
























Client Agrokoncernas

Project Wheat Gluten & starch dryers

SD reference LT0019
Document number LT0019-D0901

max.level capacity / point max. total load / point velocity
A1  / A5 Gluten dryer exhaust 30 m < 85 dB(A) @ 1m  <  5 mg/Nm³ 106.000 Nm³/h 530 g/h < 25 m/s

A2 / A6 Gluten milling exhaust 30 m < 85 dB(A) @ 1m  <  5 mg/Nm³ 17.000 Nm³/h 85 g/h < 25 m/s

A3 / A7 Gluten dryer air inlet 9m < 85 dB(A) @ 1m  NA NA NA NA

A4 / A8 Gluten milling air inlet 8 m < 85 dB(A) @ 1m  NA NA NA NA

max.level capacity / point max. total load / point max. velocity
A9 / A13 Starch  dryer exhaust 25 m < 85 dB(A) @ 1m  <  5 mg/Nm³ 115.000 Nm³/h 575 g/h < 25 m/s

A10 / A14 Starch cooler exhaust 25 m < 85 dB(A) @ 1m  <  5 mg/Nm³ 16.000 Nm³/h 80 g/h < 25 m/s

A11 / A15 Starch cooler air inlet 8m < 85 dB(A) @ 1m  NA NA NA NA

A12 / A16 Starch dryer air inlet 9 m < 85 dB(A) @ 1m  NA NA NA NA

Wheat gluten dryer (values per dryer)

Emissions dryers
SiccaDania Project: LT0019

Dust emission
Emission point Description emission point Emission height Noise emission level

Wheat starch dryer (values per dryer)

Emission point Description emission point Emission height Noise emission
Dust emission









































AutoCAD SHX Text
Dujų srautas (2400 m3/val.) iš  srautas (2400 m3/val.) iš fermentacijos proceso užterštas  užterštas užterštas angliavandeniliais (4,123 t/metus), sieros junginiais (0,234 t/metus), (0,234 t/metus), 0,234 t/metus), ), , alkoholiais (3,177 t/metus), aldehidais (3,177 t/metus), aldehidais 3,177 t/metus), aldehidais ), aldehidais , aldehidais (0,007 t/metus), ketonais ,007 t/metus), ketonais ), ketonais , ketonais (0,007 t/metus), karboksirūgštimis 0,007 t/metus), karboksirūgštimis 007 t/metus), karboksirūgštimis 7 t/metus), karboksirūgštimis ), karboksirūgštimis , karboksirūgštimis gštimis (1,073 t/metus) ir kt.1,073 t/metus) ir kt.) ir kt. ir kt.

AutoCAD SHX Text
Išvalytos dujos,  išleidžiamos į aplinką  aplinką 2400 m3/val. 400 m3/val. 00 m3/val. Angliavandeniliai: 0,618 t/metus; Sieros junginiai: 0,035 t/metus;  ieros junginiai: 0,035 t/metus;  : 0,035 t/metus;  35 t/metus;   t/metus;  Alkoholiai: 0,477 t/metus;  lkoholiai: 0,477 t/metus;  : 0,477 t/metus;  0,477 t/metus;   t/metus;  Aldehidai: 0,001 t/metus;  ldehidai: 0,001 t/metus;  : 0,001 t/metus;  0,001 t/metus;  ,001 t/metus;  001 t/metus;  01 t/metus;  t/metus;  Ketonai: 0,001 t/metus; 01 t/metus;  t/metus; t/metus;  Karboksirūgštys: 0,161 t/metus.gštys: 0,161 t/metus.t/metus..
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Vanduo (0,5 m3/d)0,5 m3/d))
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Instaliuota galia: 8,1 kW. Vartojama galia: 5,1 kW
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Bioskruberis su integruotu angliniu filtru

AutoCAD SHX Text
Mikrobiologinis ir adsorbcinis dujų valymo procesas valymo procesas
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Nuotekos (0,5 m3/d)0,5 m3/d))
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Instaliuota galia: 8,1 kW. Vartojama galia: 5,1 kW
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Dalinai išvalytos dujos į angliniį filtrą   filtrą  2100 m3/val.

AutoCAD SHX Text
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Aptarnavimo zona  konteineryje
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Dujų srautas (2400 m3/val.) iš  srautas (2400 m3/val.) iš fermentacijos proceso užterštas  užterštas užterštas angliavandeniliais (4,123 t/metus), sieros junginiais (0,234 t/metus), (0,234 t/metus), 0,234 t/metus), ), , alkoholiais (3,177 t/metus), aldehidais (3,177 t/metus), aldehidais 3,177 t/metus), aldehidais ), aldehidais , aldehidais (0,007 t/metus), ketonais ,007 t/metus), ketonais ), ketonais , ketonais (0,007 t/metus), karboksirūgštimis 0,007 t/metus), karboksirūgštimis 007 t/metus), karboksirūgštimis 7 t/metus), karboksirūgštimis ), karboksirūgštimis , karboksirūgštimis gštimis (1,073 t/metus) ir kt.1,073 t/metus) ir kt.) ir kt. ir kt.
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Išvalytos dujos,  išleidžiamos į aplinką  aplinką 2400 m3/val. 400 m3/val. 00 m3/val. Angliavandeniliai: 0,618 t/metus; Sieros junginiai: 0,035 t/metus;  ieros junginiai: 0,035 t/metus;  : 0,035 t/metus;  35 t/metus;   t/metus;  Alkoholiai: 0,477 t/metus;  lkoholiai: 0,477 t/metus;  : 0,477 t/metus;  0,477 t/metus;   t/metus;  Aldehidai: 0,001 t/metus;  ldehidai: 0,001 t/metus;  : 0,001 t/metus;  0,001 t/metus;  ,001 t/metus;  001 t/metus;  01 t/metus;  t/metus;  Ketonai: 0,001 t/metus; 01 t/metus;  t/metus; t/metus;  Karboksirūgštys: 0,161 t/metus.gštys: 0,161 t/metus.t/metus..
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IŠMETIMAS PO KVAPŲ NEUTRALIZAVIMO:  NEUTRALIZAVIMO: Aukštis: 2,9 m Dujų srautas: 2400 m3/val.  srautas: 2400 m3/val. Ortakio skersmuo: 300 mm Išmetamųjų dujų temperatūra vasaros metu: iki 35°C jų dujų temperatūra vasaros metu: iki 35°C  dujų temperatūra vasaros metu: iki 35°C  temperatūra vasaros metu: iki 35°C ra vasaros metu: iki 35°C °C C Išmetamųjų dujų temperatūra žiemos metu: iki 20°C jų dujų temperatūra žiemos metu: iki 20°C  dujų temperatūra žiemos metu: iki 20°C  temperatūra žiemos metu: iki 20°C ra žiemos metu: iki 20°C °C C Pagrindinių išmetamų teršalų kiekiai per metus: išmetamų teršalų kiekiai per metus:  teršalų kiekiai per metus:  kiekiai per metus: Angliavandeniliai: 0,618 t/metus; Sieros junginiai: 0,035 t/metus;  ieros junginiai: 0,035 t/metus;  : 0,035 t/metus;  35 t/metus;   t/metus;  Alkoholiai: 0,477 t/metus;  lkoholiai: 0,477 t/metus;  : 0,477 t/metus;  0,477 t/metus;  ,477 t/metus;  477 t/metus;   t/metus;  Aldehidai: 0,001 t/metus;  ldehidai: 0,001 t/metus;  : 0,001 t/metus;  0,001 t/metus;  ,001 t/metus;  001 t/metus;  01 t/metus;  t/metus;  Ketonai: 0,001 t/metus; 01 t/metus;  t/metus; t/metus; Karboksirūgštys: 0,161 t/metus. gštys: 0,161 t/metus. t/metus. . Stoginio ventiliatoriaus sukuriamas triukšmas: 80 dBA.šmas: 80 dBA.
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Dujų srautas (20 000 m3/val.) iš digestato  srautas (20 000 m3/val.) iš digestato srautas (20 000 m3/val.) iš digestato  (20 000 m3/val.) iš digestato (20 000 m3/val.) iš digestato 20 000 m3/val.) iš digestato  000 m3/val.) iš digestato 000 m3/val.) iš digestato  m3/val.) iš digestato m3/val.) iš digestato  iš digestato iš digestato  digestato digestato sandėliavimo pastato. liavimo pastato. Angliavandeniliai: 5.01 t/metus; Sieros junginiai: 1,55 t/metus; Alkoholiai: 3,89 t/metus; Aldehidai: 0,19 t/metus; Ketonai: 0,19 t/metus; Karboksirūgštys: 2,08 t/metus; gštys: 2,08 t/metus; Aminai: 0,07 t/metus; Nitrilai: 0,28 t/metus; Heterocikliniai junginiai: 0,05 t/metus; Amoniakas: 2,38 t/metus; ir kt.
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Vanduo (0,25 m3/d)0,25 m3/d)25 m3/d)5 m3/d))
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Instaliuota galia: 13,0 kW. Vartojama galia: 7,5 kW
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Skruberių  konterineris
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Absorbcinis dujų  sorbcinis dujų  valymo procesas
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Oro paruošimo šimo ir ozono generavimo sistema
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Instaliuota galia: 12,5 kW. 12,5 kW. 2,5 kW. Vartojama galia: 12,5 kW12,5 kW2,5 kW
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Instaliuota galia: 27,5 kW. Vartojama galia: 22,0 kW
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Instaliuota galia: 9,6 kW. Vartojama galia: 9,6 kW
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Nuotekos (0,25 m3/d)0,25 m3/d)25 m3/d)5 m3/d))
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Nuotekos (0,25 m3/d)0,25 m3/d)25 m3/d)5 m3/d))
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98% H2SO4 (11 kg/d) kg/d)kg/d)/d))
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30% NaOH (25 kg/d)5 kg/d)kg/d)/d))
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27,5% H2O2 (16,5 kg/d),5 kg/d)kg/d)/d))

AutoCAD SHX Text
Mikroorganizmų kolekcija 2,2 l/d kolekcija 2,2 l/d 2,2 l/d
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Absorbcija ir biologinis organinių medžiagų  medžiagų skaidymas 

AutoCAD SHX Text
Dujų srautas (20 000 m3/val.)   srautas (20 000 m3/val.)  20 000 m3/val.)   m3/val.)  iš digestato sandėliavimo pastato. digestato sandėliavimo pastato. liavimo pastato. Angliavandeniliai: 0.75 t/metus; Sieros junginiai: 0,23 t/metus; Alkoholiai: 0,58 t/metus; Aldehidai: 0,03 t/metus; Ketonai: 0,03 t/metus; Karboksirūgštys: 0,31 t/metus; gštys: 0,31 t/metus; Aminai: 0,01 t/metus; Nitrilai: 0,042 t/metus; Heterocikliniai junginiai: 0,008 t/metus; Amoniakas: 0,36 t/metus; ir kt.
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IŠMETIMAS PO KVAPŲ NEUTRALIZAVIMO:  NEUTRALIZAVIMO: Aukštis: 11,0 m 11,0 m ,0 m 0 m  m Dujų srautas: 20 000 m3/val.  srautas: 20 000 m3/val. 0 000 m3/val. 00 m3/val. Ortakio skersmuo: 630 mm 630 mm 0 mm Išmetamųjų dujų temperatūra vasaros metu: iki 35°C jų dujų temperatūra vasaros metu: iki 35°C  dujų temperatūra vasaros metu: iki 35°C  temperatūra vasaros metu: iki 35°C ra vasaros metu: iki 35°C °C C Išmetamųjų dujų temperatūra žiemos metu: iki 20°C jų dujų temperatūra žiemos metu: iki 20°C  dujų temperatūra žiemos metu: iki 20°C  temperatūra žiemos metu: iki 20°C ra žiemos metu: iki 20°C °C C Išmetamų teršalų kiekiai per metus  (iš vienos linijos):  teršalų kiekiai per metus  (iš vienos linijos):  kiekiai per metus  (iš vienos linijos):   (iš vienos linijos): iš vienos linijos): ): : Angliavandeniliai: 0.75 t/metus; Sieros junginiai: 0,23 t/metus; Alkoholiai: 0,58 t/metus; Aldehidai: 0,03 t/metus; Ketonai: 0,03 t/metus; Karboksirūgštys: 0,31 t/metus; gštys: 0,31 t/metus; Aminai: 0,01 t/metus; Nitrilai: 0,042 t/metus; Heterocikliniai junginiai: 0,008 t/metus; Amoniakas: 0,36 t/metus; ir kt. Stoginio ventiliatoriaus sukuriamas triukšmas: 80 dBA.šmas: 80 dBA.
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1 - Rūgštinis skruberis; gštinis skruberis; 2 - Šarminis skruberis; 3 - UV Sistema; 4 -Biofiltras;  5 - Stoginis ištraukimo ventiliatorius; 6 - Biofiltro absorbuojančio ir maitinančio tirpalo surinkimo rezervuaras; 7 - pH matavimo sistema; 8 - pH korekcijos sistema; 9 - Valdymo skydas; ; 10 - Oro paruošimo ir ozono generavimo sistema; šimo ir ozono generavimo sistema; ; 11 - Ozono generatoriai; 12 - Deguonies koncentratoriai; 13 - Oro kompresorius; 14 - Šilumos siurblys.
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DIGESTATO SANDĖLIAVIMO PASTATO LIAVIMO PASTATO STOGAS
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IŠMETIMAS PO KVAPŲ NEUTRALIZAVIMO:  NEUTRALIZAVIMO: Aukštis: 11,0 m 11,0 m ,0 m 0 m  m Dujų srautas: 20 000 m3/val.  srautas: 20 000 m3/val. 0 000 m3/val. 00 m3/val. Ortakio skersmuo: 630 mm 630 mm 0 mm Išmetamųjų dujų temperatūra vasaros metu: iki 35°C jų dujų temperatūra vasaros metu: iki 35°C  dujų temperatūra vasaros metu: iki 35°C  temperatūra vasaros metu: iki 35°C ra vasaros metu: iki 35°C °C C Išmetamųjų dujų temperatūra žiemos metu: iki 20°C jų dujų temperatūra žiemos metu: iki 20°C  dujų temperatūra žiemos metu: iki 20°C  temperatūra žiemos metu: iki 20°C ra žiemos metu: iki 20°C °C C Išmetamų teršalų kiekiai per metus:  teršalų kiekiai per metus:  kiekiai per metus: Angliavandeniliai: 0.75 t/metus; Sieros junginiai: 0,23 t/metus; Alkoholiai: 0,58 t/metus; Aldehidai: 0,03 t/metus; Ketonai: 0,03 t/metus; Karboksirūgštys: 0,31 t/metus; gštys: 0,31 t/metus; Aminai: 0,01 t/metus; Nitrilai: 0,042 t/metus; Heterocikliniai junginiai: 0,008 t/metus; Amoniakas: 0,36 t/metus; ir kt. Stoginio ventiliatoriaus sukuriamas triukšmas: 80 dBA.šmas: 80 dBA.
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IŠMETIMAS PO KVAPŲ NEUTRALIZAVIMO:  NEUTRALIZAVIMO: Aukštis: 11,0 m 11,0 m ,0 m 0 m  m Dujų srautas: 20 000 m3/val.  srautas: 20 000 m3/val. 0 000 m3/val. 00 m3/val. Ortakio skersmuo: 630 mm 630 mm 0 mm Išmetamųjų dujų temperatūra vasaros metu: iki 35°C jų dujų temperatūra vasaros metu: iki 35°C  dujų temperatūra vasaros metu: iki 35°C  temperatūra vasaros metu: iki 35°C ra vasaros metu: iki 35°C °C C Išmetamųjų dujų temperatūra žiemos metu: iki 20°C jų dujų temperatūra žiemos metu: iki 20°C  dujų temperatūra žiemos metu: iki 20°C  temperatūra žiemos metu: iki 20°C ra žiemos metu: iki 20°C °C C Išmetamų teršalų kiekiai per metus:  teršalų kiekiai per metus:  kiekiai per metus: Angliavandeniliai: 0.75 t/metus; Sieros junginiai: 0,23 t/metus; Alkoholiai: 0,58 t/metus; Aldehidai: 0,03 t/metus; Ketonai: 0,03 t/metus; Karboksirūgštys: 0,31 t/metus; gštys: 0,31 t/metus; Aminai: 0,01 t/metus; Nitrilai: 0,042 t/metus; Heterocikliniai junginiai: 0,008 t/metus; Amoniakas: 0,36 t/metus; ir kt. Stoginio ventiliatoriaus sukuriamas triukšmas: 80 dBA.šmas: 80 dBA.
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IŠMETIMAS PO KVAPŲ NEUTRALIZAVIMO:  NEUTRALIZAVIMO: Aukštis: 11,0 m 11,0 m ,0 m 0 m  m Dujų srautas: 20 000 m3/val.  srautas: 20 000 m3/val. 0 000 m3/val. 00 m3/val. Ortakio skersmuo: 630 mm 630 mm 0 mm Išmetamųjų dujų temperatūra vasaros metu: iki 35°C jų dujų temperatūra vasaros metu: iki 35°C  dujų temperatūra vasaros metu: iki 35°C  temperatūra vasaros metu: iki 35°C ra vasaros metu: iki 35°C °C C Išmetamųjų dujų temperatūra žiemos metu: iki 20°C jų dujų temperatūra žiemos metu: iki 20°C  dujų temperatūra žiemos metu: iki 20°C  temperatūra žiemos metu: iki 20°C ra žiemos metu: iki 20°C °C C Išmetamų teršalų kiekiai per metus:  teršalų kiekiai per metus:  kiekiai per metus: Angliavandeniliai: 0.75 t/metus; Sieros junginiai: 0,23 t/metus; Alkoholiai: 0,58 t/metus; Aldehidai: 0,03 t/metus; Ketonai: 0,03 t/metus; Karboksirūgštys: 0,31 t/metus; gštys: 0,31 t/metus; Aminai: 0,01 t/metus; Nitrilai: 0,042 t/metus; Heterocikliniai junginiai: 0,008 t/metus; Amoniakas: 0,36 t/metus; ir kt. Stoginio ventiliatoriaus sukuriamas triukšmas: 80 dBA.šmas: 80 dBA.
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IŠMETIMAS PO KVAPŲ NEUTRALIZAVIMO:  NEUTRALIZAVIMO: Aukštis: 11,0 m 11,0 m ,0 m 0 m  m Dujų srautas: 20 000 m3/val.  srautas: 20 000 m3/val. 0 000 m3/val. 00 m3/val. Ortakio skersmuo: 630 mm 630 mm 0 mm Išmetamųjų dujų temperatūra vasaros metu: iki 35°C jų dujų temperatūra vasaros metu: iki 35°C  dujų temperatūra vasaros metu: iki 35°C  temperatūra vasaros metu: iki 35°C ra vasaros metu: iki 35°C °C C Išmetamųjų dujų temperatūra žiemos metu: iki 20°C jų dujų temperatūra žiemos metu: iki 20°C  dujų temperatūra žiemos metu: iki 20°C  temperatūra žiemos metu: iki 20°C ra žiemos metu: iki 20°C °C C Išmetamų teršalų kiekiai per metus:  teršalų kiekiai per metus:  kiekiai per metus: Angliavandeniliai: 0.75 t/metus; Sieros junginiai: 0,23 t/metus; Alkoholiai: 0,58 t/metus; Aldehidai: 0,03 t/metus; Ketonai: 0,03 t/metus; Karboksirūgštys: 0,31 t/metus; gštys: 0,31 t/metus; Aminai: 0,01 t/metus; Nitrilai: 0,042 t/metus; Heterocikliniai junginiai: 0,008 t/metus; Amoniakas: 0,36 t/metus; ir kt. Stoginio ventiliatoriaus sukuriamas triukšmas: 80 dBA.šmas: 80 dBA.
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Abstract:  

Digestion time (DT) in anaerobic digestion (AD) on performance of subsequent digestate 

composting regarding compost maturity and greenhouse gas (GHG) emission was investigated. 

Digestates for composting were obtained after anaerobically digested mixture of dairy manure, 

corn stalks, and tomato residues (48:32:20, volatile solids based) with DT of 15, 30, and 45 days, 

respectively. Digestates were composted with corn stalks (85:15, wet weight based). Results 

showed approximately 30% and 70% of biochemical methane potential (342.0 L/kg VSfeedstock) 

were obtained when DT of 15 and 30 days. Digestate co-composting with cornstalks could be 

initiated effectively and reduced GHG emissions by 18.9-29.0% compared to compost with raw 

materials. DT of 30 and 45 days digestate composting cause benefit on germination index. DT of 

45 days had the highest net power production in combine AD and composting system. DT of 30 

days digestate composting was optimum choice for compost maturity and GHG emissions.  

Keywords: Solid stated anaerobic digestion; digestion time; digestate composting; compost 

maturity; greenhouse gas emission   



  

1. Introduction  

China is the largest agricultural country in the world and rich in agricultural biomass resources 

(Yang et al., 2010). Crop residues and livestock manure is the primarily component of 

agricultural biomass resources. However, these agricultural biomass resources are becoming a 

troubling pollution in China. About 280 million tons per year of crop residues are discarded and 

burned in the field (Ji et al., 2017). Untreated livestock manure waste could easily cause non-

point source pollution in the ecological system. Over the past decades, livestock manure is 

increasingly concentrated in confined animal feeding operations, which are largely either spread 

on fields as dry litter or pumped into waste lagoons and sprayed as liquid onto fields (Schipanski 

and Bennett, 2012). These have been identified as a dominant contributor  to increase greenhouse 

gas emission and cause water pollution (e.g., surface water eutrophication and groundwater 

nitrate enrichment) (USEPA, 2009; Li et al., 2016). 

Solid-state anaerobic digestion (SS-AD) is considered as an effective way to treat agricultural 

biomass resources and lignocellulosic biomass, which produce renewable energy in the form of 

biogas and provides environmental benefit by utilizing nutrients and organic carbon in organic 

wastes. Digestate is the by-product of methane in a biogas plant, which is a mixture of partially 

degraded organic matter (OM), microbial biomass and inorganic compounds (Alburquerque et al., 

2012). Digestates typically have a high ratio of ammonium nitrogen (NH4-N) to total nitrogen 

(TN) and thus have high potential nitrogen availability for crops. As a result, digestate can be 

used as effective organic fertilizers (Möller and Müller, 2012). However, recent development in 

the biogas plants leads to an oversupply of digestate in certain regions, particularly those where 

there are not adequate farmland for digestate consumption. Furthermore, residual organic matters 

and their complex compositions, salts, and pathogenic bacteria may still remain in digestate, 



  

thereby negatively affecting the soil biota and crop growth when being applied to farmlands 

(Teglia et al., 2011).  

A sustainable approach to mitigate the problem of digestate is to treat and reprocess the organic 

waste. Composting is an effective way to reduce the mass of digestate, as well as produce a 

pathogen-free, non-toxic and nutrient-rich end compost (Scheutz et al., 2011). Composting of 

digestate has not been significantly investigated and there is much to learn about the process 

(Zeng et al., 2016; Arab and McCartney, 2017). One aspect worth investigating is the digestion 

time (DT) of AD process in an integrated SS-AD and composting system. The digestion time of 

AD process will not only change the nature of digestate, and further affect compost maturity and 

gases emission during digestated composting, but also affect the methane yield and power inputs 

for heat supply in AD process. Mao et al. (2015) found correlations between the digestion time 

and biogas production rate, digestion time and methane production rate, digestion time and VS 

reduction rate, and digestion time and TVFAs are all significant. Li et al. (2017) used AD for 

waste activated sludge treatment, and concluded that organic matter decreased significantly in 

digested sludge when digestion time higher than 10.7 days. Furthermore, Longer digestion time 

associated with higher capital and operating costs for AD (Tyagi and Lo, 2013). 

This study aimed to investigate the effects digestion time of agricultural wastes on the 

performance of subsequent digestate composting in an integrated SS-AS and composting system. 

Methane yields at different digestion times were evaluated during SS-AD. Compost maturity and 

gaseous emissions during subsequent digestate composting were elucidated. Moreover, energy 

consumption and total GHG emission from the whole integrated system were delineated. Results 

from this study shed light on the development of a compact and reliable system for the effective 

treatment and reuse of agricultural wastes. 



  

2. Materials and methods 

2.1 Feedstock and inoculum 

Dairy manure was collected from a farm located in Haidian, Beijing, China. After collection, 

dairy manure was mixed by a kitchen blender (Braun-MQ705, Braun Inc., Poland) and stored at 

4°C until experiments. Corn stalks were taken from the Shangzhuang Research Station of China 

Agricultural University, Beijing, China. Tomato residues, including stalks and leaves, were 

obtained from a farm located in Fangshan, Beijing, China. Corn stalks and tomato residues were 

air-dried to a moisture content less than 15% and then ground to pass through a 40 mm sieve 

(Huafeng Inc., Zhejiang, China). Digested sludge obtained from a mesophilic liquid AD system 

(operated by Beilangzhong pig farm, Beijing, China) fed with pig manure was used as the 

inoculum for the SS-AD tests. The properties of the feedstock are shown in Table 1. 

 [Table 1] 

2.2 Anaerobic digestion and composting reactor system 

AD tests were performed in 100 L reactors with a working volume of 80 L (Fig. 1). The reactor 

was used to �V�L�P�X�O�D�W�H�� �W�K�H�� �³�J�D�U�D�J�H-�W�\�S�H�´��system, which is commonly used for SS-AD (Sheets et 

al., 2015; Li et al., 2018). The reactor was wrapped by heating wire, which was connected to an 

automatic temperature control. Thus, the reactor could be maintained under a mesophilic 

condition (35 �f  1°C). 

[Figure 1] 

A series of pilot-scale composting vessels were used to simulate the forced aeration system. The 

compost reactors (60 L in effective volume, 600 mm high, and 360 mm inner diameter) were 

insulated with two layers of stainless steel cylinders (Fig. 2). Polystyrene foam was inserted 



  

between the two stainless steel layers (50 mm) to minimize heat loss. A digital thermometer was 

placed in the middle of each reactor (30 cm). The reactor caps were made of stainless steel. To 

avoid gas leakage, rubber O-rings were placed between the cap and the main body of the reactor. 

Each cap had three outlets to allow a temperature sensor to be inserted into composting matrix, 

gas sample collection, and air release. A perforated plate with 5 mm mesh was installed at the 

bottom of each reactor to allow for leachate separation and homogenous aeration. Two ports on 

the lateral of each reactor (lower than the perforated plate) were used for leachate collection and 

aeration, respectively. An air pump was operated intermittently (25 min on and 5 min off) to 

provide the aeration rate of 0.48 L·min-1·kg-1DM (dry mass) A detailed description of the 

composting vessel is also available elsewhere (Zang et al., 2017). 

[Figure 2] 

2.3 Experimental design 

According to our previous study (Li et al., 2018), dairy manure, corn stalks, and tomato residues 

were used as the feedstock at a mixing ratio of 48:32:20 (based on volatile solids (VS)), in 

anaerobic digestion batch tests, to balance nutrients and improve biogas production of SS-AD of 

dairy manure, corn stalks, and tomato residues. Feedstock-to-inoculum (F/I) ratio of 4(VS based) 

can provide sufficient microbes and enough buffering capacity to the reactor of SS-AD of dairy 

manure, corn stalks, and tomato residues at a ratio of 48:32:20 (Li et al., 2018). Thus, deionized 

(DI) water and inoculum were mixed with the feedstock using a hand-mixer (Braun-MQ705, 

Braun Inc., Poland) to achieve a mixture with 20% total solids (TS) and a F/I ratio of 4 (VS 

based) in this study.  The mixture was loaded into 100 L AD reactors and digested for 15, 30, and 

45 days at 35 ± 1 oC. Triplicate reactors were run in parallel for each digestion period. Inoculum 

without feedstock was used as a control. Biogas produced from each reactor was collected using 



  

a 30 L Tedlar gas bag (Safe-laboratory, China). Biogas composition and volume were measured 

twice a day. Digestate samples were taken from reactors at the beginning and the end of AD. 

In composting tests, four treatments were conducted to determine the effects of digestion time in 

AD process on subsequent compost maturity and gaseous emission. Digestate and corn stalks 

were mixed at a ratio of 85:15 (based on wet weight (ww)), because 15% cornstalks used as 

bulking agent can be used to improve composting process by adjusting moisture content and C/N 

ratio of composting materials (Yang et al., 2013; Yang et al., 2015). DI water was added to adjust 

the moisture content of composting mixture to 65%. The aeration rate was maintained at 0.48 

L·min-1·kg-1DM as described above. Based on our previous study (Li et al., 2016; Li et al., 2018), 

the daily methane production is less than 6 L/d/ kg VSfeedstock after 30 days of digestion. Consider 

the enegy used in AD, 6 L/d/ kg VSfeedstock is not efficient for continuous digestion (Li et al., 

2016). Thus, both a short (15 days) and longer digestion time (45 days) were investigated in this 

study. Thus, three composting treatments, denoted as T1, T2, and T3, were conducted using 

digested for 15 (DT = 15 days), 30 (DT = 30 days), 45 days (DT = 45 days) as the feedstock, 

respectively. A control treatment was also set by blending undigested feedstock (i.e., a mixture of 

dairy manure, corn stalks, and tomato residues at a ratio of 48:32:20 and then mixed with 

deionized water and inoculum (digestate sludge) to achieve a mixture with 20% TS and a 

feedstock-to-inoculum (F/I) ratio of 4 (VS based)) and with corn stalks. The schematic diagram 

of different stages in SS-AD on subsequent digestate composting are shown in supplementary 

data. All treatments were composted continuously for 28 days with manually turning the 

composting piles on day 3, 7, 14, and 21.  

2.4 Analytical methods 

Biogas production was measured by a drum-type gas meter (Ritter, Bochum, Germany). Biogas 



  

composition (including CO2, CH4, N2, and O2) was determined by a gas chromatography (GC) 

(GC1100, Puxi, China) equipped with a thermal conductivity detector (TCD) according to the 

analytical method described by  Li et al. (2018). For raw and digested materials, a 5 g sample 

was diluted with 50 mL of DI water, and then centrifuged (TDL-5-A, Anting, China) at 10,000 

r/min for 15 min at room temperature. The supernatant was then filtered through 0.22 mm pore 

sized filters for the analysis of pH, alkalinity, and volatile fatty acids (VFAs). The pH was 

determined by a pH meter (pHS-3C Shanghai, China). Alkalinity was measured by a ZDJ-5B 

model autotitrator (Leici, China). Concentrations of VFAs, including acetic, propionic, butyric, 

and valeric acid, in digestate were measured using a GC system (model GC2014, Shimadzu, 

Japan) equipped with a flame ionization detector (FID) according to the method previously 

reported by  Li et al. (2016). TS, and VS were determined based on standard methods (APHA, 

2005). Total carbon (TC) and total nitrogen (TN) were determined by an elemental analyzer 

analysis (Vario MACRO Cube Elemental Analyzer, Elementar Analysen Systeme, Hanau, 

Germany). Total ammonia nitrogen (TAN), including both free ammonia (NH3) and ammonium 

(NH4+), was determined based on a modified distillation and titration method (ISO 5664, 1984) 

using 4% boric as the receiving solution. Cellulose, hemicellulose, and lignin were determined 

by a two-step acid hydrolysis according to the procedure published by National Renewable 

Energy Laboratory  (Sluiter et al., 2008). Crude protein content was estimated by determining 

total organic nitrogen and multiplying by a factor of 6.25 (Hattingh et al., 1967). Lipids content 

was determined by Soxhlet extraction using diethyl ether as solvent (APHA, 1998). 

Temperature was continuously recorded by using the C-LGX program (Scan-2000x, Hongyuan-

pengao, China). Gas samples were analyzed twice per day in the composting experiment. 

Oxygen (O2) and carbon dioxide (CO2) concentrations were measured using a portable biogas 



  

analyzer (BIOGAS-5000, Geotech, UK). Methane (CH4) and nitrous oxide (N2O) concentrations 

were analyzed by gas chromatography (3420A, Beifen, China) equipped with both electron 

capture and flame ionization detectors as reported by  Jiang et al. (2011). Ammonia (NH3) was 

absorbed by 2% boric acid and then titrated with 0.01 M H2SO4 for quantification. Solid samples 

(300 g) were taken after manually turning the composting pile. Each solid sample was divided 

into three parts: moisture measurement was conducted using 30 g fresh samples; certain amounts 

of fresh samples were served for water extraction to determine pH, electric conductivity (EC), 

E4/E6 (UV-Vis absorbance ratio at the wavelength of 465 and 665 nm), and germination index 

(GI); and residual samples were air-dried and then ground to pass through a 0.15mm mesh for 

the analysis of total TC, TN and ash content. In specific, moisture content was determined by 

drying samples at 70 ± 5 oC to a constant weight. Fresh compost samples were completely mixed 

with DI water (1:10 w/w) on a mechanical shaker (GS-10, NANBEI, China) for 30 min and then 

filtered through a 0.45 mL filter membrane to obtain the supernatant. The supernatant pH and EC 

were analyzed by a pH/conductivity meter. E4/E6 was the absorbance ratio of water extract at the 

wavelength of 465 and 665 nm using UV-Vis spectrophotometer (N4S, INESA, China). GI was 

determined using radish seeds based on the method previously reported by  Yang et al. (2013). In 

this study, all measurements were conducted in triplicate. 

2.5 Data analysis 

Mean values and standard deviation from triplicate measurements of each experimental 

treatment were reported. Statistical significance was tested by analysis of variance (ANOVA), 

and mean value�V���Z�H�U�H���F�R�P�S�D�U�H�G���X�V�L�Q�J���7�X�N�H�\�¶�V���K�R�Q�H�V�W�O�\���V�L�J�Q�L�I�L�F�D�Q�W���G�L�I�I�H�U�H�Q�F�H�����+�6�'�����W�H�V�W�V���Z�L�W�K���D��

threshold P-value of 0.05 declared significant. SAS 9.2 for Windows (SAS Institute Inc., Cary, 

NC, USA) was used for all statistical analyzes. 



  

3. Results and discussion 

3.1 Evaluation of methane production  

The daily methane yield from SS-AD of dairy manure, corn stalks and tomato residues were less 

than 1 L/kg VSfeedstock during the initial 5 days and then fluctuated to achieve several peaks 

between day 8 and 14 days (Fig 3). In specific, the first peak was observed on day 8 with 

methane yield of 13.3 L/kg VSfeedstock, while the highest daily methane yield of 14.1 L/kg 

VSfeedstock occurred at day 14. The peak was probably caused by the rapid hydrolysis and 

acidification of easily degradable components (other than holocellulose) (Li et al., 2016). With 

the depletion of easily biodegradable substances, the methane yield decreased significantly from 

day 14 onward.  

The cumulative methane yield over 45 days (DT= 45 days) of AD was 342.0 L/kg VSfeedstock with 

approximately 30% and 70% achieving when digestion time was set at 15 and 30 days, 

respectively. This cumulative methane yield was similar to that reported previously under 

comparable conditions (Li et al., 2016; Li et al., 2018). The methane content in produced biogas 

increased considerably to more than 50% within first 8 days and then was maintained at a quasi-

steady state (50-65%). During the AD process, the average methane content was 54% when 

digestion time was set at 45 days, which was higher than that obtained when digestion time was 

set at 15 and 30 days (45% and 51%, respectively).  

[Figure 3] 

3.2 Composting performance 

3.2.1 Feedstock composition 

Mixture of undigested feedstock and digestate after AD at different digestion time, had varied 



  

contents of TC and TN. Among these four feedstocks, mixture of undigested feedstock had the 

highest TC (39.2%) and TN (2.1%), while digested for 45 days (DT = 45 days) had the lowest 

(35.6% for TC and 1.6% for TN) (Table 2). However, after mixing with the corn stalk, the C/N 

ratio of the mixed reactants for composting ranged from 20.5 to 22.8 (Table 3), which was in the 

optimum C/N range for the typical composting process (Huang et al., 2004). Methane yield and 

intermediate products, such as VFAs, were dominantly contributed by the decomposition of 

organic compounds. Thus, organic matter content of feedstock decreased continuously during 

AD, which increased the moisture content and bulk density along with the digestion time. The 

mixture of undigested feedstock had a bulk density of 325 kg/m3, while, the bulk density of 

digested for 45 days (DT = 45 days) was 620 kg/m3. It has been reported that the high bulk 

density and moisture content of raw materials could result in leachate discharge and greenhouse 

gases (GHG; mainly CH4 and N2O) emission (Yang et al., 2013). Since the bulk density of corn 

stalks was relatively low (178 kg/m3), after mixing with the corn stalks, the bulk density of the 

composting piles were similar (327-390 kg/m3) for all treatments.  

[Table 2] 

[Table 3] 

3.2.2 Temperature, oxygen content and carbon dioxide 

Temperatures in all treatments rose sharply to 70 oC during the first 2 days and achieved the 

thermophilic phase (> 55°C) (Fig. 4a). The thermophilic condition during composting was 

established easily and remained above 60 oC for at least 9 days. After the exhaustion of available 

organic matter and nitrogenous compounds, microbial activity and the decomposition rates of 

organic matter slowed down (Shen et al., 2011). Thus, the thermophilic phase terminated and the 

temperature gradually decreased to near ambient temperatures after three weeks of composting. 



  

The temperature profiles of four treatments were similar. It was evident that although AD 

reduced the residual organic matter in digestate, its co-composting with cornstalks could be 

initiated effectively. The temperature of all treatments satisfied the Chinese National Standard for 

Sanitation (Chinese Standard DB11/T 272-2005, 2005), which defines that the composting 

temperature  should be above 55 oC for at least 5 days for effective pathogen elimination (Zhang 

et al., 2016). 

Except for T1, O2 content in all treatments showed a typical pattern of composting. The O2 

content decreased sharply within the first 2 days, due to oxygen consumption by aerobic 

microorganisms for biodegrading organic matters (Luo et al., 2014). Subsequently, the O2 

content of all treatments (apart from the T1 treatment) began to increase under forced aeration 

conditions and then decreased temporarily after manual turning (Fig. 4b). As the composting 

temperature gradually decreased to the ambient level, the O2 content increased up to ambient 

concentration. In the T1 treatment, the O2 content increased sharply from 8 to 18 vol% within the 

first several days, and a slow increase with significant fluctuations was observed thereafter. The 

O2 content of the T1 treatment reached the ambient level after the third week. This behavior 

could be explained by the digested for 15 days (DT= 15 days) used as feedstock. Though the 

digestate and corn stalks was fully mixed before added to the compost vessels, the penetration of 

O2 is limited and it is continuously consumed during aerobic processes, each compost particle 

has an aerobic outer layer and an anaerobic core (Ge et al., 2015). When sufficient oxygen added 

to the compost reactors under forced aeration conditions, consider the consumption by aerobic 

�P�L�F�U�R�R�U�J�D�Q�L�V�P�¶�V�� �U�H�T�X�L�U�H�P�H�Q�W�V���� �W�K�H�� �22 concentration in T1 increased. This result also indicated 

that indicating that 0.48 L kg-1DM min-1 provide sufficient oxygen for digestate composting. 

Despite the observable variation, O2 concentrations were not statistically different among the 



  

four treatment (p > 0.05). 

[Figure 4] 

3.2.3 Compost quality 

The pH values of all treatments remained in the range of 7.2 to 8.1 during composting (Fig. 5a). 

The pH of all treatments increased slightly in the first week, corresponding with the high 

ammonia emission rate as the composting temperature increased, and then decreased, possibly 

due to the production of organic acids from the biodegradation of organic materials (Yang et al., 

2013). After 14 days of composting, as the pile temperature declined, the pH values of T1, T2, 

and T3 treatments increased. This increase could be attributed to the mineralization of organic 

nitrogen (Gabhane et al., 2012). Overall, the pH values of all treatments were in the satisfactory 

range (7-8.5) for mature compost(Masó and Blasi, 2008). Statistical analysis also showed no 

significant differences of these three treatments in terms of the compost pH (P > 0.05). 

The EC values of all treatments decreased rapidly when composting started (Fig.5b), due to a 

large amount of biodegrading organic matters were consumed by microbes along with the rapid 

rise in temperature (Zhu et al., 2016). Subsequently, all treatments experienced an increase in EC 

value. One possible reason might be the accumulation of soluble salts through the biodegradation 

process (Zhou et al., 2016). The final EC values for all treatments were lower than 4.0 mS�Âcm-1, 

which has been reported to be the threshold to avoid negative effects on microorganisms and 

organic matter biotransformation (Zhang and Sun, 2015). The results indicate that digestate co-

composting with corn stalks caused no adverse effect on the release of inorganic compounds. 

The humification or maturity compost contain higher molecular weight and higher degree of 

condensation of aromatic nucleus of humus. The increase in molecular weight and aromatic 



  

nucleus of humus condensation typically indicated by a reduction of the E4/E6 ratio r during 

composting (Yuan et al., 2016). The E4/E6 value of all treatments decreased during composting, 

which suggested that digestate composting produced more polycondensed humic acids (Huang et 

al., 2004). The initial E4/E6 values of all treatments were in the range of 5.5 to 6.3 (Fig. 5c), and 

the final E4/E6 value of all treatments were 1.62, 1.99, 2.51, and 2.64 in the control, T1, T2, and 

T3, with the reduction rate of 70.8%, 66.9%, 59.2%, and 58.1%, respectively. Thus, the digestate 

with longer digestion time (i.e., 30 days and 45 days) in AD process is not suitable to obtain a 

compost with higher humification degree. 

The GI values of all treatments decreased slightly at the beginning of the composting experiment. 

Fang et al. (1999) and  Guo et al. (2012) attributed this drop to the production of low molecular 

weight short chain VFAs and ammonia. After the first turning, the GI values of all treatments 

increased gradually as VFAs were exhausted and NH3 was emitted until the end of the 

experiment. The GI of T2 and T3 treatments exceeded 80% within 14 days, while the GI of 

control and T1 treatments increased up to 80% within 21 and 28 days (Fig. 5d). This was 

probably caused by the rapid hydrolysis and acidification of the easily digestible materials during 

the first 15 days of AD, producing large amounts of residual VFAs in digestates before 

composting. A previous study found that a GI of more than 80% indicates phytotoxic-free and 

mature compost (Tiquia and Tam, 1998). Compared to the control treatment, significantly (P �Ø 

0.05) higher GI values were observed in T2 and T3 treatments within the first 14 days. 

Nevertheless, the GI value of all treatments exceeded 100% at the end of composting, indicating 

that compost reached maturity. It is noteworthy that digestate composting with longer digestion 

time (i.e., 30 days and 45 days) in AD process facilitated plant growth. The final GI value of T2 

and T3 were 26% and 28% higher than that of the control treatment.  



  

[Figure 5] 

3.2.4 Ammonia, nitrous oxide, and methane emission 

NH3 emissions of all treatments increased sharply at the beginning of composting, and then 

peaked after the first manual turning (Fig. 6a). After each turning, a notable NH3 emission was 

observed, which could be attributed to the redistribution of biodegradable substances and the 

reduced matrix compaction, which were favorable to reactivate the composting process. The 

intensive NH3 emission was observed for the first two weeks, due to the intensive degradation of 

easily degradable organic matter (Yang et al., 2015; Jiang et al., 2016) thereafter, the NH3 

emission declined. Compared to the control treatment, a significantly higher cumulative NH3 

emissions (P�Ø 0.05) was observed for T1, T2, and T3 treatments, with an increment by 38.6%, 

25.7%, and 21.3% (per ton), respectively (Fig. 6b). This discrepancy can be ascribed to the high 

NH4
+-N content in raw composting materials (digestates+ cornstalks) of the T1, T2, and T3 

treatments (Table 3), which could be converted to NH3 under high temperature during 

composting. Furthermore, the porosity of the composting materials (mixture of dairy manure, 

corn stalks, and tomato residues) and digestate in composting also contributed to the different 

physical absorption effect of NH3 emissions. 

All treatments immediately had a relative high N2O emission after the composting started. More 

than 58% of N2O emission was observed in the first week (Fig. 6c). Previous studies have shown 

that N2O could be produced from denitrification during the storage of feedstocks, and discharged 

at the beginning of composting when the composting temperature increased (El Kader et al., 

2007;  Yang et al., 2013). Hao et al. (2001) believed that the chemo-denitrification of NO3
�í to 

N2O plays an important role for N2O emission. They observed a significant correlation between 

the N2O emission rate and the average NO3
- concentration in the compost (R = 0.080, n = 16).  



  

Jiang et al.  (2011)  concluded that the N2O emissions at the beginning could be created by the 

nitrification of ammonia, because the NO2
�í/NO3

�í content in the raw materials was inadequate to 

sustain such a high emission rate at the beginning of composting. Data analysis showed that 

highly significant difference was found between the three digestate treatments (T1, T2, and T3) 

and the control treatment (P �Ø 0.01), indicating that digestate used as feedstock in composting 

significantly affect N2O emission. Compared to control treatment, the reduction of cumulative 

N2O emissions by 57.3%, 63.4%, and 81.1% (per ton) was calculated for the T1, T2, and T3 

treatments, respectively (Fig. 6d). DT of 45 days digestate is the most favorable feedstock to 

reduce N2O production during composting due to its relatively low NOx- concentration (11.8 mg 

kg-1, Table 3).  

CH4 emission from all treatments increased rapidly and peaked on day 1 of composting (Fig. 6e). 

With sufficient aeration, CH4 emission decreased thereafter. In this study, the O2 content in the 

outlet of the composting vessel ranged from 10% to 20% from day 2 to the end of composting  

(Fig. 4b), which inhibited the methanogenic activity. A small but negligible CH4 emission was 

still observed after day 2, possibly due to the partial anaerobic condition in the composting pile 

with inadequate O2 diffusion (Ge et al., 2015). The cumulative CH4 emission of the T1 

treatments was significantly (P�Ø 0.01) higher than other treatments (Fig. 6f). In particular, the 

CH4 emission of the T1 treatments reached 336.6 g CH4-C t-1 day-1 on the first day of 

composting. Considering the high CH4 emission and low O2 content (8%, Fig. 4 b) on day 1, it is 

confirmed that the T1 treatments was under anoxic conditions on the first day. 

[Figure 6] 

 3.2.5 Elemental mass balance and total greenhouse gas emission 



  

The elemental mass balance showed that 35.3-52.6% carbon were released during composting 

for all treatments, in which total CH4 emissions accounted for 1.0-3.6% (Table 4) and others 

were lost in the form of CO2 or by microbial assimilation (Yang et al., 2015). Similar carbon loss 

during composting was also reported by Zang et al. (2016). In this study, the T2 and T3 

treatments reduced total carbon losses by 22.0% and 32.9% compared to the control treatments. 

However, the T1 treatments lost more carbon than the control treatments. The total nitrogen 

losses of all treatments were within the range of 25.3-35.8%. Most of nitrogen was lost in the 

form of NH3 (8.4-11.9% of initial total nitrogen), followed by N2O. The nitrogen loss in T2 and 

T3 treatments was slightly lower (13.4 and 4.7%) than the control treatments. However, the T1 

treatments encountered more nitrogen loss than the control. These results suggested that digestate, 

after certain period of digestion, reduced total carbon and nitrogen losses when used as feedstock 

to co-compost with corn stalks. 

Considering energy consumption to supplement heat lost in the AD process and by air pump in 

composting, the total greenhouse gas emissions from the integrated SS-AD and composting 

system varied from 77.7 to 109.4 kg CO2-eq t-1 DM expressed as CO2�±C equivalents. The GHG 

emissions from power and N2O were dominant in the T1-T3 treatments. The contributions power 

to GHG emissions were 19.0%, 38.2% and 64.6% for the T1, T2, and T3 treatments, respectively. 

The N2O emissions contributed to 24.3% to 49.9% of total GHG emissions in the T1-

T3treatments, and 91.2% in the control treatment. Although the GHG emissions from power 

used in the T1-T3 treatments were much higher than that in control treatment, the total GHG 

emissions of T1-T3 were lower than those of the control treatment with a reduction by 18.9%, 

33.1% and 29.0%, respectively (mainly due to reduction of N2O emissions). The lowest total 

GHG emissions (73.20 kg CO2-eq/ton) was achieved with digestion time of 30 days digestate co-



  

composting with corn stalks. 

These results indicate that digestate used as feedstock for composting had a certain advantage in 

reducing gaseous emissions. There is a potential for total carbon and nitrogen mitigation in 

compost when digestion time was set longer than 30 days. However, considering the power used 

for the AD process to maintain the reactor temperature at 35 oC, the energy consumption was 

0.005 kWh/day/kg DM with the electricity conversion efficiency of the internal combustion 

engine at 32% (Li et al., 2018) (Patterson et al., 2011). The power used for 15, 30, and 45 days of 

AD was 0.075, 0.15, and 0.225 kWh/ kg DM, while the power produced from methane 

production of 15, 30, and 45 days was 0.152, 0.337, and 0.513 kWh/ kg DM. Digestion time of 

45 days achieved the highest net power, which lead to 275% and 54% net power production 

compared to digestion time of 15 and 30 days. Moreover, digestate treatment usually requires 

additional costs. Golkowska et al. (2014) compares digestate treatment costs through four 

different treatment plants and found treatment costs for the pre-dried solid fraction of digestate 

�U�D�Q�J�H�G���I�U�R�P���¼�������W�R���¼�������S�H�U���W�R�Q���R�X�W�S�X�W, while treatment of raw digestate generates high operating 

costs with �¼������-247 per ton output.  Balussou et al. (2012) showed digestate treatment costs in 

biogas plants (15,000 m3 per year biowaste (mixed waste vegetables) and 41,000 ton per year 

sewage sludge to produce heat and electricity) in Germany was ���������� �¼�P�L�O�O�L�R�Q�� �S�H�U�� �\�H�D�U�� These 

results indicate that applying manure digestate as feedstock for composting not only produces 

high quality compost and reduces GHG emissions in comparison with raw livestock manure, but 

also minimize the overall cost of digestate treatment in biogas plants.  

[Table 4] 

4. Conclusion  

Co-composting digestate with corn stalks could initiated effectively. DT of 30 and 45 days 



  

digestate composting cause benefit on germination index, although it not suitable to obtain a 

compost with higher humification degree. Digestate composting reduce GHG emissions by more 

than 19% compared to compost with raw feedstocks. DT for 30 days was advantageous in terms 

of pH, EC, and germination index for compost and achieve the highest GHG reduction. DT of 45 

days was optimum choice for net power production. These results also indicate digestate 

composting may provide an efficient method to minimize the overall cost of digestate treatment.  
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Figure 1 Solid stated anaerobic digestion reactor and its components. 
  



  

 

 
Figure 2 Composting reactor and its components: (a) gas sampling port, (b) air outlet, (c) rubber 
cushion, (d) rock mineral cotton, (e) solid sampling port, (f) temperature sensor, (g) compost, (h) 

leachate outlet, (i) sieve plate, (j) air inlet. 
 
  



  

 
Figure 3 Daily methane yield and methane content of solid state anaerobic co-digestion of 

tomato residues, dairy manure, and corn stover during 45 days.  



  

 

 
 

Figure 4 The impact of digestion time (DT) of anaerobic digestion on temperature (a), and 
oxygen concentration (b) during digestate composting.  



  

 
 

Figure 5 The impact of digestion time (DT) of anaerobic digestion on chemical properties of 

digestate compost: (a) pH, (b) electrical conductivity, (c) E4/E6, and (d) germination index. 

  



  

 
Figure 6 The impact of digestion time (DT) of anaerobic digestion on nitrogen gaseous (NH3 

and N2O) and methane emissions during digestate composting. 
  



  

Table 1 Key physiochemical characteristics of feedstock and inoculum used for anaerobic 
digestion. 

 
Characteristic Dairy manure Corn stover Tomato residues Digestate 

Total solids (%) 16.9±0.2 93.0±0.6 93.8±0.3 15.6±0.5 

Volatile solids (%) 14.8±0.1 81.9±0.2 85.4±0.0 8.6±0.2 
VS/TS (%) 87.6±1.6 88.1±0.8 91.0±0.2 55.1±3.0 

pH 7.4±0.2 NDa NDa 8.2±0.1 
Total volatile fatty acid (g/kg) NDa NDa NDa 4.2±0.3 
Total ammonia nitrogen (g/kg) 3.2±0.5 NDa NDa 6.7±0.3 

Alkalinity (g CaCO3/kg) 10.6±0.1 NDa NDa 8.3±0.4 
Total Carbon (%)b 40.7±0.3 48.5±0.2 38.4±0.4 33.4±0.2 

Total Nitrogen (%)b 1.8±0.0 0.9±0.0 2.5±0.0 2.6±0.0 
C/N ratio 22.6±0.2 53.9±0.2 15.4±0.2 12.8±0.1 

Lignin (%) b 17.4±0.1 19.6±00 8.6±0.1 15.2±0.1 

Cellulose (%) b 22.0±0.2 31.3±0.1 12.7±0.0 9.9±0.1 

Hemicellulose (%) b 20.1±0.1 20.8±0.0 6.4±0.0 6.4±0.0 
Lipids  (%) b 0.8±0.0 0.9±0.0 1.1±0.0 0.7±0.0 

Crude protein  (%) b 10.8±0.0 7.5±0.0 17.5±0.1 11.1±0.2 

 
a ND = not determined; 
b TS based, the others are wet weight based. 

  



  

Table 2 Key physiochemical characteristics of feedstock used for composting. 
 

Materials pH 
Moisture 
content 
(%)a 

Bulk 
density 
(kg m-3) 

Total 
carbon 
(%)b 

Total 
nitrogen 

(%)b 

Carbon/nitrogen 
ratio 

Mixture of undigested 
feedstock*  7.8±0.1 77.5±0.7 325±5 39.2±0.3 2.1±0.0 19.3±0.1 

DT*=15 days digestate 7.3±0.1 79.1±0.5 458±4 37.5±0.7 1.9±0.1 20.0±1.4 
DT*=30 days digestate 7.6±0.1 82.8±0.4 550±7 36.5±0.1 1.7±0.0 20.9±0.1 
DT*=45 days digestate 8.3±0.0 84.3±0.6 620±9 35.6±0.4 1.6±0.0 22.6±0.3 

Corn stover NDc 6.5±0.0 178±3 48.50±0.5 0.90±0.0 53.90±0.6 

 
a TS based, the others are wet weight based;  

b ND = not determined. 
*Note: mixture of undigested feedstock was a mixture of dairy manure, corn stalks, tomato residues, and digested 
sludge at a ratio of 48:32:20 (VS based) and then mixed with deionized water and inoculum (digestate sludge) to 
achieve a mixture with 20% TS and a feedstock-to-inoculum (F/I) ratio of 4 (VS based); DT: digestion time. 

 
 



  

Table 3 Physical and chemical properties of materials feed in composting vessels. 1 
 2 

Treatments pH 
Bulk 

density 
(kg m-3) 

Carbon/nitrogen 
ratio 

Nitrate nitrogen 
(mg kg-1) 

Ammoniu
m nitrogen 

(g kg-1) 

Control*  7.2±0.1 327±15 20.5±0.02 40.4±4.7 0.37±0.02 
T1- DT*=15 days digestate 7.1±0.1 379±8 21.0±0.03 21.8±1.5 0.48±0.05 
T2- DT*=30 days digestate 7.3±0.1 384±10 21.7±0.00 15.9±1.0 0.51±0.04 

T3- DT*=45 days digestate 7.4±0.1 390±14 22.8±0.01 11.8±0.8 0.57±0.03 
 3 
*Note: control treatment was mixture of undigested feedstock with corn stalks at a ratio of 85:15 (based on wet 4 
weight (ww)); T1 was 15 days digestate with corn stalks at a ratio of 85:15 (based on ww); T2 was 30 days digestate 5 
with corn stalks at a ratio of 85:15 (based on ww); T3 was 45 days digestate with corn stalks at a ratio of 85:15 6 
(based on ww); DT: digestion time. 7 
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Table 4 Carbon and nitrogen balances and total greenhouse gas emissions in the compost 

treatments. 

Treatments 

Carbon balance Nitrogen balance GHG emission equivalent 

CH4 
emission 

Total 
C 

losses 

NH3 
emission 

N2O 
emission 

Total 
N 

losses 
Power CH4 N2O Total 

(% initial carbon) (% initial nitrogen) (kg CO2-eq/ton) 

Control 1.2 43.8 8.4 0.72 25.3 0.2 9.4 99.8 109.4 
T1- DT*=15 

days digestate 3.6 52.6 11.9 0.31 35.8 16.9 29.2 42.6 88.7 

T2- DT*=30 
days digestate 1.0 41.0 10.6 0.26 31.8 28.0 8.7 36.5 73.2 

T3- DT*=45 
days digestate 1.0 35.3 10.6 0.14 31.7 50.2 8.7 18.9 77.7 

 
GHG: greenhouse gas. 
a CH4-C loss =( �� CH4*12/16)/ TOC of raw materials (%); N2O-N and NH3-N loss were 
calculated analogously to CH4-C loss (Yang et al., 2015). 
b Total N loss = (TN of raw materials- TN of fianl compost)/ TN of raw materials (%); Total C 
loss was calculated analogously to Total N loss (Yang et al., 2015). 
c Global warming potential calculation: 1 mol CH4 = 25 mol CO2-eq, 1 mol N2O = 298 mol CO2-
eq (eq = equivalent) (IPCC, 2007). 
Aeration power calculation based on: 1 m3 aeration (in standard condition) needs 0.004 kWh 
power consumption, and coal-fired power station data that 1 kWh power production emits 0.997 
kg CO2 (Jiang et al., 2011). 
Power used in AD process calculation based on: Heating 1 kg feedstock (dry matter; 35 oC) 
needs 0.005 kWh/ day power consumption (Li et al., 2017). 
*Note: DT: digestion time. 
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Highlights 

Digestion time (DT) in AD on the performance of subsequent composting was studied. 

DT of 30 and 45 days digestate composting cause benefit on germination index.  

Digestate composting reduced greenhouse gas (GHG) emission emissions by 18.9-29.0%. 

Combine AD and composting, DT of 45 days had the highest net power production. 

DT of 30 days digestate was optimum choice for compost maturity and GHG emissions. 
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A B S T R A C T

Hazardous and odorous gas emissions from composting and methanization plants are an issue of public concern.
Odor and chemical monitoring are thus critical steps in providing suitable strategies for air pollution control at
waste treatment units. In this study, 141 gas samples were extensively analyzed to characterize the odor and
chemical emissions released upon the aerobic treatment of 10 raw substrates and� ve digestates. For this pur-
pose, agricultural wastes, biowastes, green wastes, sewage sludge, and municipal solid waste (MSW) were
composted in 300 L pilots under forced aeration. Gas exhausts were evaluated through dynamic olfactometry
and analytical methods (i.e., GC/MS) to determine their odor concentration (OC in OU E m� 3) and chemical
composition. A total of 60 chemical compounds belonging to 9 chemical families were identi � ed and quanti� ed.
Terpenes, oxygenated compounds, and ammonia exhibited the largest cumulative mass emission. Odor emission
rates (OUE h� 1) were computed based on OC measurements and related to the initial amount of organic matter
composted and the process time to provide odor emission factors (OEFs in OUE g� 1OM0). The composting
process of solid wastes accounted for OEFs ranging from 65 to 3089 OUE g� 1OM0, whereas digestates com-
posting showed a lower odor emission potential with OEF � uctuating from 8.6 to 30.5 OU E g� 1OM0. Moreover,
chemical concentrations of single compounds were weighted with their corresponding odor detection thresholds
(ODTs) to yield odor activities values (OAVs) and odor contribution (PO i, %). Volatile sulfur compounds were
the main odorants (POi = 54 –99%) regardless of the operational composting conditions or substrate treated.
Notably, methanethiol was the leading odorant for 73% of the composting experiments.

1. Introduction

Moving toward better waste disposal is a key objective within the
European Union framework. The EU environmental policies actively
promote the implementation of wastes recycling biotechnologies such
as composting and methanization (Directive 2008/98/EC). Composting
process transforms organic wastes into a humus-like substance which is
used as a soil conditioner in agricultural operations ( Tambone et al.,
2010). Before being spread on soils, anaerobically digested substrates
(digestates) are also composted to stabilize their remaining organic
matter content and remove possible harmful microorganisms (Zeng
et al., 2012). Despite contributing to proper waste and digestate man-
agement, composting is a potential source of air and odor pollution.
During this biological treatment, organic matter undergoes complex

aerobic, anoxic and anaerobic metabolic reactions, resulting in the re-
lease of volatile organic compounds (VOCs), greenhouse e� ect gases
(CO2, CH4, and N2O), ammonia and hydrogen sul� de (Krzymien et al.,
1999; Zhu et al., 2016).

The gas emissions released upon composting are commonly asso-
ciated with odor annoyance and adverse health and environmental
impacts (Scaglia et al., 2011). Odorous emission can produce nausea
and psychological disturbances to plant-workers and communities lo-
cated nearby waste treatment units (Müller et al., 2004). Malodors are
the primary cause for neighbors complains at the surrounding areas of
composting facilities ( Schlegelmilch et al., 2005). Additionally, gas
emissions from composting may contain considerable amounts of am-
monia that can be toxic and aggravate acid rain phenomena and eco-
systems eutrophication. Some carcinogenic and toxic substances can
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also be stripped under forced aeration treatments of municipal solid
waste (Cadena et al., 2009).

A crucial step to implement suitable strategies for odor and air
pollution abatement is to characterize the volatile compounds which
are responsible for malodors and environmental hazards. The odorous
gas samples are principally monitored by analytical and sensory
methods (Capelli et al., 2008; Ueno et al., 2009). Dynamic olfactometry
is the main sensory technique currently used in Europe to measure the
odor concentration (OC in OUE m� 3) (Laor et al., 2014). OC mea-
surement consists of diluting a gas sample with odorless air to de-
termine the dilution factor in which half of a calibrated human panel
can perceive an odor stimulus (EN 13725, 2003). In contrast, analytical
methods focus on evaluating and quantifying the chemical composition
through instrumental-based techniques such as GC/MS, gas tubes and
wet methods (scrubbers and traps) (Blanes-Vidal et al., 2009; Blazy
et al., 2014a; Tsai et al., 2008). Particularly, CG/MS coupled to pre-
concentration techniques such as solid phase microextraction (SPME),
and thermal desorption tubes are commonly employed for determining
VOCs with great sensibility and accuracy (Laor et al., 2014). Such pre-
concentration step onto a sorbent material is required to warrant the
detection of analytes present in the ambient air at low concentrations
(Font et al., 2011).

The principal advantage of using instrumental means to assess odors
lies in determining the major odor contributors from complex gas
mixtures of volatile compounds ( Gallego et al., 2012). Compounds
chemical concentrations can be weighted with their corresponding odor
detection thresholds (ODTs) to identify the substances exceeding the
odor perception limits. ODT is de � ned as the compounds chemical
concentration at which 50% of a studied population distinguishes an
olfactory stimulus from odorless gas (Capelli et al., 2008). Precisely, the
ratio between the chemical concentration of a single compound to its
ODT is known as odor activity value (OAV) and has been widely em-
ployed for odorants monitoring in composting gas emission ( Blazy
et al., 2015; Fang et al., 2013; Schiavon et al., 2017; Y. Li Zhu et al.,
2016). OAV is a dimensionless parameter used as an odor surrogate to
identify the odorous potential of each substance contained in a gas
sample (Laor et al., 2014). In theory, molecules exhibiting the highest
OAV are the ones that contribute the most to odor nuisances (Parker
et al., 2012). However, this odor monitoring approach presents two
clear limitations: i) the considerable variability among ODTs found in
the literature and ii) the omission in the OAV calculation of possible
interactions among odorous molecules which may produce synergistic,
antagonistic or even neutralizing e� ect when perceiving odorous gases
(Parker et al., 2012; Wu et al., 2015).

Generally, most of the studies related to composting gas emissions
are focus on VOC and odor characterization upon treatment of speci� c
organic matrices such as organic fraction of selected municipal solid
waste (OFMSW) (Maulini-Duran et al., 2013b ; Scaglia et al., 2011;
Schiavon et al., 2017), municipal solid waste (MSW) ( Eitzer, 1995;
Rodríguez-Navas et al., 2012), food waste (FW) (Komilis et al., 2004 ),
and sewage sludge (SS) (Durme et al., 1992; Maulini-Duran et al.,
2013a). Only a few numbers of studies have been addressed toward the
analysis of odorous and gaseous pollutants emitted when composting
digestates and their comparability with raw substrates ( Maulini-Duran
et al., 2013a; Pagans et al., 2006b; Zeng et al., 2016). Moreover,
comparisons among gas emission data are frequently hindered by the
di� erences in studies scales, process conditions, and means to express
concentrations (Cadena et al., 2009).

Volatile sulfur compounds (VSCs) also occur in gas emissions from
the aerobic treatment of MSW (Zhang et al., 2013), SS (Maulini-Duran
et al., 2013a; Zhu et al., 2016) and FW (Mao et al., 2006). These
compounds are produced by anaerobic metabolism of organic matter
within anaerobic pockets and clumps formed as a result of waste nature
(i.e., high moisture content and low porosity) and composting condi-
tions (Higgins et al., 2006; Maulini-Duran et al., 2013a ). VSCs must be
integrated to odor and chemical monitoring in composting studies as

they are toxic and easily perceived at extremely low concentrations
(Rosenfeld et al., 2007). In fact, VSCs are usually regarded as the pri-
mary target compounds when assessing odors along composting op-
erations (He et al., 2018; Zhang et al., 2013).

Given the need for more accurate and comprehensive information
on gas emissions and odors from the aerobic treatment of various or-
ganic matrices, the present study extensively characterized the volatile
compounds and odor emissions upon composting of di� erent digestates
and solid wastes. For this purpose, ten solid wastes and� ve digestates
were composted in pilot-scale reactors of 300 L. A total of 141 gas
samples were collected and analyzed by GC/MS, GC/electrochemical
detection, and acid traps to yield cumulative mass emissions and che-
mical composition pro � les of VOCs, VSCs, and ammonia. Furthermore,
an odor monitoring strategy based on OC measurement and OAVs
calculation was adopted to determine the odor emission rates (OER),
odor emission factors (OEF) and the major odor contributors
throughout the aerobic treatments. ODTs from 16 volatile compounds
were measured by dynamic olfactometry to minimize possible draw-
backs from using highly variable ODT datasets found in the literature.

2. Materials and methods

2.1. Substrates collection and storage

Ten solid wastes and� ve anaerobically digestated substrates (AD)
were collected from 13 sites in France over a time span of 14 months.
Organic matrices were classi� ed as agricultural wastes, municipal solid
wastes, biowastes, sewage sludge, and green wastes according to the
waste compositions and origins. Table 1 shows the substrates classi� -
cation and origins in addition to any possible treatment applied to the
samples before collection. Once sampled, the substrates were rapidly
stored in plastic bags at � 18 °C during two or three weeks. Two days
before running the composting experiments, frozen substrates were
thawed at room temperature. The physicochemical characteristics of
each composted substrate are detailed in Supplementary material
(Table 1S).

2.2. Experimental set-up

Composting process was simulated in 300 L reactors along� ve ex-
perimental campaigns from April 2016 to June 2017. Composting re-
actors were thermally isolated by 10 cm polyurethane layers. Each ex-
periment consisted of the aerobic treatment during approximately 31
days of 3 di� erent substrates in airtight-stainless steel reactors me-
chanically supplied with forced air. The air in � ow was regulated by a
rotameter (FL-821-V, OMEGA Engineering Inc.) and a volumetric gas
meter (Gallus 2000, Actaris, Liberty Lake) daily measured. Temperature
and weight were continuously monitored by using 4 Pt100 probes and
mass sensors (X201-B, PRECIA MOLEN). Composting reactors were
covered by metallic cone-shaped lids containing a gas outlet and a
gutter to collect water condensates. The exhaust air stream was� rst
channeled to a bottle condenser to remove any water vapor excess and
then conveyed toward an acid traps system, gas analyzer, and gas
sampling point. Concentrations of oxygen at the air in� ow and out� ow
were analyzed by a paramagnetic analyzer (Magnos 206, ABB, Zurich,
Switzerland). The dry-air molar � ow rate was expected to remain
constant along the system. The molar out� ow rate of water vapor was
then calculated by assuming that gas exhaust was water-saturated
(Blazy et al., 2014b). The di� erence of O2 concentration at the reactor's
inlet and outlet allowed computing the oxygen uptake rate (OUR in gO 2

h� 1 kg� 1OM0) (de Guardia et al., 2010a; Scaglia et al., 2011). A de-
tailed scheme and description of the composting device are given by
Blazy et al. (2014b).

Solid wastes and digestates were mixed, if needed, with oak wood
chips with a particle size inferior to 40 mm to improve substrates
bulking density. The mixing ratios bulking agent (BA) to substrates on a
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fresh mass basis ranged from 0.4 to 1.1 (Table 2). Once loaded, the
compostable mixtures were � rstly aerated for 24–48 h with a mean
aeration � ow ranging from 94.3 to 194.6 L h � 1 to raise the temperature
gradually and prevent a possible cooling of the composting pile caused
by excessive aeration (Zeng et al., 2016). This initial material con-
ditioning was followed by setting up the aeration rates to experimental
values that were maintained constant during the entire experiment
(Table 2). The aeration rates were selected on the basis of the real-scale
composting conditions at the sampling sites and prior studies (de
Guardia et al., 2010a). Table 2 provides the experimental conditions
and mixtures compositions used in this research work. Compostable
mixtures were turned twice by emptying the reactors, mixing their load,
and re� lling the composting devices. Turning was usually performed
after 10 and 20 days of the process.

2.3. Gas sampling and chemical analysis

For each substrate, gas samples were taken three times per week
along the composting campaigns. A total of 141 gas samples from
composting process were collected at room pressure and temperature
into 30 L single-use nalophan bags by following the EN13725 re-
commendations for sampling in channeled sources (EN 13725, 2003).
Due to chemical compounds lability, adsorption process onto carbo-
traps, sul� de compounds analysis, and olfactometric assessment were
shortly conducted within 1– 6 h of the sample collection. Minimizing
storage time prevented compounds losses owing to collateral chemical
reactions and permeability onto the nalophan bag surface (Mochalski
et al., 2009).

Table 1
Collected substrates: composition and origins.

Type of waste Substratea Sampling placeb Plant feedstock/substrate composition Pre-treatmentc Acronym

Agricultural wastes Pig Slurry Pig farm Solid fraction of pig slurry Solid-Liquid separation SPS
Turkey Manure Turkey farm Humidi � ed poultry manure – TM
Solid fraction of AD pig
slurry

Pig farm Pig slurry (49.6%), food waste (35.5%) and green waste
(14.9%)

Wet digestion at 40 °C
Centrifugation

ADP

Biowastes Food waste Restaurant Fruits and cooked vegetables, meat, pasta, bread, grease,
and � sh

– FWR

Food waste Kitchen's
Restaurant

Fruit and vegetable peelings, grease, and co� ee ground – FWK

Household food waste CoP Fruit and vegetable peelings, paper, grease, bread, co� ee
ground, cooked and raw vegetables, meat, pasta, and bread

– FWH

Solid fraction of AD biowaste MeP Biowaste of hypermarkets (60%), grease from the food
industry (28%), and cereals wastes (12%)

Wet digestion at 40 and
20 °C
Screw press

ADB

Solid fraction of AD biowaste MeP Household biowastes (72%), restaurant biowastes (12%),
and green biowaste (12%)

Dry digestion at 55 °C
Screw press

ADH

Green wastes (GW) Yard trimming Green area Leaves, grass, and brush – YT
Green wastes MeP Green waste (52%), household biowaste (42%), markets

biowaste (2.6%), and restaurant biowastes (2.4%)
Mechanical sorting
Mixing and ground

GB

Sewage sludge Sewage sludge CoP Secondary sludge from WWTP – SS
Solid fraction of AD sewage
sludge

WWTP Secondary sludge from WWTP Wet digestion at 37.5 and
20 °C
Centrifugation

ADS

Municipal solid
wastes

OFMSW MSWTP Food waste, paper, cardboard, sanitary textiles, and plastic
� lms

Pre-fermentation in
rotating drums
Mechanical sorting

MSW

OFMSW + GW MSWTP Food waste, paper, cardboard, sanitary textiles, plastic
� lms, and green waste

Pre-fermentation in
rotating drums
Mechanical sorting

MSG

Solid fraction of AD
OFMSW + GW

MSWTP Food waste, paper, cardboard, sanitary textiles, plastic
� lms, and green waste

Dry digestion at 40 °C ADM

a AD: anaerobically digested, OFMSW: organic fraction of municipal solid waste, GW: green wastes.
b CoP: dumping area of composting plants, MeP: methanisation plants, WWTP: wastewater treatment plants, MSWTP: municipal solid waste treatment plants.
c –: no pre-treatment.

Table 2
Mixtures compositions and composting conditions.

Mixture composition Compostable substrate

SPS TM ADP FWR FWK FWH ADB ADH YT GB SS ADS MSW MSG ADM

Substrate fresh mass (Kg) 147.6 135.1 126.3 79.9 87.6 55.1 97.9 82.6 47.6 91.2 72.7 81.0 78.0 68.6 75.7
OM0 content (%FW) 22.8 25.2 24.2 25.9 18.3 28.4 19.1 24.7 16.4 26.6 11.6 10.5 32.9 32.3 16.8
BA fresh mass (kg) 0.0 0.0 0.0 57.1 43.3 48.7 69.0 58.3 43.8 0.0 78.6 41.5 34.2 74.3 75.1
Water added (kg) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.0 45.0 0.0 0.0
Ratio BA/S 0.0 0.0 0.0 0.7 0.5 0.9 0.7 0.7 0.9 0.0 1.1 0.5 0.4 1.1 1.0
Mixture moisture (%) 68.5 68.8 62.5 49.3 59.3 44.6 69.3 41.9 50.0 53.7 49.4 62.6 60.1 35.1 43.4
Experimental conditions
Mean aeration rate (L h� 1 Kg� 1) 1.2 1.4 3.0 5.3 3.6 4.6 1.9 1.7 2.7 4.0 5.0 3.9 4.3 6.4 2.6
Turning datea (days) 14/24 14/24 10/20 10/21 10/21 10/20 14/24 10/21 10/21 9/21 10/20 10/21 10/21 9/21 9/21
Process duration (days) 31.6 31.6 30.9 31.7 31.7 30.9 31.6 31.7 30.7 30.8 30.9 31.6 30.7 30.8 30.8

%FW: percentage in fresh weight; OM0: initial organic matter content; BA: bulking agent; BA/S: ratio BA to substrate on a fresh mass basis.
a Turning date: i.e., the composting mixture was turned at 14 and 24 days of the process.
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2.3.1. Ammonia analysis
Two glass impingers � lled with 200 mL of sulfuric acid (H 2SO4 1 N)

were set and connected in series to absorb ammonia vapors coming
from the air exhaust stream. The pilot's out � ows were continuously
controlled and measured by a � ow meter (FL-821-V, OMEGA
Engineering Inc.) and a volumetric gas counter (Gallus 2000, Actaris,
Liberty Lake). Acid traps were changed every 48 h. Ammonia (NH4

+ /
NH3) adsorbed into acid solutions was released by steam distillation
with sodium hydroxide (NaOH, 32%) and taken into boric acid solution
(H3BO3, 40 g L� 1) according to the modi � ed method NFT 90-015-1 (NF
T90-015-1, 2000). An automated distillation/titration system (Gerhardt
Vadopest 50s, Germany) quanti� ed collected ammonia steam with
H2SO4 (0.2 N) as a titrant agent. Only duplicated measurements with
variance coe� cients below 5% were considered in this study. The
method detection limit (MDL) for ammonia was 0.286 mg m � 3.

2.3.2. Volatile organic compounds (VOCs) quanti� cation
VOCs were determined by GC/MS coupled to thermal desorption

unit (TD-GC/MS) following a previously optimized method for gas
emission from pig slaughterhouse sludge composting (Blazy et al.,
2015). Gas samples collected in nalophan bags were adsorbed and
concentrated onto carbotraps (Carbotraps 349, Perkin Elmer, USA)
using a calibrated vacuum pump (Gilair3, USA) with a mean gas � ow
rate of 52 mL min � 1. Three di� erent volumes (� 50,250, and 500 mL)
of each gas samples were generally pre-concentrated onto individual
carbotraps to ensure the evaluation of VOC at diverse concentration
ranges. A thermal desorption unit (TurboMatrix 550, Perkin Elmer)
released adsorbed VOCs (primary desorption at 200 °C for 5 min and
inner cold trap desorption at 180 °C for 5 min) and swept them on a
nitrogen (N 2) � ow rate of 50 mL min � 1 toward a gas chromatographer
coupled to a mass spectrometer (Clarus 500 GC-MS, Perkin Elmer,
USA). Once injected, VOCs were eluted through a capillary column CP-
WAX 58 (25 m × 0.15 mm x 0.25 � m, Varian, USA) with a helium � ow
of 1 mL min � 1 as a carrier gas and a column pressure of 310 kPa. The
oven GC temperature was� rst held at 40 °C for 5 min, then ramped to
180 °C at 10 °C min� 1 and � nally kept at 180 °C for 5 min.

Separated VOCs were scanned into a quadrupole mass spectrometer
detector acquiring from 20 to 300 amu (atomic mass unit) every 1.5 s.
Compounds were identi� ed by comparing obtained mass spectra with
reference entries from a spectral mass library NIST (National Institute of
Standards and Technology, USA). Additionally, retention times of
standard compounds were also used as references for analytes identi-
� cation. Spectra base peaks were monitored and integrated into a full
scan and SIR (Speci� c Ion Recording) mode. An external calibration
process (R2 = 0.92 –0.99) enabled to quantify target VOCs with pure
chemical compounds (Purity > 98%, suppliers: Fluka, Fisher, Janssen
Chemical, Sigma Aldrich, Acros Organic and Alfa Aesar). Some quality
assurance (QA) parameters such as the limit of detection (LOD), limit of
quanti � cation (LOQ), and calibrations coe� cients are listed in Table 4.
LOD was determined by linear extrapolation of the minimum standard
quantity to � nd a ratio signal to noise equal to 3, while LOQ was ob-
tained by considering a ratio signal to noise equal to 9 ( Defoer et al.,
2002; Mochalski et al., 2009). Not calibrated compounds were semi-
quanti � ed by taking into account an average coe� cient response equal
to 1000.

2.3.3. Volatile sulfur compounds (VSCs) quanti� cation
Sulfur species were analyzed and quanti� ed by a micro GC coupled

to an electrochemical detector (airMEDOR, Chromatotec, France) ac-
cording to the norm ISO 6326-2 (1981). The target compounds were
hydrogen sul� de (H2S), methanethiol (CH3SH), ethanethiol
(CH3CH2SH), dimethyl sul � de (DMS) and dimethyl disul � de (DMDS). A
gas pump � lled a sample loop of 400 � L with the collected gas samples
at 100 mL min � 1. Looped gases were then carried into a capillary
column (1.2 m × 1.6 mm x 180 � m) kept at 40 °C with an air � ow of
4 mL min � 1 and a column pressure of 230 hPa. The separated sul� de

compounds reacted with a chromic oxide solution (CrO 3, 10%) in an
electrochemical cell composed of two platinum electrodes. External
calibration and internal calibration were used to quantify VSCs
(R2 = 0.94 –0.99) with high purity compounds (chemical purity >
98.5%, suppliers: Sigma-Aldrich and Acros organics; H2S and CH3SH
standards at 200 ppm supplied by Air Liquide). The LOQ ranged from
0.006 to 0.024 ng (Table 4). LOQ was calculated by extrapolating the
minimum area possibly measured by MEDOR (1000 unit area) into the
performed calibration curves.

The cumulative mass production of VOCs, ammonia, and VSCs
along composting process were expressed as a ratio of the initial organic
matter content of substrates (OM0) for a constant aeration � ow
(Supplementary material, Table 2S). The chemical contribution (PCi,
Wu et al., 2017) of the identi � ed chemical families and compounds was
calculated on a percentage basis as follows:

=
�

�
�PC

C

C
100%i

i

t (1)

where � Ci is the cumulative mass production of a speci� c compound or
chemical family (mg Kg � 1OM0), and � Ct is the net production of vo-
latile compounds (mg Kg� 1OM0).

2.4. Sensory measurements and odor activity values (OAVs)

2.4.1. Odor concentration (OC) and odor emission rates (OER)
Gas samples collected during composting of 14 organic matrices

were assessed by dynamic olfactometry according to EN 13725 guide-
lines. Odor concentration in European odor units (OU E m� 3) and ODT
of chemical standards were measured in a forced-choice, dynamic di-
lution olfactometer accounting for eight panelists single ports (ONOSE
8, Consumaj, Canada). The dynamic olfactometer is equipped with
calibrated air mass � ow controllers that deliver precise dry air and
sample volumes with a low reading error ranging from 0.2% to 1%. For
extremely high odorous emissions, gas samples were pre-diluted 100
folds by using a tight gas syringe (SGE, Australia) (Blazy et al., 2015).

The OC measurement consisted of evaluating the dilution factor in
which half of a calibrated odor panel perceived a diluted gas sample. A
total of 15 human subjects were selected according to their sensibility
to n-butanol (Sigma-Aldrich 99.9%). Pre-diluted or raw gas samples
were � rst diluted with odorless dry air to levels not detectable by a
panel comprising a minimum of � ve assessors. Diluted gas samples
were then presented in an ascending concentration order by reducing
the dilution rate in a step factor of two until all panelist perceived
odors. ONOSE 8 produced precisely dilutions factors ranging from
53333 to 6.5 (2 2.7-215.7) within a time response inferior to 10 s. Odor
detectability at each dilution factor was assessed in a forced-choice
mode involving the identi � cation of an odor stimulus from odorless gas
in a three-port sni� ng station. According to EN 13725 (2003), the di-
lution factor at the odor detection threshold (Z 50) is equal to OC for
standard conditions. The range of dilutions was presented three times
for each gas samples. However, only individual threshold estimates
from the two last presentations were used to calculate the Z50 geometric
mean. Additionally, results from duplicates or triplicates at each sam-
pling day were averaged to yield the � nal OC geometric means.

The odor emission rates (OER in OUE h� 1) were calculated as a
product of the OC geometric mean from the tested replicates (OUE m� 3)
and the mean out� ow rates (m3 h� 1). OER was reported as a ratio of
the initial organic matter content (OU E h� 1 kg� 1OM0). Moreover, the
odor emission factor (OEF) or cumulative OC was obtained by in-
tegration of OER throughout the composting time ( Sironi et al., 2006).
OEF is a term analogous to the emission factor which links the overall
quantity of odor produced to the amount of substrate composted (OUE

g� 1OM0).
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2.4.2. Odor detection thresholds (ODT)
The Z50 for high purity compounds (> 99.9%) and gas standards

was determined following the same procedure than for OC assessment
of composting gas exhaust. To this end, gas samples of 15 compounds
were prepared in duplicate or triplicate by injecting a known volume of
the standard into nalophan bags containing 30 L of odorless dry air. The
injected substances were then volatilized at room temperature during
one to three hours before conducting the olfactometric analysis. The
initial compound concentrations in the prepared gas samples ranged
from 0.4 to 404 mg m � 3 (Supplementary material, Table 3S). These
theoretical concentrations were calculated as the ratio of the mass in-
jected (using compounds' densities) to the � nal gas sample volume.
Previous studies have demonstrated that some compounds can be ad-
sorbed and di� used onto the nalophan bag's surface and react with
other molecules during storage (Kasper et al., 2018; Hansen et al.,
2012), leading to a decrease on odorants concentrations. Therefore, the
exposure concentration (C0, mg m� 3) at the time of sensory analysis
was determined by considering the relative losses of analyzed sub-
stances within the storage time (Supplementary material, Table 3S).
Such relative losses were evaluated through GC/MS, and GC coupled to
electrochemical detection but also employing the reported compounds
recoveries from literature ( Hansen et al., 2012; Sironi et al., 2014).
Once Z50 was assessed for each gas bags, the odor detection threshold of
the tested compound (ODTi) were computed through Eq. (2).

=ODT
C
Z

i
0

50 (2)

2.4.3. OAVs and odor contribution (POi)
OAVs were calculated as the ratio of the compounds chemical

concentrations to their odor detection thresholds. The highest OAVs
(OAVmax) along the entire process provided valuable information about
the odorants contributing the most to odor nuisance ( Blazy et al.,
2014a; Gallego et al., 2012). Hence, the OAVmax for each quanti� ed
chemical substance and family were compared to the sum of all de-
termined OAVmax (SOAVmax) to yield the percentage of odor contribu-
tion (POi, Wu et al., 2017), as shown in Eq. (3):

= ��PO
OAV
SOAV

100%i
max i

max (3)

3. Results and discussion

3.1. Composting performance and odors

3.1.1. Temperature and oxygen uptake rates (OURs)
Temperature pro� les obtained upon composting of solid wastes and

digestates are depicted in Fig. 1. The temperature rise was highly in-
� uenced by the substrate nature and the operational composting con-
ditions; yet, some general trends were observed. For all treated sub-
strates, the mean temperature of composting piles typically increased
during the � rst 15 days of aerobic treatment as a result of the intense
organic matter degradation by microorganisms ( de Guardia et al.,
2010a). For these � rst 15 days of forced aeration treatment, the com-
posting piles reached maximum temperatures that ranged from 44 to
69 °C. ADM showed a maximum temperature of 34 °C (Fig. 1E), prob-
ably because this organic matrix had already been subjected to anae-
robic digestion that lowered its biodegradability potential ( Maulini-
Duran et al., 2013a). Additionally, an upward temperature trend was
typically evidenced once the composting pile was aerated and redis-
tributed inside the pilot through the turning process. Turning improved
porosity of compostable mixtures and made oxygen accessible for zones
not previously supplied with O 2. Finally, the temperature generally
dropped from 21 to 38 °C by the end of the forced aeration treatment,
except for FWR which still exhibited a � nal temperature of 42 °C
(Fig. 1D). Such a decrease on temperatures was caused by the decline of

the microbial activity and substrates stabilization along the last days of
aerobic treatment.

Table 3 provides a summary of the maximum and � nal composting
pile temperature and the oxygen uptake rates (OUR). The OUR pro� les
for each composted substrates are also presented in supplementary
material ( Fig. 1S). OUR pro� les generally followed the same trend than
temperature; that is, oxygen consumption rate rose at the beginning of
the forced aeration treatment and then decreased as the composting
process proceeded. OURmax was commonly detected within the � rst
17th days of the process (Table 3). The mean OUR for the last day of the
process was also computed to evaluate the level of stabilization of
composted substrates.de Guardia et al. (2010a) and Adani et al. (2004)
proposed an OUR� nal of 0.5 gO2 h� 1 Kg� 1OM0 as a criterion for stable
compost. Except for FWR and SPS, all substrates exhibited OUR� nal

close or below this stabilization criterion ( Table 3). OUR� nal for FWR
was not low enough (5.8 gO2 h� 1 Kg� 1OM0), thus suggesting that this
raw substrate was not stabilized and required a longer aerobic treat-
ment, the application of a higher aeration rate or the use of larger wood
chips to substrate ratio. Even if SPS showed a rather suitable tem-
perature pro� le (Fig. 1A), this agricultural waste was not fully stabi-
lized as proved by its OUR� nal of 1.6 gO2 h� 1 Kg� 1OM0. SPS was
composted under low aeration rates without bulking agent addition
which may explain the need for a more extended composting time.
Although the composting conditions for FWR and SPS did not enable
their � nal stabilization, their odor emissions were still assessed because
they provide insight into the least favorable scenario while approaching
to real composting conditions in the sampling sites.

3.1.2. Odor emission rates (OERs) and odor emission factors (OEFs)
OER pro� les for 14 substrates composted are illustrated in Fig. 2.

OER increased during the � rst 15 days of the aerobic process, coin-
ciding with the thermophilic phase in which most of the readily
available organic matter is broken down by microorganisms. The
maximum OER for the studied raw substrates ranged from 829 to 27306
OUE h� 1 kg� 1OM0, whereas digestates exhibited maximum OER that
� uctuated from 22 to 115 OU E h� 1 kg� 1OM0 (Fig. 2). The OER rise
during the � rst two weeks of the active composting phase has been
similarly described upon the aerobic treatment of OFMSW, sewage
sludge, horticultural wastes and biowastes (Gutiérrez et al., 2017a,
2015; Schlegelmilch et al., 2005). During this intense stage of microbial
activity, organic matter undergoes an onset of anaerobic, aerobic and
anoxic transformations leading to the release of potential odorants
(Gutiérrez et al., 2017b; Scaglia et al., 2011). Additionally, the stripping
of embed volatile compounds into the organic matrices by the forced
aeration treatment plays a vital role in the occurrence of odorous
compounds (Staley et al., 2006). Except for FWR, OER dropped to va-
lues that ranged from 2.6 to 45.5 OUE h� 1 kg� 1OM0 during the last day
of the process when organic matrices were already composted. OER
peak for FWR occurred at 24 days of the process because it was not fully
stabilized at that time by the applied aerobic treatment ( Fig. 2D).

The upward trend in OER during the � rst days of the process was
less marked for digestates than for solid wastes (Fig. 2). Digestates were
partially stabilized by anaerobic digestion, thus reducing the emission
potential of odorants released through their aerobic degradation. Be-
sides accounting for a higher degree of stabilization, digestates were
typically composted with wood chips that decreased the amount of
readily degradable organic matter present in the compostable mixture
(Maulini-Duran et al., 2013a ) and reduced the occurrence of anaerobic
zones commonly related with odorant emissions.

The odor emission factors (OEFs in OUE g� 1OM0) obtained during
composting of 14 substrates are provided in Supplementary material
(Table 2S) and depicted in Fig. 3. OEFs linked the overall odor impact
and quantity of released gas emissions with the amount of substrate
composted. The composting process of solid wastes accounted for sig-
ni � cant OEFs ranging from 3089 to 65 OUE g� 1OM0, while digestates
composting showed lower OEFs that varied from 30.5 to 8.6 OUE
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g� 1OM0. Hence, applying a combined anaerobic-aerobic treatment
could drastically reduce the odor o � ensiveness of emissions generated
along the stabilization process of raw materials. For instance, OEF ob-
tained upon composting of ADP was 137 times inferior to OEF values
from SPS composting (Fig. 3). In line with our results, Schiavon et al.
(2017) recommended the use of an anaerobic digestion step prior
composting to enhance the energetic valorization of wastes and control

odor emissions.
Under the employed composting conditions, SPS and FWR exhibited

the maximum OEFs. Such substrates were treated with a limited oxygen
supply, probably re � ected in the formation of anaerobic zones and
production of odorous compounds. Likewise, other authors have asso-
ciated food waste composting with strong odor episodes due to the high
moisture content and low biological stability of this organic matrix
(Schiavon et al., 2017; Tsai et al., 2008).

The odor emission potential of TM, SS and MSW composting was
considerably high with OEFs above 1000 OUE g� 1OM0. Emissions from
SS and MSW composting are commonly canalized and abated by end-of-
pipe technologies. Contrarily, TM and SPS were collected in farms
where they are composted in windrows at open air in the absence of
odor control systems. Because of the� nancial limitations to invest on
odor abatement technologies in such a rural context, the improvement
of composting operational conditions (i.e., turning frequency, bulking
agent addition, co-composting, and pile moisture) could represent the
best cost-e� ective strategy to diminish the odor and chemical impact of
emission from on-farm composting (Supplementary material, section
1S).

Most of the literature on OEFs is addressed toward the estimation of
odors in WWTP (Capelli et al., 2009), swim housing (Schauberger et al.,
2013) and land� lls (Lucernoni et al., 2016). However, OEFs inventories
for anaerobic digestion and composting process are scarce.Sironi et al.
(2006) conducted a � rst OEFs assessment at di� erent operational stages
of 40 composting units. This study revealed that the aerobic treatment
of MSW is the largest odor source in composting facilities, exhibiting a
mean OEF of 1.4 × 10 5 OUE kg� 1 (fresh weight). Despite the di � erence
on treatment scale, this reference value agreed with the OEF obtained
for MSW composting in our pilot study (4.6 × 10 5 OUE kg� 1 FW). OEFs

Fig. 1. Temperature (T,°C) pro� les for solid waste and digestates composting.

Table 3
Biological stabilization parameters obtained along composting of solid wastes
and digestates.

Type of waste Substrate OURmax
a

(gO2 h� 1

Kg� 1OM0)

OUR �nal
b

(gO2 h� 1

Kg� 1OM0)

Tmax (°C) T�nal (°C)

Agricultural
wastes

SPS 1.81 (12.6) 1.60 47.38 33.15
TM 2.35 (14.1) 0.22 55.11 30.17
ADP 2.21 (10.7) 0.06 52.40 24.18

Biowastes FWR 6.22 (26) 5.81 44.22 41.69
FWK 4.59 (6.8) 0.27 43.94 24.43
FWH 2.9 (10.7) 0.14 59.96 23.41
ADB 2.74 (17.7) 0.24 53.84 27.31
ADH 2.37 (1.8) 0.34 50.00 30.11

Green wastes
(GW)

YT 4.46 (1.72) 0.69 58.79 32.47
GB 1.59 (0.8) 0.03 63.38 23.11

Sewage sludge SS 6.43 (2.1) 0.30 45.60 22.35
ADS 6.71 (2.3) 0.29 58.42 21.05

Municipal
solid
wastes

MSW 3.85 (6.9) 0.39 69.30 38.22
MSG 2.26 (0.9) 0.07 69.40 23.19
ADM 1.95 (0.9) 0.11 32.66 25.69

a OURmax: Maximum oxygen uptake rate; in parentheses the process days
when OURmax was detected.

b OUR� nal: Mean oxygen uptake rate at the � nal day of treatment.

C.A. Rincón et al. �-�R�X�U�Q�D�O���R�I���(�Q�Y�L�U�R�Q�P�H�Q�W�D�O���0�D�Q�D�J�H�P�H�Q�W�����������������������������²����

����



constitutes an important odor assessment tool used to design better
odor control strategies and treatment facilities, as well as input data for
odor dispersion and prediction models (Lucernoni et al., 2016). Al-
though our study provides a complete compilation of OEFs for com-
posting of several substrates, further e� orts are required for enlarging
this OEF dataset under di� erent operational composting conditions and
scales.

Co-composting of MSW with green wastes (MSG) had an OEF 21
times inferior to MSW composting ( Fig. 3). Co-composting of substrates
with di � erent biological stabilities (i.e., digestates and agricultural
wastes) should be further investigated as a mean to reinforce odor

management in waste treatment units.

3.2. Chemical identi�cation of gas emissions

A total of 60 compounds, belonging to nine chemical categories,
were identi � ed during the composting process of 15 substrates
(Table 4). Sul� de compounds, terpenes, ketones, and alcohols ac-
counted for 66.7% of the screened compounds. Alkenes, nitrogen
compounds, aromatics hydrocarbons, acids, and esters were also de-
termined. Benzene, toluene, and methyl thiocyanate were only detected
in the gas samples collected from SPS, TM and ADB composting. The
presence of these xenobiotic compounds in agricultural wastes can be
linked to the substrates contact with solvents, gasoline and fungicides at
the farms drop o� areas (Fang et al., 2013).

In contrast to our study, toluene, benzene, ethyl-benzene and, xy-
lene (BTEX) have been widely reported in gas emissions from MSW
(Komilis et al., 2004 ; Scaglia et al., 2011), sewage sludge (Y. Li Zhu
et al., 2016) and FW (Mao et al., 2006; Tsai et al., 2008) composting.
Emissions of these aromatic compounds are associated with feedstocks
containing plastics, solvents (rubbers) and vehicle emissions deposition
(Scaglia et al., 2011; Staley et al., 2006). Therefore, some factors could
have interfered with the detection of BTEX during composting of these
organic matrices. For instance, the interaction of aromatics compounds
with organic matter and humic complexes may have led to their se-
questration (Eitzer, 1995; Semple et al., 2001), thus hindering their
volatilization and stripping to levels no possibly detected by the em-
ployed instrumental methods. Despite their hydrophobic character, a
fraction of the BTEX compounds could have also been adsorbed onto
the organic matrices and wood chips used as a bulking agent. Staley
et al. (2006) documented the reduction of toluene emissions due to its
interaction with vegetative matter. Xenobiotic –degrading

Fig. 2. Odor emission rates (OER in OUE h� 1 kg� 1 OM0) for solid wastes and digestates composting.

Fig. 3. Odor emission factors (OEF in OUE g� 1OM0) obtained upon aerobic
treatment of solid wastes and digestates.
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Table 4
Identi � ed volatile compounds during the composting process of solid wastes and digestates.

Family Chemical compound CAS
number

Mass to charge
ratio (m/z)

Calibration
coe� cienta

LOD (ng)c LOQ (ng)c Henry's constants (mol
m� 3 Pa� 1)d

ODTs (mg
m� 3)e

Acids Acetic acid 64-19-7 60 149 0.2–3.6 0.6–10.8 40 0.019
Propionic acid 79-09-4 74 1000 – – 15 0.017

Alcohols Methanol 67-56-1 31 950 1.5–2 4.5–6 2 43
2-Butanol 78-92-2 45 2320 0.1–1.2 0.3–3.6 1.1 0.66
2-Ethyl hexanol 104-76-7 56 1000 – – 0.38 0.803f

1-Propanol 71-23-8 31 1000 – – 1.4 0.24
Ethanol 64-17-5 31 1942 1 3 1.9 0.99
2-Methyl-1-propanol 78-83-1 43 1000 – – 1 0.033
3-Methyl-1-Butanol 123-51-3 55 686 0.5–6.3 1.5–18.9 0.46 0.026

Alkenes 1,3-Pentadiene 504-60-9 67 1000 – – 0.00014 NF
Aromatic hydrocarbons Benzene 71-43-2 78 1000 – – 0.0017 8.7

Toluene 108-88-3 91 2942 0.07–0.3 0.21–0.9 0.0015 1.24
Styrene 100-42-5 104 1095 – – 0.0027 0.15
p,� -Dimethyl styrene 1195-32-0 132 1000 – – NF 1.33f

2-Methyl furan 534-22-5 82 1000 – – NF NF
Pyridine 110-86-1 79 1000 – – 1.1 0.2
2-Pentyl furan 3777-69-3 81 1000 – – NF 0.019f

3,5-Dimethyl
benzothiophene

1964-45-0 161 1000 – – NF NF

Esters Ethyl acetate 141-78-6 61 266 – – 0.059 3.14
Methyl acetate 79-20-9 43 1000 – – 0.081 5.1

Ketones and aldehydes Acetaldehyde 75-07-0 73 1000 – – 0.13 0.0027
Acetone 67-64-1 58 469 0.15 0.45 0.27 101
2-butanone 78-93-3 72 1799 0.1–1.4 0.3–4.2 0.18 1.3
3-Methyl-2-butanone 563-80-4 86 645 – – 0.087 1.8
2-Pentanone 107-87-9 86 640 – – 0.16 0.098
3-Methyl-2-pentanone 565-61-7 43 1000 – – 0.073 0.098
2-Hexanone 591-78-6 58 1000 – – 0.15 0.098
3-Pentanone 96-22-0 86 1000 – – 0.16 3f

3,3-Dimethyl-2-butanone 75-97-8 1000 – – 0.045 0.176
2,3-butanedione 431-03-8 43 887 0.2–7.5 0.6–22.5 0.73 0.00030

Nitrogen compounds Methyl thiocyanate 556-64-9 73 1000 – – 0.22 NF
Ammonia 7664-41-7 – – – – 0.59 1.87
Trimethylamine 75-50-3 58 1000 – – 0.076 0.00073
Acetonitrile 75-05-8 41 1497 0.03 0.09 0.52 22
Acetonitril dimethyl
amino

926-64-7 83 1000 – – NF –

Sul� de compounds Ethanethiol 75-08-1 – 63274b – 0.006 0.0028 0.00022
Methanethiol 74-93-1 – 59101 b – 0.009 0.0038 0.00021
Hydrogen sul� de 7783-06-4 – 34475b – 0.014 0.001 0.00047
Dimethyl sul � de 75-18-3 – 37376b – 0.024 0.0053 0.0069
Dimethyl disul � de 624-92-0 – 37589b – 0.013 0.0058 0.0098
Sulfur dioxide 7446-09-5 64 1000 – – 0.013 2.3
Dimethyl trisul � de 3658-80-8 126 301 – – 0.021 0.014f

Methyl propyl disul � de 2179-60-4 90 1000 – – NF NF
Carbon disul� de 75-15-0 72 1000 – – 0.00061 0.49
Dimethyl sulfoxide 67-68-5 63 1000 – – 0.098 NF

Terpenes p-cymene 99-87-6 119 1480 6.25 18.75 0.0013 0.123
Alpha-pinene 80-56-8 93 609 1.4–3.1 4.2–9.3 0.00029 0.22
Camphene 79-92-5 93 1000 – – 0.0001 28f

Beta-pinene 127-91-3 93 475 10.6 31.8 0.00015 0.28
3-Carene 13466-78-9 93 651 0.4–3.7 1.2–11.1 0.00016 9.3f

Myrcene 123-35-3 93 1000 – 0 0.00087 0.14f

Limonene 5989-27-5 68 227 4.4–10.7 13.2–32.1 0.00026 0.183
Fenchone 1195-79-5 81 1000 – – NF 2.3f

Camphor 76-22-2 95 1000 – – 0.12 2.84f

Eucalyptol 470-82-6 154 1000 – – 0.059 0.0051f

Isoterpinolene 586-63-0 121 1000 – – NF NF
Beta-terpinene 99-84-3 93 1000 – – NF NF
Gamma-terpinene 99-85-4 93 1000 – – 0.00038 55f

(� )-Thujone 546-80-5 81 1000 – – NF 27f

Thymol 89-83-8 135 1000 – – 3 0.05f

a Mean calibration coe�cients for six experimental campaigns.
b Mean calibration coe�cient responses for GC coupled to electrochemical detection (MEDOR).
c LOD: Limit of detection; LOQ: Limit of quanti � cation.
d Henry's constants as reported inSander (2015), NF: not found.
e Odor detection thresholds (ODTs) measured by dynamic olfactometry are in bold. ODTs reported by Nagata (2003) are underlined.
f ODTs documented in Van Gemert (2011) compilation.
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microorganisms likely established into the composting pile could si-
milarly contribute to the abatement of these molecules all along the
aerobic treatment (Semple et al., 2001).

3.3. Volatile compounds quanti� cation

The identi � ed chemical families contributed to a di � erent extent to
the overall cumulative mass of volatile compounds as depicted in Fig. 4.
Despite the high complexity and variability involving VOCs, ammonia
and VSCs production in composting, the type of substances detected at
the exhaust gas air was directly associated with the nature of the sub-
strates composted. For instance, substrates with a reduced content of
vegetal materials, such as agricultural wastes and sewage sludge,
showed low terpenes production, varying from 0.07 up to 21% of the
total mass emissions (Fig. 4). Besides vegetal feedstock, wood chips can
also constitute an essential source for terpenes generation (Maulini-
Duran et al., 2013a). Therefore, terpenes emissions in sewage sludge
treatment were probably produced by the signi � cant content of the
bulking agent ( Table 2) in the compostable mixture. In contrast, ter-
penes exhibited considerably high PCi (21–90%) along the composting
process of biowastes, OFMSW, and green wastes. These organic ma-
trices were mainly constituted of fruits, vegetables, leaves, brush, and
food waste. Hence, the high terpene emissions for substrates with lig-
nocellulosic content were likely derived from the decaying process of
vegetable material and bacterial degradation of lignin and cellulose
(Eitzer, 1995).

The cumulative mass emissions for the identi� ed volatile com-
pounds are summarized in Supplementary material (Table 2S). The
highest volatile compounds emissions were observed upon aerobic
treatment of raw organic matrices such as food waste (FWR and FWK),
turkey manure (TM) and sewage sludge (SS) with cumulative mass
emissions ranging from 4296 up to 28395 mg kg� 1OM0. The major
chemical contributors emitted are shown in Fig. 5. Raw substrates were
plotted separately from digestates to evaluate their emissions pro� les
better. Because of their similar compositions, emissions from sewage
sludge and agricultural waste were gathered in Fig. 5A.

Emissions of sul� de compounds occurred with low PCi for all sub-
strates (Fig. 4), except for SPS aerobic treatment. Considering that S-
containing species are produced via anaerobic degradation of proteins
and sulfates (Higgins et al., 2006; Rosenfeld et al., 2007), the presence
of anaerobic pockets was expected to occur within the composting

matrix. Even under forced aeration conditions, anoxic and anaerobic
zones could be present because of three principal reasons: i) oxygen
depletion due to high oxygen consumption rates when degrading or-
ganic matter at the � rst stage (thermophilic phase) of composting
process (Maulini-Duran et al., 2013a ) ii) formation of preferential
pathways that prevent bio � lms into the composting bed from being
supplied with oxygen, and iii) low porosity of substrates which hinders
oxygen passage and di� usion through bio� lms. Hence, H2S had a PCi of
11.4% in SPS experiment (Fig. 5A) probably due to the limited aeration
supply and the lack of bulking agent.

3.3.1. Agricultural wastes
Emissions from agricultural wastes were mainly composed of ni-

trogen compounds with PCi varying from 84% to 96.4% ( Fig. 4). For
TM and SPS, ammonia was the most abundant compound emitted re-
presenting from 83.4% to 95.8% of the total emission ( Fig. 5A). As a
result of urine hydrolysis and proteins degradation ( Webb, 2001), an-
imal manures contain signi � cant amounts of NH3/NH 4

+ that can be
readily volatilized and lost under forced aeration treatment. Similarly,
de Guardia et al. (2010b) determined strong ammonia emissions
(1000–1700 mg kg� 1OM0) during composting treatment of SPS. Tri-
methylamine (TMA) was only detected in composting gas samples from
TM and SPS. This observation can be related to animal production
systems, which produce large amounts of feces and urine resulting in
signi� cant emissions of TMA in the atmosphere (Sintermann et al.,
2014).

3.3.2. Biowastes
In general, composting emissions from FW were dominated by ter-

penes, ketones, esters, and alcohols (Fig. 4). These VOCs have been
identi � ed in household FW (Mao et al., 2006; Tsai et al., 2008) and
biowaste (Schlegelmilch et al., 2005). In contrast to our � nding, Komilis
et al. (2004) concluded that sul� de compounds were the primary che-
mical contributor along the aerobic treatment of FW ( Komilis et al.,
2004). The di� erence among published data could be linked to the high
impact of process conditions (aerobic or anaerobic) and waste char-
acteristics.

When comparing the FW emission pro� les among them, di� erent
emission trends were observed based on the origins and composition of
substrates. FWK, consisting of vegetable, fruits, and peels, had the most
concentrated terpenes emissions with a PCi of 88%. On the other hand,

Fig. 4. Chemical contribution PCi (%) of identi � ed chemical families during the composting process of solid wastes and digestates.
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FWR and FWH, containing not only vegetable material but also meat,
cooked food, and others (Table 1), presented more substantial con-
tributions of ethanol, methanol, ethyl acetate, methyl acetate and 2-
butanone (Fig. 5B). These oxygenated compounds are primarily pro-
duced by the partial aerobic degradation of organic matter during
biological treatment ( Gallego et al., 2012; Shao et al., 2014).

3.3.3. Green wastes
Vegetable-derived compounds such as terpenes, ketones, and alco-

hols were extensively produced when composting YT and GW (Fig. 4).
Defoer et al. (2002) reported those chemical groups as signi� cant
contributors at the exhaust air from composting plants treating vege-
table fruits and garden wastes. In this study, limonene and alpha-pinene
were the most emitted substances with chemical contributions of 39%
and 45%, respectively. Likewise, acetone and 2-butanone were actively
emitted. Methanol, an intermediary product of microbial metabolism of
wood and plants, was the most relevant alcohol with PCi varying from
5% to 8% (Fig. 5C).

3.3.4. Sewage sludge
In decreasing order, the most emitted chemical families were ni-

trogen compounds, terpenes, and sul� de compounds. Ammonia re-
presented 64% of the overall cumulative emission (Fig. 5A). The
emission factors obtained upon aerobic treatment of SS
(4385 mg kg� 1MO0) agreed with the one published by Maulini-Duran
et al. (2013a) at laboratory scale (4456 mg kg� 1OM0). Cumulative mass
emissions were comparable between these studies regardless of the
di� erence in experimental scales (lab and pilot-scale). Such compar-
ability highlights the feasibility of up-scaling emission factors as
benchmarks for air-pollution control at composting facilities.

Limonene, DMS, CH3SH, and acetic acid were the main VOC and
VSCs contributors in composting gas emissions of SS (Fig. 5A). Sulfur-
containing compounds and limonene have been previously found in SS
composting process as core indicators for odor nuisance (Durme et al.,
1992; Y. Li Zhu et al., 2016). The presence of acetic acid could be as-
sociated with anoxic conditions and partial anaerobic degradation of
organic matter.

3.3.5. Municipal solid waste
The leading chemical groups released during MSW composting were

terpenes, nitrogen compounds, sul� de compounds, ketones and alco-
hols (Fig. 4). In accordance with Scaglia et al. (2011) and Maulini-
Duran et al. (2013b) , limonene was found to be the main volatile
compound emitted upon OFMSW composting, accounting for 60% of
the total cumulative mass (Fig. 5D). Furthermore, nitrogen compounds
content in exhaust gas was entirely constituted by ammonia, placed as
the second most emitted substance with a cumulative emission of
213 mg kg� 1OM0. This ammonia emission factor was close to values
measured at lab-scale (Pagans et al., 2006a) but far from the one
(14286 mg kg� 1OM0) measured in a real-scale plant (Cadena et al.,
2009). The main sulfur compound was methanethiol, representing from
7.2% to 2.2% of total emission for MSW.

Particular variations were observed when OFMSW was composted
with green wastes. MSG emitted alcohols and ketones actively with PCi

of 35% and 13%, respectively (Fig. 4). Hence, methanol was the leading
volatile compound, followed by limonene and alpha-pinene ( Fig. 5C).
The high content of lignocellulosic material in the composting process
could be linked not only to terpenes generation but also oxygenated
compounds production (Defoer et al., 2002).

Fig. 5. Chemical contribution PCi (%) of major volatile compounds emitted upon composting of agricultural waste and sewage sludge ( A), biowaste (B), green waste
(C), municipal solid waste ( D), and digestates (E, F).
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3.3.6. Anaerobically digested substrates
The total cumulative emissions of digested were two up to 70 times

inferior to those observed when composting raw substrates
(Supplementary material, Table 2S). Compared to raw organic ma-
trices, digestates typically contain lower amounts of readily biode-
gradable organic matter (Tambone et al., 2010). Less access to nutrient
sources probably led to a decline in microbial activity upon aerobic
post-treatments of digestates and consequently a reduction in volatile
compounds production.

For ADP, ADB, and ADS, ammonia emissions were dominant with
PCi of 57%, 62%, and 63%, respectively (Fig. 5F). This tendency can be
linked to the low C/N ratios of these substrates (Supplementary mate-
rial, Table 1S). During anaerobic digestion, organic matter is turned
into CO2 and CH4, and organic N is mainly hydrolyzed and embedded
into the organic matrices as simpler N-containing compounds and NH3/
NH4

+ (Rosenfeld and Su�et, 2004). The NH3 emission factor obtained
for ADS treatment agrees with the value measured by Pagans et al.
(2006a) of 1160 mg kg� 1MO0 but di � ers signi� cantly from the cumu-
lative emission (40 g kg� 1OM0) reported by Zeng et al. (2012). The
substrates nature, process conditions, and possible ammonia absorption
onto bulking agent could cause such as variability among studies (Zeng
et al., 2012).

Unlike the other digestates, ADH and ADM presented low NH3 PCi

of 0.1% and 15%, respectively (Fig. 5E). Some possible facts could
explain this trend: i) ADH was a raw digestate treated during 20 days at
the methanization plant, meaning that was partially stabilized as
proved by its high C/N ratio (Supplementary material, Table 1S) ii)
ADM was a mixture of anaerobically digested OFMSW with lig-
nocellulosic material which increased considerably its ratio C/N and
possibly minimized its NH 3 emission potential.

During digestates composting, the most emitted VOCs were terpenes
which represented from 18% up to 73% of the total cumulative emis-
sions. Limonene (PCi = 10–31%), alpha-pinene (PCi = 0.6 –34%) and
myrcene (PCi = 7.4% for ADM) were the principal terpenes detected
(Fig. 5E and F). Terpenes emission were prompted by the presence of
wood chips used as a bulking agent, but also as a result of the partial
degradation of organic matter derived from vegetative material
(Maulini-Duran et al., 2014 ; Pagans et al., 2006b). Except for ADS,
digestates were obtained through anaerobic digestion of vegetable
feedstocks containing fruits, yard trimmings, vegetables, and trees
branches, commonly associated with terpenes content (Staley et al.,
2006b). Furthermore, Orzi et al. (2010) demonstrated that terpenes are
degraded in a minor extent along the anaerobic treatment of MSW.
Hence, terpenes not degraded upon anaerobic digestion were likely
stripped and volatilized once the forced aeration was set up, resulting in
signi� cant emission rates along the digestate post-treatment. Limonene
and alpha-pinene were previously identi � ed in VOC emissions from the
aerobic treatment of ADS at the laboratory scale (Maulini-Duran et al.,
2013a) and real scale (Durme et al., 1992). Sul� de compounds also
occurred upon digestates composting (Fig. 4), with relative low che-
mical contribution rates no superior to 4.5%.

3.4. Characterization of major odor contributors

3.4.1. Odor detection thresholds (ODTs)
ODTs can vary largely from some order of magnitudes in reported

ODTs datasets (Parker et al., 2012). To reduce the impact of ODTs
variability in OAVs calculations, 15 ODTs were determined following
EN 13725 guidelines. As seen in Table 4, tested substances included
some of the most frequently detected compounds and known odorants
such as VSCs, trimethylamine, and 2,3-butanedione. The e� ect of pa-
nelist selection criteria on ODTs determination was lowered by re-
peatedly screening the panelist's group with n-butanol. A panelist
average detection threshold of 148 ± 84 � g m� 3 for n-butanol was
obtained during the olfactometric measurements. The results of this
calibration process successfully ful� lled the EN 13725 requirements

(62–246 � g m� 3).
Wu et al. (2017) measured 51 ODTs by dynamic olfactometry, ob-

taining ODTs values 15 times higher than those calculated by the tri-
angle bag method in Nagata's report. ODTs measured in this study were
on average three times larger than the ones measured by Nagata
(2003) . Moreover, median relative deviations (RD) of 37% and 71%
were attained when comparing measured ODTs with values reported by
Nagata (2003) and Wu et al. (2017) , respectively (Supplementary ma-
terial, Table 3S). As explained by Ueno et al. (2009) and Wu et al.
(2017) , discrepancies on ODTs obtained among studies could be caused
by di � erences on panel selection criteria, type of dilution presentation
and variations on Z50 calculation. For example, the geometric mean of
Z50 in dynamic olfactometry is evaluated in an ascending concentration
order, whereas the triangle bag method assessed Z50 in descending
series. In accordance with our study, Ueno et al. (2009) demonstrated
that ODTs of 5 compounds evaluated by dynamic olfactometry were
three times larger than values yielded by the triangle bag method.

ODTs from Nagata's report were preferably adopted to compute
OAVs for those compounds not tested by dynamic olfactometry.
However, 13 ODTs were not determined by Nagata (2003) and then
consulted in Van Gemert (2011) compilation ( Table 4). ODTs for 7
compounds were not found in the literature, a fact limiting this odor
assessment approach because of possible odor underestimation (Gallego
et al., 2012). Hence, further ODTs measurements must be conducted by
well-trained odor panels and standardized methodologies (EN 13725)
to strengthen the odor monitoring and reliability of studies involving
OAV calculation (Schiavon et al., 2017). Enlarging ODT datasets is
essential to validate the reproducibility of ODTs measurement among
di� erent laboratories and support the establishment of a uni� ed ODT
dataset for odor assessment (Wu et al., 2017).

3.4.2. Odor contribution
The odor contribution of the identi � ed chemical groups and sub-

stances was assessed by weighting OAVmax with SOAVmax (Fig. 6A and
Fig. 6B). The highest OAVmax represented an upper bound or the worst
case scenario when monitoring odorants along the composting cam-
paigns. Hence, OAVmax allowed determining the major odor con-
tributors upon aerobic treatment. Supplementary material ( Table 4S)
provides OAVmax used to develop this methodology. The possible sy-
nergetic and antagonist interactions occurring among odorants were
beyond the scope of this monitoring strategy.

Volatile sulfur compounds were the major odor contributors
(POi = 54 –99%) for all composted substrates (Fig. 6A). The odorous
activity of these substances is associated with their high volatility, low
ODTs and thus signi� cant potential to create odor sensory stimulus
even at reduced concentrations (Table 4). The main VSCs contributing
to odors were CH3SH, ethanethiol, and H2S as they represented from
34% up to 95% of the total SOAVmax (Fig. 6B). Methanethiol was
commonly targeted as the main odorant for 73% of the composting
experiments. H2S was the main odor contributor for SPS, ADM and GB
treatment, whereas ethanethiol exhibited the largest OAVmax upon
FWH composting. Likewise, some studies have demonstrated the crucial
relevance of S-containing compounds on odor nuisance generation
along composting of sludge from pig slaughterhouse sludge (Blazy
et al., 2014a), OFMSW (Scaglia et al., 2011; Shao et al., 2014), FW (Tsai
et al., 2008), SS and ADS (Maulini-Duran et al., 2013a ; F. Zhu et al.,
2016). Because of their importance on odor management at waste
treatment units, VSCs abatement technologies and reduction strategies
are addressed in Supplementary material (section 1S).

The OAV pro� les of CH3SH for all treated substrates are given in
Fig. 7. A log transformation of OAV was used to limit variance from the
input odor data whereas the substrate composted. Such data normal-
ization enabled to illustrate emissions patterns of this odorous com-
pound through the biological process. CH3SH peak odor emissions oc-
curred upon 2–7 days of the process for 87% of the compostable
substrates. Once reached the odor peak values, CH3SH odor potential
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tended to drop o� or disappear at the � nal stage (20–30 days) of the
aerobic treatment when biological activity typically slows down.
CH3SH was generally emitted during the � rst days of the composting
process when high amounts of oxygen are up-taken to degrade readily
organic matter. Because of oxygen depletion, oxygen transfer through
bio� lms is minimized, and thus anaerobic sites may be formed within
the composting matrix ( Higgins et al., 2006; Zhang et al., 2013). Ad-
ditionally, the high temperatures typically found at the � rst stage of the
aerobic process could have increased the gaseous transfer rates of VSCs
through the bio � lms. Early VSCs emissions were also identi� ed during

composting of MSW (Zhang et al., 2013) and mushrooms (Noble et al.,
2001).

In addition to VSCs, other chemicals families, namely N-containing
compounds, ketones, and terpenes also contributed moderately to
SOAVmax (Fig. 6A). For SPS and TM, odor contribution from nitrogen
compounds was led by TMA which exhibited POi of 7% and 39%, re-
spectively (Fig. 6A). TMA, a � shy odor molecule, was also determined
as crucial odor contributor in previous studies on FW ( Tsai et al., 2008)
and OFMSW (Scaglia et al., 2011) composting. FWK gas samples had
extremely high concentrations of limonene which were re � ected on its

Fig. 6. Odor contribution (PO i, %) of identi � ed chemical families (A) and main odorants (B) emitted upon the composting process of solid wastes and digestates.
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POi of 42.5%. Concerning ketones, 2,3-butanedione (POi = 23.4%) was
identi � ed as a potential odor source from FWR aerobic treatment
(Fig. 6B). This butter-like odor compound, commonly used as an ad-
ditive in the food industry, was the leading cause of odor pollution in
Llobregat River (Spain) (Díaz et al., 2004); Yet, no previous reports of
this molecule were found in gas emissions from waste treatments.

4. Conclusions

• The chemical composition of gas emission from composting varied
considerably depending on the substrates nature and operational
conditions. In general, terpenes and oxygenated compounds (alco-
hols, esters, and ketones) contributed considerably to the total mass
emissions of organic matrices containing vegetable and food feed-
stock such as biowastes, municipal solid waste and green wastes. In
contrast, emissions from agricultural wastes, sewage sludge, and
some digestates were mainly composed of ammonia.

• The strong odor impact of emission generated upon composting of
raw substrates such as agricultural waste and food waste was proved
by their odor emission factors (OEFs) superior to 1000 OUE

g� 1OM0. Compared to solid wastes composting, the aerobic treat-
ment of digestates exhibited lower cumulative mass emissions of
compounds and OEFs below to 30.5 OUE g� 1OM0. Such di� erence
was associated with the higher stabilization degree of organic
matter present in anaerobically digested substrates.

• Although VSCs had relatively low chemical contributions
(PCi = 0.2 –15%), their odorous potential was highlighted by the
proposed OAV methodology. Methanethiol, ethanethiol, and

hydrogen sul� de were the leading odorants for all composting ex-
periments regardless of the experimental conditions and substrates
nature. Odor mitigation strategies could be better implemented and
designed by taking into account these identi � ed odorous com-
pounds. Reducing the number of target compounds can enhance the
e� ciency and reduce the costs of odor monitoring programs.
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Abstract: Municipal waste treatment is inherently associated with odour emissions. The compounds
characteristic of the processes used for this purpose, and at the same time causing a negative olfactory
sensation, are organic and inorganic sulphur and nitrogen compounds. The tests were carried out at
the waste management plant, which in the biological part, uses the methane fermentation process
and is also equipped with an installation for the collection, treatment, and energetic use of biogas.
The tests include measurements of the four odorant concentrations and emissions, i.e., volatile
organic compounds (VOCs), ammonia (NH 3), hydrogen sulphide (H 2S), and methanethiol (CH3SH).
Measurements were made using a MultiRae Pro portable gas detector sensor. The tests were carried
out in ten series for twenty measurement points in each series. The results show a signi�cant impact of
technological processes on odorant emissions. The types of waste going to the plant are also important
in shaping this emission. On the one hand, it relates to the waste collection system and, on the other
hand, the season of year. In addition, it has been proved that the detector used during the research is
a valuable tool enabling the control of technological processes in municipal waste processing plants.

Keywords: ammonia; biogas plant; hydrogen sulphide; methanethiol; municipal waste treatment; VOCs

1. Introduction

The use of fossil fuels, as well as the impact of greenhouse gases on the environment, have helped
to initiate research related to the production of alternative fuels. In Europe and the world, there is an
increase in greenhouse gas emissions in the atmosphere, the main source of which is carbon dioxide
(CO2). Over 80% of global energy demand is covered by fossil fuels [ 1]. Biogas obtained as a result of
biological treatment of biodegradable waste may play a key role in the energy industry in the future.
Biogas as a renewable energy source can replace conventional fuels to produce heat and electricity
and can also be used as gas fuel in the automotive industry. Research carried out so far indicates that
biogas produced in the methane fermentation process provides signi�cant bene�ts compared to other
forms of bioenergy, because this technology is characterized by energy e� ciency and environmental
friendliness [2,3].

A modern waste management strategy should aim mainly at minimising waste generation
(among others, by designing and manufacturing products that promote reuse and facilitate recycling
and recovery), waste source separation and then reuse and recovery of energy and material resources
from unavoidable waste [ 4]. The concept of “Zero Waste” is becoming more and more relevant by
reducing the amount of waste, recycling, recovery, and minimisation of waste going to land�lls [ 5,6].
However, literature data indicate that, still, unfortunately approximately 50% of municipal solid waste
produced is sent to land�lls [ 4]. Therefore, both the reduction of land�lls volumes and the proper
operation and reclamation of existing land�lls are very important in terms of emission control (including
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the minimisation of uncontrolled biogas emissions). In this context, the mechanical-biological waste
treatment in both aerobic and anaerobic conditions (at biogas plants) has its full justi�cation [ 7].
The biological process of methane fermentation is very complex and multiphase. In the last decade,
devices for controlling individual process phases, as well as analytical tools, have been developed.
These changes have contributed to increasing the energy e� ciency of the process. The goal of the
control system is to optimize the entire biogas production process and provide early warning to prevent
failure of the entire process [8]. Thanks to the development of control and analysis systems, biogas
plants can operate smoothly despite these extremely complex steps [9].

Until now, mainly biogas plants from agricultural, land�ll, or sewage treatment plants were
subjected to testing of odorous compounds [ 10–12]. Biogas plants processing municipal waste are not
yet well understood in this respect and worldwide there are fewer of them compared to the previously
mentioned installations [ 13]. However, due to energy (biogas energy production) and environmental
(waste management) bene�ts, as well as publicly available source material, much more will probably
be created in the future.

Odorants, chemical compounds that cause an olfactory e� ect, are probably one of the most
demanding environmental challenges for the emerging environmental policy [ 14,15]. Odorants that
cause a negative olfactory e� ect generally contain nitrogen or sulphur, i.e., amines, phenolic compounds,
aldehydes, thiols, ketones, and alcohols. Each of these components is produced mainly as a result of
the activity of microorganisms that break down complex organic compounds present in the organic
matter [16–20].

One of the main odorants emitted during the decomposition of biodegradable waste are volatile
organic compounds (VOCs) [15,21]. The World Health Organization (WHO) has recognized volatile
organic compounds as the most signi�cant indoor air pollution. So far, about 500 volatile compounds
and those present in indoor air have been identi�ed. Only a few were considered pathogenic.
Nevertheless, it is believed that many of them contribute to such health problems as: allergies,
headaches, loss of concentration, drying and irritation of the nasal mucosa, throat, and eyes, etc. [21–25].

The term VOCs refers to a wide group of chemical compounds whose vapour pressure is at least
0.01 kPa at 20� C [26,27]. They are also characterized by low aqueous solubility. VOCs in the atmosphere
participate in photochemical reactions, producing photochemical oxidants. According to Eitzer [ 28],
who undertook pioneering research on the exhaustive characteristics of VOCs emitted at various stages
of the biodegradation process, most VOCs in composting plants are emitted at early stages of the
process. For example, Delgado-Rodr½guez et al. [29] found that emissions of volatile compounds are
closely related to the phases of the composting process: aldehydes, alcohols, carboxylic acids, esters,
ketones, sulphides, and terpenes are emitted mainly in the initial acid phase, while in the thermophilic
phase ketones, organosulfur compounds, terpenes, and ammonia dominate. In the cooling phase,
the main volatile compounds emitted are sulphides, terpenes, and ammonia. These authors also
studied the impact of process control parameters (humidity, aeration, and C /N ratio) on the emission
of volatile compounds in municipal solid waste composting. The C /N ratio had the greatest impact on
VOCs emission, followed by aeration and moisture content.

There are many odorous testing methods, which include sensory, sensor, and analytical methods.
Table 1 shows examples of the uses of these methods.

Table 1. Methods of assessing odour and odorants concentration [29–32].

Sensory Methods Sensor Methods Analytical Methods

sensory evaluation method
electronic nose

(e-nose)

gas chromatography (GC);

static olfactometry
gas chromatography coupled with mass spectrometry

(GC–MS);
dynamic olfactometry, portable detectors gas chromatography coupled with olfactometry (GC–O)

�eld olfactometry
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Sensory methods are used to determine the qualitative (method of sensory evaluation) or
quantitative (olfactometry) smell. Using only sensory methods, it is not possible to obtain information
on the types of compounds as well as their concentrations contained in the odorant mixture. For this
purpose, analytical or sensor methods are used [33–35].

Portable detectors, classi�ed as sensor methods, compared to most other methods, are characterized
by uncomplicated service, as well as relatively low purchase costs [ 16]. The detectors use various types
of sensors, which include:

� photoionization sensors—PID;

� nondispersive infrared sensors—NDIR;

� electrochemical sensors—EC;

� thermal sensors—PELLISTOR [36,37].

For the analysis of chemical compounds that cause an unpleasant olfactory e� ect, emitted during
the treatment of municipal waste, photoionization and electrochemical sensors are most commonly
used. In the case of the photoionization sensor, the operating principle is the ionization of neutral
molecules of chemical compounds. When di � using particles of VOCs encounter the UV lamp, they are
ionized by photons. Then, the ions formed are directed between two polarized electrodes. The ions
move towards the electrodes in the electric �eld generated by the electrometer. In this way, a current
�ow is generated, which is then converted into a voltage signal. This signal is proportional to the
concentration of compounds subjected to ionization. Compounds having higher ionization energies
than the maximum energies of the UV lamp photons are not detected. This type of sensor is most often
used to measure the total concentration of VOCs [14,34,38–40].

The electrochemical sensor uses absorption of infrared radiation to identify the compounds.
The principle of this type of sensor is to place the source of infrared radiation along the optical line
with the detector. When the analysed gas appears in the measuring chamber, it absorbs radiation of a
certain wavelength, and according to the Lambert–Beer law, there is a decrease in radiation reaching
the detector which is converted into an electrical signal. This reduction in light intensity is proportional
to the concentration of the gases or �ammable vapours being detected [16,40].

This study undertakes intensive research aimed at analysing the impact of technological processes
carried out at biogas plants (constituting waste treatment plants) on the emission of odorous compounds,
using municipal waste as input material. So far, there have been few scienti�c studies related to the odour
nuisance of this type of project or they have been carried out in a short period of time. Technological
processes at municipal waste treatment plants are characterised by high variability and therefore
require detailed analyses. The paper presents the results of almost a year-long research, which perfectly
illustrates the complexity of the problem of odorant emissions, showing the relations between measured
odorants and technological factors. The research results are potentially very valuable from the point
of view of implementing new technologies in the �eld of both waste treatment and deodorization of
process gases. Currently, there are in Poland eight biogas plants of this type but, in the future, it can be
assumed that many more will be created due to the drive to obtain energy from raw materials available
throughout the year.

2. Materials and Methods

2.1. Characteristic of the Analysed Plant

The plant, being the subject of research, is located in the southern part of Poland. The plant is
equipped with installations for mechanical and biological treatment of municipal waste. The input
material for the fermentation process is the biodegradable fraction mechanically separated from the
mixed waste stream. The fermentation process is carried out in two separate chambers. Each of them
is equipped with four mixers and a digestate dewatering line. The fermentation process is carried
out in semi-dry, mesophilic conditions. A �ow-chart of processes at the mechanical-biological waste
treatment installation is shown in Figure 1.
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Figure 1. Process �owchart of mechanical-biological treatment of waste at the analysed plant.

Waste storage is conducted in a closed hall. The hall is equipped with three ventilators which
intakes are located: above the mixed waste and above the conveyors transporting waste to the
machining hall. The processes of waste screening and sorting (mechanical treatment) are carried out in
a hall equipped with a system of screens and separators connected by conveyors. The biodegradable
fraction is transported to two bu � ers, located in a closed feedstock preparation hall for the fermentation
process. The fermentation process itself takes place in two closed fermentation chambers. After the
fermentation process is completed, the input material is subjected to a dewatering process (via a press
and a centrifuge) in a closed dewatering hall. Dehydrated digestate is directed to special tunnels,
located in a closed hall for the �rst stage of oxygen stabilisation (28 days) and then to the open �eld for
the second stage of oxygen stabilization (14 days).

2.2. Study Methodology

The study reported here includes the determination of levels of ammonia, hydrogen sulphide,
methanethiol, and VOCs at twenty measurement points identi�ed during inventory and pilot tests as
sources of emissions of odorous compounds (Table 2) [41]. The tests were carried out in ten measurement
series, from July to December 2019 (Table 3). The sensor method was used to determine the indicated
compounds—the MultiRae Pro portable multi-gas gas detector (RAE Systems, Inc.; San Jose, CA, USA).
Measurements were made with �ve one-minute replicates at each point, and the obtained results were
averaged. The characteristics of individual sensors that the detector is equipped with are presented in
Table 4. At the same time, measurements (T) and relative humidity (RH) of air at a height of 1.5 m were
carried out using a portable Kestrel 4500 NV weather meter. The minimum, average, and maximum
values of measurements during each of the series are presented in Figure 2a,b. Emission levels were
calculated according to the methodology presented in reference [42].

Figure 2. Cont.
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Figure 2. Minimum, average, and maximum temperature (T) ( a) and relative humidity (RH);
(b) at individual measurement series.

Table 2. Measurement points at the examined biogas plants.

Mark of Odour Source Name of Odour Source Name of the Measurement Point

a
waste storage plant

inside the hall-centre
b mixed waste *
c selectively collected waste *

d
mechanical treatment plant

in front of the hall entering
e inside the hall—at 1.5 m
f inside the hall—at 4.0 m

g storage shelter
shredded preRDF fraction (pre refuse

derived fuel) *

h fermentation preparation plant inside the hall-centre

i

digestate dewatering plant

inside the hall-centre
j over the wastewater tank (after the press)

k
over the wastewater tank

(after the centrifuge)

l
oxygen stabilisation plant

(1. stage)

inside the hall

m
waste subjected to an oxygen

stabilization process *

n
the technological wastewater

pumping station
over the wastewater tank

o
oxygen stabilisation shelter

(2. stage)
waste subjected to an oxygen

stabilization process *

p

roof ventilators from waste
storage plant

ventilator 1—process gases captured from
over-mixed waste

r
ventilator 2—process gases captured from
the overhead conveyor transporting waste

to the sorting plant

s
ventilator 3—process gases captured from

over selectively collected waste

t roof ventilators from digestate
dewatering plant

ventilator 4-inside the hall
u ventilator 5

* surface sources for which the gas sample was taken from under cover.
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Table 3. Dates of measurement series at a biogas plant.

Series Date Series Date

1 11 July 2019 6 03 October 2019
2 25 July 2019 7 17 October 2019
3 08 August 2019 8 07 November 2019
4 22 August 2019 9 21 November 2019
5 05 September 2019 10 30 December 2019

Table 4. Characteristics of the gas detector sensors.

Kind of Sensor Type of Sensor Resolution Range Accuracy
Average

Flow Rate

ammonia (NH 3)
Electrochemical

(EC)

1 ppm 0–100 ppm

� 10% 250 cm3/min

hydrogen sulphide
(H2S)

0.1 ppm 0–100 ppm

methanethiol (CH 3SH) 0.1 ppm 0–10 ppm

volatile organic
compounds (VOCs)

Photoionzsation
(PID)

0.01 ppm 0–100,000 ppm

3. Results and Discussion

The distribution of concentrations of tested odorants for the waste storage plant in individual
measurement series is presented in Figure 3a,b, while the distribution of emission levels from exhaust
ventilators, which are at the waste storage plant, is presented in Figure 4a–c.

The highest level of VOCs emissions was recorded from the roof ventilator, which has its air
intake located above the mixed waste stored p. This is consistent with the high concentrations of VOCs
observed at the place where mixed municipal waste was stored b. Increased VOCs emissions were also
recorded in the gases discharged from the ventilators, which have their air intakes located inside the
hall r and above the selectively collected waste storage (10 measurement series). Periodically increased
VOCs concentrations were also recorded at other measurement points—in the place of selectively
collected waste storagec–measurement series 7, inside the halla–measurement series 2. The highest
levels of NH 3 (ammonia) emissions were also recorded from roof ventilators discharging air from
waste storage plant p and r. A similar relationship was also observed for hydrogen sulphide and
methanethiol. The presence of these compounds was only noted in the gases discharging from the
waste storage plant through roof ventilators p, r, and s.

Figure 3. Cont.
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Figure 3. Distributions of volatile organic compounds (VOCs) ( a) and ammonia (NH 3) concentration;
(b) at the waste storage plant in particular measurement series (a-inside the hall; b-mixed waste;
c-selectively collected waste).

Figure 4. Cont.



Sustainability2020, 12, 5457 8 of 18

Figure 4. Distributions of volatile organic compounds (VOCs) ( a), ammonia (NH 3); (b) and hydrogen
sulphide (H 2S) and methanethiol (CH3SH); (c) emission at the waste storage plant in particular
measurement series (p-roof ventilator 1-process gases captured from over-mixed waste; r-roof ventilator
2-process gases captured from the overhead conveyor transporting waste to the sorting plant; s-roof
ventilator 3-process gases captured from over selectively collected waste).

The analysis of Figure 3a shows that, in the case of a mixed waste storage site, the largest increase
in VOCs concentration, to a level of about 20 ppm, was observed during measurement series 6.
During the same series, a signi�cant increase in ammonia emissions from roof ventilators was also
observed, the air intake of which is located inside the hall, above the conveyor transporting waste
r and above the selectively collected waste storage–Figure 4b. During the tests, an odour similar to
the solvent smell was perceptible in the hall. The sensing substance was probably the source of the
increased VOCs emissions compared to the results obtained in the other series. In the case of waste
collected selectively, increased VOCs concentration was observed only during measurement series
7–at the place of storage of this wastec (Figure 3a), and during measurement series 10–increased level
of emissions–in the air discharged by the ventilator from the selectively collected waste s (Figure 4a).
This probably resulted from improper and ine � ective separate waste collection.

In the case of the roof ventilator p, which has its air intake located above the mixed waste,
during each of the measurement series the levels of volatile compounds emission were similar;
while the levels of ammonia emission increased signi�cantly in measurement series 4–9. Analysing
the results of the levels of hydrogen sulphide and methanethiol emissions in Figure 4c, a signi�cant
increase in hydrogen sulphide emissions can be observed during series 6 and 9 (p ventilator). Figure 4c
shows the results only from ventilators p, r and s because, at the waste storage plant, the values of H2S
(hydrogen sulphide) and CH 3SH (methanethiol) concentrations were greater than 0.1 ppm only at these
measurement points (the threshold level of determination of the device for the measured chemical
compounds). In each of the measurement series, high levels of emissions of both hydrogen sulphide
and ammonia from pand r ventilators were observed. The composition of mixed waste and storage time
probably had a signi�cant impact on the results obtained. The long storage time of waste containing
biodegradable fractions contributes to their compaction and uncontrolled anaerobic processes.

Figure 5a,b shows the results of VOCs concentration and ammonia concentration for the mechanical
treatment plant, storage shelter for the shredded preRDF fraction (pre refuse derived fuel), and the
fermentation preparation plant.
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Figure 5. Distribution of VOCs ( a) and NH 3; (b) concentration at measurement points related to
mechanical treatment of waste and fermentation preparation in particular measurement series ( d-in
hall front entrance; e-inside the hall, at 1.5 m; f -inside the hall, at 4.0 m; g-shredded preRDF fraction
(pre refuse derived fuel); h-inside the fermentation preparation hall).

In individual measurement series, the highest VOCs concentration accompanied the storage of fuel
from preRDF g waste and mechanical waste treatment operations—inside mechanical treatment plant f
and inside the fermentation preparation plant h. The preRDF fraction mechanically separated from the
mixed waste stream and stored under a covered shelter was also the source of the largest ammonia
emission. The results obtained at point g are characterized by a large variation in the concentration of
volatile organic compounds and a relatively constant level of ammonia (2–5 ppm), not including the
result obtained during series 9 (35 ppm).

Figure 6a–c shows the distribution of measuring odorant concentrations for the digestate
dewatering plant, while Figure 7a,b presents the distribution of emission levels in individual
measurement series from roof ventilators, which are at the digestate dewatering plant.
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Figure 6. Distribution of VOCs ( a), NH 3; (b) and H 2S and CH3SH; (c) concentration at digestate
dewatering plant in particular measurement series ( i-inside the hall; j-over wastewater tank (after the
press);k-over wastewater tank (after the centrifuge).
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Figure 7. Distribution of VOCs ( a), NH 3; (b) emission at digestate dewatering plant in particular
measurement series (t-roof ventilator 4–inside the hall; u-roof ventilator 5–inside the hall).

Analysis of the results obtained for the digestate dewatering plant shows that the highest
concentrations of both volatile organic compounds and ammonia occur above the process wastewater
tanks after the pressj and after the centrifuge k, except for series 1 and 10, where the VOCs concentration
was at a similar level in all measurement points related to digestate dewatering. Figure 7b shows that,
in series 6, there was a clear increase in ammonia emissions from roof exhaust ventilators, whose air
intakes are located at the digestate dewatering plant. The increase in ammonia emissions was due to
the failure of one of the technological lines intended for digestate dewatering. In the case of tanks
(points j and k), the odorant concentration is associated to the greatest extent with operations carried
out in relation to these tanks, including the maintenance of their �lling levels and cleaning. The tanks
are subjected to weekly cleaning, and the results of odorant concentrations above the tank after its
cleaning are at a low level, compared to the results obtained before cleaning.

The concentration of hydrogen sulphide and methanethiol at the measurement points related
to digestate dewatering varied during individual measurement series, reaching maximum values of
19.4 ppm (in series 9) and 10 ppm (in series 5, 9 and 10), respectively.

Analysing Figures 8 and 9, it can be observed that the sources of the largest emission of the
tested odorants in relation to the oxygen stabilization process are technological wastewater from this
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process, which is directed to the tank of the pumping station n and wastes subjected to the �rst-degree
oxygen stabilization process. In the case of digestate subject to stabilization, the concentration levels
of both VOCs and ammonia are variable, although the measurements were carried out on the same
day of the technological process. This indicates the di� erent quality of digestate sent to the oxygen
stabilization process, which is most likely the result of di � erent compliance with the technological
regime during digestate drainage or the quality di � erentiation of waste going to the plant. On the other
hand, signi�cantly lower concentrations of VOCs and NH 3 in all measurement series accompanying
the 2nd phase of aerobic processing testify to a properly conducted oxygen stabilization process of the
1st degree.

Figure 8. Distribution of VOCs ( a) and NH 3; (b) concentration at measurement points related to oxygen
stabilisation of digestate in particular measurement series ( l-inside the hall; m-waste subjected to an
oxygen stabilization process (1st stage);n-over the wastewater tank; o-waste subjected to an oxygen
stabilization process (2nd stage).
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Figure 9. Distribution of hydrogen sulphide and methanethiol related to wastewater storage from
oxygen stabilisation of digestate (point n) in particular measurement series.

Figure 10a,b shows the distribution of concentrations of VOCs and ammonia for all measurement
points in the ten measurement series.

Figure 10. Values of minimum, average, median, and maximum results of VOCs; ( a) and NH 3;
(b) concentration at particular measurement points during all measurement series.
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The above analysis indicates which places in the technological sequence are most exposed to
the variability of odorant emissions as a result of changes in the quality of processed waste and
implemented technological processes. The largest di� erences in VOCs and NH3 concentrations occur
at measurement points related to the storage of mixed municipal waste ( a, b, p) and preRDF (g),
with the collection of process wastewater—both from the digestate dewatering process and its oxygen
stabilization ( j, k, n) and with waste directed to the aerobic treatment process ( m, o). It is at these
points in the technological sequence that the type of processed waste and the type of technological and
operational measures taken have the greatest impact on odorant emissions.

Figure 11 shows the correlation matrices for the odorants tested. Along the diagonal of the
matrices, there are histograms representing the distribution of values of each variable. Table 5 shows
the correlation coe� cients based on Figure 11.

Figure 11. Correlation matrices for the tested compounds corresponding to all measurements.

Table 5. Correlation table of examined parameters.

Odorant VOCs NH 3 H2S CH3SH

VOCs 1.00 0.54 0.34 0.39
NH 3 0.54 1.00 0.60 0.73
H2S 0.34 0.60 1.00 0.76

CH3SH 0.39 0.73 0.76 1.00

Analysis of the correlations between the tested odorants (Figure 11 and Table 5) indicates the
largest relationship between hydrogen sulphide and methanethiol at 0.76 and between ammonia and
methanethiol at 0.73. Larger relations between the above odorants were observed at measurement points
related to waste storage (a, b, c, p, r, s) and digestate dewatering ( i, j, k, t, u)—at the level of 0.76–0.81.
The smallest correlation was observed between hydrogen sulphide and volatile organic compounds.

Analysis of the correlation between points of subsequent stages in the technological processes
showed relationships at a similar level. The di � erences were observed for points related to mechanical
treatment and fermentation preparation—for these correlation points they were lower.

4. Conclusions

In this study, the results of several months of research conducted at a biogas plant processing
municipal waste in Poland have been presented. They show the relations between particular measured
odorants and between odorants and technological factors. The novelty and scienti�c contribution
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presented in this work are related to the impact of technological aspects on odorant emissions
at the municipal waste biogas plant. The literature review shows that, so far, such analyses have
been conducted mainly at agricultural biogas plants, biogas plants on land�lls or biogas plants
related to sewage treatment. The impact of technological factors was identi�ed by measuring
odorant concentration (volatile organic compounds, ammonia, hydrogen sulphide, and methanethiol)
and observing their changes between individual measurement series. The main conclusions and
contributions of this research can be summarised as follows:

1. Odorant sources can be divided into the following �ve categories related to technological processes
conducted at analysed biogas plant: waste storage, preRDF storage, waste mechanical treatment
and fermentation preparation, digestate dewatering, and oxygen stabilization.

2. The biggest odorant concentrations accompany such unit operations as: storage of mixedmunicipal
waste, digestate dewatering, digestate oxygen stabilization of the 1st-degree, and technological
wastewater storage (both from digestate dewatering and its oxygen stabilization). The largest
organized emissions are related to the evacuation of gases by means of roof ventilators.

3. The biggest VOCs concentrations are associated with mixed-waste storage (19.79 ppm) and
aerobic stabilization of 1st-degree digestate (23.56 ppm). In turn, the highest NH 3 concentrations
accompany such technological processes as digestate dewatering (technological wastewater
storage: 100 ppm) and 1st-stage oxygen digestate stabilization (100 ppm). The highest
CH3SH concentrations also accompany the storage of mixed municipal waste, as well as
digestate dewatering and 1st-stage oxygen stabilization (10 ppm). The biggest concentration
of hydrogen sulphide is associated with the storage of wastewater from the digestate aerobic
stabilization process (40 ppm), which indicates too long storage time and is the result of
operational irregularities.

4. The highest emissions of odorants tested—to 0.42 kg/h (VOCs), 0.44 kg/h (NH 3), 0.41 kg/h
(CH3SH), and to 0.25 kg/h (H 2S)–are emissions from a roof ventilator which has its air intake
located above the mixed-waste storage.

5. The following factors a � ect the concentration of the odorants tested, and thus the volume of
emissions:

� a municipal waste collection system in the service area (clearly higher odorant concentrations
accompany storage and mechanical treatment of mixed municipal waste in relation to
selectively collected waste);

� trouble-free and continuous work of the technological line in the waste processing plant
(the sources of uncontrolled and increased odorant emissions are periodically occurring
technological line failures);

� technological operations related to the unloading of transported waste and internal transport
of waste in the processing plant (especially with loaders and conveyors);

� keeping equipment and storage places clean at the waste treatment plant;

� compliance with the technological regime and operational correctness.

6. The largest di� erences in VOCs and NH3 concentrations occur at measurement points related to
the storage of mixed waste and preRDF, with the collection of technological wastewater (both from
digestate dewatering and its oxygen stabilization) and waste directed to the aerobic process.
In this case, the type of waste processed and the type of technological and operational measures
taken are of fundamental importance.

7. The odour nuisance of waste management plants, including municipal waste biogas plants,
should be minimised by adapting the processes carried out to the best available techniques BAT
conclusions [43].

8. The detector used during the research is a valuable tool enabling control of technological processes
in such facilities.
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9. Further research should combine olfactometric and meteorological tests in addition to odorants.
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Di � erent Ways to Apply a Measurement Instrument of E-Nose Type to Evaluate Ambient Air Quality with
Respect to Odour Nuisance in a Vicinity of Municipal Processing Plants. Sensors2017, 17, 2671. [CrossRef]
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Understanding odorants associated with compost,
biomass facilities, and the land application of biosolids
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the Environment (E-mail: prosenfeld@losangeles.komex.com)

** University of California, Environmental Science and Engineering Program, CHS 10833, LeConte Avenue,
Los Angeles, California, 90095-1772, USA

Abstract Odorous water and air can result from compost, biomass facilities and land application of
biosolids. Common odorous compounds from these biodegradation systems include alcohols, aldehydes,
fatty acids, solvents and various sulfur and nitrogen compounds. Each odorant possesses a unique
individual odor signature i.e. odor character or quality, odor threshold concentration and chemical
concentration. This paper develops an initial understanding of how the volatile odorous chemicals and their
relative concentrations produced are related to the total odor quality from the process by their odor threshold
concentrations. The compost process is used as an example. It was estimated, that on day 1 and 7, the
primary fatty acids controlling the fermented and rotten odors were butyric acid and valeric acids,
individually, unpleasant and rancid odors, respectively, although acetic acid had the highest fatty acid
concentration on both days. In the same way, aldehydes and ketones controlled the disappearance of the
sweet odor from day 1 to 7.
Keywords Air odors; aqueous odors; biosolids odor; compost; odor; odor quality

Introduction
Groundwater and air contamination can result from compost, biomass facilities and land
application of biosolids. New environmental laws in the United States are designed to pro-
tect groundwater from contaminants resulting from these processes. Common odorous
contaminants from these biological waste treatments include terpenes, alcohols, aldehydes,
volatile fatty acids, ammonia, and various sulfur compounds. Each chemical odorant 
present possesses a unique individual odor signature i.e. odor character or quality, 
odor threshold concentration (OTC) and chemical concentration. The odor signature is
related to the vapor pressure, aqueous solubility and the impact on the odor perception of
people.

The odorants released from compost facilities vary depending on feedstock material and
process and change with reaction time. Typically organic waste is microbially degraded in
a sequential order where the sugars are consumed first, followed by cellulose, proteins,
lignins, oils, and finally waxes (Killham, 1994). Biosolids compost releases sulfur and
nitrogen compounds into the environment, while green waste compost releases volatile
fatty acid, ketones, terpenes and aldehyde odorants. Anaerobic conditions are responsible
for production of volatile fatty acids in compost. The musty odors of compost result from
complex molecules, e.g. geosmin. The mint and pine odors are from the presence of ter-
penes in the compost and wood chips. Pathogens, heavy metals, salts, and nitrates are other
serious controversial issues that impact facilities and operations that are currently being
closed due to odor.

Biosolids composting from wastewater plants are used as fertilizers for agriculture and
forests. The biosolids can release various nitrogen and sulfur compounds, and indole 
and skatole odorants into the environment (Rosenfeld et al., 2002). The oxidation state of
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the sulfur compounds depends on how the wastewater treatment facility is operating under
aerobic or anaerobic conditions.

This paper will first evaluate the relationship between the chemicals present, their OTCs
and odor characteristics from different production processes. Then the paper will evaluate
how during the composting process the overall odor intensity and the odor characteristics
of the compost change and how this can be related to the individual chemicals present.

Discussion: the relationship between chemicals present and odor
Sulfur odors

Sulfur odors in water and air often result from land application from biosolids decompos-
ing. Biosolids typically contain between 0.7 to 2.1% total elemental S (Sommers et al.,
1977), and some fraction of this S volatilizes producing odor. Bremner and Banwart (1976)
found that dimethyl disulfide accounted for 55Ð98% of total sulfur evolved from biosolids
application to soil in aerobic conditions. Dimethyl disulfide is produced also by many bac-
teria (Tornita et al., 1987) and fungi (Sunesson et al., 1995; Bojesson et al., 1993) found in
wastewater. Dimethyl sulfide and carbon disulfide are the other two most abundant sulfur
emissions from biosolids application in aerobic conditions (Bremner and Banwart, 1976).

Sommers et al. (1977) characterized the forms of sulfur in 10 biosolids from different
Indiana cities and found that approximately 65% of the sulfur was in the organic form.
Organic-sulfur in biosolids can produce dimethyl disulfide, dimethyl sulfide, and carbon
disulfide (Banwart and Bremner, 1975a). Sommers et al. (1977) found that approximately
35% total sulfur in biosolids was inorganic (with HSÐaccounting for 8.5% of total sulfur).
Bacteria and fungi typically promote the methylation of HSÐproducing thiols and various
methyl sulfides (Miller, 1993). The oxidation of methyl sulfides can produce dimethyl
disulfide (Wilber and Murray, 1991).

Dimethyl disulfide has decaying vegetation odors (Khiari et al., 1997) and rotten cabbage
odors (see Table 1) and is a very common sulfur emission from decomposition in general.
Many researches have investigated microbial species that produce dimethyl disulfide.
Twenty-four strains of bacteria from activated sludge with high dimethyl disulfide forming
ability were identified to the genus level, and genera includeLactobacillus,
Cornebacterium, Psuedomonas, Alcaligenes, and Chromobacter(Tornita et al., 1987).
Dimethyl disulfide was one of the most common volatile compounds identified when five
fungal species, Aspergillus versicolor, Penicillium commune, Cladosporium cladospori-
oides, Paecilomyces variotii,and Phialophora fastigiata(Sunesson et al., 1995). Bojesson
et al. (1993) identified the odorous gases in the headspace of ten Penicilliumand Aspergillus
species cultivated on oatmeal agar. Gas chromatography analyses showed dimethyl disul-
fide was present in 5 of the 10 samples and was in part responsible for the off odor.

Carbon disulfide and dimethyl sulfide have been documented to form in both aerobic
and anaerobic environments via microbial decomposition of sulfur containing amino acids
found in protein. Banwart and Bremner (1975a) reported that carbon disulfide emissions
resulted from decomposition of cysteine, cystine, homocystine, lanthionine, and djenkolic
acid, while dimethyl sulfide emissions resulted from decomposition of methionine and
homocystine.

Hydrogen sulfide (H2S) is commonly found with anaerobic conditions, (Banwart and
Bremner, 1976). Biosolids often have a pH around 8.5 and at this pH, H2S (pKa � 7.04)
deprotonates to sulfide (HSÐ), a non-volatile soluble ion. Furthermore H2S is a polar mole-
cule with a structure similar to water, and is held in solution via hydrogen bonding. In addi-
tion, H2S is readily oxidized in aerobic conditions (Paul and Clark, 1996). Bacteria and
fungi can also remove HSÐby promoting methylation, producing thiols and various methyl
sulfides (Miller, 1993).
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Methyl mercaptan (CH3SH) of OTC of 0.02 ppb in air with a rotten cabbage odor and
ethyl mercaptan (CH3CH2SH) of OTC of 0.01 ppb in air with a rotten cabbage odor are
associated with anaerobic conditions, (Table 1), (Bremner and Banwart, 1976). These
compounds are present in the ambient air near wastewater facilities. These compounds are
highly reactive and are easily catalyzed forming disulfides (Huang, 1994).

Nitrogen odors

Ammonia and trimethylamine comprise most of the odorous nitrogen (N) emissions from
wastewater, composting and organic biomass decay. Ammonia produces a pungent medic-
inal odor, while trimethylamine produces a fishy odor with a human detection limit 100
times lower (Table 1).

The major biological forms of N include amino acids and nucleic acids (Paul and Clark,
1996). Anaerobically digested biosolids typically contain between 3 to 6% N, and 40 to
75% of N is organic-N, while the balance is NH4

� -N (Kardos et al., 1977). Typically, the
NH4

� ion in biosolids quickly deprotonates resulting in volatile NH3. Ammonia emissions
are reported to be highest during the first several days after biosolids application and then
significantly drop off (Harmel et al., 1997). Furthermore, Beauchamp et al. (1978) found
that temperature was the most important variable explaining NH3 volatilization during the
first few days after application.

Ketone and aldehyde odors

Aldehydes and ketones generally have sweet pungent odors that result from incomplete
decomposition of organic matter during composting or biosolids production. While the
sweet solvent-like odors of ketones and aldehydes may not be perceived as unpleasant,
mixed with other odorants they contribute to a generally unpleasant odor. These com-
pounds have varying vapor pressures and odor thresholds, and are associated with waste-
water, municipal solid waste, composting and are common air and water contaminants.

Ketones and aldehydes can be formed via anaerobic decomposition of cellulose, 
starch, hemicellulose, and pectins (Mosier et al., 1977). Clostridiumsp. bacteria have been
identified as acetone producers (Holdemand and Moore, 1973; El Ammouri, 1987; Martin,
1983) and are obligate anaerobes (Killham, 1994). Furthermore, Clostridiumsp. have been
identified in wastewater and biosolids (Gold et al., 1992; Garcia and Bacares, 1997;
Edwards et al., 1998). Van Durme et al. (1992) identified a number of ketones including
acetone and methyl ethyl ketone (MEK) as odorant emissions from composting of
biosolids.

Compost facilities that experience anaerobic conditions, municipal solid waste facilities
and anaerobic digestion processes, especially during wastewater treatment, result in the
formation of volatile fatty acids. Volatile fatty acids have a rancid, vinegar and body odor-
like stench (Table 1). Volatile fatty acids resulting from the breakdown of starch, cellulose
and hemicellulose are metabolized by acid forming bacteria into short chain volatile fatty
acids (Killham, 1994).

Composting process and odor production
Aerobic composting of green waste produce aldehydes, alcohols, ketones, volatile fatty
acids, terpenes and nitrogen (ammonia) compounds that are associated with compost odors
(Mosier et al., 1977; Rosenfeld et al., 2002, 2004). The anaerobic digestion processes that
can occur in pockets result in the formation of volatile fatty acids. Volatile fatty acids result
from the breakdown of starch, cellulose and hemicellulose that are broken down by acid
forming bacteria into short chain volatile fatty acids. Turning a compost pile to maintain
aerobic conditions in the pile also releases odorants into the air.
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Biosolids composting of sewage sludge can produce sulfur compounds, ammonia and
indole and skatole septic odors. Biosolids are applied as a fertilizer to agricultural and
forest soils at an application rate of 1Ð10 metric tons/acre. Thermophilically digested
biosolids (50Ð55¡C) usually produce more volatile fatty acid emissions than meso-
philically digested biosolids (30Ð35¡C), resulting from both higher temperatures and
shorter anaerobic digester detention times (Cecil et al., 1992). Volatile fatty acids seldom
contribute to the odor from aerobic biosolids at room temperature, for the boiling points for
acetic, propionic, and butyric acids are 118, 141, and 164¡C, respectively. However,
researchers have detected volatile fatty acids during heating of biosolids. For example,
acetic acid was produced when diluted biosolids were heated to 121¡C (Badawi et al.,
1992).

Field study example of green material composting

The City of Sacramento, California composting facility for green waste was studied
(Rosenfeld et al., 2002, 2004). The green waste material was composed of ground wood
chips, foliage, and grass. Windrows were constructed with the dimensions of 15 m length,
six m wide at the base, and 3 m high. Compost odors are generated throughout the compost-
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Table 1 Detection thresholds for odorants in air and water

Compound Character Air odour Water odour 

threshold (ppmv) threshold (ppm)

Nitrogen compounds
Ammonia Pungent 0.038a 1.5b

Methylamine Fishy 3.2b 2.4b

Triethylamine Fishy 0.48b 0.42b

Trimethylamine Fishy 0.00044b 0.0002b

Sulfur compounds
Ethyl mercaptan Rotton cabbage 0.00001a 0.0000075b

Hydrogen sulÞde Rotten eggs 0.0005a 0.000029b

Carbon disulÞde Disagree, sweet 0.0077 0.00039b

Dimethyl sulÞde Rotten cabbage 0.001a

Dimethyl disulÞde Rotten cabbage 0.000026a

Dimethyl trisulÞde Rotten cabbage 0.0012a

Methyl mercaptan Rotten cabbage 0.00002a 0.000024b

Allyl mercaptan Garlic coffee 0.0001a

Propyl mercaptan Unpleasant 0.0001a

Amyl mercaptan Putrid 0.00002a

Benzyl merecaptan Unpleasant 0.0003a

Sulfur dioxide Irritating 0.449a

Volatile fatty acids
Formic acid Biting 0.024a

Acetic acid Vinegar 1.019a 97b

Propionic acid Rancid, pungent* 0.028a

Isobutyl and butyl acid Rancid* 0.0003a

Isovaleric acid Unpleasant 0.0006a

Valeric acid Unpleasant 0.0006a

Aldehydes and ketones
Formaldehyde Unpleasant 1.199a 0.6b

Acetaldehyde Green sweet* 0.0001a 0.034b

Acetone Sweet, minty 20.6a

Acreolin Burnt, sweet 0.0228a 20b

Propionaldehyde Sweet, ester 0.011a

Crotonaldehyde Pungent, suffocating 0.037a

Methyl ethyl ketone Sweet, minty 0.25a 8.4b

Butanaldehyde Sweet 9.5a

Valeraldehyde Pungent 0.028a

a Ruth, 1986 (lowest OTC) b Amoore and Hautala, 1983
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ing process, with the highest emission rates noted early in composting and then again dur-
ing pile turning or agitation. On days 1 and 7 after construction of the windrows emissions
from windrows were sampled for sulfur compounds, ammonia, ketones and aldehydes and
volatile fatty acids.

Table 2 shows the green waste compost produced similar types of volatile compounds:
after 1 and 7 days including aldehydes (6 quantified), ketones (2 quantified), ammonia and
volatile fatty acids (9 quantified). None of the 13 sulfur compounds were detected above
their detection limit. Table 2 also shows the dilution-to-thresholds and odor quality on Day
1 and 7.

Table 2 shows fatty acids were observed on day 1 at 3.5 to 14,000 times their OTC.
Acetic acid was emitted at a rate 10 � all other fatty acids on day 1, but it has a low OTC,
whereas butyric acid the most odorous fatty acid emitted was 20 � less concentrated. The
OTC of butyric acid is 2,500 � stronger than acetic acid. Therefore, butyric acid (rancid
odor) probably contributes the primary fatty acid odor produced at day 1 (fermented fruit).
The aldehydes and the ketones also contribute to the alcohol and sweet, fermented fruit
odors of day 1 as they have these type odor qualities as seen from individual odor character
and OTC present in Table 1.

On day 7, only 7 fatty acids were observed at 0.4 to 680 times their OTC indicating a
lower overall odor. Valeric acid (unpleasant odor) has an emission rate 17 � higher than
acetic acid and 30 � butyric acid. The OTC of butyric acid is only 2 � stronger than valeric
acid. Therefore, valeric acid probably controls the fatty acid odor produced at day 7
(mildew, rotten). The aldehydes and ketones present in the air effluent at day 7 were signif-
icantly lowered, especially for acetaldehyde (green, sweet), Table 2. The sweet, alcohol
and fermented fruit odor of day 1 apparently disappeared with the lowering of aldehyde and
ketone concentrations.
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Table 2 Mean odorant emission rates from green compost
(Rosenfeld et al., 2002)

Control day 1 Control day 7

µg/m 2sec Ð1 µg/m 2sec Ð1

Volatile fatty acids
Formic acid 11 0.51
Acetic acid 241 2.60
Propionic acid 7.8 0.33
Isobutyl and butyl acid 12.2 1.23
Isovaleric acid 7.86 ND
Valeric acid 17.1 34.8
Isocaprinic acid 23.9 ND
Caprinic acid 18.3 5.88

Aldehydes and ketones
Formaldehyde 0.35 0.63
Acetaldehyde 75.98 3.75
Acetone 0.50 6.46
Acreolin ND ND
Propionaldehyde 4.64 0.33
Crotonaldehyde 0.75 0.44
Methyl ethyl ketone 1.19 3.76
Butanaldehyde 39.62 1.04
Valeraldehyde 1.19 0.18

Nitrogen compounds
Ammonia 0.01 0.41

Sulfur compounds 13 are all � DL

Dilution-to-threshold 7,337 3,009

Day 1 Ð dilution to threshold of 7,337
1. Grassy biodegradable odors

Alcohol, sweet, fermented fruit, burnt
chocolate, damp, moldy, wet tobacco,
garbage

2. Other odor
Cleaning ßuid, detergent, medicinal,
menthol

Day 7 Ð dilution to threshold of 3,009
1. Grassy biodegradable odors

Mildew, rotten
2. Odors from less degradable

compounds
Eucalyptus, camphor, pine, antiseptic,
varnish, turpentine, spicy, resin

3. Odors from nondegradeable
compound

4. Medicinal, menthol
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The characterization presented is an interpretation of knowledge from composting. The
evaluation shows that the chemicals identified at day 1 and day 7 and the relative concentra-
tions of each chemical and their OTC and odor characteristic are important to understand
the type odors produced and their intensity for evaluation of options for process control,
odor monitoring, and treatment.

Conclusion
Odorants are released into air and water resulting from the decomposition of organic waste.
Compost, biosolids and their land application release amounts of organic matter, including
alcohols, aldehydes, volatile fatty acids, ammonia, and various sulfur compounds into the
environment. This paper begins to develop an understanding of how the volatile odorous
chemicals and their relative concentrations produced are related to the total odor quality
from the process by their odor character and OTC. The compost process is used as an exam-
ple. It was estimated for example that on day 1 and day 7, the primary fatty acids controlling
the odor were butyric acid and valeric acids, respectively, although acetic acid had the high-
est fatty acid concentration on both days. The factors of individual compound odor charac-
ter or quality and their associated odor threshold are important in understanding the total
odor production for evaluation of options for odor monitoring, process control and treat-
ment.
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���µ�l�“�š�]�•�U��
m 

�/�“�&�i�]�u�}�����v�P�}�•��
matmenys, mm 

Srauto 
greitis, 

m/s 

�d���u�‰���Œ���š�»�Œ���U��
���—C 

�d�»�Œ�]�}��
debitas, 
�E�u�ù�l�• 

1 2 3 4 5 6 7 8 9 

Benzino talpa 1 1 
X = 432815.53     

Y = 
6205724.24 

3 �T80 9 13 0.04 29*  

Benzino talpa 2 2 
X = 432816.13     

Y = 
6205709.44 

3 �T80 9 13 0.04 29*  

Metil etil ketono talpa 3 
X = 432816.13     

Y = 
6205709.44 

4.5 �T80 12 Aplinkos 0.042 6*  

Metil isobutyl ketono talpa 4 
X = 432816.13     

Y = 
6205706.54 

4.5 �T80 10 Aplinkos 0.050 3*  

Metil isopropanolo talpa 5 
X = 432816.13     

Y = 
6205709.44 

4.5 �T80 10 Aplinkos 0.039 3*  
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The mobile 
QES generators
 Non regulated markets
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Data may change depending on model.

The mobile QES generators
Speci�cally developed for construction, retail and general rental industries, the QES range is easy to use 

and straightforward to maintain. It’s the practical predictable power choice –even for the most demanding 

worksites.

The corrosion treated, water-proof canopy, along with the ability to work at high and low ambient 

temperatures makes the QES range a great choice. With a full option list you could ever need and ready 

operate in just a few seconds, this range is ready to move from one job to another, one application to 

another.

SERVICE
<2Hrs

2LEVELS
(<50kVA MODELS)

LOAD  
STEP 100%
 

CAPABILITY

WATER-PROOF 
CANOPY

STABLE  
POWER 

<10SECONDS

AMBIENT  
TEMPERATURE  

50C
ºUP

TO



Built for you
The QES range has been designed with the customer in mind.

It´s easy to move, operate and service.
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INTEGRATED CONTROL AND POWER CUBICLE:
•	 Qc1112 digital controller for local and remote start

•	 4 Pole breaker & battery charger(1)

•	 Emergency stop

•	 Dedicated socket compartment (1)

SERVICE EFFICIENCY:
•	 Decreased service downtime due to   

heavy duty fuel �ltration system with   
water separator (2) > 65kVA

•	 Dual stage air �ltration

•	 Oil drain pump (1)

•	 500hrs Service interval

SUPERIOR ACCESSIBILITY:
•	 Optimal serviceability through big access           

doors and panels

•	 Access to alternator (AVR and diode   bridge)

•	 Full access to engine

•	 Direct radiator cleaning access panel

PLUG AND PLAY CONNECTION:
•	 Plug and play cable connection

•	 Pass through cable path, natural bend   and 
strain relief

•	 Rain cap

•	 Hot parts, fan and belt protection (1)

QES range

(1) Optional 
(2) Optional on some models

QES 30-40 QES 60-250 QES 380-640

Standard Controller Qc1112 Qc1112 Qc1112

Optional AMF controller Qc2212 Qc2212 Qc2212

Single phase socket 1 1 -

CEE 230V2P+G 16A - - 1

CEE 400V3P+N+G 16A 1 1 1

CEE 400V3P+N+G 32A - 1 1

CEE 400V3P+N+G 63A 1 1 1

CEE 400V3P+N+G 125A - - 2
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PERFORMANCE:
•	 High cooling performance radiator 

with  ParCOOL for 100% standby power    
operation

•	 Sound attenuated and anti-corrosion  steel 
enclosure

•	 Alternator IP23 with optional Auxiliary 
Winding (1)

•	 Electronic governor engine and electronic 
engines

NOISE PROTECTION:
•	 Sound attenuated and C3M anticorrosion 

protection canopy
TRANSPORT EFFICIENCY:
•	 Integrated forklift slots (Galvanized > 

180kVA)

•	 Lifting structure with single external 
elevation point (1)

•	 Retention bund 110% self containment with 
level sensor alarm(1)

•	 Synthetic oil

•	 Hot parts protection

•	 Oil sump pump

•	 Water separator fuel pre-�lter (3)

•	 High capacity fuel tank

•	 Lifting beam with external hook

•	 Galvanized extra skid

•	 Spillage free liquid detection sensor

•	 External fuel connection (EFT) with quick 
couplings

•	 Earth leakage relay

•	 Sockets panel

•	 Alternator heater for safe and secure starting

•	 Communication modules (Ethernet, 3G, GPS, ...) (4)

•	 Battery switch, block coolant heater, battery 
charger and earth stick

•	 Expansions modules for inputs and outputs (4)

•	 Remote annunciator and remote display (4)

•	 Automatic fuel transfer system (4)

•	 Auxiliary winding for inrush starting capability

•	 Qc2212 Advance digital controller for AMF, 
remote and local start applications

•	 Qc3003 and Qc3012 Advance digital controllers 
for parallel

Options available may change depending on model selected. Please consult with your 
local Atlas Copco customer centre.

Electrical optionsMechanical options
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QES range
Technical data

(1) Dual frequency models available as an option, please consult. (2) Other voltages available, please consult.
(3) Depending on models, some additional options are available for low temperatures. Derating may apply for high temperature / altitude.

QES 30-40 QES 60 QES 80-125 QES 180-250 QES 380-450

Electrical data QES 30 QES 40 QES 60 QES 80 QES 100 QES 125 QES 180 QES 250 QES 380 QES 450 Electrical data QES 500 QES 640 QES 35 QES 50 QES 70 QES 110 QES 120 QES 140

Rated frequency Hz 50 50 50 50 50 50 50 50 50 50 Rated frequency Hz 50 50 60 60 60 60 60 60

Exhaust gas emission 
compliance / / / / / / / / / / Exhaust gas emission compliance / / / / / / / /

Rated voltage (1) V 400 400 400 400 400 400 400 400 400 400 Rated voltage (1) V 400 400 220 220 480 480 480 480

Prime power (PRP) kVA / 
kW 32/26 37/30 60/48 90/72 100/80 125/100 180/144 250/200 380/304 450/360 Prime power (PRP) kVA / 

kW 500/400 637/509 34/27 50/40 70/56 108/87 123/98 144/112

Rated standby power (ESP) kVA / 
kW 33/26 45/36 64/51 96/77 112/90 135/108 194/155 272/218 414/331 502/402 Rated standby power (ESP) kVA / 

kW 555/444 705/564 36/29 53/42 78/63 118/94 134/107 153/122

Power factor cos � 0,8 0,8 0,8 0,8 0,8 0,8 0,8 0,8 0,8 0,8 Power factor cos � 0,8 0,8 0,8 0,8 0,8 0,8 0,8 0,8

Rated current (PRP) A 46,2 53,7 86,6 129,9 144,3 180,4 259,0 360,0 548,5 649,5 Rated current (PRP) A 721,7 919,0 88,2 127,0 85,9 130,4 147,9 168,7

Performance class acc. ISO-
8528/5 G2 G2 G2 G2 G2 G2 G2 G2 G2 G2 Performance class acc. ISO-8528/5 G2 G2 G2 G2 G2 G2 G2 G2

Operating temperature (min/
max) (2) ºC -10/50 -10/50 -10/50 -10/50 -10/50 -10/50 -10/50 -10/50 -10/50 -10/50 Operating temperature (min/

max) (2) ºC -10/50 -10/50 -10/50 -10/50 -10/50 -10/50 -10/50 -10/50

Fuel consumption Fuel consumption
Fuel tank capacity (Standard / 
24h / 48h) l 116 / 303 

/ 604
116 / 303 / 

604
104 / 347 / 

600
225 / 646 / 

1273
225 / 646 / 

1273
225 / 646 / 

1273 520 / 900 520 / 900 605 605 Fuel tank capacity (Standard / 24h 
/ 48h) l 980 980 116 / 303 / 604 116 / 303 / 604 104 / 347 / 600 225 / 646 / 1273 225 / 646 / 1273 225 / 646 / 1273

Fuel consumption at 100% 
PRP load l / h 7,3 8,3 13,3 18,9 20,5 25,6 36,5 46,0 76,3 90,6 Fuel consumption at 100% PRP load l / h 127,6 131,1 8,1 12,1 16,3 25,0 25,8 33,3

Fuel autonomy at full load 
(Standard / 24-48H / 1000l 
fuel tank)

h 16,0 14,0 7,8 11,9 11,0 8,8 14,3 11,3 7,9 6,7
Fuel autonomy at full load 
(Standard / 24-48H / 1000l fuel 
tank)

h 7,7 7,5 14,3 9,6 6,4 9,0 8,7 6,8

Control panel Control panel
Model -- standard Qc1112 Qc1112 Qc1112 Qc1112 Qc1112 Qc1112 Qc1112 Qc1112 Qc1112 Qc1112 Model -- standard Qc1112 Qc1112 Qc1112 Qc1112 Qc1112 Qc1112 Qc1112 Qc1112

Battery Charger (Optional) DSE9150 DSE9150 DSE9255 DSE9255 DSE9255 DSE9255 DSE9255 DSE9255 DSE9255 DSE9255 Battery Charger (Optional) DSE9255 DSE9255 DSE9150 DSE9150 DSE9255 DSE9255 DSE9255 DSE9255

Engine Engine

Model V3300-E2BG V3800DI-T-
E2BG

4BTA3.9
-G2 6BT5.9-G2 6BT5.9-G2 6BTAA5.9

-G2 6CTA8.3-G2 6LTAA8.9-G2 TAD1343GE TAD1345GE Model TAD1641GE TWD1643GE V3300-E2BG V3800DI-T-E2BG 4BTA3.9-G2 6BT5.9-G2 6BT5.9-G2 6BTAA5.9-G2

Speed rpm 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 Speed rpm 1500 1500 1800 1800 1800 1800 1800 1800

Rated net power kWm 31 34,1 58 86 96 120 158 215 325 388 Rated net power kWm 430 536 33,7 48,1 71,8 105,3 122,3 136,4

Aspiration Natural Turbo 
charger

Turbo 
charger

Turbo 
charger

Turbo 
charger

Turbo 
charger

Turbo 
charger

Turbo 
charger

Turbo 
charger

Turbo 
charger Aspiration Turbo charger Turbo charger Natural Turbo charger Turbo charger Turbo charger Turbo charger Turbo charger

Speed control Electronic 
governor

Electronic 
governor

Electronic 
governor

Electronic 
governor

Electronic 
governor

Electronic 
governor

Electronic 
governor

Electronic 
governor Electronic Electronic Speed control Electronic Electronic Electronic 

governor
Electronic 
governor

Electronic 
governor

Electronic 
governor

Electronic 
governor

Electronic 
governor

Number of cylinders 4 4 4 6 6 6 6 6 6 6 Number of cylinders 6 6 4 4 4 6 6 6

Coolant water-cooled water-
cooled

water-
cooled

water-
cooled

water-
cooled

water-
cooled water-cooled water-cooled water-cooled water-cooled Coolant water-cooled water-cooled water-cooled water-cooled water-cooled water-cooled water-cooled water-cooled

Swept volume l 3,3 3,8 3,9 5,9 5,9 5,9 8,3 8,9 12,8 12,8 Swept volume l 16,1 16,1 3,3 3,8 3,9 5,9 5,9 5,9

Alternator Alternator
Model ACA180E ACA180G ACA225D ACA225G ACA270B ACA270C ACA270F ACA270J ACA315F ACA315H Model ACA355C ACA355E ACA180E ACA180G ACA225D ACA225G ACA270B ACA270C

Rated Output (ESP 
163º/27ºC  / PRP 125º/40ºC) kVA 33/32 45/42.5 63.5/60 95.8/90 112/100 135/125 194/180 275/250 415/380 505/450 Rated Output (ESP 163º/27ºC  / 

PRP 125º/40ºC) kVA 590/550 738/670 40/37.5 53.5/50 81/75 119/103 139/126 162/150

Degree of protection / 
Insulation class IP23/H IP23/H IP23/H IP23/H IP23/H IP23/H IP23/H IP23/H IP23/H IP23/H Degree of protection / Insulation 

class IP23/H IP23/H IP23/H IP23/H IP23/H IP23/H IP23/H IP23/H

Excitation type / AVR model Shunt/SX460 Shunt/
SX460

Shunt/
SX460

Shunt/
SX460

Shunt/
SX460

Shunt/
SX460 Shunt/SX460 Shunt/SX460 Shunt/AS440 Shunt/AS440 Excitation type / AVR model Shunt/AS440 Shunt/AS440 Shunt/SX460 Shunt/SX460 Shunt/SX460 Shunt/SX460 Shunt/SX460 Shunt/SX460

Noise level Noise level
Sound power level (LwA) dB(A) 93 94 94 94 93 93 102 102 104 104 Sound power level (LwA) dB(A) 104 104 94,3 95,1 96 96 101,3 105,1

Sound pressure level (LpA) 
at 7m dB(A) 67 66 68 68 70 74 73 73 77 77 Sound pressure level (LpA) at 7m dB(A) 78 77 69 69 65 73 75 76

Dimensions and weight Dimensions and weight
Length (standard ) mm 2225 2225 2280 2910 2910 2910 3410 3410 4580 4580 Length (standard ) mm 4590 4590 2225 2225 2280 2910 2910 2910

Width (standard ) mm 970 970 980 1120 1120 1120 1250 1250 1500 1500 Width (standard ) mm 1850 1850 970 970 980 1120 1120 1120

Height (Standard / 24h / 
48h* ) mm 1185 / 1408 

/ 1741
1185 / 1408 

/ 1741
1265 / 1583 

/ 1754
1685 / 2060 

/ 2235
1685 / 2060 

/ 2235
1685 / 2060 

/ 2235 2224 / 2407 2224 / 2407 2105 2105 Height (Standard / 24h / 48h* ) mm 2401 2401 1185 / 1408 / 
1741

1185 / 1408 / 
1741

1265 / 1583 / 
1754

1685 / 2060 / 
2235

1685 / 2060 / 
2235

1685 / 2060 / 
2235

Weight wet without fuel 
(Standard / 24h / 48h* ) kg 876 / 1180 / 

1300
896 / 1200 / 

1300
1175 / 1350 

/ 1400
1464 / 2000 

/ 2180
1494 / 2000 

/ 2180
1538 / 2005 / 

2185 2394 / 2537 2924 / 3067 4322 4391 Weight wet without fuel 
(Standard / 24h / 48h* ) kg 5868 6341 876 / 1180 / 

1300
896 / 1200 / 

1300
1175 / 1350 / 

1400
1464 / 2000 / 

2180
1494 / 2000 / 

2180
1538 / 2005 / 

2185

Skid dimensions (L x W x H) mm 2599 x 960 
x 150

2599 x 960 
x 150

2594 x 960 
x 150

3145 x 1097 
x 150

3145 x 1097 
x 150

3145 x 1097 
x 150

3810 x 1340 
x 200

3810 x 1340 
x 200

4999 x 1510 
x 150

4999 x 1510 
x 150 Skid dimensions (L x W x H) mm 5009 x 1860 

x 150
5009 x 1860 

x 150 2599 x 960 x 150 2599 x 960 x 150 2594 x 960 x 150 3145 x 1097 
x 150

3145 x 1097 
x 150

3145 x 1097 
x 150

Skid weight kg 137 137 137 137 166 166 205 205 240 240 Skid weight kg 362 362 137 137 137 137 166 166
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QES range
Technical data

QES 35-50 QES 70 QES 110-140QES 500-640

Electrical data QES 30 QES 40 QES 60 QES 80 QES 100 QES 125 QES 180 QES 250 QES 380 QES 450 Electrical data QES 500 QES 640 QES 35 QES 50 QES 70 QES 110 QES 120 QES 140

Rated frequency Hz 50 50 50 50 50 50 50 50 50 50 Rated frequency Hz 50 50 60 60 60 60 60 60

Exhaust gas emission 
compliance / / / / / / / / / / Exhaust gas emission compliance / / / / / / / /

Rated voltage (1) V 400 400 400 400 400 400 400 400 400 400 Rated voltage (1) V 400 400 220 220 480 480 480 480

Prime power (PRP) kVA / 
kW 32/26 37/30 60/48 90/72 100/80 125/100 180/144 250/200 380/304 450/360 Prime power (PRP) kVA / 

kW 500/400 637/509 34/27 50/40 70/56 108/87 123/98 144/112

Rated standby power (ESP) kVA / 
kW 33/26 45/36 64/51 96/77 112/90 135/108 194/155 272/218 414/331 502/402 Rated standby power (ESP) kVA / 

kW 555/444 705/564 36/29 53/42 78/63 118/94 134/107 153/122

Power factor cos � 0,8 0,8 0,8 0,8 0,8 0,8 0,8 0,8 0,8 0,8 Power factor cos � 0,8 0,8 0,8 0,8 0,8 0,8 0,8 0,8

Rated current (PRP) A 46,2 53,7 86,6 129,9 144,3 180,4 259,0 360,0 548,5 649,5 Rated current (PRP) A 721,7 919,0 88,2 127,0 85,9 130,4 147,9 168,7

Performance class acc. ISO-
8528/5 G2 G2 G2 G2 G2 G2 G2 G2 G2 G2 Performance class acc. ISO-8528/5 G2 G2 G2 G2 G2 G2 G2 G2

Operating temperature (min/
max) (2) ºC -10/50 -10/50 -10/50 -10/50 -10/50 -10/50 -10/50 -10/50 -10/50 -10/50 Operating temperature (min/

max) (2) ºC -10/50 -10/50 -10/50 -10/50 -10/50 -10/50 -10/50 -10/50

Fuel consumption Fuel consumption
Fuel tank capacity (Standard / 
24h / 48h) l 116 / 303 

/ 604
116 / 303 / 

604
104 / 347 / 

600
225 / 646 / 

1273
225 / 646 / 

1273
225 / 646 / 

1273 520 / 900 520 / 900 605 605 Fuel tank capacity (Standard / 24h 
/ 48h) l 980 980 116 / 303 / 604 116 / 303 / 604 104 / 347 / 600 225 / 646 / 1273 225 / 646 / 1273 225 / 646 / 1273

Fuel consumption at 100% 
PRP load l / h 7,3 8,3 13,3 18,9 20,5 25,6 36,5 46,0 76,3 90,6 Fuel consumption at 100% PRP load l / h 127,6 131,1 8,1 12,1 16,3 25,0 25,8 33,3

Fuel autonomy at full load 
(Standard / 24-48H / 1000l 
fuel tank)

h 16,0 14,0 7,8 11,9 11,0 8,8 14,3 11,3 7,9 6,7
Fuel autonomy at full load 
(Standard / 24-48H / 1000l fuel 
tank)

h 7,7 7,5 14,3 9,6 6,4 9,0 8,7 6,8

Control panel Control panel
Model -- standard Qc1112 Qc1112 Qc1112 Qc1112 Qc1112 Qc1112 Qc1112 Qc1112 Qc1112 Qc1112 Model -- standard Qc1112 Qc1112 Qc1112 Qc1112 Qc1112 Qc1112 Qc1112 Qc1112

Battery Charger (Optional) DSE9150 DSE9150 DSE9255 DSE9255 DSE9255 DSE9255 DSE9255 DSE9255 DSE9255 DSE9255 Battery Charger (Optional) DSE9255 DSE9255 DSE9150 DSE9150 DSE9255 DSE9255 DSE9255 DSE9255

Engine Engine

Model V3300-E2BG V3800DI-T-
E2BG

4BTA3.9
-G2 6BT5.9-G2 6BT5.9-G2 6BTAA5.9

-G2 6CTA8.3-G2 6LTAA8.9-G2 TAD1343GE TAD1345GE Model TAD1641GE TWD1643GE V3300-E2BG V3800DI-T-E2BG 4BTA3.9-G2 6BT5.9-G2 6BT5.9-G2 6BTAA5.9-G2

Speed rpm 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 Speed rpm 1500 1500 1800 1800 1800 1800 1800 1800

Rated net power kWm 31 34,1 58 86 96 120 158 215 325 388 Rated net power kWm 430 536 33,7 48,1 71,8 105,3 122,3 136,4

Aspiration Natural Turbo 
charger

Turbo 
charger

Turbo 
charger

Turbo 
charger

Turbo 
charger

Turbo 
charger

Turbo 
charger

Turbo 
charger

Turbo 
charger Aspiration Turbo charger Turbo charger Natural Turbo charger Turbo charger Turbo charger Turbo charger Turbo charger

Speed control Electronic 
governor

Electronic 
governor

Electronic 
governor

Electronic 
governor

Electronic 
governor

Electronic 
governor

Electronic 
governor

Electronic 
governor Electronic Electronic Speed control Electronic Electronic Electronic 

governor
Electronic 
governor

Electronic 
governor

Electronic 
governor

Electronic 
governor

Electronic 
governor

Number of cylinders 4 4 4 6 6 6 6 6 6 6 Number of cylinders 6 6 4 4 4 6 6 6

Coolant water-cooled water-
cooled

water-
cooled

water-
cooled

water-
cooled

water-
cooled water-cooled water-cooled water-cooled water-cooled Coolant water-cooled water-cooled water-cooled water-cooled water-cooled water-cooled water-cooled water-cooled

Swept volume l 3,3 3,8 3,9 5,9 5,9 5,9 8,3 8,9 12,8 12,8 Swept volume l 16,1 16,1 3,3 3,8 3,9 5,9 5,9 5,9

Alternator Alternator
Model ACA180E ACA180G ACA225D ACA225G ACA270B ACA270C ACA270F ACA270J ACA315F ACA315H Model ACA355C ACA355E ACA180E ACA180G ACA225D ACA225G ACA270B ACA270C

Rated Output (ESP 
163º/27ºC  / PRP 125º/40ºC) kVA 33/32 45/42.5 63.5/60 95.8/90 112/100 135/125 194/180 275/250 415/380 505/450 Rated Output (ESP 163º/27ºC  / 

PRP 125º/40ºC) kVA 590/550 738/670 40/37.5 53.5/50 81/75 119/103 139/126 162/150

Degree of protection / 
Insulation class IP23/H IP23/H IP23/H IP23/H IP23/H IP23/H IP23/H IP23/H IP23/H IP23/H Degree of protection / Insulation 

class IP23/H IP23/H IP23/H IP23/H IP23/H IP23/H IP23/H IP23/H

Excitation type / AVR model Shunt/SX460 Shunt/
SX460

Shunt/
SX460

Shunt/
SX460

Shunt/
SX460

Shunt/
SX460 Shunt/SX460 Shunt/SX460 Shunt/AS440 Shunt/AS440 Excitation type / AVR model Shunt/AS440 Shunt/AS440 Shunt/SX460 Shunt/SX460 Shunt/SX460 Shunt/SX460 Shunt/SX460 Shunt/SX460

Noise level Noise level
Sound power level (LwA) dB(A) 93 94 94 94 93 93 102 102 104 104 Sound power level (LwA) dB(A) 104 104 94,3 95,1 96 96 101,3 105,1

Sound pressure level (LpA) 
at 7m dB(A) 67 66 68 68 70 74 73 73 77 77 Sound pressure level (LpA) at 7m dB(A) 78 77 69 69 65 73 75 76

Dimensions and weight Dimensions and weight
Length (standard ) mm 2225 2225 2280 2910 2910 2910 3410 3410 4580 4580 Length (standard ) mm 4590 4590 2225 2225 2280 2910 2910 2910

Width (standard ) mm 970 970 980 1120 1120 1120 1250 1250 1500 1500 Width (standard ) mm 1850 1850 970 970 980 1120 1120 1120

Height (Standard / 24h / 
48h* ) mm 1185 / 1408 

/ 1741
1185 / 1408 

/ 1741
1265 / 1583 

/ 1754
1685 / 2060 

/ 2235
1685 / 2060 

/ 2235
1685 / 2060 

/ 2235 2224 / 2407 2224 / 2407 2105 2105 Height (Standard / 24h / 48h* ) mm 2401 2401 1185 / 1408 / 
1741

1185 / 1408 / 
1741

1265 / 1583 / 
1754

1685 / 2060 / 
2235

1685 / 2060 / 
2235

1685 / 2060 / 
2235

Weight wet without fuel 
(Standard / 24h / 48h* ) kg 876 / 1180 / 

1300
896 / 1200 / 

1300
1175 / 1350 

/ 1400
1464 / 2000 

/ 2180
1494 / 2000 

/ 2180
1538 / 2005 / 

2185 2394 / 2537 2924 / 3067 4322 4391 Weight wet without fuel 
(Standard / 24h / 48h* ) kg 5868 6341 876 / 1180 / 

1300
896 / 1200 / 

1300
1175 / 1350 / 

1400
1464 / 2000 / 

2180
1494 / 2000 / 

2180
1538 / 2005 / 

2185

Skid dimensions (L x W x H) mm 2599 x 960 
x 150

2599 x 960 
x 150

2594 x 960 
x 150

3145 x 1097 
x 150

3145 x 1097 
x 150

3145 x 1097 
x 150

3810 x 1340 
x 200

3810 x 1340 
x 200

4999 x 1510 
x 150

4999 x 1510 
x 150 Skid dimensions (L x W x H) mm 5009 x 1860 

x 150
5009 x 1860 

x 150 2599 x 960 x 150 2599 x 960 x 150 2594 x 960 x 150 3145 x 1097 
x 150

3145 x 1097 
x 150

3145 x 1097 
x 150

Skid weight kg 137 137 137 137 166 166 205 205 240 240 Skid weight kg 362 362 137 137 137 137 166 166
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Atlas Copco AB

atlascopco.com

Product portfolio

*Multiple con�gurations available to produce power for any size application

Diesel and electric options available

PORTABLE
1,6–12 kVA

MOBILE CONTAINERS
9–1250* kVA 800–1450 kVA

INDUSTRIAL
10–2250* kVA

GENERATORS

DEWATERING PUMPS

ELECTRIC  
SUBMERSIBLE
250–16.200 l/min

833–23.300 l/min
SMALL PORTABLE
210–2500 l/min

SURFACE PUMPS

DIESEL LED  
AND MH 

BATTERY LED ELECTRIC LED

LIGHT TOWERS

AIR COMPRESSORS AND HANDHELD TOOLS

AIR COMPRESSORS HANDHELD TOOLS
1–116 m�/min
7–345 bar

Pneumatic
Hydraulic
Petrol engine driven

ONLINE SOLUTIONS

SHOP ONLINE
PARTS ONLINE

POWER CONNECT

Find and order the spare 
parts for power equipment. 
We handle your orders 24 
hours a day.

Scan the QR code on your 
machine, and go to the QR 
Connect Portal to �nd all 
the information 
about your 
machine.

FLEETLINK

Intelligent telematics system 
that helps optimize �eet 
usage, reduce maintenance 
costs, ultimately saving time 
and cost.

LIGHT THE POWER
YOUR SIZING TOOL

A useful calculator to 
help you choose the best 
solution for your power 
and light 
needs



tAd530GE
4.76 liter, in-line 4 cylinder

50 Hz/1500 rpm
Prime power Standby power

kWm kWe kVa kWm kWe kVa

75 68 85 83 76 94

60 Hz/1800 rpm
Prime power Standby power Gen.eff.

kWm kWe kVa kWm kWe kVa %

76 70 88 85 77 97 91

kWm  = kiloWatt mechanical, net with fan*;  kWe = kiloWatt electrical = kWm x Generator eff.;  kVA = kiloVoltAmpere calculations based on a 0.8 power factor = kWe / 0.8
1 kW = 1 hp x 1.36;  1 hp = 1 kW x 0.7355
*) According to technical data

Durability & low noise
Designed for easiest, fastest and most economical installation. 
Well-balanced to produce smooth and vibration-free operation 
with low noise level.
 To maintain a controlled working temperature in cylinders and 
combustion chambers, the engine is equipped with piston cool -
ing. The engine is also fitted with replaceable cylinder liners and 
valve seats/guides to ensure maximum durability and service life 
of the engine.

Low exhaust emission
The state of the art, high-tech injection and charging system with 
low internal losses contributes to excellent combustion and low 
fuel consumption.
 The TAD530GE is certified for EU Stage 2 exhaust emission 
regulations.

Easy service & maintenance
Easily accessible service and maintenance points contribute to the 
ease of service of the engine.

•  Mechanical or electronic governor with CAN-bus 

    communication

•	 Compact design 

•	 High power to weight ratio

•	 Emission compliant 

•	 Noise optimized engine design 

•	 A wide selection of optional equipment and power  
settings

The TAD530GE is a powerful, reliable and economical Generating Set Diesel Engine.



Rating guidelines
PRIME POWER rating corresponds to ISO Stan -
dard Power for continuous operation. It is app -
licable for supplying electrical power at variable 
load for an unlimited number of hours instead of 
commercially purchased power. A10 % overload 
capability for govering purpose is available for 
this rating.  
 

STAND�BY POWER rating corresponds to ISO 
Standard Fuel Stop Power. It is applicable for  
supplying stand-by electrical power at variable 
load in areas with well established electrical net -
works in the event of normal utility power failure. 
No overload capability is available for this rating.  

Power standards
The engine performance corresponds to ISO 
3046, BS 5514 and DIN 6271. The technical data 
applies to an engine without cooling fan and ope -
rating on a fuel with calorific value of 42.7 MJ /
kg (18360 BTU/lb) and a density of 0.84 kg/liter 
(7.01 lb/US gal), also where this involves a devia-
tion from the standards. Power output guaranteed 
within 0 to +2%  att rated ambient conditions at 
delivery. Ratings are based on ISO 8528. Engine 
speed governing in accordance with ISO 8528�5 
G3.

AB Volvo Penta
SE�405 08 Göteborg, Sweden

www.volvopenta.com

Please contact your local Volvo Penta dealer for further information. 
Please note that products illustrated may differ from production 
models. Not all models and accessories are available in all markets, 
and standard equipment may vary between different markets. Every 
effort has been made to ensure that facts and figures are correct at 
the time of publication. However, Volvo Penta reserves the right to 
make changes without prior notice at any time. E

ng
lis

h 
02

�2
02

0 
©

 2
02

0 
A

B
 V

ol
vo

 P
en

ta
.

tad530ge
4.76 liter, in-line 4 cylinder

Technical Data
General
Engine designation ...............................................................TAD530GE
No. of cylinders and configuration .............................................in-line 4
Method of operation ..................................................................4-stroke
Bore, mm (in.).........................................................................108 (4.25)
Stroke, mm (in.) .......................................................................130 (5.12)
Displacement, l (in³) ...............................................................4.76 (290)
Compression ratio .............................................................................18:1
Dry weight, kg (lb) ................................................................ 575 (1268)
Wet weight, kg (lb) ................................................................606 (1336)

Performance 1500 rpm 1800 rpm
with fan, kW (hp) at:  
Prime Power  75 (102) 76 (104)
Standby Power 83 (113) 85 (115)

Lubrication system 1500 rpm 1800 rpm
Oil consumption, liter/h (US gal/h) at:  	
Prime Power  0.08 (0.021) 0.08 (0.021)
Standby Power 0.08 (0.021) 0.08 (0.021)
Oil system capacity incl filters, liter ....................................................13

Fuel system 1500 rpm 1800 rpm
Specific fuel consumption at: 
Prime Power, g/kWh (lb/hph)  
25 % 276 (0.447) 302 (0.490)
50 % 231 (0.374) 240 (0.389)
75 % 219 (0.355) 223 (0.361)	
100 % 217 (0.352) 219 (0.355)
Standby Power, g/kWh (lb/hph)  
25 % 263 (0.426) 286 (0.464)
50 % 226 (0.366) 235 (0.381)
75 % 218 (0.353) 222 (0.360)
100 % 218 (0.353) 219 (0.355)

1299

1567
763

1247

Dimensions TAD530GE
Not for installation

Technical description
Engine and block
–	 Optimized cast iron cylinder block with optimum distribution of 

forces
–	 Piston cooling for low piston temperature and reduced ring  

temperature
–	 Drop forged steel connecting rods
–	 Crankshaft hardened bearing surfaces and fillets for moderate load 

on main and big-end bearings
–	 Keystone top compression rings for long service life
–	 Replaceable valve guides and valve seats
–	 Three PTO positions at flywheel end
–	 Lift eyelets
–	 Flywheel housing with connection acc. to SAE 2 and SAE 3
–	 Flywheel for flexible coupling and friction clutch
–	 Transport brackets

Lubrication system
–	 Full flow disposable spin-on oil filter, for extra high filtration
–	 Rotary displacement oil pump driven by the crankshaft
–	 Deep centre oil sump, 30° inclination
–	 Oil filler on top
–	 Oil dipstick, short in front
–	 Integrated full flow oil cooler, side-mounted

Fuel system
–	 Six hole fuel injection nozzles
–	 Electronic governor with smoke limiter  

function
–	 Washable fuel prefilter with water separator
–	 Rotary low-pressure fuel pump
–	 Fine fuel filter of disposable type

Intake and exhaust system
–	 Connection flange for exhaust line
–	 Turbo charger, centre low with exhaust flange
–	 Closed crankcase ventilation
–	 Heater flange in charge air inlet (without power relay)

Cooling system
–	 Belt driven, maintenance-free coolant pump with high degree of 

efficiency
–	 Efficient cooling with accurate coolant control through a water dis -

tribution duct in the cylinder block
–	 Reliable thermostat with minimum pressure drop
–	 Cooling water pipe, inlet and outlet
–	 Fan hub
–	 Fan on separate bracket 292mm above crankshaft

Electrical system
–	 12 V electrical system
–	 Alternator 1x55A / 12V, low left
–	 Starter motor, 3.1kW / 12 V, single pole
–	 ECU (without high altitude sensor) control and monitoring of oil 

pressure, coolant temperature, coolant level, charge air pressure, 
engine rpm and fuel temperature compensation

–	 Engine wiring
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