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Materials and Methods
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Primary sludge samples
Thickened from 2,5 to 3,1% TS

Castiglione Torinese SMAT WWTP 2,300,000 e.p.

Sludge line: 
from pre-thickeners 

to digesters

Materials and Methods

Substrate: Primary sludge
Ruffino B., et al; Energy Conversion and Management; 223 (2020)
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I 10 L C.S.T.R. THERMOPHILIC DIGESTER –
HRT X

PRE-TREATED 
DIGESTATE

GAS
( CO2, H2, CH4, O2, Other )

PRE-THICKENED PRIMARY SLUDGE
( sCODbefore TS, VS, pH, FOS / TAC) BIOGAS

( CH4, CO2, O2, Other )

sCODafter , TS, VS, pH, FOS-TAC

DIGESTATE 
( TS, VS, pH, FOS / TAC )

10 L C.S.T.R. 
H.R.T.  X

1st Period 3 days

2nd Period 2 days

II 10 L C.S.T.R. MESOOPHILIC DIGESTER –
HRT 20 days

TPAD
Two stage AD test



Ruffino B., et al; Energy Conversion and Management; 223 (2020)

Results
VolatileSolids in – VS out

TWO-STAGE 
A.D.

HRT 2+20 days

VS 
removal

Acid Reactor 11%

Mesophilic Reactor 57%

A. R. + M. R. 62,2%

ONE-STAGE A.D.
HRT 20 days

VS removal

M. R. 42 %

= 3+20 days

= 2+20 days

g 
VS

+ 48%



ONE-STAGE A.D.
HRT 20 days

pH 7,59 ± 0,24

mg tVFAs / mg TA 0,10

TWO-STAGE A.D.
HRT 2+20 days

pH mg tVFAs / mg TA

Acid Reactor 6,02 ± 0,67 2,52 ± 0,94

Mesophilic Reactor 7 0,1

Results
Process stability
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SMP
NL / kg VS

Acid Reactor 12,8

Mesophilic Reactor (apparent)
372 X
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HRT 20 days

NL / kg VS

SBP 511,6

SMP 280,6

CH4 55,0%

TWO-STAGE A.D.
HRT 2+20 days

SMP
NL / kg VS B’ = B0 (1 -ρ )

Acid Reactor 12,8

Mesophilic Reactor (apparent)
372 X 331 ✔

B0 ρ: VSreduction phase I = 11%
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Methane 

production

ONE-STAGE A.D.
HRT 20 days

NL / kg VS

SBP 511,6

SMP 280,6

CH4 55,0%

TWO-STAGE A.D.
HRT 2+20 days

SMP
NL / kg VS B’ = B0 (1 -ρ )

Acid Reactor 12,8

Mesophilic Reactor (apparent)
372 X 331 ✔

+ 18,6%



BoilerResults
Energy assessment

Scenario 1 

CH4 network

50 °C

QLOSS 1

Primary s.

HEATING

I STAGE II STAGE A.D. 38°C

QLOSS 2

HYPOTHESIS:
• analysis referred to a unit volumetric flow rate (i.e. 1 m3/h) of  P.S. 
• TS of the sludge: 4%, VS/TS ratio 0,74
• lower heating value of methane: 35,880 kJ/m3
• boiler efficiency: 0.9
• thermal energy to heat the sludge was calculated by considering a specific heat 

capacity C: 4.18 kJ/kg/◦C
• ambient temperature: 15°C
• Heat transfer digester walls: 0,8 W/m2/°C
• volume and surface digester  radius to height ratio: 1:1



BoilerResults
Energy assessment

Scenario 2

CH4 network

50 °C

QLOSS 1

Primary s.

HEATING

I STAGE II STAGE A.D. 38°C

QLOSS 2

HYPOTHESIS:
the difference of temperature between the first (50 ◦C) and the second (38 ◦C) 
reactor, was recovered with an efficiency estimated at 70% to heat the sludge 
incoming into the AR.

HEAT RECOVERY



Results
Energy assessment 

SCENARIO I SCENARIO II

+ 19%  CH4 to be 
transferred to distribution 

network



Conclusions

• the TPAD showed a superiority in VS reduction, in fact the overall removal of VS increased from 
42.0%, in the one-stage reactor, to 62.2% for the TPAD system with a HRT of 2 days

• the process developed in the two phases of the TPAD was stable for the whole period of the 
study, as testified by the values of pH and tVFAs/TA ratio; 

• the SMP observed in the AR was kept at very low values, in the order of 10–12 NL CH4/kg VS 
added, that is approximately 3% of the overall methane production of the TPAD; this was an 
indication that the status of phase separation between the two acidogenic and methanogenic 
reactors was successfully achieved; 

• the higher SMP observed in the TPAD (+18.6%, with respect to the one-stage digester) was not 
sufficient to balance the higher heat amounts necessary for sludge heating and heat loss 
compensation. A process of heat recovery for the sludge between the outlet and the inlet of 
the AR proved to be necessary to make the TPAD system really profitable; 

• the TPAD system, with a section of heat recovery, produced 20% more energy, in the form of 
methane available for users external to the WWTP, than the traditional digestion system. 
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