO is the
maximum biogas potential of the substrate the biogas potential (mL biogas/g VSadded), n is the shape
factor, K is the hydrolysis constant (1/day), t is the time (days).

2.5. Statistical Analysis

The standardized residual is the residual divided by its standard deviation and is given by the
equation:

Standardized residual (i) =
residual(i)

standard deviation(i)
(3)

Single-factor analysis of variances (ANOVA) in Excel software 2010 was facilitated and statistical
significance was established at a P-value less than 0.05 level.

3. Results and Discussion

3.1. Characterization of Substrates and Inoculum

The characteristics of the sludge, potato peel waste and cow manure were summarized in
Table 2. It is noted that the characteristics of inoculum and cow manure were different for the three
experimental periods.

3.2. Effect of ISRs on the Mono-Digestion PPW

The cumulative biogas yield (mL/g VSadded), daily biogas production rate (mL/g VSadded/day),
pH, and total organic acids (%) from the anaerobic digestion of PPW at five ISRs were investigated,
and the results are given in Figure 1. For the biogas correction, control reactors were operated treating
only anaerobic sludge.

Biogas production rapidly began on the first day of digestion in all of the digesters (Figure 1A).
Biogas production did not show interdependence with the increase of the ISR. The highest daily biogas
production rate reached 47.4 and 45.5 mL/g VSadded/day on the second day of digestion at the ISRs
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of 2 and 4 (Figure 1A). When compared with those obtained at these two ISRs, a decrease of biogas
production was observed at a lower ISR of 0.25, 0.5 and 1. The daily biogas production for the ISR 0.25,
0.5 and 1 fluctuated during the time period of 5–20 day of digestion within the range of 4–12 mL/g
VSadded/day, and then dropped to a lower level. Biogas production was maintained in the period
5–20 days with the highest level of 25.6 and 19.5 for ISR of 2 and 4. It is notable that cumulative biogas
production yields at the ISRs of 0.25 and 0.5 gradually augmented from day 3 until approximately day
25 and thereafter, it is gradually decreased (Figure 1B). In the ISR of 2 and 4, the production rate started
to increase slowly until day 5. After 53 days of digestion, the biogas yields of PPW at the ISRs of 2 and
4 reached 383.7 and 361.2 mL/g VSadded respectively against 332.2 mL/g VSadded achieved at the ISR of
1 (Table 3). At the ISRs of 0.25 and 0.5, biogas yield reached 165.8 and 228.1 mL/g VSadded respectively,
indicating the importance of sufficient availability of sludge for the organic mass degradation.

Table 2. Physical and chemical characteristics of the substrates used in the batch tests.

Parameter Inoculum Potato Peels Waste (PPW) Cow Manure (CM)

TS (g/kg) 50.9 (0.2) 144.0 (4.3) 144.6 (1.5)
VS (g/kg) 29.1 (1.2) 139.4 (4.8) 119.4 (1.1)

VS/TS 0.60 0.97 0.78
COD (g/kg) 47.2 (1.0) 123.8 (4.2) 138.4 (1.9)

pH 7.36 NA NA
Insoluble lignin (%TS) NA 19.1 (0.7) 24.6 (2.5)
Soluble lignin (%TS) NA 1.59 (0.1) 1.2 (0.4)

Ash (%) NA 0.58 (0.1) 5.5 (1.1)

The methane contents at the ISRs of 0.25, 0.5, 1, 2, and 4 were 50.23%, 51.12%, 53.40%, 56.75%,
and 52.8%, respectively (Table 3). The methane yields were calculated to be 83.3, 116.6, 177.4, 217.8,
and 190.7 mL CH4/g VSadded respectively. The methane content at the ISRs of 0.25 and 0.5 indicated
that the degradation was lower than those obtained at the ISRs of 1, 2, and 4 (30.8% vs. 37.1–39.3%).
The ISR of 4 showed obviously the shortest technical digestion time (TDT) of 17 days indicating the
rapid degradation of the organic matter.

As shown in Table 3, the TDT at the ISRs of 0.25 and 0.5 were shorter than that obtained in the case
of the ISR of 1 and 4 (22 days vs. 24 and 26 days). The TDT did not follow the tendency of degradation
efficiency. Parawira et al. [52] studied the two-stage digestion of potato peels and observed high biogas
yield. This might be due to the segregation of the digestion stages resulting in higher conversion
efficiencies. Similar studies on the digestion of solid potato waste showed higher cumulative biogas
yield than in our study, which might be due to the higher lignin percentage (approx. 20%) of the
substrate, which burdens the degradation of hemicellulose components from the enzymes [53,54].
The complex structure of lignin prevents the carbohydrate-degrading microbes from attaching to the
structural carbohydrates, i.e., cellulose and hemicellulose [55].

Table 3. Results from the mono-digestion of PPW.

Parameter
ISR

0.25 (R1) 0.5 (R2) 1 (R3) 2 (R4) 4 (R5)

Biogas yield
(mL/g VSadded) 165.8 ± 7.9 228.1 ± 6.8 332.2 ± 7.6 383.7 ± 10.7 361.2 ± 14.4

Methane content
(%) 50.2 ± 0.5 51.1 ± 1.7 52.4 ± 0.5 56.8 ± 0.3 53.8 ± 0.3

Methane yield
(mL/g VSadded) 83.3 ± 0.9 116.6 ± 3.9 177.4 ± 2.3 217.7 ± 1.2 190.7 ± 2.9

VSadded degradation
(%) 15.6 ± 1.2 19.7 ± 3.0 28.5 ± 2.1 33.1 ± 2.7 32.1 ± 3.4

Technical digestion time
(d) 22 22 26 17 24
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As depicted in Figure 1 and Table 3, both daily production and total biogas yield lowered
when the ISRs were decreased from 1 to 0.25. Low efficiency of biogas production might be due to
the insufficient methanogens, which could cause the accumulation of the volatile fatty acids in the
bioreactor and thus the pH dropping. PH values in the range of 6.5–7.5 favor the growth and activity
of methanogens [56,57].
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Figure 1. Effect of the inoculum-to-substrate ratio on the daily biogas production (A), the cumulative
biogas production (B), the pH (C), and total volatile fatty acids (TVFA) accumulation (D), from the
anaerobic digestion of potato peels.

The changes in VFA and pH were also recorded, and the outcomes are given in Figure 1C,D.
As observed in the digestion of PPW at the ISR of 2 and 4, the pH in those digesters decreased to
6.16 and 6.27 on day 6 and slightly increased until day 12, corresponding well with higher VFA
concentrations (Figure 1D) during acidogenesis of the substrate in this period. According to TVFA
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analysis, R1 and R2 reached 675.8 and 625.4 mg acetate/L on day 6. The digesters with ISR of 0.25
and 0.5, showed a slow decrease of the pH, which corresponds to the low availability of inoculum
reaching day 12 pH of 6.35 and 6.74 respectively. TVFA levels were found to vary significantly in
the two reactors at different sampling times. The AD process is regarded as stable when TVFA/TA
ratio ranges between 0.23 and 0.3. In addition, the ISR of 2 showed significant higher buffer capacity
maintaining an optimal pH for methanogenic archaea (Figure S1A).

VFAs are produced in anaerobic digesters and have different impacts on microbial activity.
Liotta et al. referred that VFA concentration of 2100 mg/L does not inhibit the AD process stability [58].
Several studies have determined the effect of different VFAs on the dynamics of the methanogenic
consortia during the anaerobic digestion resulting in variations of the process stability and
efficiency [59,60]. Previous studies also reported a reduction of methane yield produced food
wastes and/or green wastes at the ISR of over 4. Pellera and Gidarakos [61] verified that lower methane
yields and TDT were observed in the treatment of olive pomace at the ISR of 4 than those obtained
at ISRs of 0.5−1. The peak of daily biogas production at ISR of 4 was slightly higher and TDT was
relatively shorter (17 days on ISR of 4, Table 3) than those obtained at the ISR = 0.5 and 1. The functional
relationship between biogas yield and the inoculum-to-substrate ratio was non-linear and followed a
bell curve (Figure S1B). Based on that, the maximum biogas yield was achieved at the ISR of 2 and this
ratio was chosen for the following tests.

3.3. Co-Digestion of Potato Peel Waste with Cow Manure: Influence on Process Performance

To ameliorate the performance of anaerobic digestion by treating potato peel waste with cow
manure, the mixing ratios of the two substrates were varied to produce different C/N ratios, while
operating the digesters at the ISR of 2. The outcomes of mono-digestion of potato peel waste (R4) were
used as the control. As in the anaerobic mono-digestion of potato peel waste, biogas was produced on
day 6 in the reactors with the mixtures. Biogas production rapidly began on the first day of digestion
in all of the digesters. Biogas production did show interdependence on the increase of cow manure
fraction. The highest daily biogas production rate of R7 and R8 reached 31.5 and 25.5 mL/g VSadded/day
on the second day of digestion and reactor R6 reached a daily production rate of 28.3 mL/g VSadded on
the first day of the digestion (Figure 2A).

For the determination of weighted methane yield, an additional control reactor RC2 was operated
treating cow manure with inoculum and the methane yield is given in Table S1. Synergistic effects
were noticed in PPW/CM ratio of 75:25 and 60:40 (Table 4). When compared with that obtained
without cow manure, a significant decrease was noticed in the daily biogas production rate. As seen
in Figure 2A, biogas production was maintained in high level the second week of the digestion with
the highest level of 16.7, 29.1, and 23.4 mL/g VSadded for the combined treatment ratios of 90:10, 75:25,
and 60:40 respectively.

At PPW/CM ratio of 75:25 and 60:40, daily biogas production almost reached the former peaks on
day 8 (29.14 and 23.4 mL/g VSadded/day) before decreasing to a low level on day 9. At a PPW/CM ratio
of 90:10, R8 reached almost the half of the maximum biogas production (16.7 mL/g VSadded/day) on
day 9 and thereafter it gradually remained at a lower level. Daily production fluctuated between day
15 and day 25 within the range of 6–11 mL/g VSadded/day, and then dropped to a low level.

After 53 days of digestion, the cumulative biogas amount in R6, R7, and R8 reached 395.46,
403.65 and 423.1 mL/g VSadded respectively against 383.7 mL/g VSadded achieved at the R4 without cow
manure (Figure 2B). The cumulative biogas production observed adding cow manure was higher than
the anaerobic mono-digestion of PPW.

Discrepancies in biogas and methane yields between mono-digestion and co-digestion of PPW
were statistically significant. The methane percentages in R6, R7, and R8 were 52.28%, 53.40%,
and 56.11% respectively, were lower than 56.75% in the mono-digestion of potato peels. The TDT at
the three PPW/SM ratios was 29, 21, and 25 days, respectively, which is longer than that in R4 and
the final methane yields at the three OP/SM ratios were calculated to be 206.8, 215.5, and 237.4 mL
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CH4/g VSadded (Table 4). Opinions vary regarding if TVFA/TA is a sufficient parameter to evaluate the
AD stability, with several authors advocating ratios below 0.3 as optimal for the smooth operation of
the digesters. PH variation and changes in the TVFA concentration were therefore estimated, and the
outcomes are depicted in Figure 2C,D. There was a positive correlation between pH variation and
TVFA concentration within the three reactors. Elevated TVFA concentrations were detected from
the co-digestion reaching 1069.2, 1152.8, and 1028.1 mg acetate/L on day 6 in ratios of 90:10, 75:25,
and 60:40 respectively. However, TVFAs of R7 reduced slower than those on R6 and R8 reaching
939.6 mg acetate/L on day 12. The high bicarbonate concentration most likely contributed to the system
buffering (Figure S2A).
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Table 4. Results from the co-digestion of potato peels with cow manure.

Parameter
Co-Digestion Ratio

90:10 (R6) 75:25 (R7) 60:40(R8)

Biogas yield
(mL/g VSadded) 395.4 ± 4.3 403.7 ± 9.8 423.1 ± 5.2

CH4 content
(%) 52.3 ± 1.6 53.4 ± 2.3 56.1 ± 0.8

CH4 yield
(mL/g VSadded) 206.7 ± 3.6 215.5 ± 7.6 237.4 ± 3.1

Weighted methane yield
(mL/g VSadded) 211.6 202.5 193.3

Differential (EMY-weighted MY)
(mL/g VSadded) −4.9 13.1 44.2

Synergistic effect No Yes Yes
VSadded degradation

(%) 34.5 ± 2.8 35.2 ± 4.3 37.2 ± 4.7

Technical digestion time
(day) 29 21 25

From Figure 2D, the TVFAs concentration of all the reactors dropped below 300 mg acetate/L on
day 30 and remained in the range of 225–283 mg acetate/L. The TVFA showed similar performance
with those in the case of R4, and at the end of digestion did not exceed the level of 100 mg/L. Combined
treatment provided a better carbon/nitrogen ratio to the system. Considering the above results, the part
addition of cow manure typifies an alternative method for farm-scale digestion units. The functional
relationship between biogas yield and cow manure fraction added at a constant ISR was also assessed
(Figure S2B). The results indicated that the biogas yield increased linearly [y = 12.637x + 369.89
(R2 = 0.9685)] with respect to an increase of cow manure fraction in the reactors. Similarly, a positive
effect of cow manure in this paper was consistent with previously reported results [62,63]. Mixtures at
the PPW/CM ratio of 60:40 were prepared thereafter for examining the impact of grinding and acid
hydrolysis as pretreatment method on the anaerobic digestion of potato peels.

3.4. Effect of Pretreatment on Biogas Production in Co-Digestion of Potato Peels and Cow Manure

To elevate the AD efficiency, the combined treatment of PPW with CM, potato peels underwent
pretreatment in a co-digestion ratio of 60:40. Grinding/homogenizing and dilute acid pretreatments
were chosen to represent physical and chemical pretreatment.

The results of combined digestion of potato peels and cow manure (experimental set R8) were used
as a control. Biogas production quickly began on the first day for all digesters (Figure 3A). The highest
daily biogas production rate of R9 and R10 reached 35.8 and 35.1 mL/g VSadded/day on the second and
the first day respectively. The two pretreatments effectively enhanced the biogas production yields
of PPW. Significant high biogas yield was achieved from R9 and R10 reaching 453.2 and 485.4 mL/g
VSadded respectively (Table 5). The biogas production was quicker than R8, with R10 showing a
technical digestion time of 19 days (Figure 3B). The changes of VFA and pH during digestion of R9
and R10 were monitored to examine the relationship between the improvement of the degradation
efficiency and the corresponding high biogas yields, and the results are shown in Figure 3C,D.
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Table 5. Results from the combined treatment of pretreated PPW and CM.

Parameter
Pretreatment

Grinding/Homogenizing (R9) Acid Hydrolysis (R10)

Biogas yield
(mL/g VSadded) 453.2 ± 11.0 485.4 ± 14.6

Methane content
(%) 57.5 ± 1.4 58.3 ± 0.8

Methane yield
(mL/g VSadded) 260.3 ± 3.2 283.4 ± 2.7

VSadded degradation
(%) 39.5 ± 2.5 40.5 ± 3.2

Technical digestion time
(day) 23 19

The pH in R9 followed the same trend with R8 and slightly increased until day 12, which was in line
with the higher VFA concentrations (Figure 3C) during hydrolysis of the substrate in this period. In R10,
pH decreased from 6.06 on day 6 to 5.94 on day 12 which might reflect an agglomeration of fatty acids
which is usually associated with a lessening of the pH and lack of sufficient reactor buffering. However,
on day 12, the pH increased as the methanogens quickly converted the VFAs to biogas indicating the
sufficient response of the process to a possible imbalance between acidogens and methanogens. Volatile
fatty acids are important intermediates of carbohydrates, lipids, and proteins degradation, and affect
the efficiency of the AD process [64]. The methane production content (Table 5) in the experiment was
increased by pretreatment of potato peels, such as acid hydrolysis and grinding treatments. The fast
production of VFAs can decrease the pH and, thus impede the methanogenesis step.

Therefore, a smooth and stable reactor operation depends on the balance between VFAs and
alkalinity (Figure S3). The performance of VFAs generation, conversion, and accumulation in reactor
R9 and R10 are given in Figure 3D. The main difference between the R9 and R10 with R8 was the rapid
response to TVFAs production and accumulation. From day 6 to day 12, the concentration of TVFA in
R9 and R10 decreased from 1248.7 and 1109.6 mg acetate/L to 945.3 and 896.5 mg acetate/L respectively.
These two reactors had a similar TVFA profile. However, the produced and increased TVFAs were
converted rapidly without causing inhibition because of sufficient alkalinity (Figure S3). Higher biogas
yield upon pretreatment is envisaged due to the reduced cellulose crystallinity and the lessening of
lignin content [65].

The dilute acid pretreatment revealed an increment in the amount of biogas produced and justifies
the enhanced biomass reactivity, a fact that is attributed to the incremental release of the sugars
(monomers and oligomers). Depending on the pretreatment poignancy (time, acid concentration and
temperature), sugars can be converted to aldehydes, such as furfural and hydroxymethylfurfural. Under
controlled conditions, removal of hemicellulose from biomass displays the cellulose to microorganisms
and increases the glucose yield [66]. Mancini et al. [67] reported the positive effect of chemical
pretreatment on biogas production of wheat straw. This step enhances the susceptibility of the
cellulosic components. In addition, other pretreatment methods would be useful to be applied to
determine the effect on anaerobic digestion performance as they have advantages and limitations,
and their application cannot be based on their influence on the AD process [68]. However, an economic
analysis would be interesting to be conducted in order to evaluate which pretreatment has the best
potential for full-scale applications.

3.5. VS Removal

From another view, the relationship of cumulative biogas yield and VS% removal was plotted
(Figure 4). Based on the obtained data in this study, a linear regression equation was established
(y = 0.085x + 1.6183).
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As expected, the increment of cumulative biogas yield follows similar to the raised degradation
percentage of the organic material. The high correlation coefficient (R2) indicated that there was a
positive correlation between biogas yield and VS reduction.

3.6. Kinetics Results and Correlation with Process Parameters

Outcomes of the kinetic study using the first order and cone models are summarized in Tables 6
and 7. Both models were found to have a good fit with the experimental data. In the first experiment,
R1 and R2 showed good degradation rates, however, the biogas yields remained at a lower level.
One possible reason for poor biogas yield could be methanogens growth inhibition due to the fast PPW’s
acidification and slow methanogenesis rate. The R4 with the ISR of 2 showed efficient performance
providing the highest K value (0.911 d−1) reaching 383.7 mL/g VSadded of biogas yield.

Table 6. Results from the 1-order model.

Reactor
1-Order

K
(1/day) R2 RMSE Measured

(mL/g VSadded)
Predicted

(mL/g VSadded)

R1 0.0741 0.9934 4.05 165.8 163.3
R2 0.0733 0.9977 6.46 228.1 224.6
R3 0.067 0.9786 16.57 332.2 324.9
R4 0.0911 0.0323 15.49 383.7 381.6
R5 0.0667 0.0323 15.30 361.2 353.1
R6 0.0537 0.9924 14.15 395.4 376.9
R7 0.0767 0.999 5.49 403.7 398.6
R8 0.066 0.9943 8.89 423.1 413.3
R9 0.0702 0.9982 10.47 453.2 444.9

R10 0.0921 0.9909 19.38 485.4 482.9

During the second experiment, all reactors showed lower K values than the mono-digestion of
PPW (R4) because the manure has a higher percentage of complex carbohydrates [35]. Although the
hydrolysis was slower, microbial interactions from inoculum and manure favored the whole process
performance degradation. The pretreatment positively affected the process performance and increased
the biogas yield. Acid hydrolysis pretreated PPW showed high hydrolysis rate and increased the
biogas yield. The difference between experimental and predicted values was low (0.52%) in the case of
acid hydrolysis.



Energies 2019, 12, 2311 13 of 16

Table 7. Results from the cone model.

Reactor
Cone

K
(1/day) n R2 RMSE Measured

(mL/g VSadded)
Predicted

(mL/g VSadded)

R1 0.1108 1.69 0.9657 8.273 165.8 158.4
R2 0.1258 1.59 0.9762 9.187 228.1 217.9
R3 0.0817 2.03 0.9724 16.51 332.2 317.3
R4 0.176 1.51 0.9818 12.54 383.7 371.6
R5 0.1155 1.55 0.9481 21.59 361.2 341.7
R6 0.0798 1.79 0.965 21.17 395.4 368.9
R7 0.1098 1.78 0.9871 12.61 403.7 387.8
R8 0.0958 1.80 0.9886 12.77 423.1 402.7
R9 0.1129 1.68 0.9779 18.13 453.2 432.9
R10 0.1111 1.98 0.9838 17.56 485.4 472.2

To assess the soundness of the results, the predicted values were plotted against the experimental
results (Figures S4–S6). The low values of RMSE reflect the model’s high ability to accurately predict
the bioactivities. The statistical indicators (RMSE and R2) are given in Tables 6 and 7 providing the
picture of kinetics study. In addition, to evaluate the accuracy of all replicates, the standardized
residuals were calculated and plotted in Figure S7.

According to the kinetic study, this study concluded that the kinetic parameters can be affected
by the process conditions. Therefore, the effects of these process parameters (ISR, co-digestion ratio,
VS removal rate and pH) on kinetic parameters (G and K) were examined based on Pearson’s correlation
analysis (Table S2). In this case, the biogas production potential was significantly increased by a
co-digestion ratio (r = 0.742, P < 0.05) and the VS removal rate (r = 0.994, P < 0.01), but decreased
by pH (r = −0.753, P < 0.05). The hydrolysis constant (k) did not show any relevance to the process
parameters or to biogas production potential.

4. Conclusions

This study investigated the impact of inoculum-to-substrate ratios, co-digestion ratios and
pretreatment methods on the anaerobic digestion performance of potato peels. The overall results
showed that co-digesting of acid based pretreated PPW with cow manure in a ratio of 60:40 reinforces
biogas production and increases methane content. Specifically, biogas yields in the ISR of 2 showed the
highest biogas yield and the lowest technical digestion time in comparison to other ISRs indicating
that an appropriate amount of sludge is required for efficient operation. Moreover, the addition of cow
manure in general improved the process efficiency with the PPW:CM ratio of 60:40 being ideal and
reaching 423.1 mL/g VSadded of biogas yield. Notwithstanding this, the pretreatment methods applied
to PPW affected positively the degradation yielding of 453.2 and 485.4 mL/g VSadded for grinding and
acid hydrolysis as pretreatments respectively. It is noteworthy that pretreated potato peels show good
potential for enhancement of biogas production and increment of the energy output by co-digesting
with cow manure while providing a stable anaerobic digestion process.
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Additional tables and figures are given in the supplementary file.
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