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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Thermophilic AD of black water (BW) 
results in 70% CODt removal. 

• Compared to mesophilic AD, higher 
loading rates can be applied during TAD 
of BW. 

• A thermophilic UASB treating BW can 
be started up in 12 days. 

• Hyper-thermophilic AD of BW results in 
38% methanisation of CODt.  
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A B S T R A C T   

Thermophilic and hyper-thermophilic anaerobic digestion (AD) are promising techniques for the treatment of 
concentrated black water (toilet fraction of domestic wastewater collected by low flush volume toilets; BW), 
recovery of nutrients and simultaneous pathogen removal for safe recovery and reuse of those nutrients. This 
study showed that thermophilic AD (55 ◦C) of concentrated BW reaches the same methanisation and COD 
removal as mesophilic anaerobic treatment of BW (conventional vacuum toilets) and kitchen waste while 
applying a higher loading rate (OLR) (2.5–4.0 kgCOD/m3/day). With a retention time of 8.7 days, and an OLR of 
>3 kgCOD/m3/day, COD removal of 70% and a methanisation of 62% (based on CODt) was achieved during 
thermophilic AD. Hyper-thermophilic (70 ◦C) reached lower levels of methanisation (38%). Start-up time of 
thermophilic AD was 12 days. And during thermophilic AD, a shift from acetoclastic methanogenesis towards 
syntrophic acetate oxidation was observed.   

1. Introduction 

The growing world population causes increasing pressure on the 

environment and on agriculture for food supply, and increases the de
mand for nutrients as nitrogen (N), phosphorous (P) and potassium (K). 
Recovery and reuse of these nutrients from domestic waste water is still 
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limited whilst alternative resources than the current natural rock re
serves or atmospheric nitrogen for NPK fertilizers are needed for a more 
sustainable agrofoodsystem (Kujawa-Roeleveld and Zeeman, 2006). 

Worldwide, as was estimated by Cordell et al. (2009), the amount of 
P excreted by humans equalled 21% of the annual P used as artificial 
fertilizer, however in most countries current legislative restrictions, 
social acceptance and technological challenges prevent the utilization of 
these nutrients present in domestic waste streams. Legislative re
strictions mainly concern the presence of pathogens and heavy metals in 
faecal matter (Collivignarelli et al., 2019; Harder et al., 2019; Zeeman 
et al., 2008), whereas technological challenges are mainly caused by 
dilute waste streams (Verstraete et al., 2009; Zeeman and Kujawa- 
Roeleveld, 2011), which are unfavourable for nutrient recovery and 
energy production through AD. Within the Horizon2020 project Run4
Life (www.run4life-project.eu), a new approach is proposed based on 
source separation of domestic wastewater to obtain concentrated waste 
streams in combination with (hyper-)thermophilic anaerobic digestion 
((H)TAD) for simultaneous treatment and disinfection (Bisschops et al., 
2019). 

Source-separated collection of domestic waste water results in 
different waste streams and excludes rainwater and industrial waste
water along with its contaminants (Tervahauta et al., 2014). Treatment 
methods for nutrients, water and energy recovery can be tailor-made for 
each stream (Hammes et al., 2000; Zeeman and Kujawa-Roeleveld, 
2011; Zeeman et al., 2008). 

The toilet fraction (black water; BW) has a high organics concen
tration, which can be converted to methane during AD (de Graaff et al., 
2011; Tervahauta et al., 2013). Vacuum collection by ultra-low flush 
volume vacuum toilets, resulting in a concentrated BW stream, makes 
the stream suitable for energy and nutrient recovery (NPK) through 
(hyper)thermophilic AD (de Graaff et al., 2011; Verstraete et al., 2009), 
whilst minimizing the energy input for heating purposes (Tervahauta 
et al., 2013; Verstraete et al., 2009; Zeeman et al., 2008). By imple
menting these ultra-low flush volume vacuum toilets (<1 L) it is ex
pected to obtain a concentrated BW stream (20–30 gCOD/L) which 
contains enough COD to match energy required for heating purposes of 
(H)TAD (based on 60% methanisation, and the heat capacity of water). 
Decentralised treatment of source-separated BW is already applied in 
multiple places in The Netherlands (de Wit et al., 2018) and other 
countries around the world (Abdel-Shafy et al., 2009; Gao et al., 2019). 

Anaerobic treatment of BW (conventional vacuum toilets) has been 
successfully demonstrated by de Graaff et al. (2010) in an Upflow 
Anaerobic Sludge Blanket (UASB) reactor at 25 ◦C with a hydraulic 
retention time (HRT) of 8 days, and organic loading rate (OLR) of 1 
kgCOD/m3/day resulting in 78% COD removal and 54% COD conver
sion to methane, which indicates the potential of anaerobic treatment of 
separately collected BW. However, to ensure safe reuse of recovered 
nutrients, sufficient pathogen removal is required, for which thermo
philic (55 ◦C) and hyper-thermophilic (70 ◦C) AD are proposed in this 
study. A previous study shows that efficient pathogen removal under 

these conditions is feasible (Moerland et al., 2020). Furthermore, 
(hyper-)thermophilic AD has the potential of higher removal efficiencies 
and lower retention times (Ryue et al., 2020; Wu et al., 2020) as 
compared to mesophilic AD. High efficiencies and low retention times 
are beneficial in terms of decreased treatment time and thus decreased 
reactor size. Also, energy costs are lower in these smaller reactors (Ho 
et al., 2014). On the other hand, (hyper-)thermophilic conditions are 
often associated with VFA accumulation and ammonia inhibition, which 
is a challenge for the development of (H)TAD, especially since the 
concentrated BW potentially has a high nitrogen concentration which 
could lead to increased ammonia toxicity effects (Ahring et al., 2001; 
Zinder et al., 1984). Zhang et al. (2020) showed that despite these 
challenges, thermophilic treatment of concentrated BW in a UASB 
reactor performed by could result in 84% total COD removal and 57% 
methanisation with a long HRT of 20 days and an OLR of 3.5 kgCOD/ 
m3/day. In the current study, shorter HRTs and lower COD:N and COD:P 
ratios are applied compared to Zhang et al. (2020) in order to fully 
optimise (H)TAD processes for BW treatment in terms of decreased 
operation time and thus efficient treatment. Per capita 3.9, 0.47 and 1.4 
kg N, P and K could respectively be recovered annually and in this light 
(hyper)thermophilic AD has certain benefits over mesophilic treatment, 
amongst which pathogen removal for safe nutrient recovery, potentially 
higher microbial conversion rates which result in higher possible 
loading rates, and shorter HRTs. 

In this paper we aim to show the potential of thermophilic (55 ◦C) 
and hyper-thermophilic (70 ◦C) anaerobic digestion of vacuum- 
collected BW with UASB reactors. In this study short HRTs will be 
employed at (hyper-)thermophilic conditions with long-term operation, 
aiming at the development of a robust treatment process in order to 
improve the reuse potential of the nutrients in concentrated BW. 

2. Materials and methods 

2.1. Seed sludge, BW collection and feeding strategy 

BW was collected at the Department of Environmental Technology of 
Wageningen University and Research through ultra-low flush volume 
vacuum toilets (Qua-vac B.V., Almere, The Netherlands, type: EVAC 
VT910). Flush volumes were set to 0.2 and 0.5 L/flush for small and big 
flushes respectively. Collected BW was stored in a stirred tank with a 
volume of 200L with an estimated retention time of 7 days at a tem
perature of 4 to 10 ◦C. From this tank, BW was transported batch-wise to 
a cooled (4–7 ◦C, HRT: 7 days) buffer tank and the reactors were sup
plied with BW from this buffer tank. The reactors were placed in an 
experimental cabin that was not temperature controlled, but the average 
temperature was 25 ◦C ± 5 ◦C as was logged by an analogue ther
mometer. During the stable operation phases I, II and III of the ther
mophilic and hyper-thermophilic reactors and the start-up phase of the 
TAD start-up reactor (See section 2.2), the BW was circulated by a 
Watson Marlow Qdos 120 pump with a flow of 4–6 L/h. From this 

Table 1 
Average composition of BW influent during the different stable operation phases.   

Phasea TAD start-up Phase I Phase II Phase IIIb  

Unit     
pH [-] 7.4 ± 0.11 7.4 ± 0.18 7.5 ± 0.12 7.6 ± 0.08 
COD [gCOD/L] 14 ± 2.8 14 ± 2.4 16 ± 1.8 20 ± 3.6 
CODsuspended/colloidal [gCOD/L] 9.9 ± 2.7 10 ± 2.4 12 ± 1.9 15 ± 3.4 
CODsoluble [gCOD/L] 4.4 ± 0.39 4.4 ± 0.44 3.7 ± 0.34 4.4 ± 0.79 
VFA [gCOD/L] 3.0 ± 0.44 3.8 ± 1.0 2.3 ± 0.48 2.4 ± 0.78 
NT [gN/L]  1.4 ± 0.16 n.d. 1.9 ± 0.15 
PT [gP/L]  0.51 ± 0.30 0.27 ± 0.01 0.44 ± 0.06  

a For detailed description of operational phases refer to section 2.2. 
b During Phase III, influent BW consisted of a 1:1 mix of BW from DeSaH offices in Sneek, The Netherlands and the department of Environmental Technology of 

Wageningen University and Research. 
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circulation stream the UASB reactors were pulse-fed with three separate 
Masterflex L/S® peristaltic pumps. Biogas was quantified at 25 ◦C with a 
Ritter(®) drumtype gasflow meter, through which biogas was pumped 
with a pressure-controlled gas pump. The composition of the vacuum 
collected BW during the three different operational phases is shown in 
Table 1. The total run time of the system was 719 days. During Phase I 
and the start-up phase BW was more dilute, because flushing volumes 
were not yet optimised. During Phase III, where the accessibility to the 
department was still limited due to COVID-19, the COD concentration 
was increased with concentrated BW from DeSaH B.V., Sneek, The 
Netherlands. 

All three reactors were inoculated with thermophilic digestate 
(55 ◦C) from a sludge digester in Echten, The Netherlands. This digestate 
was selected, because from all available digestate sources it was most 
adapted to similar conditions as the (hyper-)thermophilic BW reactors. 

Each reactor was inoculated with 2L sludge (15 g/L VS, 35 g/L TS). 

2.2. UASB reactor operation 

To assess the feasibility of TAD and HTAD, three glass UASB reactors 
(internal diameter 110 mm, height 675 mm) with a working volume of 
4.9L were operated at 55 ◦C (two reactors) and 70 ◦C respectively. The 
reactors were heated by a mantle, through which heated water (55 ◦C) 
or oil (70 ◦C) was circulated. The functioning of the temperature control 
was confirmed by manual temperature measurements inside the reactor. 
One of the 55 ◦C reactors was started up at a later stage (after 279 days) 
to establish a quick start-up protocol for the thermophilic anaerobic 
digestion (TAD start-up). Different phases, which are summarised in 
Table 2, can be distinguished from the period of operation. The rela
tively long start-up phase (Phase 0) is characterized by low organic 
loading rates and low methanisation levels. Low organic loading rates 
were a consequence of multiple factors, but first and foremost of unex
pectedly low influent COD concentrations, and knowingly low pumping 
rates to prevent overloading and other factors associated with the start- 
up of a reactor with high suspended solids concentrations in combina
tion with real-life BW. 

Steady states were achieved during Phase I, II and III. These steady 
states are defined as periods after a minimum start-up of 6 solid reten
tion times (SRTs) in which the average organic loading rate (OLR) is at 
least 2 kgCOD/m3/day and has a standard deviation which is lower than 
50% of the average OLR. The phases can be distinguished in phases with 
low (Phase I) and high (Phase II and III) OLRs, being 2.5 and 3–4 
kgCOD/m3/day respectively. During the COVID-19 lock-down (day 
499–607) access to the laboratory was limited and thus the amount of 
produced black water was decreased. As a consequence, the OLR had to 

be decreased by decreasing the flow rate. 

2.3. Analytical methods 

Twice a week, grab samples with a volume of 50 mL were taken for 
CODtotal, CODsoluble, VFA. Additionally, grab samples were taken on a 
regular basis for NT, PT, total ammonia nitrogen, ortho-phosphate. TS 
and VS were analysed monthly. Total and soluble COD were measured 
with Hach-Lange COD kits (LCK314). For soluble COD samples were 
centrifuged at 10,000 rpm for 10 min and the supernatant was filtrated 
over a washed 0.45 µm filter (CHROMAFIL®, MACHERY-NAGEL, 
Düren, Germany). Other centrifuged samples were stored at − 20 ◦C 
for later VFA analysis. The dry matter content of the sludge was deter
mined using standard methods (US-EPA, 2001 method 1684). Small- 
and medium-chain fatty acids (up to C-8) were analysed by gas chro
matography (Agilent 7890B GC, USA) in liquid samples, which were 
centrifuged at 10,000 rpm for 10 min to remove suspended material and 
subsequently diluted with a formic acid water solution (to a final 1.5% 
v/v concentration) and milli-Q water and analysed as described by 
Sudmalis et al. (2018). Occasionally, samples were filtered over 0.45 µm 
filters when solids were observed. Oxygen, nitrogen, methane and car
bon dioxide content in the biogas was measured twice a week with a GC 
(Shimadzu GC-2010, Japan) with thermal conductivity detection (TCD) 
and a GC (HP5890, USA) with TCD for hydrogen as described by Chen 
et al. (2016). The pH was measured with an electrode (PHM210/ 
HQ440D). Nutrients were analysed with Hach-Lange kits, LCK338 for 
total nitrogen, LCK303 for total ammonia nitrogen, and LCK350 for both 
total- and orthophosphorous. Samples for total ammonia and ortho- 
phosphate were centrifuged for 10 min at 10,000 rpm prior to analysis. 
Inductive Coupled Plasma – Optical Emission spectrometry (ICP-OES, 
PerkinElmer Avio 500, Ohio, United States) was used for magnesium 
and calcium measurements. 

2.4. Microbial community analysis 

A sample of the sludge bed at different heights (150 and 220 mm) in 
each reactor after 209 and 16 days for the (H)TAD and TAD-start-up 
reactors respectively and from the seed sludge were used for microbial 
community analysis. Samples were centrifuged at 10,000 rpm for 10 
min. The supernatant was discarded and the pellet was stored at − 20 ◦C. 
DNA extraction, using the Powersoil DNA isolation kit and sequencing, 
was performed as described by de Leeuw et al. (2019). Selected opera
tional taxonomic unit (OTU) sequences were used in a blast search in the 
NCBI nucleotide database. Microbiota raw sequencing data are sub
mitted to the ENA database (https://www.ebi.ac.uk/ena) under acces

Table 2 
Characterisation of the defined operational phases and average applied OLR.  

TAD/HTAD TAD start-up 

Phase Characteristic Average OLR (kgCOD/m3/ 
day) 

Phase Characteristic Average OLR (kgCOD/m3/ 
day) 

Phase 0  
(Day 0–180) 

Start-up TAD: 1.6 ± 1.0 
HTAD: 1.6 ± 1.2 

Start-up Quick start-up at medium OLR 2.2 ± 0.95 

Phase I 
(Day 181–357) 

Low OLR TAD: 2.5 ± 0.89 
HTAD: 2.5 ± 1.2    

Transition phase 
(Day 358–430) 

Gradual increase of OLR     

Phase II 
(Day 431–498) 

High OLR TAD: 3.1 ± 1.0 
HTAD: 3.8 ± 1.3    

COVID-19 
(Day 499–607) 

Low OLR due to decreased collection of BW TAD: 2.0 ± 0.72 
HTAD: 2.3 ± 0.84    

Phase III 
(Day 608–719) 

Recovered OLR TAD: 3.7 ± 1.1 
HTAD: 3.3 ± 0.82 

Phase III High OLR 3.9 ± 1.6  

M.J. Moerland et al.                                                                                                                                                                                                                           
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sion number PRJEB43366. 

2.5. Calculations 

The main parameters that were obtained to assess the reactor per
formance were COD removal, methanisation, pH and VFA effluent 
concentrations. Both COD removal and methanisation were calculated 
as a percentage of the total incoming COD. 

The COD balance was determined for each phase in the TAD and 
HTAD reactor. The load for total, soluble and VFA load was determined 
as the sum of products of the total influent mass and average concen
trations of the respective fractions. Additionally, the total methane 
production was calculated as a product of the average methane fraction 
of the biogas and average normalised gas production per day and the 
duration of the respective phase. Subsequently, the produced methane 
load was converted to COD. All values were expressed as a fraction of the 

Fig. 1. Operation data for UASB reactors: TAD (ABC) and HTAD (DEF), containing influent and effluent total COD concentrations and resulting COD removal (A and 
D), methane production and organic loading rate (B and E) and total influent and effluent VFA concentrations (C and F). 
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total COD load in the influent. 

3. Results and discussion 

3.1. Reactor performance 

Two UASB reactors were operated for over 700 days, one at ther
mophilic (TAD) and one at hyper-thermophilic conditions (HTAD). 
Fig. 1 shows the COD removal (a, d), OLR and methanisation (b, e) and 
VFA profile for the influent and effluent (c, f). All relevant data are 
summarized per operational phase in Table 3. The thermophilic reactor 
outperformed the hyper-thermophilic reactor in terms of COD removal 
and methanisation. Additionally, the thermophilic reactor more 
adequately recovered from increased loading rates and suffered VFA 
accumulations to a lower extent. 

3.1.1. Reactor performance under thermophilic conditions 
During start-up, the COD removal was 80–90% in the TAD reactor, 

however methanisation was only 30%. Possibly, low organic loading 
rates and sub-optimal quantification methods (e.g. gas flow meters with 
low counterpressure) caused this low methanisation. As consequence of 
the gradual OLR increase to 2–3 kgCOD/m3/d during the start-up, the 
COD removal dropped slightly to 75% at day 160. This also resulted in a 
VFA peak, but the total VFA effluent concentration had a maximum of 
1.1 gCOD/L. This indicates that the methanisation was limiting anaer
obic digestion at least during an increase in organic loading. 

After the start-up phase, stable operation (in terms of OLR and 
methanisation) was achieved during Phases I, II and III. Phases I and II 
were separated by an intermediary phase to adapt to high OLRs. Phase II 
was abruptly ended by the COVID-19 pandemic (days 499–607) during 
which only low loading rates solely for the survival of the biomass could 
be applied. During COVID-19 the OLR was decreased to the level of the 
start-up phase, however methanisation was 57% with 81% COD 
removal, indicating that the biomass had adapted in the meantime. 
Throughout all phases the OLR increased, resulting in OLRs of 2.5, 3.1 
and 3.7 kgCOD/m3/day during Phase I, II and III respectively. 

The methanisation was 57% on average during Phase I. Between day 
252 and 293, the COD removal dropped to 30%, but VFA effluent con
centrations remained below 0.5 gCOD/L, which consisted mainly of 
acetate and propionate, 65% and 34% of the total effluent VFAs 
respectively. The drop in COD removal is likely a consequence of fluc
tuations in the OLR. The COD removal recovered to approximately 80% 
on day 316 and was 60% on average during Phase I. The transition phase 
resulted in a slight increase in VFA concentration as a consequence of the 

increase in loading rate. With this increased loading rate of 3.1 kgCOD/ 
m3/day in Phase II, the COD removal was 71%. At the end of Phase II the 
effluent VFA concentration recovered to a concentration of 0.25 gCOD/ 
L, which was similar to de Graaff et al. (2010). Phase III had the highest 
loading rate with 3.7 kgCOD/m3/day on average resulting in 70% COD 
removal and 62% methanisation and a low VFA effluent concentration 
of 0.20 gCOD/L. The study of de Graaff et al. (2010) showed that 78% of 
the COD can be removed and 54% of the total COD can be converted to 
methane at mesophilic conditions. 

Cunha et al. (2018) achieved 87% COD removal and 65% methani
sation at similar conditions. Cunha and de Graaff employed an operation 
temperature of 25 ◦C, HRT of 8 days and an OLR of 1 kgCOD/m3/day 
(Cunha et al., 2018; de Graaff et al., 2010). More recently, two studies on 
BW TAD were performed (Zhang et al., 2020; Zhang et al., 2021). Zhang 
et al. (2020) found 56.7% methanogenesis with BW (33.5 gCOD/L) 
treatment in a 2L UASB, but with a retention time of 20 days. In another 
study, Zhang et al. (2021) found similar methanogenesis in the same 
UASB reactor, but at a high loading rate (12.3 kgCOD/m3/day) and a 
low HRT (2.5 days). The TAD in the current study achieved similar 
performance with regards to COD removal (70–71% or 81% at low 
loading rates during the COVID-19 phase which was a consequence of 
increased CODcolloidal+ss removal) and methanisation rates (57-62%) as 
previous BW studies. However, our results were obtained by operating at 
a lower HRT (6–8 days) or at 3 times higher loading rates compared 
previous anaerobic digestion studies of (concentrated) BW, except for 
the study performed by Zhang et al. (2021). However, results in the 
latter study were based on short steady states (20 days) and the effects 
on long term operations were not studied. The current study shows that 
TAD of concentrated BW is stable for a long period under the applied 
OLRs and HRTs, which is essential for full-scale application. To fully 
explore the potential of thermophilic anaerobic digestion of concen
trated BW, future experiments should focus on the further decrease of 
the HRT and SRT and subsequent increase in loading rate during long- 
term steady state operation. For instance, thermophilic treatment in 
CSTRs was successfully applied with HRTs of 3–4 days as described by 
Ho et al. (2014) for waste activated sludge. Based on studies with other 
thermophilic CSTRs treating (dewatered) sludge, the minimum SRT that 
should be maintained is 10–15 days (Ferrer et al., 2010; Nges and Liu, 
2010). In the thermophilic UASB reactor used in the current study, the 
SRT during Phase III in the TAD reactor was estimated to be 30 days 
based on a model as proposed by Zeeman and Lettinga (1999). If the SRT 
can be reduced to 10 days, a maximum OLR of 10 kgCOD/m3/day can be 
achieved, based on the assumption that hydrolysis rates and biomass 
concentrations remain stable. 

Table 3 
Overview of operational parameters and performance data for the 55 and 70 ◦C reactor during each phase. Data obtained by de Graaff et al. (2010) is shown in the last 
column as a reference.  

Operation days Phase 0 – start-up 
0-180 

Phase I 
181-357 

Phase II 
431-498 

COVID-19 
499-607 

Phase III 
608- 719 

De 
Graaff 

Temperature ◦C 55 70 55 70 55 70 55 70 55 55 (start-up 
reactor) 

70 25 

OLR [kgCOD/m3/ 
day] 

1.6 ±
1.0 

1.6 ±
1.2 

2.5 ±
0.89 

2.5 ±
1.2 

3.1 ±
1.0 

3.8 ±
1.3 

2.0 ±
0.72 

2.3 ±
0.84 

3.7 ±
1.1 

3.9 ± 1.6 3.3 ±
0.82 

1.0 

HRT [days] 7.5 ±
3.2 

7.8 ±
3.3 

6.5 ±
2.3 

6.8 ±
3.5 

6.0 ±
2.1 

5.0 ±
2.0 

8.7 ±
6.3 

7.3 ±
4.2 

6.1 ±
1.4 

5.4 ± 2.2 6.2 ±
0.93 

8.7 

COD removal [%CODt,in] 75 ± 17 68 ±
19 

60 ± 13 47 ±
12 

71 ±
8.3 

63 ±
8.3 

81 ±
3.2 

64 ±
9.8 

70 ±
4.4 

63 ± 9.1 63 ±
5.5 

78 

CODcol+SS 

removal 
[%CODcol+SS, 

in] 
76 ± 21 76 ±

16 
47 ± 31 61 ±

10 
78 ±
9.8 

74 ±
9.3 

85 ± 39 65 ± 12 71 ±
4.6 

70 ± 8.2 68 ±
8.9  

Methanisation [%CODt,in] 29 ± 13 9.3 ±
5.5 

57 ± 14 37 ±
16 

NAa NA 57 ± 13 35 ± 14 62 ± 13 47 ± 8.9 38 ±
7.5 

54b 

VFA effluent [gCOD/L] 0.37 ±
0.31 

1.5 ±
0.90 

0.36 ±
0.18 

1.9 ±
1.2 

0.61 ±
0.42 

1.1 ±
0.64 

0.12 ±
0.04 

0.15 ±
0.11 

0.20 ±
0.06 

0.38 ± 0.24 0.57 ±
0.09 

0.25 

pH effluent [-] 8.3 ±
0.29 

8.3 ±
0.34 

8.1 ±
0.19 

8.0 ±
0.63 

8.5 ±
0.10 

8.3 ±
0.25 

8.2 ±
0.09 

8.3 ±
0.09 

8.4 ±
0.12 

8.4 ± 0.12 8.5 ±
0.09   

a Not Available, only a single measurement for methanisation was performed in phase II for the HTAD, and two for TAD. Therefore, no methanisation data is shown 
for Phase II; bMethanisation was based on the total COD mass balance over the entire operation period. 
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For future implementation of decentralized sanitation and treatment, 
TAD is a promising technique, because of the high COD removal and 
conversion rate to methane. The achieved methanisation of 60% 
matches with the demand for an energy neutral treatment process for 
black water based on assumed energy consumption for heating and 
energy recovery through methane. 

3.1.2. Lower methane production during hyper-thermophilic anaerobic 
digestion 

During start-up the OLR of the HTAD reactor was increased to 2–3 
kgCOD/m3/day to gradually transit to Phase I. Peaks in OLR resulted in 
a drop in COD removal and effluent VFA concentrations during this 
start-up phase. 

The COD removal dropped to 30% in the beginning of Phase I during 
HTAD, resulting in effluent VFA concentrations as high as the influent 
VFA concentrations. Mainly acetate and propionate accumulated in the 
reactor, while methanisation levels dropped to 10%. Around day 280 the 
reactor was stabilised, VFA effluent concentrations were below 1 gCOD/ 
L again and the COD removal and methanisation recovered to 50–60% 
and 30–40% respectively. On average the methanisation was 37% with a 
maximum of 55%. During Phase II the effluent VFA concentration 
dropped to 0.7 gCOD/L and COD removal increased to an average of 
63%, methanisation was 51%, based on a single measurement. The high 
VFA concentrations in the reactor, combined with lower methane pro
duction and COD removal compared to TAD indicate that HTAD is less 
suitable for concentrated BW treatment. Furthermore, an increase in 
OLR resulted in a temporary drop in COD removal and was accompanied 
by high effluent VFA concentrations indicating that the HTAD is more 
sensitive towards increasing the OLR. 

Both the temperature and increased ammonia toxicity could be 
responsible for the decreased performance of HTAD. Ho et al. (2014) 
found that a negative effect of increased temperatures in the range of 
55–65 ◦C at short HRTs on acetoclastic methanogens. In the current 
study, decreased viability of (acetoclastic) methanogens at hyper- 
thermophilic conditions could explain the decreased methane produc
tion and increased VFA concentrations as compared to TAD. Addition
ally, an increase in temperature leads to an equilibrium shift towards 

free ammonia (NH3). At the conditions of the HTAD reactor (70 ◦C and a 
pH of 8.3) roughly 50% of the total ammonium is present in the form of 
free ammonia (FA) which means that concentrations in the HTAD 
reached 750 mg/L NH3 (Hafner et al., 2006). Furthermore, it is known 
that especially methanogens are sensitive towards FA (Wu et al., 2020). 
The inferior performance of HTAD is probably thus a consequence of 
decreased microbial activity combined with the short HRTs that were 
applied and increased FA toxicity. 

3.2. Thermophilic anaerobic digestion of BW reaches stable and good 
performance after 12 days 

Thermophilic AD had good performance and outcompeted hyper- 
thermophilic AD, however the start-up time could be optimised for 
which another reactor was operated to determine the minimum start-up 
time for TAD only. During the start-up of the long-term TAD reactor, the 
loading rate was low as a consequence of operational problems and low 
concentration of BW. Also, a state-of-the-art start-up methodology for 
thermophilic BW treatment was lacking. Although some work is done on 
thermophilic AD processes, most studies focus on the comparison be
tween direct and step-wise increasing from mesophilic to thermophilic 
temperatures (Boušková et al., 2005; Palatsi et al., 2009; Shin et al., 
2019). Since the start-up strategy consisted of inoculating with ther
mophilic sludge, a step-wise temperature increase was not considered 
for both TAD and HTAD. Additionally, the OLR management is in gen
eral considered to be crucial for a successful start-up of a thermophilic 
reactor (de la Rubia et al., 2013). An OLR of 2–3 kgCOD/m3/day was 
applied from the start. This was demonstrated in a second start-up 
reactor, showing a more rapid start-up as compared to the long-term 
TAD reactor as a consequence of a more stable but foremost higher 
OLR from the start. In Fig. 2 the performance of the TAD start-up reactor 
is shown. High COD removal and methanisation was obtained after 12 
days, the reactor performance was followed up to 80 days to confirm 
stable operation after the rapid start-up. The obtained results indicate 
that a high and stable OLR results in a quick start-up. Feeding started 
directly after inoculation with the same seed sludge as in the (H)TAD 
reactors, which shows that the appropriate seed sludge was selected. 

Fig. 2. Performance of the TAD start-up reactor. The first 80 days (indicated with the first dashed line) represent the start-up. After 328 days (second dashed line) 
biogas quantification was recovered and the loading rate was increased (Phase III). 
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After one day, the COD removal was 30%, probably as an effect of solids 
retainment. The COD removal doubled to roughly 60% after 12 days at 
the point when also the first biogas was produced, which resulted in 50% 
methanisation. This percentage increased slightly to 50–60%, similar to 
what was achieved during the long-term TAD. A short drop in methane 
production efficiency was observed, which was possibly caused by a 
short drop in loading rate. While the COD removal remained stable, the 
methane production efficiency recovered. Comparable continuous 
reactor studies with thermophilic seed sludge resulted in start-up pe
riods of 36 days (Poh and Chong, 2014), or recovery from a single step 
increase from mesophilic to thermophilic conditions in 20 days (Palatsi 
et al., 2009). 

After an intermediary phase without biogas quantification in the 
TAD start-up reactor, the loading rate was increased (from day 328 
onwards). During this phase, the loading rate was 3.9 kgCOD/m3/day 
on average with 47% conversion to methane. Like in the long-term TAD 
reactor, the TAD start-up reactor showed a slight drop in COD removal 
as a consequence of the increased loading rate, but methanisation effi
ciencies remain high and are comparable to methanisation efficiencies 
achieved at lower OLR in the long-term TAD reactor. 

3.3. COD balance 

During Phase I over 90% of the influent COD load is recovered in the 
effluent or biogas. The TAD mass balance (Fig. 3) of Phase III also shows 
90% recovery of COD, however during Phase II (41 and 38% of missing 
COD for TAD and HTAD respectively) and Phase III (22% missing COD) 
in the HTAD the COD mass balance is incomplete. During Phase II, this is 
possibly a result of the increased suspended COD in the influent, which 
might have been entrapped in the sludge bed. In this case the missing 
COD could be lost through peak losses in the effluent. No sludge was 

removed from the reactors other than sludge required for batch exper
iments, which does not explain the mass balance during Phase II. Also 
sludge growth does not explain the gap, since the 40% COD mass would 
result in roughly 20 L of sludge (based on 1.4 gCOD/gVS and 15 gVS/L 
for the sludge solids content), which is not realistic since that is 4 times 
the total reactor volume. During Phase I the effluent VFA was higher for 
the HTAD compared to the TAD. Similar results were obtained in Phase 
II and III, but these could also be a consequence of the incomplete COD 
balance. However, previous studies reported increased accumulation of 
VFAs at elevated temperatures (Ahring et al., 2001; Nges and Liu, 2010). 

3.4. Methanisation and COD removal is independent of the applied OLR 

Multiple OLRs were applied during the different stable operational 
phases of the long-term TAD and HTAD within the range of 1.5–4 
kgCOD/m3/day. In Fig. 4 it can be seen that over this range of OLRs the 
methanisation and COD removal are stable for the thermophilic reactor, 
indicating that both process parameters are independent of the loading 
rate within the range of tested OLRs (The start-up phase was disregarded 
in this analysis). It could be the case that during the whole operation 
period the hyper-thermophilic reactor was underloaded and the system 
overall requires a higher loading rate, since increased temperatures lead 
to increased microbial growth rates (van Lier, 1995) but also higher 
decay rates (Kim et al., 2002). The higher NH3 concentrations in the 
reactor could have had an inhibitory effect as discussed above in section 
3.1.2 Also, longer periods of underloading could lead to insufficient net 
growth of methanogens and subsequently higher VFA in the effluent. For 
instance Liu et al. (2017) found that the optimal loading rate for ther
mophilic AD was higher than for mesophilic AD for the treatment of food 
waste. Additional experiments at higher loading rates could further 
explore the potential of (hyper-)thermophilic AD of BW and the relation 

Fig. 3. COD mass balances (as fraction of the total COD load) for TAD (top) and HTAD (bottom) during the different operational phases.  
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Fig. 4. COD removal and methanisation efficiency for the thermophilic and hyper-thermophilic reactors at the different loading rates of the stable opera
tional phases. 

Fig. 5. Nutrient concentrations in influent and effluent from samples between day 594 and 644 during TAD and HTAD.  
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with the OLR. An increased OLR results in smaller reactors, which would 
also decrease the capital costs (Ho et al., 2014). Furthermore, the 
envisioned application of (H)TAD in a decentralized domestic waste 
treatment approach would benefit from reduced reactor sizes as conse
quence of an increased OLR, since these reactors are placed within the 
community areas as was done in for instance Sneek, The Netherlands (de 
Wit et al., 2018). 

3.5. Potential for nutrient recovery 

The nutrient concentrations in both the BW as in the (H)TAD efflu
ents have been monitored over time. Typical results (day 594–644) are 
shown in Fig. 5. For both conditions almost all nitrogen was present in 
the effluent. The organic fraction (determined as the difference between 
total nitrogen and total ammonia nitrogen) decreased after treatment in 
both reactors. There is no net ammonia nitrogen accumulation in the 
reactors, possibly as consequence of the escape of gaseous ammonia. The 
high concentration of (dissolved) ammonia provides a high potential for 
ammonia stripping (Bisschops et al., 2019), especially since the pH and 
temperature shift the equilibrium more towards the gaseous FA. 
Ammonia stripping during (hyper-)thermophilic AD is an efficient 
strategy, since the BW is already heated to 55 or 70 ◦C. Additionally, 
minimal amounts of chemicals (e.g. alkaline solution for pH manipula
tion) are required for ammonia stripping under these conditions as 
consequence of the decreased pKa. 

With regards to the total phosphorous, a strong decrease in the 
effluent concentration compared to the influent concentration was 
observed. During HTAD 68% of phosphorous was removed. Higher 
removal was observed in the TAD, where 75% of the incoming phos
phorous was retained in the reactor (Fig. 5). Accordingly, based on ICP- 
OES measurements, magnesium and calcium concentrations were 
reduced by 8 and 6 mM respectively. These reductions, along with a 
removal of 11 mM P suggest precipitation of phosphorous, e.g. in the 
form of struvite (molar Mg:P ratio 1:1) or calcium phosphate (molar Ca: 
P ratio 1.5:1), especially since biomass growth could only account for 30 
mgP/L removal based on the assumption that 10% of the incoming COD 
is converted to biomass (based on C60H87O23N12P as chemical formula 
for biomass with a COD of 1.46 gO2/g) (Henze et al., 2008). Similarly, 
for nitrogen 170 mgN/L can be attributed to biomass formation resulting 
in a negligible difference between influent and effluent nitrogen 

concentrations. At mesophilic conditions, 40–50% of the phosphorous is 
retained in the reactor during AD of (diluted) BW (Cunha et al., 2018; de 
Graaff et al., 2011) , which is 20–35 percentage point lower than found 
in this study. Phosphorous removal rates of 75%, as obtained in this 
study without calcium dosing, are comparable to those obtained by 
Zhang et al. (2021). Cunha et al. (2019) showed that utilisation of an 
internal gas lift combined with calcium dosing resulted in 57% of the 
influent P in calcium phosphate granules with a phosphorous content of 
7.8%wt in the sludge bed and over 85% total P removal in the reactor 
with BW containing 200 mgP/L (Cunha et al., 2019). High phosphorous 
removal during thermophilic AD of concentrated BW, combined with 
the results obtained with calcium dosing and an internal gas lift by 
Cunha et al. (2019) indicate the potential for efficient phosphorous re
covery during TAD. However, large phosphorous precipitates are 
required for efficient separation of calcium phosphate and this process is 
yet to be developed under thermophilic conditions during BW 
treatment. 

3.6. Microbial community changes at thermophilic and hyper- 
thermophilic conditions 

The biomass from the reactors at different temperatures was 
collected and analysed using 16 s rRNA gene microbial analysis, and all 
sequences belonging to a specific taxonomic unit were counted to 
determine total OTU counts and relative abundances. Samples from the 
seed sludge were also sequenced for comparison. The results show that 
the diversity in orders present in the inoculum decreases over time in 
both the TAD and the HTAD reactor (Table 4). In comparison, the TAD 
start-up reactor had the highest diversity of orders compared to the TAD 
and HTAD samples, which can be explained by the fact that the analysis 
was performed on day 16 after the start-up and the microbial consortium 
was still adapting. 

In general, Clostridiales, Bacteroidales and Thermoanaerobacterales 
dominated both the TAD and HTAD. Previously, Clostridiales emerged 
in high temperature and ammonia conditions which is in line with the 
current study (de Vrieze et al., 2015). In the same study by de Vrieze 
et al. (2015), Bacteroidales were dominant in all tested anaerobic 
conditions. 

Thermoanaerobacterales have previously been found to emerge in 
thermophilic AD reactors (Lim et al., 2020). Two syntrophic acetate 

Table 4 
Heat map for all relative abundances of the most common orders. Data is shown for the inoculum which is analysed twice (once in duplicate and once in a single 
sample), 70 ◦C and 55 ◦C reactors after 209 days from different sampling heights and R1 (55 ◦C) shortly after start-up in duplicate.  
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oxidizers belonging to the Thermoanaerobacterales (Thermacetogenium 
phaeum (100% query cover and 91.39% identity) and Syntrophaceticus 
schinkii (94% query cover, 91.05% identity) are very abundant in both 
the TAD and HTAD reactors, whilst having no or very little OTUs in the 
seed sludge, which indicates a shift to syntrophic acetate oxidation 
coupled to hydrogenotrophic methanogenesis (SAO-HM). 

Members of the order of Methanobacteriales (hydrogenotrophic 
methanogens) emerged in both the TAD and the HTAD reactor, which 
was not yet the case in the TAD start-up reactor after 16 days. This 
means that a quick start-up was achieved without high abundance of 
hydrogenotrophic methanogens. Additionally, despite the persistence of 
a species related to a strict acetoclastic methanogen (Methanosarcina 
thermophila), the increase in relative abundance in the TAD and HTAD 
reactors of syntrophic acetate oxidizers and hydrogenotrophic metha
nogens in comparison to the seed sludge indicates a shift towards SAO- 
HM during both TAD and HTAD. The SAO-HM is not yet established in 
the TAD start-up reactor after 16 days, probably as consequence of the 
low growth rates of syntrophic acetate oxidizers. These results, along 
with the quick start-up as described before, indicate that the used seed 
sludge was suitable to quickly start-up a reactor treating concentrated 
BW at low loading rates, however development of the SAO-HM pathway 
is essential for longterm stable operation. 

A shift towards SAO-HM dominance during anaerobic digestion at 
(hyper-)thermophilic conditions has been observed before (Hao et al., 
2011; Ho et al., 2013). Tang et al. (2008) found the same metabolic shift 
at a temperature of 65 ◦C, during treatment of synthetic wastewater 
containing glucose in CSTRs. This synthetic wastewater contained 337 
mg/L ammonium (Tang et al., 2008), which is lower than the ammo
nium concentrations in the current study. This might explain why the 
methanogenic pathway shift is observed at a lower temperature in our 
systems with high ammonia concentrations. Elevated ammonia con
centrations could also cause a shift in the metabolic pathway since 
acetoclastic methanogens are more susceptible to toxicity of ammonia 
(Lü et al., 2013; Schnürer and Nordberg, 2008). An increased FA con
centration is a direct consequence of increased temperature due to a 
shift in the pKa. So results in this study support the theory that tem
perature directly and/or indirectly through increased ammonia toxicity, 
steers the methanogenic pathway towards SAO-HM. 

4. Conclusions 

Thermophilic anaerobic digestion is a suitable technology for 
concentrated BW treatment. It achieves similar results as mesophilic AD 
and outperforms HTAD. Additionally, TAD has potential for pathogen- 
free nutrient recovery through precipitation of phosphorous and 
ammonia stripping. TAD of concentrated BW results in in 75% P removal 
and 70–80% COD removal. Furthermore, 60% of the total COD in the 
concentrated BW is converted to CH4 at a SRT of 30 days and lower HRTs 
(6–9 days) as shown in previous long-term mesophilic and thermophilic 
studies on AD of concentrated BW. 
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