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Thermal hydrolysis of sewage sludge. Case study: WWTP of Burgos, Spain.
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Supplementary material 
Table S.1 shows the parameters obtained for the sludge line in relation to the economic balance (II).
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Table S.1. Parameters obtained of the sludge line of the economic balance (II). Scenarios were abbreviated as S1 to S5 to stand for scenario 1 to scenario 5.
	Parameter
	S1
	S2
	S3
	S4
	S5

	Post-thickening (mixed sludge)

	TS (%)
	…
	5.4
	6.7
	3.8
	2.3

	Mass flow TS (kg/h)
	…
	1,499
	674
	1,042
	713

	Mass flow of incoming sludge (kg/h)
	…
	28,138
	10,305
	27,682
	30,690

	Mass flow of polyelectrolyte (kg/h)
	…
	6
	2.7
	4.2
	2.9

	Mass flow of post-thickening sludge TS (kg/h)
	…
	1,454
	653
	1,012
	692

	Mass flow of post-thickening sludge (kg/h)
	…
	9,247
	4,156
	6,429
	4,399

	TS concentration of centrates (%)
	…
	0,22
	0,30
	0,14
	0,09

	Mass flow of centrates (kg/h)
	…
	20,096
	6,690
	22,090
	23,527

	Thermal hydrolysis

	mTS-reactor, mass of TS, reactor outlet (kg/batch)
	…
	768
	256
	768
	256

	Mpg, mass flow of process gases, pulper outlet (kg/h)
	…
	15
	7
	10
	7

	Mfs-reactor, mass flow of flash steam (kg/h)
	…
	56
	25
	39
	25

	MTS-reactor, TS flow, reactor outlet (kg/h)
	…
	1,439
	646
	1,002
	646

	Msludge-pt, sludge flow of reactor inlet (kg/h)
	…
	11,796
	5,302
	8,203
	5,302

	Mls, average live steam consumption (kg/h)
	…
	1,385
	623
	964
	623

	Mls-specific, average live steam specific consumption (kg/t TS)
	…
	952
	952
	952
	952

	Dilution water
	
	
	
	
	

	Mdilution water, mass flow of sludge dilution water (°C)
	…
	14,813
	6,659
	10,301
	…

	TPdiluted sludge, thermal power of diluted sludge (kW)
	…
	1,279
	575
	890
	…

	HSE
	
	
	
	
	

	THSE, temperature of HSE sludge (°C)
	…
	50
	51
	50
	…

	TPHSE, thermal power of HSE sludge (kW)
	…
	807
	575
	559
	…

	Cooling thermal power of  HSE (kW)
	…
	-472
	0
	-331
	…

	Mixing ring
	
	
	
	
	

	Temperature of the ring (°C)
	15
	50
	32
	28/50
	25

	Sludge mass flow (kg/h)
	28,138
	14,813
	24,493
	28,138/10,301
	31,496

	Thermal power of sludge (kW)
	474
	807
	882
	474/559
	889

	TS Concentration of sludge (%)
	5,4
	10
	6,1
	5,4/10
	4,9

	Digesters

	Number of digesters operating (unit)
	3
	1
	2
	2/1
	3

	Volume of digesters operating (m3)
	18,000
	6,000
	12,000
	14,600
	18,000

	Total volatile solid removal, VSR (%)
	45.2
	61.9
	56.5
	68
	70

	HRT, hydraulic retention time (d)
	27.1
	17.4
	20.8
	16/16
	27.1

	OLR, organic loading rate (kg VS/d m3)
	1.5
	4.4
	2.2
	2.6/3,9
	1.5

	TS concentration of digested sludge (%)
	3.6
	5.5
	3.6
	3.8/7.5
	2.3

	Thermal power of digested sludge (kW)
	1,161
	651
	1,112
	1,162/456
	1,441

	Dewatering

	TS concentration of dewatered sludge (%)
	20.3
	30
	30
	41
	45

	Mass flow of dewatered sludge (kg/h)
	4,977
	2,696
	2,970
	1,968
	1,694

	Decrease in dewatered sludge (%)
	…
	-45,8
	-35.7
	-57.4
	-63.3

	Mpo-dw, mass flow of polyelectrolyte (kg/h)
	7.4
	6.9
	7.6
	8.1
	0

	NH4+ Balance
	
	
	
	
	

	Mass flow of NH4+ (kg/h)
	19.3
	35.3
	33.9
	44.4
	41.7

	Total increment rate of NH4+ (%)
	…
	82.9
	75.6
	130.1
	116

	Polyelectrolyte needs
	
	
	
	
	

	Total mass flow of polyelectrolyte (kg/h)
	7.4
	12.9
	10.3
	12.3
	2,9

	Total increment of polyelectrolyte (%)
	…
	74,3
	39,2
	66.2
	-60.8


* THP operating with one reactor, HSE: Heat sludge exchanger


Table S.2. Parameters obtained from the biogas line of the economic balance (II).

	Parameters
	S1
	S2
	S3
	S4
	S5

	Digester
	
	
	
	
	

	Mass production of biogas (kg/h)
	516
	677
	632
	457/266
	806

	Vbiogas, volumetric production of biogas (m3/h)
	465
	609
	569
	411/240
	726

	TPbiogas, thermal power of  biogas (kW)
	2,741
	3,590
	3,355
	3,837
	4,279

	Thermal power of SRE (kW)
	1,037
	0
	528
	966
	970

	Thermal power of biogas flow (kW)
	9
	12
	11
	7/5
	13

	Transmission losses (kW)
	190
	73
	146
	112/49
	219

	Pipes and exchangers losses (kW)
	151
	82
	141
	142/57
	186

	Engines
	
	
	
	
	

	TPbiogas-eng, biogas consumption (kW)
	2,741
	2,720
	3,258
	3,471
	4,279

	TPeg-useful, useful thermal power of exhaust gases (kW)
	526
	523
	652
	688
	858

	Neng, number of operating engines (units)
	2
	2
	3
	3
	4

	DL, degree of loading (%)
	87.7
	86.9
	65.7
	71.2
	64.5

	TPmain-circuit, thermal power of the main circuit (kW)
	531
	528
	625
	606
	840

	<TP>main-circuit-fw, thermal power of the main circuit to the boiler (kW)
	…
	105
	47
	73
	50

	Recovery mixed boiler
	
	
	
	
	

	<PT>bi-rb, biogas consumption (kW)
	…
	870
	97
	366
	0

	<TP>eg-useful, Useful average thermal power of exhaust gases (kW)
	…
	173
	338
	331
	471

	ki, injection coefficient of live steam (%)
	…
	33
	52
	48
	55

	<TP>fw, average thermal power of the feed water to the boiler (kW)
	…
	105
	47
	73
	50

	Gasometers
	
	
	
	
	

	TPbiogas-su-gasom, thermal power supplied (kW)
	…
	1,767
	90
	394
	0

	TPbiogas-st-gasom, thermal power stored (kW)
	…
	870
	97
	366
	0

	Total process
	
	
	
	
	

	TPdigester, thermal power required in digesters (kW)
	1,037
	576
	999
	349
	999

	TPtotal-losses, total losses (kW)
	656
	1,912
	1,242
	2,202
	1,700

	ηthermal-process, thermal efficiency (%)
	37.8
	16
	29.8
	9.1
	23.3

	ηelectric-process, electric efficiency (%)
	38.2
	27.1
	33.5
	30.5
	33.7

	ηenergy-process, energy efficiency (%)
	76
	43.1
	63.3
	39.6
	57


SRE: sludge recirculation exchanger






Table S.3 shows the detailed description of quantities associated with the category of total self-consumption for electric power calculation and the economic balance (I). Consumption savings are composed of the following elements: operation of dewatering pumps, section from the mixing tank to centrifugal pumps, centrifugal pumps, screw conveyor, silo and dewatering silo pumps.
Total self-consumption consists of the following elements:
· THP section: recirculation-filling screw pumps and sludge pumps feeding digesters, injection of dilution water and cooling of HSE. 
· Digestion section: mixing ring pumps. 
· Dewatering: It has been assumed an increase of 5% in the energy demand of screw pumps and dewatered sludge pumps (Scenarios 2 and 3). A value of 10% increase was assumed in Scenarios 4 and 5 due to the increment in TSdw. 
· Nitrification-denitrification section: centrate pumps, filling pumps to reactors, recirculation-purge pumps, reactor and lamination tank pumps and air blowers. 
· Boiler: biogas blowers, feed water pumps, main cooling circuit feed water exchanger pumps, dosage-reagents equipment and burner fan. 
· Cooling towers: pumps of the main cooling circuit of the engines. 

The detailed specification of quantities comprising the category total self-consumption for performing the economic balance under assumptions of case II are shown in Table S.4 Table S.5. present the details of total self-consumption, electric power balance and specific energy parameters used in the economic balance (II).



Table S.3. Breakdown of total self-consumption of the economic balance (I). 
	Equipment
	S2
	S3
	S4
	S5

	Post-thickening (kW)
	76.1
	31.9
	66.7
	65.2

	THP unit (kW)
	36
	26.9
	31.7
	27.2

	Digesters (kW)
	4
	6.5
	0
	0

	Increment of dewatering (kW)
	0.9
	1.5
	1,8
	1,4

	Nitrification-denitrification via nitrite (kW)
	67
	65.8
	80
	76.4

	Recovery mixed boiler (kW)
	11.8
	6.8
	8.9
	6.9

	Cooling towers (kW)
	1.5
	0
	0
	0

	EPadditional, additional self-consumption (kW)
	197.3
	139.4
	189.2
	177.2

	Digesters with THP (kW)
	26.3
	68
	98.4
	101.6

	Dewatering with THP (kW)
	25.6
	38.6
	19.2
	14

	Digesters with MAD (kW)
	100.9
	100.9
	100.9
	100.9

	Dewatering with MAD (kW)
	46.8
	46.8
	46.8
	46.8

	Nitrification-denitrification via nitrate with MAD (kW)
	34
	34
	34
	34

	EPsaved, consumption saving (kW)
	129.8
	75.1
	64.2
	66.1

	Total self-consumption (kW)
	67.5
	64.3
	125
	111.1

	MAD, mesophilic anaerobic digestion





Table S.4. Breakdown of total self-consumption of the economic balance (II).
	Equipment
	S2
	S3
	S4
	S5

	Post-thickening (kW)
	76.1
	31.9
	66.7
	65.2

	THP unit (kW)
	36
	19.9
	31.7
	20.2

	Digesters (kW)
	4
	6.5
	0
	0

	Increment in dewatering (kW)
	0.9
	1.5
	1.8
	1.4

	Nitrification-denitrification via nitrite (kW)
	67
	65.8
	78.7
	76.4

	Recovery mixed boiler (kW)
	11.8
	5.3
	7.7
	4.9

	Cooling towers (kW)
	1.5
	0
	0
	0

	EPadditional,  additional self-consumption (kW)
	197.3
	130.9
	186.6
	168.1

	Digesters with THP (kW)
	26.3
	68
	70
	101.6

	Dewatering with THP (kW)
	25.6
	38.6
	19.2
	14

	Digesters with MAD (kW)
	100.9
	100.9
	87.1
	100.9

	Dewatering with MAD (kW)
	46.8
	46.8
	46.8
	46.8

	Nitrification-denitrification via nitrate with MAD (kW)
	34
	34
	34
	34

	EPsaved,  consumption savings (kW)
	129.8
	75.1
	78.7
	66.1

	Total self-consumption (kW)
	63.5
	55.8
	107.9
	102


MAD: Mesophilic anaerobic digestion



Table S.5. Total self-consumption, electric power balance and specific energy parameters used in the economic balance (II).
	Parameter
	S1
	S2
	S3
	S4
	S5

	Total self-consumption of electric power

	EPadditional, additional self-consumption (kW)
	…
	197.3
	130,9
	186.6
	168.1

	EPsaved, consumption saving (kW)
	…
	129.8
	75,1
	78.7
	66,1

	Total self-consumption (kW)
	…
	67.5
	55,7
	107.9
	102

	
Balance of electric power

	Electric performance of engines (%)
	38.2
	38.2
	36.2
	36.8
	36

	EPeng-gross, gross electric power (kW)
	1.048
	1.039
	1.179
	1.277
	1.542

	%SC, percentage of self-consumption (%)
	0
	6,5
	4,7
	8.4
	6.6

	PEeng-net, net electric power (kW)
	1.048
	971,5
	1,123.3
	1,169.1
	1,440

	Specific energy parameters

	SBP, specific biogas production (m3/t ST)
	310
	406
	380
	434
	484

	TPbiogas-specific, biogas specific thermal power (MWh/t ST)
	1.829
	2.395
	2.238
	2.560
	2.855

	EPgross-specific, gross specific electric power (MWh/t ST)
	699
	693
	786
	852
	1,028

	EPnet-specific, net specific electric power (MWh/t ST)
	699
	648
	749
	779.4
	960

	SBPVS, Specific biogas production, expressed per unit of VS removed (m3/t VS)
	900
	900
	900
	900
	900

	Increment of biogas gross production (%)
	..
	31,0
	22,4
	40
	56,1

	Increment of biogas net production (%)
	…
	-0,8
	8,6
	19,2
	42,5

	Increment of electric gross power production (%)
	…
	-0,9
	12.5
	21.9
	47.1

	Increment of electric net power production (%)
	…
	-7.3
	7.2
	11.5
	37.3





Table S.6. contains the main results obtained from the economic balance under case II assumptions. Table S.7. shows the detailed description of initial capital investment necessary for performing the economic balance under case I assumptions. Table S.8. describes the equipment and costs associated with the different scenarios to establish capital for the economic balance under case II assumptions.

Table S.6. Main results from the economic balance under case II assumptions. Second raw for each category contains the difference in the corresponding value with regard of scenario 1
	Parameter
	S1
	S2
	S3
	S4
	S5

	Biogas production (MWh/year) 
	24.020
	31.458
	29.443
	35.022
	37.192

	
	…
	7.438
	5.423
	11.002
	13.172

	Net electrical energy (MWh/year) 
	9.180
	8.510
	9,840
	10,241
	12.614

	
	…
	-670
	660
	1,061
	3.434

	Dewatered sludge (t/year) 
	40.445
	23.617
	26.026
	16.250
	14.550

	
	…
	-16.828
	-14.419
	-24.195
	-25.895

	Polyelectrolyte (t/year) 
	64,8
	113
	90,2
	100,7
	24,5

	
	…
	48,2
	25,4
	35,9
	-40,3












Table S.7. Breakdown of initial investment of the economic balance case I.
	Scenario
	Nº units
	New equipment installed
	Unitary price
(€)
	Partial investment      (€)
	Total investment
(€)

	S2
	1
	Post-thickening and building
	722,270
	722,270
	4,599,381

	
	1
	Unit of THP
	3.085,107
	3,085,107
	

	
	1
	Equipment of digesters
	59,432
	59,432
	

	
	1
	Recovery mixed boiler of 4,200 kg/h and building
	490,846
	490,846
	

	
	1
	Nitrification-denitrification treatment via nitrite
	241,726
	241,726
	

	S3
	1
	The same elements as in S2
	4,599,381
	4,599,381
	4,599,381

	S4 
	1
	The same elements as in S2
	4,599,381
	4,599,381
	5,087,179

	
	1
	Modification of the digester pipe system
	10,000
	10,000
	

	
	3
	Centrifugal dewatering pump of 35 m3/h 
	147,400
	442,200
	

	
	1
	Screw conveyor for dewatered sludge transport
	8,448
	8,448
	

	
	2
	Dewatered sludge screw pump
	13,575
	27,150
	

	S5
	1
	The same elements as in S2
	4,599,381
	4,599,381
	5,204,672

	
	1
	Barometric egg
	44,308
	44,308
	

	
	1
	Heat exchanger of 136 kW for cooling down dewatered sludge,  scrubber and fan of 5,000 m3/h
	69,385
	69,385
	

	
	2
	Hydrolysed sludge pump 
	6,900
	13,800
	

	
	3
	Sludge centrifugal dewatering pump of 35 m3/h
	147,400
	442,200
	

	
	1
	Screw conveyor for dewatered sludge transport
	8,448
	8,448
	

	
	2
	Dewatered sludge screw pump
	13,575
	27,150
	



	


Table S.8. Breakdown of the capital investment associated with the economic balance under case II assumptions.
	Scenario
	Nº units
	New equipment installed
	Unitary price
(€)
	Partial investment      (€)
	Total investment
(€)

	S2
	1
	Post-thickening facility
	722,270
	722,270
	2,599,381

	
	1
	THP unit
	3,085,107
	3,085,107
	

	
	1
	Digesters
	59,432
	59,432
	

	
	1
	Recovery mixed boiler of 4,200 kg/h and facility
	490,846
	490,846
	

	
	1
	Nitrification-denitrification treatment via nitrite
	241,726
	241,726
	

	
	-2
	Digester (6,000 m3)
	1,000,000
	-2,000,000
	

	S3  
	1
	The same elements as in S2
	4,599,381
	4,599,381
	1,937,348

	
	-1
	Digester (6,000 m3)
	1,000,000
	-1,000,000
	

	
	-1
	Difference between installing a recovery mixed boiler of 4,200 and one of 1,200 kg/h
	350,604
	-350,604
	

	
	-1
	Difference between THP-B6.2 plant and THP-B2.4 plant
	1,311.429
	-1,311.429
	

	Scenario 4
	1
	The same elements as in S2
	4,599,381
	4,599,381
	3,496,737

	
	1
	Modification of digestion line piping system 
	10,000
	10,000
	

	
	3
	Centrifugal dewatering pump of 35 m3/h 
	147,400
	442,200
	

	
	1
	Screw conveyor for dewatered sludge transport 
	8,448
	8,448
	

	
	2
	Dewatered sludge screw pump
	13,575
	27,150
	

	
	-1
	Digester (6,000 m3)
	1,000,000
	-1,000,000
	

	
	-0,33
	Digester (6,000 m3)
	1,000,000
	-333,333
	

	
	-1
	Difference between installing a recovery mixed boiler of 4,200 and one of 1,200 kg/h
	257,109
	-257,109
	

	Scenario 5
	1
	The same elements as in S2
	4,599,381
	4,599,381
	3,537,639

	
	1
	Barometric egg
	30,508
	30,508
	

	
	1
	Heat exchanger of 136 kW for cooling down dewatered sludge,  scrubber and fan of 5,000 m3/h
	69,385
	64,385
	

	
	2
	Hydrolysed sludge pump 
	6,900
	13,800
	

	
	3
	Centrifugal pump of 35 m3/h
	147,400
	442,200
	

	
	1
	Screw conveyor for dewatered sludge transport
	8,448
	8,448
	

	
	2
	Dewatered sludge screw pump
	13,575
	27,150
	

	
	-1
	Difference between installing a recovery mixed boiler of 4,200 and one of 1,200 kg/h
	350,604
	-350,604
	

	
	-1
	Difference between THP-B6.2 plant and THP-B2.4 plant
	1,311.429
	-1,311.429
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Parameter  S 1  S 2  S 3  S 4  S 5  

Post - thickening   (mixed sludge)  

TS  (%)  …  5.4  6.7  3.8  2.3  

M ass flow TS (kg/h)  …  1,499  674  1,042  713  

Mass flow of  incoming  sludge (kg/h)  …  28,138  10,305  27,682  30,690  

Mass flow of polyelectrolyte (kg/h)  …  6  2.7  4.2  2.9  

Mass flow of post - thickening  sludge TS (kg/h)  …  1,454  653  1,012  692  

Mass flow of post - thickening   sludge (kg/h)  …  9,247  4,156  6,429  4,399  

TS concentration   of centrates (%)  …  0,22  0,30  0,14  0,09  

Mass flow of centrates (kg/h)  …  20,096  6,690  22,090  23,527  

Thermal hydrolysis  

m TS - reactor , mass of TS ,   reactor  outlet  (kg/batch)  …  768  256  768  256  

M pg ,  mass flow   of process gases ,   pulper outlet (kg/h)  …  15  7  10  7  

M fs - reactor ,  mass flow   of flash steam (kg/h)  …  56  25  39  25  

