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ARTICLE INFO ABSTRACT

Keywords: Anaerobic digestion is a suitable technology to treat cheese whey (CW), a high-strength waste-
Bi‘fgas ) ) water from cheesemaking. However, CW anaerobic digestion is limited by its high biodegrad-
Acidogenic fermentation ability, acidic pH, and lack of alkalinity. This publication evaluated the acidification risk of CW

Dairy industry anaerobic digestion under psychrophilic and mesophilic conditions, aiming to improve digester

Inhibition . . .. . L i1 . P
Volatile fatty acids design, operation, and decision-making when facing instability periods. To evaluate the acidifi-
Temperature cation risk of CW anaerobic digestion, biochemical methane potential (BMP) tests were carried

out at four different organic loads, each under psychrophilic (20 °C) and mesophilic (35 °C)
conditions. Besides methane production, pH, soluble chemical oxygen demand, volatile fatty acid
and alcohols were also monitored. Experimental results showed that CW can be successfully
degraded under both temperature conditions, with methane yields of 389-436 mLCH4/gVS. The
organic load had a greater impact on the accumulation of intermediate products than tempera-
ture, indicating that process inhibition by overloading is plausible under psychrophilic and
mesophilic conditions. However, the degradation rate under mesophilic conditions was faster
than under psychrophilic conditions. Experimental results also revealed a higher imbalance be-
tween fermentation and methanogenesis rate under psychrophilic conditions, which resulted in
higher concentrations of intermediate products (volatile fatty acids and alcohols) and prolonged
lower pHs. These results indicate that the degradation of intermediate products is less favourable
under psychrophilic conditions compared to mesophilic conditions. This implies that psychro-
philic digesters have a lower capacity to recover from process disturbances, increasing the risk of
process underperformance or even failure under psychrophilic conditions.

1. Introduction

Cheese whey (CW) is the main by-product of cheesemaking with an average production of 9 L per kilogram of cheese produced [1].
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Worldwide, it is estimated that only 50% of this by-product is upcycled into human or animal products such as food, feed and anti-
oxidants [2]. In low- and middle-income countries, cheese whey is frequently discharged into the environment without treatment
representing a source of pollution with a severe environmental impact [3,4]. CW classifies as high-strength wastewater due to its high
organic matter (50-102 gCOD/L), nitrogen (0.01-1.7 g/L) and phosphorus (0.006-0.5 g/L) concentration [5-7].

Anaerobic digestion (AD) is a biological process able to transform organic matter into renewable energy in the form of methane-rich
biogas and a nutrient-rich digestate suitable for land application as fertiliser or soil conditioner. AD is a mature technology to treat and
valorise several organic waste streams and represents a relatively simple technological solution to minimise the environmental impacts
of CW [3,8,9]. However, CW anaerobic digestion is limited by its intrinsic properties. Specifically, by its highly biodegradable organic
matter content, acidic pH and lack of alkalinity [10-12]. These factors increase the likelihood of AD inhibition by acidification, i.e.,
failure associated to pH values below 6.5 and/or acute accumulation of volatile fatty acids (VFAs).

In most applications, CW is used as a co-substrate in anaerobic co-digestion (AcoD) processes [10,13-15]. AcoD is the combined
treatment of different residues in a single digester to maximize biogas production and/or to centralize waste treatment [11,16,17]. CW
can be co-digested with cattle manure (CM) since both residues can be produced in the same facility or nearby facilities. The benefit of
co-digesting CM and CW relies on (i) the CM buffer capacity to sustain circumneutral pH values and prevent process inhibition by low
pH, (ii) the CM macro-nutrient and trace elements to support the metabolic activity of the AD microbiome, and (iii) the high
biodegradability of CW to boost biogas yields [11,14,18]. In AcoD processes, co-substrate addition improves the digester’s methane
production until a certain organic loading rate (OLR) limit is surpassed [19,20].

The maximum OLR of an anaerobic digester is determined by the digester’s design and its operating conditions, which determine
the process kinetics and conversion efficiency [21]. Temperature is one of the most important operating factors in AD because of its
impact on biochemical (e.g. metabolic rates, enzymatic activity, microorganisms growth and decay rates) and physiochemical (e.g.
mass transfer rates, gas solubility, chemical equilibrium) [22-24]. Indeed, for soluble substrates like CW, the effluent chemical oxygen
demand (COD) concentration is determined by the sludge retention time (SRT) and the kinetic coefficients for biomass growth and
decay [25]. Therefore, when the CW feeding rate exceeds the AD biomass capabilities for a specific SRT, the digester becomes
overloaded and accumulates intermediate products such as VFAs.

Most of the CW anaerobic digestion research has focused on the methane yield of CW and its co-digestion with CM [10,14,26,27].
However, little attention has been paid to the acidification risk associated with CW anaerobic digestion or the impact of operating
temperature on acidification risk. Ghaly et al. [12], and Treu et al. [15], showed the instability of CW mono-digestion under mesophilic
and thermophilic conditions caused by the accumulation of VFAs and a concomitant pH drop. Mesophilic and thermophilic anaerobic
digestion have been extensively studied and compared, including the development of semi-empirical models in these temperature
regimes, which study different variables (e.g. the cosubstrate and the inoculum) [28,29]. However, more research into psychrophilic
conditions is required because many full-scale digesters are operated under psychrophilic conditions, including covered anaerobic
lagoons and tubular bioreactors [24,30]. Research under psychrophilic conditions is also important to facilitate the implementation of
full-scale digesters in the Global South, which lacks the size and economic resources/incentives to heat the digesters. Understanding
how temperature affects AD capacity is critical to improving digester design, operation and return on investment for anaerobic (co-)
digestion applications. Understanding the effect of temperature on AD capacity is also important to make educated decisions when
facing instability periods, as knowledge gained from mesophilic and thermophilic research may not be directly transferable to digesters
operating under psychrophilic conditions.

The goal of this research was to evaluate and compare the acidification risk of CW anaerobic digestion under psychrophilic and
mesophilic conditions at different organic loads. The aim was to understand the inhibition behaviour at different CW concentrations,
which would provide useful knowledge to optimise CW anaerobic digestion (or other highly biodegradable substrates) as well as
adequately handle instability periods. To achieve this, biochemical methane potential (BMP) assays were carried out at four different
CW organic loads at both 20 and 35 °C.

2. Materials and methods
2.1. Cheese whey and inoculum origin

CW was collected in Rancho Los Alamos (Ubaté, Cundinamarca Province, Colombia), which is in the subtropical region of
Colombia. The farm has 700 cows to produce cheese, yoghurt, and other dairy products. The farm produces between 7000 and 7150 L
of milk per day throughout the year, of which 1000 and 1200 L are used for cheese production.

Cheese production takes place five days a week. Each day a different type of cheese is produced (e.g., provolone, mozzarella, and
cheddar). As a result of cheesemaking, between 800 and 1000 L of CW are generated daily. To obtain a CW representative sample, 1 L
of CW were collected and cooled (4 °C) each day for 5 consecutive days. Subsequently, the CW was freeze-dried in a lyophilizer
(Labconco 753,022) and vacuum packed. The CW sample used in BMP testing was obtained by adding water to the lyophilized CW. No
additional processing or pre-treatment was carried out on CW prior to anaerobic digestion. However, only half of the water initially
contained in the CW was added to have a more concentrated CW sample since headspace limitations restrict the volume of substrate
added in BMP tests.

The inoculum was collected from a mesophilic anaerobic digester in a municipal wastewater treatment plant (WWTP) treating
sewage of approximately 400,000 population equivalents in the Barcelona metropolitan area (Spain). After collection, it was stored at
4 °C until used (6 days) as suggested by Astals et al., [31]. Because mesophilic inoculum can easily adapt to psychrophilic conditions,
the same inoculum was used for both mesophilic and psychrophilic conditions to facilitate results comparison. The physicochemical
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properties of CW and inoculum are shown in Table 1.

2.2. Biomethane potential test set up.

BMP tests were carried out in 250 mL Wheaton® serum bottles following the guidelines given in Holliger et al. [32], under psy-
chrophilic (20 °C) and mesophilic (35 °C) conditions. Each bottle contained 110 mL of inoculum and the amount of CW needed to reach
the targeted inoculum-to-substrate ratio (ISR). The ISR tested at each temperature were 1, 2, 3 and 4 in VS-basis. A positive control test
containing microcrystalline cellulose and inoculum at an ISR 2 was used to validate the BMP results [32]. A blank test containing only
inoculum was used to correct the background methane production from the inoculum endogenous respiration. No external buffers or
trace elements were added. The headspace of each bottle was flushed with 99.9 % N gas for 30 s (ca. 4 L-min ). The bottles were
sealed with a chlorobutyl septum, retained with a screw cap, and stored in an incubator at 35 + 1 °C (MEMMERT UF750) or 20 + 1 °C
(WTW TS606/2-I). The bottles were mixed by swirling before each sampling event. All BMP tests and blanks were carried out in
quadruplicate. Cumulative methane production was measured using the gas density method [19]. At each sampling event, the biogas
volume and density were measured using a 100 mL syringe connected to a bench-top water-manometer and a precision balance
(FZ-500i, accuracy +0.002 g). A qualitative factorial-isolated experimental design was used (Table 2).

The biogas density is calculated considering the mass loss and the standardised dry biogas volume [19]. The mole fraction of CH, in
biogas is calculated from the normalised difference in density of CO5 and biogas [19]. BMP tests were run for 27 days, when daily
methane production during three consecutive days was <1% of the accumulated volume of methane [32]. Cumulative volumetric gas
production was calculated at standard conditions (0 °C, 1 atm, dry) using the OBA web application [33]. Three additional serum
bottles were set up for each temperature (20 and 35 °C) and ISR (1, 2, 3 and 4) condition to monitor the AD process (i.e., pH, sCOD, and
VFAs) without interfering with biogas measurements. These bottles were sampled each day that the biogas production was measured
(12 sampling events). In each sampling event, 4 mL of the sample were withdrawn using an 18G hypodermic needle connected to a 5
mL syringe to minimise air exposure.

The BMP tests that displayed a monotonic increase in methane production were modelled using a first-order model (Eq. (1)), where
B is the time-dependent cumulative methane production (mLCH4/gVS), By is the ultimate methane potential (mLCH4/gVS), k is the
first-order degradation constant @™, tis time (d), and tdelay is the lag-phase.

B() =By (1 - e (wn)) (Eq. 1)

The degradation model was implemented in Matlab® (R2022a). The Isqcurvefit function using the ‘trust-region-reflective’ opti-
misation algorithm was used to carry out the non-linear regression of the model. The function nlparci was used to calculate the 95%
confidence interval of each parameter. MiniTab® was used to conduct ANOVA and Tukey’s range test to determine the influence of
temperature and ISR on CW ultimate methane potential (Bp) and degradation constant (k).

2.2. Analytical methods

Volatile solids (VS) and total solids (TS) were measured according to the Standard Method procedure 2450G [34]. pH was
measured using a semi-microelectrode (PHEL-GB3-001) coupled to a benchtop multimeter (CRIOSON, MultiMeter MM 41). The TAN
was measured using a selective ammonia probe (Thermo Scientific Orion™ 9512HPBNWP) following the Standard Method procedure
4500-NH3D [34]. Alkalinity was determined using an automated titrator (Crison pH Burette 24) with a 0.1 M HCI solution and a pH
endpoint of 4.30 as for the Standard Method 2320B procedure [34]. For analysis of soluble compounds, the samples were centrifuged
at 16,000xg for 15 min and then filtered through a 0.45 pm nylon syringe filter. The soluble chemical oxygen demand (sCOD) was
measured following the Standard Method procedure 5520B [34]. Individual VFAs (i.e., acetic, propionic, i-butyric, n-butyric, i-valeric,
n-valeric, i-caproic, n-caproic, heptanoic) and alcohols (XOHs: ethanol, propanol, and butanol) were determined using a gas chro-
matograph (GC-2010 plus Shimadzu) equipped with a capillary column (Agilent technologies DB-FFAP, 30 m x 0.25 mm x 0.25 pm)
and flame ionised detector (FID) following the Standard Method 5560D [34]. VFAs isomer (normal and iso) concentrations were
summed in a single species. VFAs and alcohols concentrations (mg/L) were converted to COD equivalents using the theoretical value
based on their elemental composition. The conversion factors were 1.07 for acetic acid (HAc), 1.51 for propionic acid (HPro), 1.82 for
butyric acid (HBu), 2.04 for valeric acid (HVa), 2.21 for caproic acid (HCa), 2.34 for heptanoic acid (HHep), 2.09 for ethanol (EtOH),
2.40 for propanol (ProOH), and 2.59 for butanol (BuOH).

Table 1

Characterisation of the CW and inoculum (average values + standard deviation).
Parameter Units CW Inoculum
pH - 5.5+ 0.1 7.3+0.1
TS g/L 81.9+0.3 26.0 £0.1
VS g/L 74.4 £ 0.5 18.3+0.2
VS/TS - 0.91 £0.1 0.70 £ 0.1
Alkalinity g CaCOs/L 1.3+£0.2
sCOD g/L 21.4 £ 0.1 2.1+0.1
TAN g N/L - 748 + 24

Abbreviations: TS stands for total solids; VS stands for volatile solids; sCOD stands for soluble chemical oxygen demand; TAN
stands for total ammoniacal nitrogen.
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Table 2
Experimental design.

Temperature

@
=

Organic Load (gVS/L)

Psychrophilic (20 °C) 2.0
1.0
0.66
0.50
2.0
1.0
0.66
0.50

Mesophilic (35 °C)

B WN= A~ WN=

3. Results and discussion
3.1. Methane production, pH and sCOD under psychrophilic and mesophilic conditions

Fig. 1A and B shows the methane production curves of CW at different ISR under psychrophilic (20 °C) and mesophilic (35 °C)
conditions, respectively. ANOVA results showed that the ISR had a significant impact on the ultimate methane potential under both

ISR1  --e-ISR2  --e-ISR3  -e-ISR4 ISR1  ~®-ISR2  -e-ISR3  --e-ISR4

600 600
500 ¢ 500 ¢ - - i 3 b
@ z b §¥ : Zond I
0 400 + 0 400 T o A * 1 1
= = £
:’ 300 + S
& &
S 200 3
= =~

100 +

0 o-8——t + t t + + + t 0 t + + + t t t
0 3 6 9 1215 18 21 24 27 0 3 6 9 1215 18 21 24 27
Time (Days) Time (Days)

A. B

= 6,0 + = 6,0+
55 1 s e 5% 4
5,0 + = 50 +
4,5 + + + + + + + + 4,5 + + + + + + + +
0 3 6 9 12 15 18 21 24 27 0 3 6 9 12 15 18 21 24 27
Time (Days) Time (Days)
C D
20000 - 20000 -
15000 + - 15000 +
g g
oo S
g L} £ i
EIOOOO T a 10000 T
5] <) i
@ \ e 2 :““-;‘
5000 TPy g 5000 $ooy %
g T @ g k \
AL L
R
- oo § 3
0 - - - - - 0 e S t + +
0 3 6 9 12 15 18 21 24 27 9 12 15 18 21 24 27
Time (days) Time (days)
E. F.

Fig. 1. BMP tests results, specific methane production curves on psychrophilic (A) and mesophilic (B) conditions, pH on psychrophilic (C) and
mesophilic (D) and sCOD on psychrophilic (E) and mesophilic (F) conditions.
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temperature conditions (p < 0.001) due to process inhibition at low ISR.

The experiments carried out at an ISR 3 and 4 showed a monotonic increase in methane production under both temperature
conditions, indicating that the degradation process did not suffer acute inhibition despite the slight drop in pH and accumulation of
VFAs during the first days of the experiment (Fig. 2). In the literature, the profile of these BMP tests is considered a “normal” shape for
BMP curves [35,36]. Table 3 presents the model outputs of these experiments under both temperature conditions. Model outputs show
that temperature had a significant impact on CW degradation rate, with mesophilic conditions degradation rates doubling those of
psychrophilic conditions. The difference in degradation rate between both temperature conditions was also evident when comparing
the degradation of the accumulated VFAs (Fig. 2). The lower degradation rate at psychrophilic conditions compared to mesophilic
conditions is consistent with Marti-Herrero et al. [30], who used CM and cellulose as substrates. Nevertheless, the methane yield of CW
was not notably (p = 0.087) affected by temperature, with values ranging between 389 and 436 mLCH4/gVS (Table 3). The latter
indicates that CW is highly biodegradable regardless of the process temperature. The methane yield of the CW under study is consistent
with values reported in the literature for CW under mesophilic conditions (423-600 mLCH4/gVS) [10,14,26].

The specific methane production curves of the experiments carried out at an ISR 2 exhibited a “retarded methane formation” curve,
a clear sign of process inhibition [35,36]. However, the degree of inhibition is different between psychrophilic and mesophilic con-
ditions. Inhibition was more severe under psychrophilic conditions despite the sharper pH drop at the beginning of experiment under
mesophilic conditions (Fig. 1C and D). The sharper pH drop under mesophilic conditions was likely caused by the higher degradation
rate at this temperature (Table 3). The mesophilic experiment was able to recover circumneutral pH after 2 days, concomitant with the
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Fig. 2. Intermediate products (VFAs and X-OH) concentrations under psychrophilic conditions for ISR 1 (A), 2 (C), 3 (E) and 4 (G) and mesophilic
conditions ISR 1 (B), 2 (D), 3 (F) and 4 (H). Acetic (ll), propionic (), butyric (), valeric (ll), caproic (lll), heptanoic (), ethanol (ll), propanol
(M), butanol (D).
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Table 3
Model parameters and their 95% confidence interval of the experiments carried out at an ISR of 3 and 4 under psychrophilic and mesophilic
conditions.

ISR Psychrophilic (20 °C) Mesophilic (35 °C)

By (mL CH4/g VS) k@d™h B, (mL CH4/g VS) k(d™
3 433 + 30 0.14 + 0.03 441 + 16 0.38 + 0.06
4 389+ 6 0.18 + 0.01 434+ 16 0.45 + 0.08

start of the net consumption of the accumulated VFAs (Fig. 2). The pH of the psychrophilic experiment remained below 6.50 for 6 days,
suboptimum pH conditions for methanogenic archaea [37]. The pH recovered once VFAs concentration started to decrease (Fig. 2),
much like under mesophilic conditions. These results indicate that there is a higher imbalance between fermentation and methano-
genesis rate under psychrophilic conditions than under mesophilic conditions. The higher imbalance between fermentation and
methanogenesis rates under psychrophilic conditions led to higher VFA accumulation and prolonged lower pH, indicating a higher risk
of AD underperformance or even failure under psychrophilic conditions.

The BMP tests carried out at an ISR 1 were severely inhibited under both psychrophilic and mesophilic conditions, as shown by the
lower (p < 0.001) methane yield compared to the experiments carried out at an ISR 4 and 3 (Fig. 1A and B). The lower methane yield of
these experiments can be explained by the acute accumulation of intermediate products and the concomitant drop in pH (Fig. 2), which
inhibited the anaerobic digestion process (see discussion in Section 3.2). The specific methane production curves of the experiments
carried out at an ISR 1 showed a monotonic increase in methane production (so-called “normal” shape). This means that if these ISR 1
BMP results had been analysed independently (only conducting this ISR) and without measuring the sCOD (the most common
approach in the AD research field), incorrect methane yields would have been reported. This observation might help to explain the low
methane yield that has been reported for CW in some publications. The accumulated sCOD at the end of the experiments (~15 gCOD/
L) reaffirmed that CW was not completely degraded in these experiments (Fig. 1E and F). Indeed, converting 90% of the accumulated
sCOD into methane (i.e., assuming a biomass yield of 10%) and adding it to the measured methane production results in a specific
methane production of about 450 mLCH,4/gVS, close to the values obtained in the non-inhibited experiments.

3.2. Intermediate product concentration under psychrophilic and mesophilic conditions

Fig. 2 shows the intermediate product (i.e. VFAs and alcohols) concentrations over time for each ISR (i.e. 1, 2, 3, 4) under both
psychrophilic (20 °C) and mesophilic (35 °C) conditions. The ISR had a much greater impact on the accumulation of intermediate
products than temperature, indicating that process inhibition due to overloading is plausible under both psychrophilic and mesophilic
conditions. Temperature also had a noticeable impact on the profile of the accumulated intermediate products. Mesophilic conditions
favoured the accumulation of butyric acid (>40% of the CODyga -+ xon), while psychrophilic conditions favoured the accumulation of a
variety of products, mainly acetic acid, propionic acid, butyric acid and ethanol.

The accumulation of intermediate products increased as the ISR decreased due to the higher initial CW concentration. The con-
centrations of intermediate products cannot be used to calculate the CW degradation nor CH4 production because changes in their
concentration comprise two phenomena, i.e., fermentation (generation) and methanogenesis (consumption). However, the net change
in their concentration can be used to assess the imbalance between the rates of fermentation and methanogenesis under different
conditions. The accumulation of intermediate products clearly showed that CW fermentation was faster than methanogenesis under
both psychrophilic and mesophilic conditions. The maximum intermediate product concentrations were reached sooner under mes-
ophilic conditions than under psychrophilic conditions, indicating that CW fermentation was faster under mesophilic conditions than
under psychrophilic conditions. This observation is consistent with the higher methane production rates under mesophilic conditions
(Table 2).

At an ISR of 4 and 3, the concentration of intermediate products never exceeded 5 gCODyga + xon/L for both temperature con-
ditions (Fig. 2). The accumulated intermediate products were completely degraded after reaching their maximum concentration.
Under mesophilic conditions, the maximum concentration of intermediate products was reached on the 1st day of the experiment and
quickly dropped to less than 50 mgCODvyga -+ xou/L on the 4th day. Contrariwise, under psychrophilic conditions, the accumulated
intermediate products took much longer to completely degrade (~20 days), owing to the slower degradation rate of propionic acid.
Propionic acid acetogenesis is well-known to be the least thermodynamically favourable of the VFAs reactions [38,39].

The accumulation of intermediate products was more noticeable at an ISR of 2 than at an ISR of 4 and 3, with intermediate product
concentrations reaching a maximum concentration of 6.8 gCODyga + xon/L on the 2nd day under mesophilic conditions and of 8.1
gCODvypa + xou/L on the 4th day under psychrophilic conditions. Under mesophilic conditions, the accumulated products were
completely degraded by the 6th day. However, under psychrophilic conditions, the accumulated intermediate products were not
completely degraded by the end of the experiment (27th day). Similar to the psychrophilic experiments carried out at an ISR of 4 and 3,
propionic acid was the intermediate product that showed the slowest degradation rate. These findings suggest that propionic acid
accumulation is the primary limitation for CW anaerobic (co-)digestion under psychrophilic conditions.

The experiments carried out at an ISR of 1 showed an acute accumulation of intermediate products (>15 gCODyga + xon/L) under
psychrophilic and mesophilic conditions. The acute accumulation of intermediate products, mainly VFAs, reduced the pH to ~5.0 for
both temperature conditions (Fig. 2). A pH of 5.0 is much lower than the optimal pH range for methanogenic archaea (6.8-7.5) [40,
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411, which may have inhibited methane formation (Fig. 1). The experiment carried out under mesophilic conditions accumulated 13.7
gCODyra + xon/L on the 2nd day, consisting mainly of 2.8 gCODyac/L, 1.2 gCODypro/L, 8.5 gCODypy/L, and 0.9 gCODgion/L. The
highest intermediate product concentration was observed on the 8th day (16.7 gCODyga + xou/L). The net consumption of acetic acid
between the 15th and 19th days and the concomitant pH increases from 5.9 to 6.6 indicated the occurrence of acetotrophic meth-
anogenesis. The BMP experiments also showed methane production between these days (Fig. 1). The concentrations of the other
intermediate products remained relatively constant from the 8th day until the end of the experiment, except for a slight but constant
decrease in butyric acid concentration from 10.1 gCODypg,/L to 8.5 gCODyg,/L. The accumulation of intermediate products under
psychrophilic conditions at an ISR of 1 was more gradual than under mesophilic conditions. The maximum intermediate product (18.2
gCODvra + xon/L) was reached on the 15th day, consisting mainly of 1.6 gCODyac/L, 2.1 gCODypyo/L, 9.9 gCODypy/L, 1.4 gCODyya/L,
and 2.3 gCODgtoy/L. The intermediate product concentration remained relatively constant until the end of the experiment (27th day),
indicating that their degradation was not thermodynamically favourable. The only difference in the intermediate product profile
between the 15th and 27th was the conversion of ethanol, which could have been oxidised to acetate or used as electron donor to
produce valeric acid via chain elongation with propionic acid [42,43]. The intermediate products concentrations at the end of the
experiment (27th day) were 3.0 gCODyac/L, 1.9 gCODypyo/L, 8.9 gCODyp,/L, and 1.9 gCODyya/L. Overall, these results indicate that
intermediate product degradation was less favourable under psychrophilic conditions than under mesophilic conditions. This implies
that psychrophilic digesters have a lower capacity to recover from process disturbances (e.g. shock loads).

3.3. CW anaerobic digestion and acidification risk under psychrophilic and mesophilic conditions

CW had a maximum methane yield of about 430 mLcy4/gVS. This high methane yield was obtained under psychrophilic and
mesophilic conditions, demonstrating that CW is a suitable (co-)substrate for anaerobic digestion applications at both operating
temperatures (Fig. 1). Model outputs showed that the CW degradation rate was twice as fast under mesophilic conditions than under
psychrophilic conditions (Table 2). This implies that a psychrophilic digester would require a longer hydraulic retention time (i.e.
more volume) than a mesophilic digester to treat a given CW flow rate. It is important to note the kinetic constants obtained from BMP
tests cannot be used to design full-scale digesters, but they can be used for comparison purposes within the same batch [44].

The faster degradation rate of CW under mesophilic conditions was also evident in the faster accumulation of intermediate
products, mainly VFAs, at the beginning of the BMP test. VFAs accumulation caused a pH drop that was faster and sharper under
mesophilic conditions than under psychrophilic conditions (Fig. 2). However, the faster methanogenic rate under mesophilic condi-
tions also resulted in faster degradation of the accumulated VFAs. Regardless of the operating temperature, the accumulation of VFAs
and the resulting drop pH drop have implications for the digester’s feeding strategy and maximum organic loading rate (OLR). Feeding
the CW daily load in a single event (semi-continuous feeding) would result in a VFA peak concentration and drop in pH after the
feeding event. The VFAs concentration and the pH drop after the feeding event would determine the digester’s maximum OLR. Equally
distributing the CW flow rate (continuous feeding) or conducting several feeding events throughout the day is a strategy to smooth out
the accumulation of VFA and the resulting pH drop [45]. Continuous feeding allows for higher OLR than semi-continuous feeding,
which means processing more CW per day for an already built digester (fixed volume) or building a smaller digester.

Anaerobic digester operators aim to minimise process disturbance that can reduce methane production. However, full-scale di-
gesters are dynamic systems. In industrial applications, such as dairy factory, shock loads are likely to occur due to an increase in
production, cleaning events (flushing milk), and milk rejected for commercial application (waste milk), among others [17]. A CW
shock load can cause the accumulation of VFAs and a drop in pH, both of which are well-known inhibitors of methanogenic archaea
[46]. A decrease in the methanogenic rate, without a corresponding decrease in acidogenic fermentation rate results in a higher
accumulation of intermediate compounds, which further inhibits the methanogenic archaea in a feedback loop that can lead to process
failure [47]. To avoid this cascading effect, CW dosage should be stopped or reduced to a bare minimum until the digester has degraded
the majority of the accumulated VFAs and recovered a circumneutral pH. When using CW as a co-substrate, the main substrate (e.g.,
cow manure) can be fed to the digester as a source of alkalinity, nutrients, and microorganisms, which should accelerate process
recovery. In this regard, this research has shown that there is a greater imbalance between fermentation and methanogenesis rates
under psychrophilic conditions than under mesophilic conditions. This implies that there is a greater risk of AD underperformance or
process failure under psychrophilic conditions. Under psychrophilic conditions, the accumulated VFAs took much longer to completely
degrade than under mesophilic conditions (Fig. 2). This implies that psychrophilic digesters have a lower capacity to recover from
process disturbances and that recovery processes will take longer than under mesophilic conditions. As a result, more caution and
patience are required to avoid further inhibition and restore process performance under psychrophilic conditions than under meso-
philic conditions.

4. Conclusions

The experimental results showed that CW can be successfully degraded under both psychrophilic (20 °C) and mesophilic (35 °C)
conditions, with methane yields of 389-436 mLCH,4/gVS. However, the degradation rate under mesophilic conditions was twice as fast
than under psychrophilic conditions. Organic loading had a greater impact on the accumulation of intermediate products (VFAs and
XOHs) than temperature, indicating that process inhibition by overloading is plausible under psychrophilic and mesophilic conditions.
The experimental results showed a higher imbalance between fermentation and methanogenesis rate under psychrophilic conditions
than under mesophilic conditions, which resulted in higher concentrations of intermediate products (VFAs and XOHs) and prolonged
lower pHs. Propionic acid degradation was identified as the main limitation for CW anaerobic digestion under psychrophilic
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conditions. Overall, these results indicate that the degradation of the intermediate products was less favourable under psychrophilic
conditions than under mesophilic conditions. This implies that psychrophilic digesters have a lower capacity to recover from process
disturbances and that acidification is more likely in psychrophilic conditions than in mesophilic conditions.
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