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There is a growing consensus that purpose-grown crops should not be used for energy generation,
especially if this involves competition for land and resources that could be used for food or animal
feed (OECD, 2010). This highlights the need for the use of agricultural or industrial residues as
sources of biomass. Tropical Power Ltd opened Africa’s first gird-connected anaerobic digestion (AD)
plant in Kenya which uses baby maize stover as a substrate. The aim of this work was to assess the

digestion of the novel substrate in AD, baby maize stover from Kenya.

This research conducted laboratory experiments and modelling, and investigated different
approaches (e.g. operating temperatures, pre-treatments and trace elements (TE) supplementation)
to improve the overall energy balance and digestion performance of this substrate, in comparison
with traditional maize silage as a model for ligno-cellulosic agro-wastes. For laboratory experiments,
this work was carried out over 3 hydraulic retention time (HRT) in ten 4 L continuously-stirred tank
reactors (CSTR) under thermophilic (55°C) and mesophilic conditions (35°C). The pre-treatment was
a thermophilic pre-hydrolysis step before mesophilic digestion. Modelling was conducted by hand
calculation and modelling software 'AD assessment tool'. Laboratory experimental data and data

from the biogas plant in Kenya were used for the modelling.

In laboratory experiments, the greatest methane yield of baby maize stover was found in mesophilic
digesters with 5 TE (Fe, Co, Ni, Se, Mo) which was 0.333 L CH, g volatile solids (VS) at organic
loading rate (OLR) 3 g VS L day™. In contrast, the methane yield in mesophilic digesters with 3 TE
(Fe, Co, Ni) was significantly lower than that of thermophilic digesters. 5 TE supplementation helped
to provide stable operation and higher methane yield. Even with 5 TE supplementation, however,
mesophilic digesters showed signs of failure after 150 days. The volatile fatty acids (VFA)

accumulation in thermophilic digesters with 5 TE only fell after W dosing, and it appears W may also



help the stable operation. The two-stage system was tested three times under different conditions
and the gas production from pre-hydrolysis improved every time; however, specific methane yield in

the two-stage system remained less than that of single stage digestion.

In modelling, firstly, overall energy balance of the biogas plant in Kenya from 08.2015 to 07.2016
was assessed. The percentage of calculated fuel consumption per actual fuel consumption was

95.3 % so the modelling assumption was close to actual operation. Secondly, rationalisation of the
biogas plant design based on actual feedstock availability was conducted because the biogas plant
received only 21 % of target feeding and was too large for actual feed availability. This rationalisation
was conducted by hand calculation and modelling software AD assessment tool. The required
digester volume was 1360 m? which was 24 % of actual digester volume and less than total volume
of 1520 m3 for the hydrolysers in the main plant. While hand calculation considered a more limited
range of parameters (energy requirement for heating and energy output as methane) than the AD
assessment tool (transportation, heat, CHP, electricity, methane, process loss), both modelling
results clearly indicated the net energy output in single-stage mesophilic digestion was greater than

that of single-stage thermophilic digestion.

When mesophilic digesters fed on baby maize stover at OLR of 3-4 g VS L day! received appropriate
TE, the specific methane yield was close to that of thermophilic digesters. In terms of overall energy
balance, single mesophilic digestion was thus better than single-stage thermophilic digestion and

two-stage system for this substrate.

Keywords; anaerobic digestion, maize, baby maize stover, biogas, trace elements, mesophilic,

thermophilic, energy balance



Contents

A B S T R AT e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aeaaaaaaaaaaens i
167 01 =T 01 (PP PPN iii
LISE OF TABIES ..ottt sttt ettt e bt e b e sae e st e s bt et e e beenbeesbeesaeeeaneeneens viii
T o) B = (U LSS Xi
DECLARATION OF AUTHORSHIP.....cceiiiiiiiiiititittieieiteeteteeeteeeteteteteeeeeteeeeeeeseeeeeeeeeteseeeseeseeeseeeeeseeseeeesesesenes XV
ACKNOWIEUGEMENTS. ....eiiiiiiiie ittt e e et e e e st te e e e sbteeeesbteeeesasteeeesbeaaeessaeeessnseneessses XVi
ADDIEVIATIONS ...ttt ettt b e st sae e et et e et e e nbe e saeesane e xvii
L INTFOAUCTION .ttt et e b e s bt e s bt st e bt et e bt e s bt e saeesateeabeenbeesbeesnnenas 21
1.1. Background to the reSEarCh ......ccuiii i e 22
1.2, OVEIAIl @M ettt ettt ettt e s bt e e st e s b e e e a b e e s be e e sabeesbeeenteesabeeeaes 23
IO T @ oY =Tt 6 17T U 23
1.3.1. Laboratory digestion STUdIES......c.uueiieciiie et et e e e et e e e e atae e s enreeas 23

O T |V T Yo =1 1 o~ PSP 23

2. LITErature MBVIEW ...c.ciiiiiiiiiiiiiic ittt sr e sb e sba e e sareesans 24
D B\ o F= 1T o] o T Toll o [T =T d o] s TP PSPPSRt 24
2.1.1. Different types of reactor and system configuration used iN AD ........cccccceevvieeeecrirecennneen. 26
2.1.2. Thermophilic diGESTION .....cccuiiei i ree e e e e e e e areeas 29
2.0.3. TWO STAZE AD PrOCESS oeeeeeeeeeeeeieieeeiieeeeieeeeeeeeeeeeeeeeeeeeeeeeeeseeeeeeseaassessassasssssssesssssssansssnansansenns 31

2.2. Maize as @ digestion SUDSTIate......c.uiiiiiiiiie et e e e ara e e eanes 34
2.3. Maize-derived Waste SUDSTIates .......ccoiiiiiiieiiieee et 35

B T B |V T L] o 1Y =T O PRSP 35
2.3.2. BabY MaiZ@ STOVET ...eiiiiiiee ettt ettt et e e et e e e etae e s e sabe e e e e eabaee e e snbeeeeennreeas 36

2.4. Policy and drivers for renewables in KENYA .......coccuveiieciiieiciiiee ettt sree e 42
2.5, TrACE @lEIMENTS....ueiiiieie ettt sttt e st e et e e s bt e e sae e e s s e e eabee e s ree e neeesnreesneeesareenane 43
2.5.1. Trace elements requirement for baby maize Stover ........ccccoceiieciiicciei e, 48



2.6. Modelling for overall energy balancCe ............uueeiiiiiecciiiee e 49

B 30 B |V, o o 1= | 1 YRS 49
2.6.2. Modelling for OVErall ENEIEY .....ccccuuii i ittt e e ere e e rre e e e ebae e e e areeas 50
2.7. Summary of the identified research gaps and research quUEstions ..........ccccecveeeeeiieieieciiieeeens 54
3. Materials and MEthOAS .....c...ei it ab e b e e saree s 55
I CT<T o 1=] - | D T T U OO P PP PR PPPRTOPPPURRNt 55
A=Y= L<T 01 N 55
WWATEE i e e et e e s sa e e e 55
(] o To T =1 o) VAN o = Tox u [ol ISP SPP 55
3.2, FEOA SEOCKS . ..eeeutiieiiiete ettt ettt ettt ettt et e st e e sttt e s bt e s be e e st e e sbte e bt e e s beeenabeesabeesbaeesabeeenns 55
Y TP | P PSP 55

2 F o1 A 4 =TT o)V PSP 56
INOCUIUM Lttt ettt ettt e st e e bt e e sa bt e s abee e sabeesabeeeanbeesabeeesabeesabeesnbeesabeeenans 56

K T € = V[0 =l d g Tol AN LY LY LU 56
Total Solids and Volatile SOlS .....cc..ooiieiieeeee et 56
3.4. Chemical and Electrochemical @analysis .........cccouiiiiiiiiiiccieie et 57
PH e ettt h ettt st e b e bt e b e b et e re e e e et e e re e reenreennne e 57

LN L g1 25PN 57
Total AMMONIA NITFOZEN.......viii ittt ettt e e et e e e et a e e e e atae e e esabaeeeesnsaeeesssseeesansseeeaan 58
BEel =1 =1 o Lo T T o o T=C=T o TR 59
3.5, INSErUMENTAl @NAIYSIS .eeiiiiiiieecee e e e et r e e et ae e e e aaaaaaeeas 60
Gas Chromatograph (GC) determination of volatile fatty acids (VFA)......ccccceeveveiieenieeeciee e 60
Flame Atomic AbsOrption SPECIrOMELIY ...cccicceeeiiiieee e e e e e eee s 61
R ST T T3 [ 0 =1 Y 13U 62
GAS COMPOSTTION. e eeeeeieeeeieeeeeeeeeeeeeeee e e e e e e e e e e e e e s e e e e e s e s e e e e eseeesesaaaesassesssesssessssssssssessssensesnssssnnensenns 62
GAS VOIUIMIE. ...ttt et st s e e bt e bt e s b e e s ae e st e e bt e bt e b e e beesmeesanesnreen 62
3.7 SPECITIC ANAIYSIS. .eiiiietiiie ettt ettt e ettt e e et e e e e te e e e e ta e e e e eaaaeeeeeabaeeeeanraeeeeantaeeeeanraaaaans 63
CalOMTFIC VAIUR. .ttt ettt e h e sh e sttt et b e b e e s bt e saeesaeeeate s 63



Elemental ComPOSITiON.........uiiiiiie e e e e e e e e e et a e e e e e e e e nnraaaaeaas 64

Capillary SUCLION TIME (CST) TEST..uuiiiiieeeiieeiieeeciteeste e et eertteesteeesrteesreeeeteesseeessseesnseesseeesnseennes 64
Frozen Image Centrifuge (FIC) TeSt ..ttt e e e e e et e e e e b e e e e atae e e enreeas 65
RV ol0 1Y 1 Y SN 65
Determination of structural carbohydrates and lignin in biomass........cccccceveeeeiniien e, 66
3.8. Laboratory sCale diESLEIS ..cciuuiiiiiiiiie ettt e e s e e s aaraeeean 66
Digester operation and CalCUlatioNs .........coeciiiii e e 68
BIMIP TEST ...ttt 70
LR 01V e [0 Y PSP 70
3.9. Summary of the objectives, trials and parameters of the different trials.........ccccceevvennnnnen.n. 73
4. RESUILS aNd diSCUSSION. ...cutiiiiitieteeette ettt ettt ettt et st e e et e sbe e saeesatesatesabeebeenns 75
4.1. Feedstock and inoculum characterisation ........c..coueevieieerieniinee e 75
BIMIP ST .ttt e e e r e es 80
4.2. Digestion Trial 1 — mMaize SHlAgE ...uveiieeiiiiiiiiiee ettt e e e e ee e s e e s e e e e s nreeas 82
4.2.1. Objectives and MethodOIOZY .......cccuiiiieiiiie ittt e e bae e e eanes 82
4.2.2. Thermophilic digestion FESUILS.......c.uiii it e e e ebre e e e e bee e e e e 83
4.2.3. Mesophilic digestion rESUILS ......cccccuviiiiiiiie e e e e e erre e e e 89

4.2.4. Discussion of result for thermophilic and mesophilic digestion of maize silage in digestion

LA OSSPSR OPRRPRT 100
4.3. Digestion Trial 2-1 — baby Maize STOVEI .......ccioiiiiieee e 104
4.3.1. Objectives and MethodolOgY ......ccccueiiieiiiiieccee e e e 104
4.3.2. Thermophilic digestion rESUILS......cc.uvii i e e aae e 106
4.3.3. Mesophilic digestion rESUILS .......cecciiiiieciiie e aaee e 125

4.3.4. Discussion of result for mesophilic and thermophilic conditions in digestion Trial 2-1..144

4.4. Digestion Trial 2-2 — pre-treatment of baby maize stover........c.cccoeciiieciii e, 148
4.4.1. Objectives and MethodolOgY ......ccccuviiiiiiiiicee e e aae e 148
4.4.2. Mesophilic digestion rESUILS ......cccccuiiiiiiciiie e e aaee e 148

4.5. Digestion Trial 2-3 — baby Maize StOVET ....cieii i naeees 156



4.5.1. Objectives and MethodOIOgY .......ccceuuiiiiiiee e e e e 157

4.5.2. Mesophilic digestion reSUILS ......cceiciiiiieiiiie e aae e 159
4.5.3. Thermophilic digestion rESUILS.......cuviiiiiiiieecceee e et e e e aaee e 178
4.5.4. Discussion of all results from Trial 2-3 ......cooiiiiiiiirieeeeeee e 190
4.6. Conical flask test for digestion Trial 2-3.......ccoiiiiiiiiie e 193
4.6.1. Objectives and MethodolOgY .......cccuiiiiiiiiiiiiie e e e 193
A.6.2. RESUIES ...ttt b e sttt ettt e b e b e b et e it et e e be e nneesaeenas 194
4.6.3. DiISCUSSION...ciiiiiiiiiiiiiie ittt b e s st e b e e s ba e e sra e e 197
4.7. Energy conversion effiCIENCY ...ccuiiiiiie e e 198
4.8. Discussion for result of experimental Work .........cooooiiiiiiiiiiice e 200
LT 1V o Yo 1=1 11y = RPNt 202
5.0 INTFOTUCTION .ttt sttt sttt b e s b e s bt e sateenseebeesbeesaeenas 202
5.2. Basic information on the Tropical Power biogas plant in Kenya ........ccccoeevveeivieeeicciiee e, 204
5.3. Sub-objective 1 - Energy input for feedstock collection and transport........ccccccvvveeeeeeeencnnnn, 207
5.3.1. Defining the control time Period ..........c.ueiiiiiee it 207
5.3.2. Estimate diesel usage in harvesting and transporting material to plant............ccc.......... 208

5.3.3. Translating energy use into standard units of MJ to check against literature values for

baby maize harvesting and tractor tranSPOrt .......c.oeeiiciii i 214
5.4. Sub-objective 2 — Energy output of the biogas plant.........cccevveiiiiiiiicie e, 217
5.4.1. The energy output of the biogas Plant ........ccuvie i 217
5.4.2. Checking of results for tonnage processed and expected methane yield........................ 218

5.4.3. Estimation of energy required to heat feedstock and maintain digester temperature...220

5.4.4. Comparing the energy requirement for heating and the heat produced in the CHP....... 226
5.5. Sub-objective 3 - Energy input for digestate transport and application..........cccccceevveeennenn. 228
5.6. Sub-objective 4 —Energy balance for the plant...........ccooccvieiiciiie e 230

5.6.1. Discussion of limitations in the energy balance and data ........ccccccveeeeciieiicciee e, 232
5.7. Sub-objective 5 - Rationalise design based on feedstock availability..........ccccccveviiiiiennnnnnen. 234

5.7.1. Required WOrking VOIUME .....ccco ittt e e e e e e e e e e e enrnees 234

Vi



5.7.2. Hand calculation of heating energy and methane production.........ccccccoeecciiiiieeeeienccnnn, 235

5.7.3. Calculation by AD asSeSSMENt 100! ....ccccuuiiiiiiiiiieiiiiiie et e s e e 240
5.7.4. Comparison of results with actual biogas plant.........cccceeiiieiiiiicciiie e, 246

5.8. DiscuSSION @nd CONCIUSIONS .....couiiiiiitieiieteeree ettt sttt et st b e sbe e s 248
6. CONCIUSIONS ...ttt ettt ettt ettt et e st e st ee e sabe e s bt e s be e e sabeeeaneeesaseesabeeesabeesabeesneeesaraeennes 250
6.1. SUMMArY Of KEY FESUILS....eviiiiiee e e e s e e s 250
LG RSSO PPTUPRRPRRTN 250
THIAL 250 ettt b e st a ettt e bt e bt e e he e s an e et b e be e beesreesaneeneean 250

LI 1 APPSR 251

LI 1 0. T PSP 251

1Y T Yo =] 1 1 Y= RS 252
[SSUBS .ttt e e e s s e e s s e e s s e e s s e e s e nreeas 252

6.2. GENEIAl CONCIUSIONS ...ttt sttt s bt et e st e s bt e e sabe e e sabeesabeesabaeesabeeennees 253
5.3, FULUIE WOIK..eiitiieiite ettt ettt sttt ettt e sat e st esab e e s bt e s abeesabeeesabeesabeesabaeesabeesnnees 254
7o REFEIENCES. ...ttt ettt e bt e s bt e s ht e sat e e bt et e e bt e s beesheeeateeabe e beenaeesaeeea 255

vii



List of Tables

Table 1. Maize silage, maize stover and baby maize stover chemical composition and methane yield

.............................................................................................................................................................. 41
Table 2. Concentration of TE in digestate and TE supplementation in literatures.........cccoecveeeviinennn. 46
Table 3. Parameters for each of element analysed ........ccocuueiiriiiiicciiie e 61
Table 4. Summary of trial ODJECTIVES .....oiiiiiiieeee e s raae e e 74
Table 5. Feedstock solids content: long-term averages from each bag used in this trial, triplicate
samples taken every time a NEW bag is OPENEA ........coooviiiiiiiiiii e e e 78
Table 6. Feedstock characteristics — maize silage and baby maize stover ........cccoccveccieeeeiceee e, 79
Table 7. Inoculum characteristics before digestion trials...........cccevieciiiiieciiii e 80
Table 8. BMP operational CONAITIoN .........cccuiiiieciiie ettt e e e e rae e e et ae e e e eanaeeeeas 80
Table 9. Summary of reactor history for digesters D5-8 during digestion Trial 1 on maize silage....... 84
Table 10. Total amount of added substrate and equivalent HRT completed.........cccccvveerviiienncinennnne 85
Table 11. Summary of reactor history for digesters D1-4 during digestion Trial 1 on maize silage.....92
Table 12. Total amount of added substrate and equivalent HRT ........cceeiviiiiiiiiiiicciee e 93

Table 13. Average values for reporting parameters during pseudo steady state periods in digestion
Trial 1 (M@IZE SHAZE).cuveeeteieeiee ettt ettt e e st e e st e et e e s be e e ateesateesbaeesateeensaeensseesnseeensseenn 103

Table 14. Summary of history for thermophilic digesters D5-6 during Trial 2-1 on baby maize stover

............................................................................................................................................................ 107
Table 15. Total amount of added substrate and equivalent HRT ........ccccoeeicieiicciee e, 107
Table 16. Summary of history for thermophilic digesters D7-8 during digestion Trial 2-1 on baby
LTI o 1Y =] PRSP PR P PUR T 114
Table 17. Total amount of added substrate and equivalent HRT ........ccccoeeiiiieiicciiee e, 115

Table 18. Average values for reporting parameters during pseudo steady state periods in digestion
Trial 2-1 (Baby maize stover, thermophilic digesters only) .......ccceeeecoiieccciiee e, 124
Table 19. Summary of history for mesophilic digesters D9&10 during digestion Trial 2-1 on baby
MAIZE STOVET c.eiiiiiiiiiiii ittt a e e s s b e e s s eabs e e s s aba e e s s aba e e s sabae s 126
Table 20. Total amount of added substrate and equivalent HRT ........cccceeeiiiiiciiiee e, 126

Table 21. Summary of history for mesophilic digesters D1-4 during digestion trial 2-1 on baby maize

] 10 1V =T PP OPPPTPTRTO 133
Table 22. Total amount of added substrate and equivalent HRT ........cccceviiiieiiiiiiee e, 133
Table 23. Average values for reporting parameters during pseudo-steady state periods................. 143
Table 24. Average values for reporting parameters during pseudo-steady state periods................. 146
Table 25. Trace element content of maize silage and baby maize stover on a wet weight basis...... 147

viii



Table 26. Summary of operating history for mesophilic digesters D1-4 during digestion Trial 2-2...149

Table 27. Total amount of added substrate and equivalent HRT .......cccvviiiiiieiiniiiee e, 149
Table 28. CSTR CONUITIONS c.evvuueeiiiiiiiietee ettt e ettt e e e e e et e e e e e e e e esabaaesesesesessraaasseseseesssnnnns 158
Table 29. INOCUIUM CRAIACEIISTICS .ovvuuneiiiieiiiiteee ettt e e e e e et s e e e e e e es b seeeseesasaanes 158

Table 30. Summary of reactors' history for mesophilic digesters D1-4, D9-10 during digestion trial 2-3
Lol oF: | o VA 1 F= 17T o 1V o USRI 160
Table 31. Total amount of added substrate and equivalent HRT ........cccceieiiiiiicciiee e, 160
Table 32. Monitoring parameter values for mesophilic digestion with and without TE addition during
pseudo-steady state periods in Trial 2-3 ... e e 169
Table 33. Monitoring parameter values from mesophilic digestion with and without pre-hydrolysis
during pseudo-steady state periods in Trial 2-3 . ..o e 177
Table 34. SMP and SHP from pre-hydrolysis in Trial 2-1, 2-2 and 2-3 .....coooociiiieeeeeeeeeccireeeee e eeecnenes 177
Table 35. Summary of history for thermophilic digesters D5-8 during digestion Trial 2-3 on baby
NQIZE STOVET ..ttt ettt e e st e s sttt e e e aab e e e s s a b et e e s mbeee s e nbeeeesanbeeessanreeesennreeesennreeas 179
Table 36. Total amount of added substrate and equivalent HRT for D5-8 during digestion Trial 2-3 on
DADY MAIZE STOVET .. e s e e e st e e e s bee e e s sabeeeeessbaeeeenaseeeeennseeas 179

Table 37. Monitoring parameter values for thermophilic digestion pseudo-steady state periods in

Table 38. Average values for reporting parameters during pseudo-steady state periods in digestion

Trial 2-3 With baby Maize STOVET .....ccc i et e e e et e e e e abe e e e e areeas 192
Table 39. Summary of trace elements dosing history of thermophilic digesters in Trial 2-3............. 193
Table 40. Energy recovery value for methane production ............cceeeciireeciieee e 199
Table 41. Size of hydrolysis tank, digester and recyclate StOre .......ccccceveeeciieeeeciiee e, 206

Table 42. Number of hectares of baby maize harvested, tonnes delivered to the biogas plant and fuel

[olo] 0 0] 0] o1 o] o IR RU U PP PP PPP PP 209
Table 43. Calculated fuel consumption for harvesting ........ccccceveieieicciiiicc e, 212
Table 44. Calculated fuel consumption for transportation .........ccccceeecieeeeciiee e, 212
Table 45. Total calculated fuel consumption for harvesting and transportation.........c.cccceevveeeenneen. 213
Table 46. Difference between calculated value and actual fuel consumption........ccccccveeeeiiveeennnenn. 214
Table 47. Modelling data in M ... ... e e e e e s et e e e st a e e e enbaee e esareeas 215
Table 48. Literature values for harvesting, transportation and fuel consumption ............ccccoc....... 216
Table 49. Energy output, exported energy and parasitic energy from the biogas plant in Kenya.....218

Table 50. Consumed biogas, methane yield and calculated CHP electricity conversion efficiency ...220

Table 51. Average monthly temperature in Dagoretti corner, Kenya (WMOQO, 2017) .....cccecvvveennnenn. 221



Table 52.
Table 53.
2011b)...
Table 54.
Table 55.
Table 56.
Table 57.
Table 58.
Table 59.
Table 60.
Table 61.
Table 62.
Table 63.
Table 64.
Table 65.

Feedstock heating reqUIrEMENTS ........coiiieecciiiiiiee et eeecrrree e e e e e e e aenees 222

Structure and the overall coefficient of heat transfer (Salter and Banks, 2009; Banks et al.,

.............................................................................................................................................. 223
Heat 10SS Calculation FESUILS........eiiiiiiiie ettt s 225
Heat produced in the CHP and required energy for heating ........cccccocvveeviieeecciieee e, 227
Actual temperature profile in the biogas plant during control period ...........ccceeeeecvieeenns 227
Energy input for digestate application and transportation ..........cccocecveeeeiiieeeeciieee e, 229
Overall @Nergy DalanCe.......cocuiiii i e e 231
1Y/ ToYo (<1 1T Y=dolo T o [ uTo o PSP 236
(D TF LT (=T ] = N 237
Requirement of heating ENEIGY ....coiiciiii i 238
Methane ProdUCTION .....eiii e e e e e st e e e s e e e e s abe e e e sareeeeeareeas 239
YT AV o 1 =] o T RPN 240
Information for the AD assesSMeNt t0O0].......ccceeiiiiiiiiriiieniee e 242
Comparison the results of hand calculation and AD assessment tool..........ccccecvvveeeeeeenn. 246



List of Figures

Figure 1. Anaerobic digestion of particulate organic materials to biogas (Mata-Alvarez, 2003).......... 25
Figure 2. Classification of process alternatives for anaerobic digestion, adopted from (Banks and

Y L= gl ko e 0 TSR 28
Figure 3. Typical two-stage agricultural biogas plant, adopted from (Weiland, 2010) ..........ccceeeuvennee 32
Figure 4. Baby maize stover from the Tropical Power biogas plant in Kenya (photo courtesy of Ms.
ANGIE BYWATEI) .uiiiii ittt ettt et e e et e e e et e e e s e bt e e e s eabaeeeeanbteeeeaabaeeeeanbteeeeabtaeeeabaeeeeartneeeares 36

Figure 5. Temperature and precipitation in Dagoretti Corner, Kenya, adopted from 1961-1990,

(MWIMIO, 2017) ettt ettt ettt sttt ettt ettt st sttt e bt e s bt e she e sae e et e e bt e ebeesaeesabeeabeenbeebeenbeesneeennean 52
T (O S O I (=T - T o] o F= T =1 (U PPNt 65
T8 I o (O (=T =T o] o I= ] =) A [Pt 65
Figure 8. Schematic Of 5 L CSTR digESTEI ....uuviiieiiiie ettt ettt e e et e e et e e e e eara e e e sensae e e enanaeeaeas 67
Figure 9. Laboratory-scale digesters used in the research ......cccccccvvvciieeicciie e 67
FIgure 10. Pre-hydrolysis. ...ttt e e s e e e ba e e esaae e e e sntaeeesansaeeesnaneeeeens 72

Figure 11. Images of baby maize stover and maize silage feedstocks as delivered to Southampton..76
Figure 12. Substrate TS and VS content for maize silage and baby maize stover: triplicate samples

taken every time a new bag is opened. Error bars indicate range .......ccoeccevveeeeeiieccciiiieeee e, 77
Figure 13. Gas production in BIMP ST .......c.uiiiiiiiiiiiiieeniee ettt ettt e e sar e sireesvaeesareeenes 81

Figure 14. OLR, daily feed and HRT for thermophilic digesters D5-8 during digestion Trial 1 on maize

Figure 15. VBP, VMP, SBP, SMP and biogas methane content for thermophilic digesters D5-8 during
digestion Trial 1 0N MaAIZE SIAZE ......vvee e tee e e e eba e e e e eare e e e e araeas 86
Figure 16. pH, TAN, Alkalinity and total VFA for thermophilic digesters D5-8 and VFA profile in during
digestion Trial 1 0N MaAIZE SIAZE ......vvee e bee e e e eate e e e e earae e e e enraeas 88
Figure 17. Digestate solids parameters for thermophilic digesters D5-8 during digestion Trial 1 on
1T 2T - =L PSPPSR 89

Figure 18. OLR, daily feed and HRT for mesophilic digesters D1-4 during digestion Trial 1 on maize

Figure 19. pH, total VFA, alkalinity and TAN for mesophilic digesters D1-4 during digestion Trial 1 on
1T 2T - = PSP UPR 94
Figure 20. VFA profiles for D1-4 during digestion Trial 1 on maize Silage ......ccccccvevevviveeeciciveeeccieeen, 96
Figure 21. VBP, VMP, SBP, SMP and biogas methane content for mesophilic digesters D1-4 during
digestion Trial 1 0N MaAizZe SHAZE .ueveeeei i e e e e e e e re e e e e e e e ennreaeeeeeaeeeaas 97

Figure 22. Digestate solids parameters for D1-4 during digestion Trial 1 on maize silage................... 98

Xi



Figure 23. Digestate appearance at the end of the run, day 181 on digestion Trial 1 ........ccc.cceeunnnes 99
Figure 24. OLR, daily feed and HRT for D5&6 during digestion Trial 2-1 on baby maize stover ........ 106
Figure 25. Foaming in D5 on day 2, with tissue to retain foam .......cccocoeviiiiiiiici e, 108
Figure 26. Total VFA, alkalinity, TAN concentration and pH in D5&6 during digestion Trial 2-1 on baby
MNAIZE STOVET c.eiiiiiiiiii ettt e s e e s s e e e s s eab e e e s s b e e e s s abe e e s s sarae s 109
Figure 27. VFA profiles for D5&6 during digestion Trial 2-1 on baby maize stover.........c.cccccueeenneen. 111
Figure 28. VBP, SBP, VMP and SMP for D5&6 during digestion Trial 2-1 on baby maize stover........ 112
Figure 29. Digestate solids parameters for D5&6 during digestion Trial 2-1 on baby maize stover..113
Figure 30. OLR, daily feed and HRT for D7&8 during digestion Trial 2-1 on baby maize stover ........ 114
Figure 31. Total VFA, TAN, Alkalinity and pH in D7&8 during digestion Trial 2-1 on baby maize stover

Figure 32. VFA profiles for D7&8 during digestion Trial 2-1 on baby maize stover.........ccccccvevrunenn. 118
Figure 33. VBP, SBP, VMP and SMP for D7&8 during digestion Trial 2-1 on baby maize stover........ 119
Figure 34. Digestate solids parameters for D7&8 during digestion Trial 2-1 on baby maize stover..120
Figure 35. The digestate appearance of D7&8 0N day 30.......ceeecuieieiiiiiiieeiiiiee e esreee e e 121
Figure 36. OLR, daily feed and HRT for D9&10 during digestion Trial 2-1 on baby maize stover ...... 126
Figure 37. VBP, VMP, SMP and biogas methane content for D9&10 during digestion Trial 2-1 on baby
MNAIZE STOVET .ttt et e s st e s e e e s s e e e s s eab e e e s s b e e e s s anre e e s s sareees 127
Figure 38. Total VFA, TAN, alkalinity and pH in D9&10 during digestion trial 2-1 on baby maize stover.
Vertical lines indicate day 234; no further TE dOSiNG. ......ccuveiieciiiieeciieeeecee et 129
Figure 39. VFA profiles for D9&10 during digestion Trial 2-1 on baby maize stover............c.c.......... 130
Figure 40. Digestate solids parameters for D9&10 during digestion trial 2-1 on baby maize stover.131
Figure 41. OLR, daily feed and HRT for D1-4 during digestion Trial 2-1 on baby maize stover.......... 132

Figure 42. TAN, alkalinity, pH and total VFA in D1-4 during digestion Trial 2-1 on baby maize stover

............................................................................................................................................................ 135
Figure 43. VFA profiles for D1-4 during digestion trial 2-1 on baby maize stover — all acids. Vertical

line indicates one-off TE addition as in Table 21. .......cccooiiiriieieeeee e 137
Figure 44. VBP, VMP and SMP for D1-4 during digestion Trial 2-1 on baby maize stover ................. 138

Figure 45. SBP, SMP and gas composition for pre-hydrolysis experiment during digestion Trial 2-1 on

baby maize stover. Pre-hydrolysis in D3&4 started on day 19.......ccccoecieeiiiiiee et 139
Figure 46. Solids data for D1-4 during digestion Trial 2-1 on baby maize stover.........ccccceeeveeeenneen. 141
Figure 47. OLR, daily feed and HRT for D1-4 during digestion Trial 2-2 on baby maize stover.......... 149

Figure 48. Total VFA, pH, alkalinity and TAN in D1-4 during digestion Trial 2-2 on baby maize stover

xii



Figure 49. VFA profiles for D1-4 during digestion Trial 2-2 on baby maize stover..........cccccceeeeeunnnns 151
Figure 50. SBP, SMP for D1-4 during digestion Trial 2-2 on baby maize stover ......cccccccccevvvieeeinnnen. 152

Figure 51. SBP, SMP and weight loss for pre-treatment stage of D3-4 during digestion Trial 2-2 on

DADY MAIZE STOVET .. e ee e e st e e e s eabee e e s sabeeeeesnbeeesenabeeeeennrenas 153
Figure 52. Solids data for D1-4 during digestion Trial 2-2 on baby maize stover.........cccccoeevveeeennnenn. 154
Figure 53. OLR, daily feed and HRT for D1-4, 9-10 during digestion .........ccccceeeeviieeeeiciieeeecieee e, 159

Figure 54. VBP, SBP, VMP and SMP for D1-2, 9-10 during digestion Trial 2-3 on baby maize stover 162
Figure 55. VFA, pH, alkalinity, TAN in D1-2, 9-10 during digestion Trial 2-3 on baby maize stover...164
Figure 56. VFA profiles for D1-2, 9-10 during digestion Trial 2-3 on baby maize stover.................... 165

Figure 57. Digestate solids parameters for D1-2, 9-10 during digestion Trial 2-3 on baby maize stover

Figure 58. VBP, SBP, VMP and SMP for D1-4 during digestion Trial 2-3 on baby maize stover ......... 170
Figure 59. SBP, SMP, SHP for pre-hydrolysis step during digestion Trial 2-3 on baby maize stover..172
Figure 60. pH, TAN, alkalinity and total VFA in D1-4 during digestion Trial 2-3 on baby maize stover.

Figure 61. VFA profiles for D1-4 during digestion trial 2-3 on baby maize stover (Note change of y-

axis scale from previous results for D1&2 in FIGUIe 58). ....cccvcuiieiiieeieiecieeeiee et 174
Figure 62. Digestate solids parameters and viscosity for D1-4 during digestion Trial 2-3 on baby maize
0 1V T PSPPSR PP PR OPPPPOPRPTOR 175
Figure 63. OLR, daily feed and HRT for D5-8 during digestion Trial 2-3 on baby maize stover.......... 178

Figure 64. Total VFA, pH, alkalinity and TAN concentrations in D5-8 during digestion trial 2-3 on baby

NIZE SEOVEI .. ettt ettt et e e ettt e e e e e e e b e bttt e e e e e e e abebeeeeeeeea e nnbebeeeeeeeaaannraneeeaeeeaannn 182
Figure 65. VFA profiles for D5-8 during digestion Trial 2-3 on baby maize stover..........cccccuueeennnenn. 185
Figure 66. VBP, SBP, VMP and SMP for D5-8 during digestion Trial 2-3 on baby maize stover ......... 186

Figure 67. Digestate solids parameters for D5-8 during digestion trial 2-3 on baby maize stover .... 187
Figure 68. VisCOSity iN @ll diESTEIS ..ciiuiiiiiiiieee et e e be e e e 191

Figure 69. VFA profiles in D5&6 with sodium acetate (a and b) and propionate (c and d) for digestate

SAMPIES tAKES ON dAY 283 ... ... et e e et e e e et e e e e e bt e e e e e btaeeeebteeeeeraaeeeanres 194
Figure 70. VFA profiles in D5-8 with sodium acetate ......cccccceveviiiiiicciiiie e, 196
Figure 71. D5-8 With propionate......ccccuiiiiciiiiee ettt e e s be e e e s are e e e e abae e e e sareeas 196
Figure 72. View of the biogas plant at GOrge Farm ........ccoccuueeeeciiiee e e 205
Figure 73. The biogas plant design (data from Tropical Power Ltd)........cccccoeeeeeciiieicciiee e, 206

Figure 74. Total amount of feeding to Tropical Power’s biogas plant in Kenya from August 2015 to

JUIY 2016 oo e e e es e es s et ee s s s s s e s ee e s eeseseseses s eesenesaeee s seres e 208

xiii



Figure 75. Gorge Farm's farm tracks (original image Google Earth).........ccccoeieeiiiiiiiciiie e, 211
Figure 76. Section of digester wall showing concrete, insulation and cladding (Photo courtesy of Ms
F g Yeq T 2 Y Y o PSS 223

Figure 77. Calculated results by the AD assessment tool ..........occeeevieieiiiiniieiiie e 243

Xiv



DECLARATION OF AUTHORSHIP

I, Chihiro Masusawa declare that this thesis and the work presented in it are my own and has been
generated by me as the result of my own original research.

Anaerobic processing of baby maize stover for bioenergy production under thermophilic and
mesophilic condition

| confirm that:
¢ this work was done wholly or mainly while in candidature for a research degree at this University;

¢ where any part of this thesis has previously been submitted for a degree or any other qualification
at this University or any other institution, this has been clearly stated;

e where | have consulted the published work of others, this is always clearly attributed;

¢ where | have quoted from the work of others, the source is always given. With the exception of
such quotations, this thesis is entirely my own work;

¢ | have acknowledged all main sources of help;

¢ where the thesis is based on work done by myself jointly with others, | have made clear exactly
what was done by others and what | have contributed myself;

¢ parts of this work have been published as:

C. MASUSAWA, S. HEAVEN, C.J. BANKS. (2015). Anaerobic processing of ligno-cellulosic materials for
bioenergy production under thermophilic and mesophilic conditions. In: BBSRC ADNet Early Career
Researcher Conference (UK).

C. MASUSAWA, S. HEAVEN, C.J. BANKS. (2016). Anaerobic processing of ligno-cellulosic materials for
bioenergy production under thermophilic and mesophilic conditions. In: BBSRC ADNet Early Career
Researcher Conference (UK).

C.MASUSAWA, S.HEAVEN, C.J.BANKS. (2016). Anaerobic processing of baby maize stover for
bioenergy production under thermophilic and mesophilic conditions. In: Biogas Science 2016
conference (Hungary).

C. MASUSAWA, S. HEAVEN, C.J. BANKS. (2017). Anaerobic processing of ligho-cellulosic materials for
bioenergy production under thermophilic and mesophilic conditions, viscosity and trace elements.
In: BBSRC ADNet Early Career Researcher Conference (UK).

C. MASUSAWA, S. HEAVEN, C.J. BANKS. (2017). Production of biogas using baby maize stover under
mesophilic and thermophilic conditions, viscosity and trace elements. In: the 15th IWA World
Conference on Anaerobic Digestion (China)

SIBNEA: ettt et st st eras

DAL e e e e et e

XV



Acknowledgements

Professor Charles Banks and Dr Sonia Heaven are acknowledged for their supervision, help, support
and encouragement throughout this research. Constructive and insightful advice was always

delivered with enthusiasm and wit.

Special thanks go to Ms Angie Bywater from BBSRC ADNet and Dr Kat Glover from Tropical Power

Ltd for their support in collecting information and effort for modelling.

| also acknowledge the environmental laboratory technical staff for their practical support and for

their huge efforts to make the lab a safe and happy place to work in.

| would like to acknowledge all members of the Bioenergy and Organic Resources Research group for

countless discussions and help.

Thanks to University of Southampton, Tropical Power Ltd and Mrs. Yoshie Shigetomi for financing

this research.

XVi



Abbreviations

AD Anaerobic digestion

ADF Acid Detergent Fibre

ATP Adenosine Triphosphate

BMP Biochemical Methane Potential
C/N Carbon to Nitrogen ratio
CEDAR The Centre for Dairy Research
CoA Coenzyme A

COSHH Control of Substances Hazardous to Health
CST Capillary Suction Time

CSTR Continuously Stirred Tank Reactor
cv Calorific Value

DG Digester

DI Deionised

DM Dry Matter

EU European Union

FDH Formate Dehydrogenase

FIC Frozen Image Centrifuge

GC Gas Chromatography

H1 Hydrolyser 1

H2 Hydrolyser 2

HHV Higher Heat Value

HRT Hydraulic Retention Time

XVii



IA Intermediate Alkalinity

KPLC Kenya Power and Lighting Company
LCFA Long Chain Fatty Acids

NDF Neutral Detergent Fibre

NREL National Renewable Energy Laboratory
OLR Organic Loading Rate

PA Partial Alkalinity

PVC Poly Vinyl Chloride

RPM Revolutions Per Minute

SBP Specific Biogas Production

SMP Specific Methane Production

STP Standard Temperature and Pressure
TA Total Alkalinity

TAN Total Ammonia Nitrogen

TE Trace Element

ThMP Theoretical Methane Potential

TKN Total Kjeldahl Nitrogen

TS Total Solids

UASB Upflow Anaerobic Sludge Blanket
VBP Volumetric biogas production

VG Vegpro Group Ltd

VMP Volumetric methane production

VS Volatile Solids

VFA Volatile Fatty Acids

XViii



WMO World Meteorological Organization
wWw Wet Weight

WWTP Wastewater Treatment Plant

XiX



20



1. Introduction

In Chapter 1, the background, overall aim and objectives of the research are described.

The need for sustainable energy sources is increasing due to depletion of fossil fuel reserves, rising
CO, emissions, and climate change (United Nations, 2015). Bioenergy is a form of renewable energy
which is produced from biomass such as crops and agro-wastes. In 2016, renewable electricity
accounted for 24.5 % of global electricity production and bioenergy made up 2.0 % of the renewable

electricity (REN21, 2017).

Lignocellulosic crop materials such as maize (Zea mays) are in widespread use in Europe and
elsewhere as feedstocks for renewable energy production via anaerobic digestion (Amon et al.,
2007). There is a growing view, however, that the cultivation of purpose-grown energy crops is not
acceptable where this competes with production of human food or animal feeds (Herrmann, 2012),
especially as the latter come under increasing pressure over the next few decades due to population
growth and changing patterns of consumption. In addition, a report by the Organisation for
Economic Cooperation and Development (OECD) has estimated that approximately 160 million
hectares of land would be needed to meet the predicted demand for biofuels in 2050, if these are
produced from energy crops alone (OECD, 2010). 160 million hectares is equivalent to 6.6 times the
land area of the UK, while the UK's agricultural land area is around 17 million hectares which is only
10.6 % of 160 million hectares (FAO, 2017c). These figures highlight why the use of energy crops is
undesirable, and illustrate the growing importance of agricultural or industrial residues as potential

sources of biomass for bioenergy and biofuel production.

Stover from the production of baby sweet corn is a novel ligno-cellulosic agro-waste which could be
digested to produce biogas as a source of renewable energy. Maize for baby sweetcorn production
(‘baby maize’) is planted commercially in many regions of the world, particularly in warmer and drier
climates areas of India and Africa. The Food and Agriculture Organization of the United Nations
(FAO) reported that baby maize stover could be used as a livestock feed (Wadhwa, 2013); however,
this approach has not been adopted by farmers due to a failure to demonstrate cost-effectiveness
(Devendra and Sevilla, 2002). Nouala studied the use of baby maize stover as a basic animal feed in
Africa, with and without supplementation (Nouala et al., 2004; Nouala et al., 2008; Nouala et al.,
2009). The weaknesses of baby maize stover for livestock feeding were its low digestibility, and the
low crude protein content which caused poor productivity in animals: farmers would therefore need

to buy supplements to increase the nutritional value of the feedstock, but these were not
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affordable. For this reason, research into alternative ways of gaining value from this substrate is

justified.

In 2013, the Government of Kenya has set a target for new installed electricity of 5538 MW, of which
48 % is expected to come from renewable energy including biogas (MoEP, 2013). In 2015 Tropical
Power Ltd, one of the sponsors of this study, opened Africa’s first grid-connected biogas plant in
Kenya with the aim of using baby maize stover as substrate (Energy, 2015), along with land
application of the digestion residues as a soil conditioner and fertiliser substitute. It has previously
been reported that the digestate from biogas plants increases the yield and nutritional quality of
baby maize (Malav et al., 2015), and this approach could therefore help to contributed to reduced
CO; emissions and a circular economy (Kamadi, 2017). There is little information in the literature on
the digestion performance of baby maize stover, however, and the purpose of this study was

therefore to assess this material as a substrate for biogas production.

1.1. Background to the research

The research was based both on practical experimentation to determine the methane yields from
different processing options using conventional and modified anaerobic digestion technologies; and
on evaluation of the energy and nutrient balance of the whole system with the aid of a modelling
tool that has been developed at the University of Southampton for this purpose. Baby maize, along
with other fresh vegetables, is grown under irrigation in the Rift Valley region of Kenya, giving
multiple crops per year. Baby maize is grown on a rotational basis and requires a break crop after

every second harvest; this is usually sorghum (Sorghum bicolor).

Tropical Power (www.tropicalpower.com) is a UK-based engineering procurement and design

company with subsidiaries in Kenya and Ghana, which has the goal of developing renewable energy
production from biomass. In Kenya the company has commissioned Africa’s first grid-connected AD
plant at Gorge Farm, Naivasha in which the aim is to produce biogas from digestion of the baby
maize stover. The AD plant is fed on baby maize stover, the break crop, and vegetable trimmings
from the pack house and the biogas is used in a combined heat and power plant to generate
electricity and heat. There is a use for some of the heat, in heating greenhouses used to breed
parasites that attack the red scale mite which infests roses (also grown for export at Gorge Farm).
Some heat is also required to maintain the digester temperature. After hand-picking of the baby
maize, the baby maize stover (or the break crop) is harvested by a forage harvester and transported
to the digester: this equipment is operated by the company and fuel usage figures are available.

After digestion and solid-liquid separation the digestate is applied back to land using a tank trailer
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1.2. Overall aim

The overall aim of this research is to determine the methane production potential and net energy
yield from anaerobic digestion of wastes arising from the cultivation of baby maize in Kenya, and to

identify successful strategies for stable operation.

1.3. Objectives

1.3.1. Laboratory digestion studies

e To establish the energy potential of the input material

e To determine: volumetric methane productivity, specific methane yield, volatile solids
destruction, rheological characteristics of digestate (e.g. viscosity and dewaterbility) and
stability of operation in continuous digestion at mesophilic and thermophilic temperatures

e To assess the potential benefits of thermophilic digestion of baby maize stover as a pre-
hydrolysis before mesophilic digestion

e To assess the effects of trace element additions and source of inoculum/adaptation
(NB this was not an original objective. From the laboratory experimental results, it seemed
trace element additions and inoculum source had effects on the anaerobic processing of

baby maize stover. Therefore, this objective was added.)

1.3.2. Modelling

e To evaluate the overall energy balance of the agricultural system at Gorge farm and make
recommendations on how to improve its operation
e To obtain validated data and results for energy inputs and outputs that can be used in

assessment of the use of baby maize stover as an anaerobic digestion substrate in Kenya
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2. Literature review

Chapter 2 presents the literature review for this research. Each section is related to the theme of
anaerobic processing of baby maize stover under thermophilic and mesophilic conditions. Section
2.1 provides basic information on anaerobic digestion, thermophilic digestion and two stage AD
processes. Sections 2.2 to 2.4 describe some maize-derived substrates (i.e. maize silage, maize
stover and baby maize stover) and summarise previous work on these materials. Section 2.5
discusses the roles of and requirements for trace elements in anaerobic digestion. In Section 2.6,
approaches to modelling for overall energy balance are described. Section 2.7 summarises the

identified research gaps and research questions.

2.1. Anaerobic digestion

Anaerobic digestion is degradation of organic material in the absence of oxygen to produce biogas
which primarily consists of methane and carbon dioxide, plus water vapour and traces of other
gases. This technology is becoming popular because the process allows production of energy from a
variety of organic wastes. In addition, AD produces not only biogas but also a digestate with
potential value as a fertilizer and soil conditioner, and in some circumstances can be manipulated to
produce volatile fatty acids and hydrogen. Normal stable anaerobic digestion converts carbon all the
way through to gas, however, H; or volatile fatty acids are able to obtain by altering the operating

conditions.

Figure 1 shows the general degradation route of particulate organic material to biogas in the

anaerobic digestion process.
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Figure 1. Anaerobic digestion of particulate organic materials to biogas (Mata-Alvarez, 2003)

Hydrolysis

Hydrolysis is the first step in anaerobic biodegradation. Hydrolysis converts complex biopolymers
into soluble products (amino acids, long chain fatty acids and sugars) by enzymatic hydrolysis (Mata-
Alvarez, 2003). Extracellular enzymes (protease, lipase, cellulase, etc) conduct this solubilisation and
the products of hydrolysis can be used as a substrate by acidogenic and fermentative

microorganisms (Mara and Horan, 2003).

Acidogenesis

In this stage, the solubilized monomers are fermented to produce volatile fatty acids (propionic,
butyric and valeric acids), acetate, H, and CO,. The degradation of amino acids produces ammonia.

Acidogenesis is the fastest step (Mata-Alvarez, 2003).
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Acetogenesis

The obligate hydrogen-producing acetogens (OHPA) degrade long chain fatty acids (LCFA: the
organic acids have more than five atoms of carbon) and volatile fatty acids (VFA) to produce acetate,

CO; and H; (Mata-Alvarez, 2003).

Aceticlastic methanogenesis / hydrogenotrophic methanogenesis

Methanogenesis is the last stage and two main processes produce methane, which are aceticlastic
methanogenesis and hydrogenotrophic methanogenesis. There are other processes such as
methanol and other organic compounds, however, these process are not very common as
aceticlastic and hydrogenotrophic methanogenesis. Methanogenesis is very sensitive to
temperature. AD is generally carried out at around 35°C (mesophilic) and 55°C (thermophilic)

because maximum methanogenesis activity was found at these temperatures (Mata-Alvarez, 2003).

Aceticlastic methanogenesis produces most of the CH, in the whole process. Aceticlastic methane-
producing archaea use acetate as a substrate and produce methane and carbon dioxide. The
reaction pattern is simple but this reaction can be inhibited by low pH. The appropriate pH for AD is
6.4-7.6 which is better for methane-producing archaea (Speece, 2008). When acidogens produce
more acids than are consumed by methanogens, it causes low pH. If pH is less than 6.6,
methanogens grow very slowly. Therefore, AD process usually maintains at favourable pH for
methanogens to prevent dominance of acidogens and VFA accumulation (Speece, 2008).
Hydrogenotrophic methanogenesis uses H; to produce methane. This hydrogenotrophic
methanogenesis grows slowly, and higher tolerance with ammonia than aceticlastic methanogenesis
(Angelidaki and Ahring, 1993). When the ammonia concentration is high enough to aceticlastic

methanogens, the microorganisms population may consist largely of hydrogenotropic methanogens.

2.1.1. Different types of reactor and system configuration used in AD

There are number of different types of reactor used in AD. Banks and Stentiford (2007) reported the
classification of reactors shown in Figure 2. AD process can operate as wet or dry systems. The
classification depends on the solids concentration of the feedstock. If the solids concentration is less
than 15%, it is generally considered a wet system. If the solids concentration is more than 15%, it is a
dry system (Banks and Stentiford, 2007). The process can be carried out in single stage or two stage
systems. Single stage takes all reactions in a single reactor, and two stage uses two reactors in series.

The feeding system maybe continuous or batch mode. The digestate is completely mixed, plug flow
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or intermediate. These variations are discussed in the following sections. The reactor temperature

maybe ambient, mesophilic or thermophilic.

The wet, single-phase and mixed mesophilic digester is most commonly used for agricultural biogas
plants, and approximately 90% of biogas plants in Germany use this system (Weiland, 2010). This
study adopted this as the most common system and also tested a two stage process to assess

anaerobic processing of baby maize stover under mesophilic and thermophilic conditions.
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2.1.2. Thermophilic digestion

Thermophilic digestion occurs under thermophilic conditions (e.g. between 50-65 °C). Anaerobic
microorganisms are very sensitive to temperature, which strongly affects methanogenic activity. If
the temperature is less than 50 °C, toxicity of ammonia decreases and thermophilic microorganisms
grow very slowly. The low growth rate may cause wash out of microorganisms when the growth is
slower than the reactor’s hydraulic retention time (HRT) (Weiland, 2010). Cavinato compared
digestion at 55 °C and 47 °C which is often applied to European biogas plants (Cavinato et al., 2010).
The study compared data from a full-scale biogas plant (1400 m3) at 47 °C, and a pilot-scale plant
(380 L) at 55°C and 47°C. The substrate was mixture of 27% cattle manure, 18% maize, 37% fruit
processing waste and 18% bread. The research confirmed that biogas production under thermophilic
conditions improved from 0.45 to 0.62 m® kg'! VS and methane concentration increased from 52 to

61%.

De Baere reported the advantage of thermophilic digestion is faster chemical kinetics than
mesophilic digestion, thus, hydraulic retention time can be shorter and required reactor volume is
smaller (De Baere, 2000). Thermophilic digestion for municipal wastewater treatment has a positive
impact on removal of pathogens and the digestate could be applied to soil directly as fertiliser due to
the higher degree of pathogen removal (Riau et al., 2012). This may be of more importance to
digestion of wastewater and municipal waste-derived substrates than crop wastes: but crop wastes

may also benefit from destruction of weed seeds and plant pathogens.

On the other hand, the energy balance has to be considered. Thermophilic digestion does not
necessarily change the ultimate methane yield from organic matter (Weiland, 2010). Thermophilic
temperature may break down substrate more, however, the main advantage is faster reaction.
Thermophilic digestion needs more energy for heating. Thermophilic digestion is usually carried out
at a temperature of 55°C which is 20 °C higher than mesophilic digestion (35°C). In many cases the

energy demand is equal to the energy production from the substrate (Mata-Alvarez, 2003).

Some researchers assessed thermophilic digestion of agro-wastes. Giuliano et al. (2013) compared
mesophilic and thermophilic digestion of a range of mixed substrates including livestock effluents
(cattle slurry, cow manure), energy crops (maize silage, triticale), and agro-wastes (potato and
onion). This study used 4 continuous stirred tank reactors (CSTRs) each with a working volume of
230 L. Reactor 1 was for mesophilic digestion at OLR 4 g VS L day™, reactor 2 was for mesophilic
digestion at OLR 2 g VS L't day™, reactor 3 was for thermophilic digestion at OLR 2 g VS L day?,
reactor 4 was for OLR at 4 g VS Lt day™. The reactors operated for 390 days in all and completed 3

HRT, but the data was not duplicate. The substrates were changed three times; the first run was only
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livestock effluents, the second run was 50% livestock effluents and 50% energy crops, and the third

run was 50% livestock effluents, 25% energy crops and 25% agro-wastes. The highest biogas yield of
0.54 +0.01 m3 kg? VS was found in reactor 3 during the third run. The lowest one from the third run
was 0.47 +0.01 m? kg VS from the reactor 2. Giuliano et al. (2013) reported the mixture of livestock

effluents, energy crops and agro-wastes, and thermophilic digestion increased biogas production.

Almeida Streitwieser (2017) also compared mesophilic and thermophilic digestion. This study used a
CSTR which was the Cole Parmer Fermentation System KH-29207-00. The substrate was a mixture of
80% fruit waste and 20% cow manure. The fruit waste was shell, peel, seeds and fibres from
blackberries, soursops, naranjillas and tree tomato. The waste came from local agribusiness. The
organic loading rate was 1.5 kg COD m= day™. The residence time was 16 days. The methane
concentration increased from 64 to 72 % and biogas production increased from 0.7 to 1.3 L day™*
under thermophilic conditions. The author suggested that the increase in methane production was
caused by the 8 % increase in biogas methane content to 72% in thermophilic conditions is very high,
and would require e.g. a significant change in substrate composition or some dissolution of the
carbon dioxide component; but no mechanisms to account for this for this were put forward. This
research only used 1 reactor and did not complete 3 HRT. During mesophilic digestion, the reactor
received around 30 mL day* NaOH to keep the pH above 6.5. Although the research claimed that
thermophilic digestion showed greater biogas production, the comparison between mesophilic and
thermophilic digestion was not well reported and the author did not provide sufficient data to

support the validity of the results.

Fountoulakis et al. (2008) carried out anaerobic processing of typical Mediterranean agro-waste
under mesophilic and thermophilic conditions. The study carried out biochemical methane potential
(BMP) tests in duplicate at 35°C and 55°C. The working volume of the batch experiment was 120 mL.
The substrates were olive mill wastewater (OMW), wine grape residue (WGR) and slaughterhouse
wastewater (Swinnen and Maertens). The BMP test compared the mixture of OMW:GR, OMW:SW
and WGR:SW for 60 days. This study reported the methane yields of thermophilic digestion were 14-

35% greater than for mesophilic digestion.

The above researchers reported thermophilic digestion had positive impacts for higher methane
yield, however, the overall energy balance was not considered. Some researchers did not complete 3
HRT or not duplicate. Mesophilic and thermophilic conditions were not compared well. This study
compared mesophilic and thermophilic completed 3 HRT in 10 CSTR to assess the impacts of

thermophilic digestion.
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2.1.3. Two stage AD process

The concept of two stage digestion was invented by Pohland and Gosh (1971). The two stage AD
process includes a first stage for hydrolysis and acidogenesis, and a second stage for
methanogenesis (Mata-Alvarez, 2003). Pretreatment can be categorised into four main groups:
mechanical, chemical, thermal and biological. Mechanical methods include milling, ultrasound and
microwave. Chemical methods are carried out by the use of acid or alkaline. Thermal pretreatment
uses high temperature and/or high pressure. Biological pretreatment uses enzymes or

microorganisms.

Mata-Alvarez discussed the advantages and disadvantages of two stage systems (Mata-Alvarez,
2003). Technically, the design is more flexible but complex. Because of the more complex system, it
is more difficult to control operation. The failure of hydrolysis causes formation of methane and
hydrogen in large extent and the hydrolysis gas is emitted to the atmosphere from the reactor
(Weiland, 2010). That is an energy loss and has a negative climate effect. From the biological aspect,
a two stage system is not expected to have a higher reaction rate and higher biogas yield. The main
advantage of two stage systems is biological reliability for degrading substrates. The best
environment for anaerobic microorganisms is different and their growth rates are affected by that.
The optimum pH for each microorganism is 5.5-6.5 for acidogens and 7.8-8.2 for methanogens (Kim
et al., 2003; Song, 2016b). Therefore, in terms of pH, a two stage system may appear preferable
(Pohland and Ghosh, 1971).

After the work by Pohland and Gosh (1971) which invented 2 stage systems, numerous papers have

been published to demonstrate the advantages of two stage system.

Verrier compared single and two stage systems under mesophilic and thermophilic conditions
(Verrier et al., 1987). The substrates were carrot peelings and French bean wastes. In the primary
digester, the highest acidogenesis was observed at pH 6.5 under mesophilic and thermophilic
conditions. Thermophilic digestion tended to produce acetate and ethanol and mesophilic digestion
mainly produced valerate and propionate. The two stage process under mesophilic conditions
showed 90% degradation of wastes which was the highest value achieved. Single and two stage

thermophilic digestion did not show significant differences.

Pavan and Mata-Alvarez compared one and two stage systems with pilot continuous mixed reactors
(Mata-Alvarez, 2003). The substrate was waste from fruits and vegetable markets. Although the one
stage failed at 3.3 kg VS m3 day, the two stage system was stable at 7 kg VS m™ day’. Mata-Alvarez
noted that the failure of the single stage system might be caused by the heterogeneity of wastes and

non-continuous feeding.

31



Dichtl et al. (1997) studied anaerobic stabilisation of sewage sludge. The study considered
degradation of organic materials, reduction of solids, pathogen removal and biogas production. They
found the two stage system gave the best results. The two stage system consisted of the primary
digester at 50-55°C with high loading, and second digester at 35-37°C. This is known as temperature

phased anaerobic digestion (TPAD).

Lee et al. (2009) tried TPAD with the first stage at 70°C and the second stage at 35°C, 55°C and 65°C,
with a substrate consisting of artificial composted kitchen garbage. The highest methane yield was
0.351 L CH4 per g VS added for operation at 70°C and 55°C. Methane conversation efficiency and VS
destruction were approximately 65% and 64% at 55°C, respectively. The TPAD of 70°C and 35°C
showed the lowest methane yield of 0.143 L CH4 per gram VS aqq4ed. Lee also mentioned that the

stability and methane yield were affected by HRT.

Two stage systems have been applied for solid manure, municipal and industrial organic wastes,
however, energy crops digestion is not studied well (Weiland, 2010). Figure 3 shows typical two
stage agricultural biogas plant, and the system showed greater gas yields and less residual methane

potential of digestate (Weiland, 2010).
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Figure 3. Typical two-stage agricultural biogas plant, adopted from (Weiland, 2010)
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The simpler one stage AD is often preferred in industrial applications because biological reliability
could also be supported by enough buffering, mixing, controlling OLR or co-digestion (Mata-Alvarez,
2003). Because the AD process also relies on syntrophy and inter-species electron transfers,

separation into two stages may also have disadvantages.
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2.2. Maize as a digestion substrate

Maize (Zea mays) is a member of the Poaceae, a family that contains all of the grasses including the
cereals. It is an annual plant that prefers a warm environment for growing, and is one of the most
widely produced grains all around the world. According to the Food and Agriculture Organization of
the United Nations (FAQO), 1037.8 million tonnes maize was produced globally in 2014. Kenya
produced 3.5 million tonnes of maize in 2014 (FAO, 2017a).

Maize is very widely used as a substrate for anaerobic digestion in Germany, and the average mass
percentage of total substrate was 50% followed by whole crop cereal silage 10.7%, grass silage

10.5%, early rye silage 9.8% and cereal grains 3.1% (Murphy, 2011).

Maize silage is an ensiled substrate and ensiling is the most usual storage process for AD (Amon et
al., 2007). This storage is one of the potential advantages for AD. It is possible to produce energy
when demand and price for energy is the highest because energy crops are easy to store (Pakarinen
et al., 2008). In addition, there was an increase of 1-18% in the methane yield of maize, sorghum,
forage rye and triticale after ensiling (Herrmann et al., 2011). Amon also reported silaging of maize
increased the methane yield by about 25% compared to non-silaged maize. He explained that this
might be caused by degradation of sugars and crude fibre. Maize was chopped, compressed and
stored under anaerobic condition for silaging. Sugars of maize silage were degraded and formed
lactic acid, acetic acid, methanol, alcohol, and CO,. They were precursors to produce methane.
Decomposition of crude fibre during silaging process increased the nutrients availability for the
methanogenesis. On the other hand, deliverable D12 of the CROPGEN project by the University of
Jyvaskyla reported silaging had negative effect because the loss of total solids (TS) in the silage
process is related to energy losses (JyU, 2006). They reported the average losses in dry matter
amount were 11-17% during ensiling. Sugars were expected to be degraded into lactic acid,
however, soluble fraction did not show any losses. The authors noted that this might be related with

wash out due to rain fall.

In addition, there is considerable past experience with maize digestion in the Environmental
laboratories at University of Southampton e.g. (Cysneiros et al., 2008; Cornell, 2011; Cornell et al.,
2012; Cysneiros et al., 2012a; Cysneiros et al., 2012b) where this study was carried out. Therefore,
this research used maize silage as a conventional substrate to compare its performance with that of

a novel feedstock, baby maize stover.
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2.3. Maize-derived waste substrates

There is a growing view that purpose-grown energy crops are not acceptable as they compete with
the production of human foods and animal feeds. The use of residues from agriculture instead of
conventional energy crops such as sugar- and starch-based crops has therefore been gathering

attention (Sawatdeenarunat et al., 2015).

2.3.1. Maize stover
Maize stover is an agro-waste that consists of the leaves, stalks, tassel, husk and cobs of maize which
are normally left in the field after harvesting. Maize stover has attracted attention for many years as

a potential biomass fuel source, particularly for bioethanol production (Barten, 2013).

The major problems associated with the use of maize stover are difficulty of degradation (Michael et
al., 2007) and effects on soil health (Sheehan et al., 2003). Regarding the difficulty of degradation,
maize stover is a lignocellulosic material which includes cellulose, hemicellulose and lignin. Cellulose
is long chain of glucose which is linked by B 1-4. Hemi-cellulose is branched polymer of pentose and
hexose sugars. Lignin is a complex hetero polymer of phenolic compounds and is a recalcitrant
substance. These components form a matrix which is resistant to hydrolysis (Zaldivar et al., 2001).
Especially, the cellulose and lignin structure makes hydrolysis difficult and is a barrier to the use of
maize stover as an energy source (Wyrick, 2006). Extensive research has been carried out on
improving hydrolysis to facilitate the use of maize stover and other lignocellulosic materials as

biomass feedstocks. Hydrolysis as a pretreatment is described in section 3.8.

Turning to soil health, maize stover is normally left in the field after the grain is harvested, where it
can contribute to soil carbon and fibre. Maize stover covers and protects the soil from washing away
or blowing away when it is rainy or windy. In addition, the stover’s nutrient and mineral content
cycles and buffer the soil’s organic matter (Wilhelm et al., 2011). The mineral nutrients are
incorporated into maize as the plant grows (Abendroth, 2011). Baby maize stover’s N, P, K were
7.50, 0.69 and 9.98 mg g}, respectively (Hoskinson et al., 2007). Therefore, the potential effect of
removal of maize stover on agricultural sustainability should be carefully considered (Johnson et al.,
2010). The amount removed varies because it depends on regional yield, climatic conditions and
agricultural practices (Wilhelm et al., 2004). For instance, United States’ National Renewable Energy
Laboratory (NREL) reported that 4.91 tonnes per hectare of residue must be left for typical tilling

operations in lowa (Sheehan et al., 2003).
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2.3.2. Baby maize stover

Baby maize stover (Figure 4) is an agricultural waste or by-product from production of baby maize,
also known as baby sweetcorn. Baby maize is the immature ear of fully grown standard maize and is
a popular Asian vegetable (Kaiser, 2011). Thailand is one of the main countries producing and
exporting baby maize to USA, Europe and some other Asian countries (Bakshi et al., 2016). Recently,
baby maize production has substantially increased in India due to the low cost of production (Kumar
and Bohra, 2014). Baby maize is harvested two or three days after silk emergence, while the ears are
still immature. The size is 5-10 cm long and 0.8-1.7 cm in diameter (Kaiser, 2011). The life cycle is
around 60-70 days after sowing, and the reproductive phase starts after 45 days (Kumar and Bohra,
2014). Bakshi et al. (2016) reported the average baby maize production was approximately 7.5-8.7
tonnes ha. Only 15% of this production is for human consumption, and the remaining 85% is baby
maize husk with silk. The production of stalks and leaves after harvesting ears is 30 tonnes ha!

(Bakshi et al., 2016).

In India, maize is the third most important cereal crop, after rice and wheat. Baby maize cropping
systems have not been studied as well as those for rice and wheat. Baby maize yield was 1.6-2.2

tonnes ha!without husk and stover , baby maize fodder yield was 25.5-31.7 tonnes ha(Kumar and

Bohra, 2014).

Figure 4. Baby maize stover from the Tropical Power biogas plant in Kenya (photo courtesy of Ms.

Angie Bywater)
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Fertilizer application can increase yield and reduce the growth period. Kumar and Bohra (2014)
conducted field experiments to assess the effect of N, P, K, S and Zn supplementation on baby maize
growth for 2 years. The research reported higher N, P, K, S and Zn dose reduced the 4-8 days to
initiation of baby maize cob, increased the yield approximately 20%, boosted carbohydrates, starch,
and sugars of baby maize. The chemical properties (pH, organic carbon, N, P, K, S, Zn) of soil after
harvest; N concentration increased, Zn was almost same, K, S and P were decreased, however, these
values did not differ significantly compared with the soil before the field experiments. The authors
reported 187.5 kg N, 93.75 kg P,0s, 75 kg K20, 50 kg S ha* and Zn ha™ had positive impacts to

achieve higher productivity.

FAO reported baby maize stover can be utilised for animal feeding, and the stover is more
acceptable and palatable as compared with conventional maize silage in sustainable manner
(Wadhwa, 2013). There are some papers about baby maize stover as an animal feed. Devendra and
Sevilla (2002) considered the availability of feed resources for livestock and their use in crop-animal
systems in Asia. Feed resources have impacts in animal nutrition on production and animal health.
The research considered four main categories (pastures, crop residues, agro-industrial by-products,
non-conventional feed resources) of feed resources for small farms. The authors noted that cereal
straw and stover were not traditional animal feed resources, however, there was potential to use
them due to the substantial amounts available. The problems associated with these substrates were
low digestibility, low crude protein, poor palatability and sheer bulk. Feeding of cereal straws alone
caused poor productivity in animals. Chemical treatment of stover and supplementation to feeding
(protein, mineral) could increase the nutrient value. These techniques were not adopted by farmers

due to the failure of demonstrating cost-effectiveness in 2002.

Hiep (2003) evaluated baby maize production systems for human food consumption and stover
ensiling systems for cattle feeding. In Vietnam, the demand for animal products has considerably
increased due to economic development in recent decades. Vietnamese government programmes
promoted maize for animal feed. The author noted there were also opportunities for using maize as
human food consumption. The baby maize was harvested on day 64 after the planting day. The yield
of baby maize was 2.4 tonnes ha! and baby maize stover was 27.6 tonnes ha. The research
reported ensiling had positive impacts to avoid mould appearance and preserve high moisture baby

maize stover.

Nouala et al. (2004) assessed the major horticultural residues (baby maize stover, pea vines and
bean vines) available as a ruminant feed in the Greater Banjul area, Gambia to address the problems

of poor quality and quantity of ruminant feeds in tropical countries. Ruminant feeds were not always
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available and affordable for small farmers. On the other hand, the horticultural sector has grown
significantly due to small-holding farmers located around city fringes. These farmers produced short-
cycle crops and generated substantial residues round the year. Nouala reported that baby maize
stover’s crude protein was 5% TS which was approximately one third that of bean vines and pea
vines. Therefore, these vines could be used as supplements to baby maize stover based rations. The
baby maize stover chemical composition; TS was 33% wet weight (WW), VS was 93% TS, neutral

detergent fibre (NDF) was 63.1%, acid detergent fibre (ADF) was 39.8%, crude protein was 5% TS.

In 2008 and 2009, Nouala used baby maize stover as a basal diet for cattle feeding in west Africa
(Nouala et al., 2008; Nouala et al., 2009). The research aim in 2008 was to identify the rumen
microbial community of cattle in Kenya (Nouala et al., 2008). The research did not report the baby
maize stover’s chemical composition alone but showed the chemical composition of a mixture of
baby maize stover and concentrate. The research aim in 2009 was to assess the potential of a novel
cattle feed, the leaves of Moringa oleifera Lam which is a tree with a high crude protein content
(Nouala et al., 2009). In Africa, conventional concentrates as a supplement to poor quality roughage
often not affordable or available to buy. The baby maize stovers were cut after harvesting baby
maize. The harvesting was done 10 days after flowering. The stovers were left in the field for 2-3
days for wilting, and then the substrate was bailed, and sun-dried in open air. Before feeding to
cattle, the maize stover was cut into 5-7 cm lengths. The research reported the baby maize stover’s
chemical composition was 92.4% organic matter, crude protein 6%, neutral detergent fibre 65.7%

and acid detergent fibre 34.9% on dry matter basis.

Bakshi et al. (2016) considered vegetable wastes for animal feeding. The vegetable wastes were
baby maize, cabbage, carrot, cauliflower, cucumber, jackfruit, peas, potato, sweet potato, sweet
corn, tomato and radish leaves. Bakshi noted that increased future consumption of animal
production affects climate change, food-fuel-feed competition, land degradation, water shortage,
biodiversity loss and other environmental issues. The use of vegetable wastes may have positive
impacts in a sustainable manner. The major problem of using these wastes as livestock feeding was
their high moisture content and contaminants (e.g. pesticides). Drying and ensiling had positive

impacts to enhance shelf life. These resources were not yet tapped.

The current research looked at the potential for baby maize stover as a substrate for AD as this is a
novel source of waste biomass and little is known about its properties or how it might differ from
other maize-related biomass. It looked at AD because there is a need for renewable energy both
globally and in sub-Saharan Africa and other places where maize is grown; and also because AD

potentially has some environmental advantages in allowing the return of nutrients and fibre to the
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soil, in contrast to e.g. combustion of dried agro-wastes. For instance, Malav et al. (2015) applied
biogas slurry from agricultural waste treatment for growing baby maize because the disposal of the
biogas slurry was a major concern for the environment in India. In the paper, no information is given
on the biogas plant operating temperature, feeding history, single stage or two stage operation, or
size. Only location of the plant was mentioned as being near the Indian Agriculture Research
Institute; however, the chemical composition of the biogas slurry was checked before application to
the field. The pH was 7.9 £ 0.16, total nitrogen 2.1 + 0.16 %, total phosphorus 1.1 + 0.07 %,
potassium 0.98 £ 0.13 %, Fe 0.34 £ 0.03 ppm, Cu 0.004 £+ 0.01 ppm, Mn 0.088 + 0.01 ppm, Zn 0.023 +
0.00 ppm. The biogas slurry was applied 7-10 days before sowing. This study checked six conditions;
control, 100% recommended dose of fertilizer, 25% biogas slurry + 75% recommended dose of
fertilizer, 50% biogas slurry + 50% recommended dose of fertilizer, 75% biogas slurry + 25%
recommended dose of fertilizer, 100% biogas slurry. Each condition was tested with four replications
and the research was conducted throughout six seasons from 2013 to 2014. The application of 50%
biogas slurry + 50% recommended dose of fertilizer gave 20% more yield. The protein and total
sugar content of the baby corn was increased up to approximately 100%. The biogas slurry helped

the growth of baby maize.

This study reviewed papers related to baby maize stover, but it was difficult to find examples of the
chemical composition. The reported studies concentrated on increasing yield, and on soil chemical
composition. The literature values for baby maize stover are shown in Table 1, which also includes
values for maize silage and maize stover for comparison. The TS and VS in baby maize stover are 24-
33 % WW and 31-33 % WW which are within the lower range of that of maize silage. TS in maize
stover was approximately 90 % WW which was much higher than that of maize silage and baby
maize stover. The higher TS content may be because maize stover is typically harvested at a later
growth stage than maize silage, and is not protected from drying, while the ensiling process may
preserve moisture. The cellulose content in baby maize stover was 34.8 % TS which was slightly
lower than the average of 38.3 % TS for maize stover and slightly greater than that of 29.5 % TS for
maize silage. Hemicellulose in baby maize stover was 23.3-28.5 % which was similar to maize stover,
but lower than the average for maize silage. The lowest lignin value of 3.2 % TS was in the single
value for baby maize stover. Lignin in maize stover was on average greater than in maize silage but
the value varied from 4.2 to 18 % TS. These varied values suggests physicochemical parameters

depend on each plant.

No papers were found on anaerobic processing of baby maize stover. The reported methane yield of
maize silage was 0.260-0.366 L CH4 g VS which was slightly higher than the range for maize stover

of 0.134-0.348 L CH, g VS. The lower methane yield of maize stover may be related to the absence
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of ensiling and the higher lignin content of maize stover. These parameters suggest that baby maize
stover is maize derived substrate as maize silage and maize stover are, but baby maize stover has
different physicochemical characteristics. The variations in value between the three maize-derived
materials may arise from several factors including differences in the strains used in each case, the
preferred growth stage at harvest in each case and how the material is handled after harvest, as well
as natural variation from site to site and year to year. The range of variation and the limited amount
of data for baby maize stover means there are no strong boundaries between the three materials,
but baby maize stover may be slightly more similar to maize silage than to traditional maize stover.
The difference may cause different anaerobic processing and biogas production. Baby maize stover
is a novel substrate for anaerobic digestion, therefore, the optimum conditions for anaerobic
processing of baby maize stover have not yet been identified. This work therefore assessed the

process stability and net energy yield from the anaerobic processing of baby maize stover.
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Table 1. Maize silage, maize stover and baby maize stover chemical composition and methane yield

Methane
TS VS Cellulose Hemicellulose Lignin yield
[% WW]  [% WW] [% TS] [% TS] [% TS] [LCHsg'VS] Reference
19.4- 18.4- 22.2- 0.280 -
43.1 41.8 36.2 25.3-30.4 4.8-6.4 0.334
18.0- 17.2- 26.1- 0.268 -
Maize 43.0 41.4 33.8 25.4-35.9 5.5-8.6 0.366 (Amon et
silage 19.4- 18.4- 23.8- al., 2007)
52.9 50.7 37.1 26.4-36.2 4.5-5.3 0.322
18.1- 17.4- 19.3- 0.287 -
48.0 46.7 37.3 26.1-34.2 4.3-7.5 0.326
Y. Lietal.
94.7 88.0 35.7 27.8 4.2 0.188-0.248 (2017)
Zhong et al.
94.0 87.4 41.2 28.1 8.7 0.141-0.257 (2011)
Sheehan
- - 37.4 27.5 18 - (2003)
Lizasoain et
86.0 81.1 41.4 28.2 18.3 0.206-0.348 al. (2017)
Strang
Maize i i 32 23 14 0.134-0.167 (2017)
stover 92.4 - 39.0 25.2 4.6 -
90.8 - 43.0 21.8 5.7 - ]
90.1 - 39.0 22.8 4.9 - Tirado-
Gonzalez
92.1 - 38.6 24.4 6.2 - (2016)
89.9 - 37.6 22.5 5.7 -
89.4 - 39.0 19.1 7.0 -
94.9 85.5 36.2 29.8 8.6 - Tian (2015)
Pang
- - 43.6 27.8 6.9 - (2008)
24 23 34.8 28.5 3.2 - Hiep (2003)
Nouala
Baby 33 31 - 23.3 - - (2004)
maize Nouala
stover - - - 30.8 - - (2009)
Bakshi
- - - 23.3 - - (2016)
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2.4. Policy and drivers for renewables in Kenya

The republic of Kenya is on the equator on Africa’s east coast. In 2016, the population was 48.46
million, in a land area of 580400 km? (IBRD, 2017). 47% of the land area, 273500 km? is utilised for
agriculture (FAO, 2017b), which is Kenya’s main industry (FAO, 2008). Maize is the second largest
agricultural crop and 3.2 million tonnes of maize is produced per year (FAO, 2017b). Baby maize is
generally counted as part of maize production and it is difficult to find separate figures for the

amount of baby maize produced in Kenya.

The government of the Republic of Kenya set the Kenya vision 2030 which states that aims to be “a
middle-income, newly-industrialising country offering a high quality of life to all its citizens in a
secure environment” to eradicate poverty, illiteracy and diseases (MoEP, 2013). As part of Kenya
vision 2030, the Ministry of Energy and Petroleum published a strategic plan 2013-2017 (MoEP,
2013). The strategic plan aimed to increase electricity connectivity from 30% to 75-80% of
population. The lack access to electricity is serious problem in rural areas, where two-thirds of
residents do not have electricity connectivity. This results in respiratory infections due to
unsustainable use of traditional biomass and agriculture waste for cooking etc. Currently, Kenya’s
energy usage is 22% petroleum, 9% electricity, 1% others (coal and solar), and 68% traditional

biomass (MoEP, 2013).

The target for new installed electricity is 5538 MW and approximately 42% (2318MW) of this target
is expected to come from renewable energy. The renewable energy programmes included 24MW
from hydro, 1646 MW from geothermal, 630 MW from wind and 18 MW from bio energy. Regarding
bio-energy, a pilot project has been undertaken for electricity generation from municipal/industrial
solid waste (MoEP, 2013). By 2013, the Kenyan government had already installed 6000 domestic
biogas digesters with support from the Netherlands through the “Biogas initiative for Africa” due to
Kenyan 2008-2012 strategic plan. The strategic plan 2013-2017 aimed to construct 3000 digesters

for individual households, and 250 for the energy centres.

Tropical Power Ltd has built and opened the first and largest grid-connected biogas plant in Africa in
2015. The anaerobic digestion plant is located at Gorge Farm energy park, Naivasha, Kenya (TP,

2017). More details of the design and operation are given in chapter 5.

The company's publicity information states that “We were the first to introduce the BATCH
Hydrolysis System and have ever since achieved biogas yields that lay up to 30% above the yields of

single stage biogas plant.” (TheSnowLeopardProjectsGmbH, 2017).
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For this reason, in the current research a two stage AD process with thermophilic hydrolysis of baby
maize stover was tested at laboratory scale in comparison with single stage operation in mesophilic
and thermophilic conditions to identify the effects of the different operating conditions. In addition,
the overall energy balance was assessed to determine which operating mode gave the highest net

energy gain.

2.5. Trace elements

Anaerobic microorganisms generally consist of: carbon 45-55%, oxygen 20%, hydrogen 10%,
nitrogen 6-14% and phosphorus 1-3% on dry weight basis (Todar; Banks, 2011). The amount of
sulphur, sodium, potassium, calcium and magnesium depends on the microorganism strain, and
each element can reach 1%. Trace elements are the remaining components comprising less than 1%
(Todar; Banks, 2011). Trace elements are defined as “any chemical element that occurs in very small
amount in organisms, but is essential for many physiological and biological process” (Zandvoort et

al., 2006).

Trace elements act as cofactors for essential enzymatic reactions in the cell. The growth of
acetogens (Ljungdahl, 1986) and methanogens (Scherer et al., 1983) is supported by trace elements.
This study used municipal waste water biosolids as inoculum, and maize silage and baby maize
stover as feedstocks. Numerous researcher have studied trace elements requirements in municipal
wastewater biosolids and maize silage. There is no paper about trace element requirements for

anaerobic processing of baby maize stover.

Municipal waste water biosolids

Zitomer et al. (2008) assessed the impacts of Fe, Ni and Co on digestion of sludge from 4 wastewater
treatment plants which included mesophilic and thermophilic systems. The study carried out batch
tests and acetate and propionate were used as substrate. 77% of digestate samples benefited from
this trace element dosing and propionate and acetate utilisation improved by 50% and 35%
respectively. The trace element dosing concentration of the samples were 25 mg Ni L, 25 mg Co L*
and 25 mg Fe L of the digestion mix. Apart from in this 77% of samples, single trace element dose
increased the methane production in some cases, but the three trace elements did not benefit in
other cases. Thermophilic digestion showed higher acetate and propionate utilisation. The trace
element dose increased methane production: 4 — 51 % for thermophilic digestion and 7 — 36% for

mesophilic digestion.
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Hinken et al. (2008) carried out batch tests to assess the influence of Fe, Ni and Co. The study used
anaerobic digester sludge and maize silage. Anaerobic digestion of maize silage with trace elements
dosing produced 35% higher biogas production than in the reference reactor. The trace element
dosing to the sludge did not show improvement. Hinken reported that the amount of trace elements

in the sludge was already sufficient.

Maize silage

Lebuhn et al. (2008) carried out anaerobic processing of maize silage in six CSTRs over a year. Even at
the low organic loading rate of 2 g VS L day?, the digesters showed acidification in 8 months. After
supplementation with a cocktail of trace elements, the acidified reactors recovered and showed
stable operation. Co dosing was recommended because it was the most limiting element. The
recommended dose was 0.02-0.4 mg Co L. The authors noted Se and Mo also should be provided.
Agler et al. (2008) also reported Co was essential for anaerobic processing of maize silage under

thermophilic conditions.

Ezebuiro and Korner (2017) studied the trace element requirements (Ni, Co, Se and Mo) for
hydrolysis. The substrate was a maize silage-based feedstock which included 75% maize silage, 15%
grass cutting, 5% wine residue, 2.5% cow dung from milking cows and 2.5% other bio wastes. This
study was carried out as a batch test in 1 L glass reactors under mesophilic conditions. This study
checked the trace elements concentration in inoculum and substrate, and then a VFA cocktail was
added. The VFA cocktail concentrations were 10, 120, 200 mmol L. The inoculum was digested
sludge from wastewater treatment. The trace element concentrations in sludge were: Co 16.71 mg
kg! TS, Mo 1.08 mg kg TS, Ni 3.1 mg kg* TS, and the substrate Co 1.17 mg kg TS, Mo 1.46 mg kg™*
TS, Ni 3.62 mg kg1 TS. At VFA level 200 mmol, the trace element in the substrate could be less than

the required amount for hydrolysis.

The concentration of TE in sewage sludge and other digestates, and TE supplementation strategies
reported in the literature are shown in Table 2. The sewage sludge digestates were used as inoculum
for anaerobic digestion and the concentrations of TE in the sewage sludge from different
wastewater treatment plants were clearly different. For instance, the Mo concentration in a
wastewater treatment plant in China was 0.12 mg L, in Turkey was 2.9 mg L' and in Japan was 817-
896 mg L (Uemura, 2010; Lo et al., 2012; Evranos and Demirel, 2015). TE concentration in digestate
also depends on the substrate. Anaerobic digesters fed on food wastes showed higher Fe

concentrations than that of digestate from maize silage (Pobeheim et al., 2010a; Banks et al., 2012).
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The presence of TE in inoculum and substrate has effects on the TE requirements. This study used
Fe, Ni, Co, Mo, Se and W because these trace elements are considered to have positive impacts and
improve anaerobic digestion performance (Choong et al., 2016). The TE supplementation recipe in
this study followed the studies by Banks et al. (2012) and Jiang et al. (2012). These studies were
carried out in the same research group and laboratory using the same source of inoculum, although
with different substrates in the named studies. The main roles of these trace elements are as

follows.
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Table 2. Concentration of TE in digestate and TE supplementation in literatures

TE in sewage sludge

TE in digestate

TE supplementation in literatures

(Evranos
and (Pobeheim
201
Demirel, (Loetal., (Uemura, 2010) etal., (Banks et (Evranos and (Jiang et
References 2015) 2012) 2010a) al., 2012) Demirel, 2015)  (Banks et al., 2012) al., 2012)
Mix of
propionic,
acetic acid,
glucose,
Maize Food starch and Food Vegetable
Substrate - - silage waste Maize silage ammonia  waste waste
Wastewater Wastewater
Wastewater Wastewater treatment treatment
treatment treatment plantin plantin Agricultural A CSTR and
plantin plantin Japan, Japan, biogas laboratory CSTR, batch,
Operation Turkey China mesophilic  thermophilic plant digester Batch, 37°C Batch, 36°C  36°C 35°C
Unit mg L? mg L? mg L? mg L? mg L? mg L? mg L? mg L? mg L? mg L?
Co 4.34 0.33 3.52 3.49 ND 0.083 0.1,0.5 1 1 1
Cu 47.21 6.12 - - 0.48 5.75 - - 0.1 0.1
Fe 9261.08 590.4 - - 32.8 173.7 - 5 5 10
Mn 145 77.07 - - 3.18 18.5 - - 1 0.1
Mo 2.9 0.12 817 896 0.02 0.29 0.05, 0.25 0.2 0.2 0.1
Ni 4.78 1.89 0.133 0.22 0.06 2.9 0.1,0.5 1 1 1
Se - - - - 0.03 0.05 - 0.2 0.2 0.1
w - - - - - <0.035 - 0.2 0.2 0.1
Zn 290.46 40.41 - - 3 8.11 - - 0.2 10
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Fe

Fe has been shown to be a crucial trace element in anaerobic digestion. Fe has a large reduction
capacity and contributes to anaerobic processes in many ways. Zandvoort reported that Fe had
positive impacts on the methanol degradation rate and methanogenic activity (Zandvoort et al.,
2003). The research studied the impacts of Fe, Co and Ni in an upflow anaerobic sludge blanket
(UASB), and the substrate was methanol. Only Fe had a significant effect. The role of Fe in
methanogenesis is related to Formyl MF dehydrogenase, CO dehydrogenase (CODH), Acetyl-
Coenzyme A (CoA) synthesis and hydrogenases (Banks, 2011). Fe and Ni make Fe-Ni-S cluster or Fe-S

cluster which are subunits of these enzymes (Lindahl and Chang, 2001; Thauer et al., 2010).

Ni

Ni is also an important trace element in the anaerobic digestion process. If carbon dioxide and
hydrogen are the only energy source, numerous anaerobic micro-organisms rely on Ni (Kayhanian
and Rich, 1995). The role of Ni in methanogenesis is related to CODH, methylreductase,
hydrogenases and synthesis of Fa30 (Banks, 2011) (Diekert et al., 1981). Most of Ni is utilised as a part
of the coenzyme F430 and the CODH’ component is a Ni protein and may support sulphur-reducing
microorganisms. Every methanogen ever examined includes Faso (Thauer et al., 1980; Diekert et al.,
1981; Hausinger, 1987; Kayhanian and Rich, 1995; Kida et al., 2001). For instance, M.
thermoautotrophicum includes Fa30 as a part of Methyl Coenzyme M reductase. Methyl Coenzyme M
reductase has two genetically different isozymes which have two molecules of Fas, respectively
(Craft et al., 2004). The reductase is in acetoclastic and hydrogenotrophic methanogens (Banks,

2011).

Co

There is Co in specific enzymes and corrinoids (Oleszkiewicz and Sharma, 1990; Kayhanian and Rich,
1995; Kida et al., 2001). Vitamin B12 is one of the corrinoids which contains Co ion to bind to
coenzyme M methylase. Coenzyme M methylase is an essential enzyme for methane formation in
acetoclastic and hydrogenotrophic. CODH also uses Co. The enzyme is also important in
acetogenesis (Murakami and Ragsdale, 2000; Muller, 2003; Thauer et al., 2008). The role of Co in
methanogenesis is related to methyltransferase. Feng and Lo carried out AD with Co dose, the
substrate was industrial food wastes (Feng et al., 2010; Lo et al., 2012; Amaral et al., 2014). The Co

dose had positive impacts to biogas production.
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Se

Se is included in some anaerobic bacterial enzymes and bacterial nucleic acids. For instance, FDH
contains selenium. Enzymes depending on Se are active at around pH 7 and may help VFA

degradation (Stadtman, 1980; Kayhanian and Rich, 1995; Schattauer et al., 2011).

Mo

Mo is in the enzyme formate dehydrogenase (FDH) (Banks, 2011). Mo also limits the formation of
necessary sulphides and that may inhibit sulphate-reducing bacteria (Oleszkiewicz and Sharma,
1990). Mo dosing increased the biogas production from maize silage (Jarvis et al., 1997; Pobeheim et

al., 2010b) and municipal solid waste (Lo et al., 2012).

w

Formate dehydrogenase (FDH) contains W. Like Ni, Tungsten may help metabolize CO;and H,
(zellner et al., 1987; Kayhanian and Rich, 1995). W dose has been reported to have positive impacts
for propionic acid degradation (Reda et al., 2008; Plugge et al., 2009). Jiang carried out anaerobic
digestion of vegetable wastes from Kenya in ten 5L CSTR under mesophilic condition and found that

W helped to maintain digester stability (Jiang et al., 2012).

2.5.1. Trace elements requirement for baby maize stover

The type of substrate affects the requirement for trace element supplementation. Some substrates
(e.g. swine wastewater) are typically rich in the necessary micronutrients (Amaral et al., 2014), while
others require trace elements dosing (e.g. maize silage (Evranos and Demirel, 2015), wheat stillage
(Schmidt et al., 2014)). Without trace elements, even food-processing wastewaters which are highly
biodegradable could not support proper methane fermentation (Speece, 1983). In anaerobic
digesters treating food wastes, trace elements deficiency causes volatile fatty acids accumulation
and the lack of Se and Mo in particular are related with propionic acid accumulation (Banks et al.,
2012). Baby maize stover is a novel feed stock to anaerobic digestion. It was not known whether
trace elements dose were essential or not. If trace element dosing was needed, it was not sure
which trace elements were needed. The purpose of trace element dosing was not to identify the

essential trace elements for the baby maize stover, but to ensure stable operation.
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2.6. Modelling for overall energy balance

2.6.1. Modelling
Various modelling approaches are widely applied to AD systems, ranging from life cycle assessment

(Veldsquez Pifas et al.) to tools such as anaerobic digestion model No 1 (ADM1).

Life cycle assessment can be defined as a “tool that can be used to evaluate the potential
environmental impacts of a product, material, process, or activity. An LCA is a comprehensive
assessment of a range of environmental impacts across the full life cycle of a product system, from
materials acquisition to manufacturing, use, and final disposition” (EPA, 2017). Rehl carried out LCA
of biogas digestate processing technologies (Rehl and Miiller, 2011). In 2011, the demand for large-
scale biogas plants increased rapidly with government subsidies in Germany. The study assessed
whether the digestate should be disposed of or utilised to avoid overprovision of nutrients. Rehl
found that the optimum digestate utilisation route depends on nitrogen emissions from the process.
For instance, N,O emission from bacterial decomposition of NH3 during the composting process had
negative impacts for global warming. In addition, fuel consumption for heating and processing were

also important.

Turning to ADM1, this tool was published by the IWA Anaerobic Digestion Modelling task group in
2002. ADM1 is a mathematical model for biochemical and physicochemical processes in CSTR
(Batstone et al., 2002). In 2005, Blumensaat assessed two stage AD by using ADM1 (Blumensaat and
Keller, 2005). The two stage system consisted of thermophilic digestion as first stage and mesophilic
digestion as second stage. The study compared the modelling data and the experimental data from a
pilot-scale plant (operating volume; thermophilic digestion 160 L and mesophilic digestion 800L).
The research compared propionate simulated and measured in thermophilic and mesophilic
reactors. The modelling tool could predict propionate concentration well in the thermophilic reactor,
but real and modelled propionate concentration was not in good agreement in mesophilic

conditions.

This research did not use these tools, LCA and ADM1, however, because the purpose of this study
was to assess the baby maize stover as novel substrate for anaerobic digestion and determine the
overall energy balance. LCA aims to assess the overall impacts on the environment while ADM1
simulates the biological reactions. This study started because there is biogas plant in Kenya which
uses baby maize stover as substrate. There is growing awareness about global warming such as the
Paris agreement in 2015; however, Kenya is not covered by this. In addition, this study was
associated with a real commercial plant and the interest was toward to the energy production. This

work had enough data for biological reaction because anaerobic processing of baby maize stover in
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10 CSTR was carried out over 2 years. Therefore, this study’s modelling was for overall energy

balance.

2.6.2. Modelling for overall energy

All the energy inputs and outputs should be taken into consideration to determine the energy
efficiency of renewable energy source. The system can be divided into three parts: 1. biomass
production and transportation, 2. conversion of biomass into primary fuel source, 3. processing of

the primary fuel source into usable energy (Salter and Banks, 2009).

Regarding 1. biomass production and transportation, crop production requires energy and values for
the different operations involved have been reported in the literature (Richards, 2000; Audsley et
al., 2006). If an energy crop is used as a substrate, the energy for cultivation, sowing, crop
maintenance and growth, harvesting and transportation should be considered (Salter and Banks,
2009). If the substrate is an agro-waste such as maize stover, only the energy for harvesting and
transportation should be considered as the other stages will take place regardless of whether the
crop residues are utilised. Even if the agro-waste is not used as biomass, it is harvested and left the
field for the next planting. The energy utilisation difference between the use of agro-waste and non-
use of agro-waste is thus not significant. This PhD study aimed to include any additional energy

demand to assess the energy balance.

The biogas plant in Kenya used 2 forage harvesters and 4 tractors for harvesting and transportation.
According to data from the Nebraska Tractor Test Laboratory, forage harvester fuel consumption
averaged 14.7 L ha’l, with the lowest consumption 1.9 L ha™and the highest was 18.7 L ha* (Grisso
et al., 2004). They also reported newer tractors generally show greater efficiency than old tractors.
Tractor fuel consumption improved 10 -15% from 1980 to 2000. The Nebraska Tractor Test
Laboratory did not assess the fuel consumption in Kenya and it was difficult to find good data for
forage harvester in Kenya. The fuel consumption of tractor trailer depends on location and tractor
model. Sharpe (2015) reported tractor fuel consumption in the USA, European Union (EU) and China.
In USA, the fuel consumption was 0.353-0.406 L km™, in the EU 0.309 — 0.381 L km™ and in China
0.435-0.470 L km™. The author noted that technology development and deployment due to

mandatory tractor efficiency standards may contribute to higher efficiency.

Turning to 2. conversion of biomass into primary fuel source, anaerobic digesters require energy for
heating and mixing. Outputs from this step are biogas and digestate. Theoretical energy

requirements can be calculated and depend on the design of the digester and ancillary equipment.
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The electricity requirement depends on the electrical equipment used in the anaerobic digestion
plant. It is possible to estimate the heat requirement in the digestion process because heat
requirement is related to heat losses through the walls of the digester and according to the following

equations

“hl = UAAT

where hl, heat loss (kJ s%); U, overall coefficient of heat transfer (W m °C); A, cross-sectional area
through which heat loss is occurring (m?); AT, temperature drop across surface in question (Audsley

etal).
q = CQAT

where g, heat required to raise feedstock to digester temperature (kJ s2); C, specific heat of the

feedstock (kJ kg °C?); Q, volume to be added (m3); AT, temperature difference (Audsley et al.).
Total heat requirement for the process = hl + g.” (Salter and Banks, 2009) .

This is a simplification as it does not take into account heat losses from other parts of the plant, such
as pipework, external heat exchangers and pasteurisers etc; this is likely to be particularly significant
in smaller plants. Nor does it include any heat recovery e.g. from using heat exchanges to allow the

digestate to heat the incoming feed.

The World Metrological Organisation (WMO) has data for six locations in Kenya: Lodwar, Kitale,
Wajir, Garissa, Dagoretti Corner and Mombasa International Airport. Dagoretti Corner is the closest
to the Tropical Power Ltd biogas plant, and therefore this study used the data from this site. On the
other hand, WMO climate normal data is based on averages from from 1961 to 1990 even though
the data was accessed in 2017: the real current values may therefore be slightly different.
Temperature and precipitation in Dagoretti Corner according to the WMO (WMO, 2017) is shown in

Figure 5.
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Figure 5. Temperature and precipitation in Dagoretti Corner, Kenya, adopted from 1961-1990,
(WMO, 2017)

Turning to 3. processing of the primary fuel source into usable energy, there are three main ways to
use biogas. 1. Burning biogas directly for heating, 2. Combined heat and power (CHP) unit to produce
electricity and heat, 3. Upgrading biogas for injection into the gas grid or use as a vehicle fuel.
Efficiency for burning biogas directly for heating is approximately is 85% (Salter and Banks, 2009).
CHP’s electrical efficiency is 33% and thermal efficiency is 45% (Appels et al., 2011). Strzalka et al.
(2017) also reported the average electrical efficiency is around 33% and the efficiency lies in the
range of 20-40%. Efficient modern CHP manage up to 42% electrical efficiency, however, the total
conversion efficiency is still around 85% with electrical efficiency around 30-40 % (Lantz, 2012).

Biogas upgrading may require up to 0.75 kWh m3 upgraded biogas (Murphy et al., 2004).

In addition, digestate can be used as fertiliser and soil conditioner. If the digestate is used as
fertiliser, energy for transport and spreading are included the energy balance. Berglund reported
liquid phase digestate energy needs as: loading 2.5 MJ tonne™, transport 5 MJ tonne™, spreading 17
MJ tonne™. If the digestate is solid the energy requirements are loading 7 MJ tonne™, transport 7 MJ
tonne?, spreading 14 MJ tonne™® (Berglund and Bdrjesson, 2006). Even if the digestate is not used as
fertiliser or soil conditioner, transportation is needed to dispose of it. Any additional transport that

would not be required if the crop waste was just left in the field thus has to be taken into account.

This PhD project included the energy for digestate because this study aimed to include any

additional energy demand to assess the energy balance.
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Some researchers have worked on assessment of overall energy balances. Poschl et al. (2010)
assessed the energy efficiency of single and co-digestion of multiple feedstock, different biogas
utilisation and waste-stream management. The energy input to output ratio varied, single digestion
was 10.5-64.0%, co-digestion was 34.1-55%. They depended on the energy requirement for
feedstock supply. If the transportation distances were over 22 km for cattle manure and 425 km for

municipal solid waste, the energy balance was negative.

Banks et al. (2011a) studied the mass and enery balance of a real anaerobic digester receiving
domestic kitchen wastes. The digester was a 900 m* CSTR at 42°C which was followed by
pasteurisation tank and storage tank. The mass balance accounted for over 90% of substrates as
gaseous or digestate products. Banks reported the potential recoverable energy was 405 kWh from
a tonne of the substrate. For calculation of the recoverable energy, energy for CHP, parasitic energy,

digestate use were considered.

Rupf et al. (2017) developed an optimal biogas system design model for Kenya region. This study
considered inputs (energy and fertiliser requirement), feedstock (type, feeding amount and feeding
rate), available construction material locally, sustainability criteria. They checked how much energy
is needed for rural Kenyan households and calculated the optimum design. The calculated optimum
design was 6 m3 soil block single digester. The main feedstock was cattle manure, and other animal
dung e.g. from pigs could be part of the feeding. Rupf reported the modelling tool could be used as a

decision making tool for biogas technology.

This study focused on assessment of the energy balance (input and output energy). The Tropical
Power biogas plant has already been built before the start of this research. Location, type of feeding,
distance between the biogas plant and harvesting field, digester construction were decided.
Consideration of choosing these factors were not required. This research carried out modelling of
the overall energy for anaerobic processing of baby maize stover which used data from Tropical
Power Ltd biogas plant. Furthermore, the modelling data and chemical experiments data were

compared to consider overall energy balance.
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2.7. Summary of the identified research gaps and research questions

No reports on the anaerobic digestion of baby maize stover were found in the scientific literature,
although baby maize stover is currently being used at Tropical Power’s biogas plant in Kenya. Baby
maize stover is a maize-derived substrate similar to maize silage and maize stover, but the
physicochemical parameters (TS, VS and fibre contents) of these materials are slightly different.
While baby maize stover appears slightly more similar to maize silage than to maize stover in terms
of its properties, it is not an ensiled substrate; and so comparison of the digestion performance of
maize silage and baby maize stover may be interesting. The differences may cause different
performance and energy output. Baby maize stover is a novel substrate, therefore, the optimum
conditions for digestion have not been identified yet. The gaps in the literature review have been a
lack of info on biogas production potential and performance of baby maize stover as a substrate for
AD, and of the optimum conditions and trace element requirements for stable operation; and
information on whether AD of this substrate is a sensible and feasible idea in terms of energy

balance.

This study firstly assessed the anaerobic of processing of baby maize stover under mesophilic and
thermophilic condition at typical OLR 3-4 g VS L't day™. This was to assess the anaerobic digestion
behaviour, stable operation and biogas production. If problems happened, next trials were for to the
respond the issues. From the laboratory experimental results, this study aimed to obtain better
operational condition for this novel substrate, baby maize stover. Energy balance calculation was

also conducted to assess the actual operation and better operation.
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3. Materials and methods

Chapter 3 presents information on the materials and methods used in this study. The methods
below make use of the standard descriptions being developed for use in the Bioenergy and Organic
Resources Research Group at the University of Southampton. Sections 3.1 to 3.8 describe the
analytical methodology, while Section 3.9 summarises the setup and objectives for each

experimental trial.

3.1. General

Reagents
Except where otherwise stated all chemicals used were of laboratory grade and obtained from Fisher

Scientific (Loughborough, UK)

Water
Solutions and standards were prepared using ultra-pure deionised (DI) water obtained from a

Barnstead Nanopure ultrapure water purification system (Thermo Scientific, UK)

Laboratory practice

All laboratory operations were carried out using good laboratory practice, and having first carried
out the appropriate risk assessments and, where necessary, control of substances hazardous to
health (COSHH) assessments. All equipment, laboratory apparatus, and analytical instruments were
operated in accordance with the manufacturer's instructions unless noted. All glassware was washed
using washing detergent followed by rinsing with tap water and DI water. The glassware used for
acid digestion was soaked in a 10% nitric acid bath for a 24-hour period after which it was rinsed

with ultra-pure water.

3.2. Feed stocks

Maize silage
Approximately 200 kg of ensiled fodder maize was provided by the Centre for Dairy Research
(CEDAR) at the University of Reading, UK. The maize silage was delivered to the laboratory in

Southampton on 24/11/2016 and was ground by passing through a macerating grinder (552/010
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Waste Disposer, IMC Ltd, UK), stored in freezer bags and frozen at -18 °C until use, when it was

thawed at room temperature overnight then stored for up to 7 days at 4 °C.

Baby maize stover

Approximately 400 kg of baby maize stover was provided by Gorge Farm in Kenya. The baby maize
stover was delivered to the laboratory in Southampton in two batches on 30/04/2015 (200 kg) and
15/12/2015 (200 kg), and was ground, stored in freezer bags and frozen at -18 °C until use, when it

was thawed at room temperature overnight then stored for up to 7 days at 4 °C.

Inoculum

Unless noted, digester inoculum was taken from a mesophilic digester treating municipal
wastewater biosolids at Millbrook Wastewater Treatment Plant (WWTP), in Southampton, UK
operated by Southern Water Plc. Thermophilic digesters used an inoculum taken from this
source, which was then acclimated to thermophilic conditions as described in the individual

experimental methods in each case.

3.3. Gravimetric Analysis

Total Solids and Volatile Solids

TS and VS determination was based on Standard Method 2540 G (APHA, 2005). After thorough
agitation, approximately 10 g of sample was transferred into a pre-weighed crucible by pipetting
(digestate samples) or spatula (substrate samples). Samples were weighed to an accuracy of 10 g +
0.001 g (Sartorius LC6215 balance, Sartorius AG, Gottingen Germany) and placed in an oven (LTE
Scientific Ltd., Oldham UK ) for drying overnight at 105 + 1 °C. After drying the samples were
transferred to a desiccator to cool for at least 40 minutes. Samples were then weighed again with
the same balance, transferred to a muffle furnace (Carbolite Furnace 201, Carbolite, UK) and heated
at 550+ 10°C for two hours. After this ashing step, samples were again cooled in a desiccator for at

least one hour before weighing a third time.

After all analyses, crucibles were washed with detergent, rinsed with DI water, and stored in a
desiccator until required for the next analysis. Crucibles were transferred from the oven to a
desiccator for cooling to room temperature before each analysis. Total and volatile solids were

calculated according to the following equations:
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%TS = ux 100 Equation 3.3.1
W, =W,
W —
% VS (on a wet weight basis) = ﬁx 100 Equation 3.3.2
2~ Wq
LW W, :
% VS (on a TS basis) = ————x 100 Equation 3.3.3
W; =W,

Where:

W1 = weight of empty crucible [g]

W, = weight of crucible containing fresh sample [g]

W3 = weight of crucible and sample after drying at 105 °C [g]
W, = weight of crucible and sample after heating to 550 °C [g]

3.4. Chemical and Electrochemical analysis

pH

pH was measured using a Jenway 3010 meter (Bibby Scientific Ltd, UK) with a combination glass
electrode, calibrated in buffers at pH 4.7 and 9.2. The pH meter was temperature compensated and
had a sensitivity of £0.01 pH unit and accuracy of 0.01+0.005 pH units. Buffer solutions used for
calibration at pH 4.7 and 9.2 were prepared from buffer tablets (Fisher Scientific, UK) according to
the supplier's instructions. During measurements, the sample was stirred to ensure homogeneity.
The pH probe was rinsed with DI water in between measurements and placed into a mild acid
solution to avoid cross-contamination. Digestate samples were measured immediately after

sampling to prevent changes in pH due to the loss of dissolved CO,.

Alkalinity

Alkalinity was measured by titration based on Standard Method 2320B for Alkalinity (APHA, 2005).
2-5 g of digestate was added to 40 mL of DI water. Titration was done using a Schott Titroline Easy
automatic digital titration burette system (Schott, Mainz, Germany), with the samples being
magnetically stirred while the titration was carried out. A 0.25 N H,SO, titrant was used to
determine endpoints of pH 5.7 and 4.3 allowing calculation of total (TA), partial (PA) and
intermediate alkalinity (1A) (Ripley et al., 1986). PA is a measurement of bicarbonate buffering while
IA is attributed to the buffering capacity of Volatile Fatty Acids (VFA). The pH probe was calibrated

before titration using buffers as described before and washed with DI water between subsequent
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samples to avoid cross contamination. Alkalinity was calculated according to the following

equations:

~ (Vyo+ Vi3 +V57)xNx50

A \Y Equation 3.4.1
V5, xNx50
PA=—— .
Vv Equation 3.4.2
V. N x 50
A=—t22200 ,
\'A Equation 3.4.3
Where:

TA = total alkalinity [g CaCOs kgt WW]

PA = partial or bicarbonate alkalinity [g CaCOs kg* WW]

IA = intermediate or volatile fatty acid alkalinity [g CaCOs kg™* WW]

N = normality of the H,SO4 titrant, or the theoretical normality multiplied by a correction factor for
the specific batch of titrant

Va3 and Vs7 = volume of titrant used to endpoints 4.3 and 5.7 respectively [mL]

V = amount of sample [g WW]

Total Ammonia Nitrogen

Total ammonia nitrogen (TAN) analysis was based on Standard Method 4500-NH3 B and C (APHA,
2005). A sample aliquot of between 2-3 g was weighed into a digestion tube and 50 mL of DI water
added. Blanks (50 mL DI water) and standards (containing 10 mL of 1000 mg L™ NH4Cl with 40 mL DI
water) were also prepared in digestion tubes. 5 mL of 10 M sodium hydroxide (NaOH) was added to
each digestion tube to raise the pH above 9.5 and the samples were distilled using a Biichi K-350
Distillation Unit (Bichi, UK). Erlenmeyer flasks previously filled with 25 mL of boric acid as an
indicator were used to collect the distillate and progress of the distillation was indicated by a colour
change from purple to green. The distillate was titrated manually with 0.25N H,SO, using a digital
titration system (Schott Titroline, Gerhardt UK Ltd) until an endpoint was reached as indicated by a
colour change to purple at which point the volume of titrant added was recorded. Standards and
blanks were distilled in the same way. The TAN concentration was calculated according to the

following equation:
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(A—B)x14.0xN
TAN = Ve Equation 3.4.4

Where:

TAN = total ammonia nitrogen [g N kg* WW]

A = volume of titrant used to titrate the sample [mL]

B = volume of titrant used to titrate the blank [mL]

N = normality of the H,SO, titrant, or the theoretical normality multiplied by a correction factor for
the specific batch of titrant

V; = amount of sample [g WW]

Total Kjeldhal Nitrogen

Total Kjeldhal Nitrogen (TKN) analysis was carried out on duplicate samples alongside blanks and
controls as follows: 3-5 g (weighed to + 1 mg) of sample was placed in a glass digestion tube. Two
Kjeltab Cu 3.5 catalyst tablets were added to facilitate acid digestion by lowering the activation
energy of the reaction. 12 mL of low nitrogen concentrated H,SO4 was added carefully to each
digestion tube and agitated gently to ensure that the entire sample was completely exposed to acid.
The digestion tubes were then placed into the heating block with exhaust system using either a Foss
Tecator 1007 Digestion System 6 (Foss Analytical, Hoganas Sweden) or a Blichi K-435 Digestion Unit
(Blichi, UK) for approximately two hours until the solution colour became a clear blue-green. Both
systems operated at 420 = 5 °C and once the reaction was completed the tubes were cooled to
around 50 °C and 40 mL of DI water slowly added to the digestion tube to prevent later
crystallisation on further cooling. Samples, blanks and standards were then distilled and titrated as

for Total ammonia nitrogen.
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(A—B)x14.0 x N x 1000
TKN = V. Equation 3.4.5

Where:

TKN= total kjeldhal nitrogen [mg N kg WW]

A = volume of titrant used to titrate the sample [mL]

B = volume of titrant used to titrate the blank [mL]

N = normality of the H,SO4 titrant, or the theoretical normality multiplied by a correction factor for
the specific batch of titrant

V = amount of sample [g WW]

3.5. Instrumental analysis

Gas Chromatograph (GC) determination of volatile fatty acids (VFA)

The method used was based on SCA (1979): Determination of Volatile Fatty Acids in Sewage sludge
(1979). Samples were prepared for analysis by centrifugation at 14,000 revolutions per minute (rpm)
(micro-centrifuge, various manufacturers) for 15 minutes. 0.9 mL of the supernatant was transferred
by pipette to vials with 0.1 mL formic acid to give a final concentration of 10% formic acid. Where
dilution was necessary, DI water was used and formic acid was added to give a concentration of 10%
of the total volume for analysis. If the samples at this point were turbid they were centrifuged again
at 14,000 rpm to obtain a clearer supernatant. The supernatant after acidification and centrifugation

was transferred into the vials and loaded onto the GC auto-sampler ready for the VFA measurement.

A mixed acid standard solution containing acetic, propionic, iso-butyric, n-butyric, iso-valeric, valeric,
hexanoic and heptanoic acids, at three dilutions to give individual acid concentrations of 50, 250 and

500 mg L respectively, was used for calibration and also loaded onto the GC.

Quantification of the VFA was by a Shimadzu GC-2010 gas chromatograph (Shimadzu, Milton Keynes,
UK) using a flame ionization detector and a capillary column type SGE BP-21. The carrier gas was
helium at a flow of 190.8 mL min'* and a split ratio of 100 to give a flow rate of 1.86 mL mintin the
column and a 3.0 mL min! purge. The GC oven temperature was programmed to increase from 60 to
210 °Cin 15 minutes with a final hold time of 3 minutes. The temperatures of injector and detector

were 200 and 250°C, respectively.
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Flame Atomic Absorption Spectrometry

Trace elements were measured on a Flame Atomic Absorption Spectrometer (AAnalyst 200,
PerkinElmer, USA) operated according to the manufacturer’s instructions using a hollow cathode
lamp. The conditions used are shown in Table 3. Calibration solutions were prepared from a stock
solution of Fe, Co and Ni (Fisher Scientific Standard solution, 1000 mg L in HNOs for atomic

spectroscopy) by dilution to the required concentration range using 12.5% nitric acid (HNO3).

Approximately 1.5 g of sample was added to the digestion tube, with blanks prepared in parallel. 15
mL of 35-36% w/v HCI (Hydrochloric acid) was added, then after ~5 minutes 5 mL of 70% w/v HNO3
(Nitric acid) was added, and the tubes were gently agitated. The tubes were placed into the

digestion block (Gerhardt Kjeldatherm), connected to the condenser system and left for 24 hours
prior to heating. The acid digestion involved gradually increasing the temperature first to 100 °C and
then to the final temperature of ~180 °C which was maintained for about 2 hours + 10 min. After
cooling, the mixtures were filtered (Filter paper No. 1 Qualitative 11 cm, Whatman, UK) into a 50- mL
volumetric flask. Any remaining residue in the tube was washed out with ~5 ml of warm 12.5% v/v
HNOsand transferred to the 50 mL flask, with up to 5 washes being performed. The volume was
then made up to 50 mL with HNO3(12.5% v/v). Digested sample was then analysed for Fe, Co and Ni

as described above and with additional dilution with 12.5% nitric acid (HNOs) if required.

Some samples (maize silage, baby maize stover and digestate from laboratory experiments) were

sent for analysis (NRM Ltd, UK).

Table 3. Parameters for each of element analysed

Metal Wave length Slit Linear Range Flame

[nm] [nm] [mg L]
Fe 248.3 0.2 6.0 Oxidizing / LEAN-BLUE
Co 240.7 0.2 7.0 Oxidizing / LEAN-BLUE
Ni 341.5 0.2 20.0 Oxidizing / LEAN-BLUE
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3.6. Gas analysis

Gas composition
The gas produced during anaerobic digestion of wastes contains methane and carbon dioxide (CO,)
as its major components with minor quantities of water vapour, hydrogen, hydrogen sulphides,

nitrogen, and oxygen and other trace components.

Methane and carbon dioxide

Biogas composition was quantified using a Varian Star 3400 CX gas chromatograph (Varian Ltd,
Oxford, UK). The GC was fitted with a Hayesep C column and used either argon or helium as the
carrier gas at a flow of 50 mL min'* with a thermal conductivity detector. The biogas composition
was compared with a standard gas containing 65 % CH4 and 35% CO, (v/v) (BOC Ltd, UK) for
calibration. A sample of 10 mL was taken from a gas-impermeable sampling bag used for sample

collection and was injected into a gas sampling loop.

Gas volume

Gas bags. Unless noted, biogas was collected in gas-impermeable sampling bags. Gas bag volumes
were measured using a weight-type water displacement gasometer (Walker et al., 2009). The
measurement procedure was as follows: the initial height of solution in the gasometer (h1) was
recorded before the collected gas was introduced into the column through the top valve. After the
bag was empty, the final height (h;) and the weight of water (m) were recorded, as well as the
temperature (T) and pressure (P) in the room. This study used weight gasometer governing
equation, with height gasometer governing equation to provide a check on any gross measurement
errors. All gas volumes reported are corrected to standard temperature and pressure of 0°C, 101.325

kPa as described by Walker (Walker et al., 2009) according to the following equations;
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Height Gasometer Governing Equation Equation 3.6.1

T, A
Vstp = T ® ((patm - pHZO (Tatm) - pbg(hIZ - hcz))hcz - (patm - pHZO (Tatm) _pbg(htl - hcl )}]cl)
atm Mstp
Weight Gasometer Governing Equation Equation 3.6.2

T Ap, Ap,

atm Mstp

Vg[p = 4TSIDA l:[[Pam - pHZO (Tatm) +pbg[H - hl _mb]J(hl +mb]]_(paln - szO(Tatm) + pbg(H - hl))]l

Where:

V = gas volume [m?]

P = pressure [Pa]

T =temperature [K]

H = total height of column [m]

h = distance to liquid surface from a datum [m]
A = cross-sectional area of gasometer [m?]

mp = mass of barrier solution [kg]

p = density pf barrier solution [kg m™]

g = gravitational acceleration [m s2]

1, 2standard temperature and pressure [STP], atm, b,H20c g\ hscripts refer to condition 1 (before addition of gas to
column), condition 2 (after gas addition to column), standard temperature and pressure,
atmospheric, barrier solution and water vapour, respectively.

Note: this calculation gives the volumes of dry biogas i.e. without water vapour

3.7. Specific analysis

Calorific value

Calorific value was quantified using a bomb calorimeter (CAL2k EC, Digital Data System Ltd, South
Africa) according to the manufacturer's instructions. The sample was pre dried in an oven overnight
at 105 C. Then, 0.4 g (weighed with an accuracy of 0.1 mg) was added to the crucible and placed in
position in the calorimeter. A cotton firing thread was attached to the ignition wire and fed to the
crucible. The bomb vessel was then assembled and pressurised, using the filling station, with oxygen
until the pressure reached 3 MPa. The bomb was then placed in the calorimeter and fired and

temperature changes logged on the computer. A blank was also run to account for the energy
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released in burning the fuse and a standard was run using benzoic acid (around 1 g with an accuracy

of 0.1 mg) with an higher heat value (HHV) of 26.454 k) g* TS.

Elemental Composition

Carbon, hydrogen and nitrogen contents of samples were determined using a FlashEA 1112
Elemental Analyser (Thermo Finnigan, Italy). Samples were air dried and milled to obtain a
homogenous sample. Sub-samples of approximately 3-4 mg were weighed into standard weight tin
disks using a five decimal place analytical scale (Radwig, XA110/X, Poland). These were placed in a
combustion/reduction reactor held at 900°C then flash combusted in a gas flow temporarily
enriched with oxygen resulting in a temperature greater than 1700 °C and the release of NxO, CO,,
H,0 and SO, (depending on the composition of the sample). The gas mixture was then analysed by
GC with the different components are measured by appropriate detectors. The working conditions
of the elemental analyser were as described in the manufacturer's technical literature and method
sheets. Standards used in this analysis were methionine, nicotinamide and birch leaf. The sample
preparation was carried out by this study, then the samples were kindly analysed by Pilar Pascual-

Hidalgo.

Capillary Suction Time (CST) Test

The CST test was carried out using a Triton-WRPL type 130, a type 319 Multi CST apparatus and
paper (Triton Electronics Ltd, UK). 5 mL of the digestate sample was poured into the small circular
tube which presses down on a piece of CST filter paper placed on the lower perspex block of the
apparatus (Figure 6). Two electrodes placed at a standard distance from the central filling tube
detect the presence of water in the CST filter paper. The CST is as the time taken for the water to
travel along the paper between the first and second electrodes. The time interval depends on the
resistance of the cake to giving up its water (Scholz, 2005). A digestate with a CST lower than 10

second is considered to have a good dewaterability.
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Figure 6. CST test apparatus

Frozen Image Centrifuge (FIC) Test

The FIC test was carried out using a Triton WRC model 161 centrifuge (Triton Electronics Ltd, UK) at
maximum speed (1070 rpm), with supernatant height recorded against time. The time observations
were from 10 min to 1 hr. This test uses a stroboscopic technique in which a ‘frozen image’ of the
sample is generated which allowing changes in the solid liquid interface to be measured in real time
without stopping the centrifuge. The mechanism operates by matching the frequency of the strobe

light to the rotor speed of the centrifuge (Figure 7).

Transparent glass

(a) Schematic of FIC apparatus (b) FIC

Figure 7. FIC test apparatus

Viscosity
The viscosity test was carried out using a Brookfield digital viscometer model DV-E (Brookfield
engineering laboratories Ltd, USA) according to the manufacturer’s instructions. The viscosity test

was carried out immediately after sample collection because viscosity relied on temperature. The
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viscometer was provided with a set of four-six spindles. The DV-E had a spindle entry code number
to calculate viscosity values, therefore, the two digit entry code for each spindle was used when
spindle was changed. Spindle was inserted and centred in the test material until the fluid’s level was
at the immersion groove on the spindle’s shaft. When % (torque) readings exceed 100 % (over
range), the display changed to that shown “cP EEEE”. In that case, reduction the speed or use a
smaller size spindle to correct this condition was required. For maximum accuracy, flashing readings
below 10 % was avoided. Viscosity analysis was conducted in duplicate. In this study, the following

operation was conducted.

Sample collection
Mixing sample

Insert spindle

i N

Reading the viscosity when the value settled

Determination of structural carbohydrates and lignin in biomass

Determination of structural carbohydrates and lignin in biomass followed the method by of the
National Renewable Energy Laboratory (NREL) (Sluiter, 2008). Samples were freeze dried and 300 +
10.0 mg were weighed for acid digestion. These acid solubilisation, gravimetric and HPLC analyses

were used for determination of lignin, glucose and xylose.

3.8. Laboratory scale digesters

Description. The digesters used were of the continuously-stirred tank reactor (CSTR) type with a total
volume of 5 litres, and were operated at a working volume of 3 —4 L. A schematic drawing of a pair
of digesters is shown in Figure 8. The Laboratory-scale digesters used in the research is shown in
Figure 9. The digesters were constructed in polyvinyl chloride (PVC) with a top flange to which a top
plate was secured using stainless steel bolts and wing nuts. A gas tight seal between the top plate
and the digester flange was maintained using a closed pore neoprene gasket. The top plate was
fitted with a gas outlet connector and a feed port sealed with a rubber bung. On the top plate a DC
motor was mounted which coupled to the digester stirrer through a draught tube water gas seal, the
draught tube itself being secured in a gas tight compression seal. Digestate was removed from the
digester via a 15 mm diameter outlet port at the base of the digester. The contents of the digesters
were continuously mixed by means of an asymmetric stirrer at 40 rpm. Temperature was maintained

at 35 °C +/- 0.5; by water circulating through an external heating coil that surrounded the digesters.
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When assembled, and before filling, each digester was tested for gas leaks by applying a positive
pressure to the digester and submerging in water to ensure there was no gas escape when all ports
were sealed. The digesters were connected to gas counters, which continuously measured gas
production throughout the digestion period; the gas counters operated by the alternate filling and
discharging of a calibrated cell which logged each discharge via a labjack (labjack Itd) computer
interface (Walker et al, 2009). The calibration of each gas counter was checked twice a week by
attaching a 10-litre gas collection bag (Tedlar SKC 232, SKC Ltd, Blandford Forum, UK) to the gas vent

of gas counter.

50 mm closed
cell poly-
urethane high
performance
insulation

Temperature
controlled heating

=

Figure 8. Schematic of 5 L CSTR digester

5 L digester Set of 5 L digesters in temperature controlled box

Figure 9. Laboratory-scale digesters used in the research
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Digester operation and calculations
The digesters were operated in a semi continuous mode i.e. fed daily with a specific amount of
feedstock and digestate removed weekly to maintain a constant volume in the digester. The organic

loading rate (OLR) [g VS L day!] was determined according to equation 3.8.1.

VS

substrate

m
OLR = Equation 3.8.1

reactor

Where:

m is the mass of substrate daily added to the reactor [g day!]

VS substrate IS the volatile solid content of feedstock [% wet weight]
V reactor IS the volume of reactor [L]

HRT [day] of the digester is expressed in equation 3.8.2.

HRT — Vreactor
Q

Equation 3.8.2

Where:
V reactor i the working volume of each reactor [mL]

Q is the daily flow of material (substrate added and digestate removed) through the reactor [mL day

]

The amount of substrate and digestate was measured in g but for ease of calculation it was assumed
that both the substrate and digestate had a specific gravity of 1.0. Therefore, 1 g of substrate and

digestate was considered to be equivalent to 1 mL.

The amount of substrate and digestate was measured in g but for ease of calculation it was assumed
that both the substrate and digestate had a specific gravity of 1.0. Therefore, 1 g of substrate and

digestate was considered to be equivalent to 1 mL.

Where reactors were operated at a series of different loading rates (OLR) for periods of less than 3

HRT, in some cases an equivalent HRT is quoted. Equivalent HRT is useful as a simple comparative
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indicator of the state of progression of a trial when reactors have had a complex feeding pattern
(e.g. pauses in feeding due to VFA accumulation or other disturbances); although it does not give an
accurate reflection of the changing status e.g. of materials being washed out of or accumulated in

the reactor over time.

Equivalent HRT is calculated from the volume of the reactor divided by the total amount of feed
added in the time period considered. HRT equivalent for total amount of substrate addition [-] is

expressed in equation 3.8.3.

V feed

HRT equivalent for total amount of substrate addition = ——
V reactor

Equation 3.8.3
V teed is the total amount of added substrate [L]

V reactor i the working volume of each reactor [L]

The performance of digesters was monitored in terms of specific biogas and methane production

and VS destruction which were calculated using equations 3.8.4, and 3.8.5.

Vbiogas

OLR ><Vreactor Equation 3.8.4

Specific biogas production =

V biogas is the volume of biogas produced daily [L day™]

OLR is the organic loading rate [g VS L' day ]V reactor is the volume of reactor [L]

V.

CH4

OLR XV, ..o Equation 3.8.5

Specific methane production =

Where:
Vcna is the volume of methane produced daily [L day™]
OLR is the organic loading rate [g VS L'*day?]

V reactor is the volume of reactor [L]
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BMP test

The BMP test was carried out using a bioreactor (CJC LABS Ltd, UK)(http://cjc-labs.com/products).
The BMP apparatus consisted of glass reaction bottles each with a capacity of 550 mL and a working
volume of 400 mL sealed with a rubber bung through which a stainless steel metal tube was
inserted. The bottles were maintained at 35 °C in a temperature controlled water bath at 35°C with
each one connected from the stainless steel tube to a gas bag. The volume of biogas collected was
corrected to a STP of 0°C and 101.325 kPa (Walker et al., 2009). Biogas samples were taken from the

gas bags and analysed for gas composition.

On the day of test, fresh inoculum from Millbrook WWTP and substrate were collected. Control
reactors were filled with 400 mL inoculum whereas; the test reactors were filled with a mixture of
inoculum and substrate in a ratio according to the experimental design. Temperature, pressure and
gas volume was noted during working hours every hour in the first week, every 2-3 hours in the 2™

and 3™ week and twice a day over the remaining period of the test.

Pre-hydrolysis
Pre-hydrolysis was carried out by removing a quantity of digestate from the main digester each day

and placing it in a 500 mL flask in a water bath at 55 °C for 24 hours.

The quantities of material to be added or removed from the main digester were aimed at achieving a
TS content in the hydrolyser of < 10%, and were decided based on the result of a preliminary
assessment of the solids content of the supernatant fraction of digestate after centrifugation. The

following example is based on a working volume of 4 L, and OLR of 4 kg VS L day™ and a digestate

supernatant TS of ~ 4% (Figure 10a).

i. 400 mL of digestate (i.e. 10 % of digester volume) was removed from the test reactors every

day.

ii. A proportion of this, sufficient to maintain the digester volume constant was wasted (e.g.
slightly less than volume of daily feed for a test reactor)

iii.  The remainder was placed in a centrifuge tube

iv.  The centrifuged digestate was separated into 2 parts: supernatant (liquid) and precipitate
(solid)

v.  The precipitate went back to the CSTR

vi.  The supernatant was placed in a 500 mL conical flask

vii. Baby maize stover was added to the conical flask with the supernatant
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viii.  The conical flask was sealed by a bung with an outlet tube connected to a gas bag, and
placed in a shaking water bath at 55 °C for 24 hours
ix.  After the removal of the next daily sample of digestate as in (i), the mixture of supernatant

and baby maize stover in the flask was added to the CSTR

A modified pre-hydrolysis method was conducted from Trial 2-2 which did not include the

centrifugation step (Figure 10b).

The weight of conical flask before and after pre-hydrolysis was noted and the weight loss was

calculated using equation 3.8.6.

W3—W1><
2-W1

Weight loss [%] = 100

Equation 3.8.6

W1: conical flask weight [g]
W2: conical flask with digestate before pre-hydrolysis [g]
W3: conical flask with digestate after pre-hydrolysis [g]

The digestate loss due to the process (i.e. wasted digestate, spillage) was noted and applied in

calculation of the VS destruction in the main digesters.
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(a) Pre-hydrolysis for Trial 1 and Trial 2-1

(b) Pre-hydrolysis for Trial 2-2 and Trial 2-3

Figure 10. Pre-hydrolysis
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3.9. Summary of the objectives, trials and parameters of the different trials

Table 4 shows the aim of each trial and the experimental parameters. Trial 1 was for anaerobic
processing of conventional substrate, maize silage, to establish a baseline for comparison with baby
maize stover. Trial 2-1 was the first trial using baby maize stover and assessed the anaerobic
digestion performance under mesophilic and thermophilic conditions, and with or without
thermophilic pre-hydrolysis for the mesophilic digestion. Trial 2-1 showed some signs of instability
and gas production from the 2-stage digesters was always less than that of single stage. It was
considered that the instability and other features may be related to a lack of TE as the inoculum
used was taken from Trial 1. Therefore, Trial 2-2 used fresh Millbrook digestate as inoculum. Trial 2-3

was to assess the effects of TE addition.
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Table 4. Summary of trial objectives

Objective Substrate Inoculum source Temperature TE additions Pre-treatment
. L ) D1-8:Fe 10 mgL?, Colmg
A o
Trial 1 T(:of:lsljitt::/listh ;2(: Ej:jllzzr:ff?de;::nm;ze ';?llzlz: D1-8: fresh Millbrook digestate B;_g 22 OE L%, Ni 1 mg L' from day 140 N/A
P y P & ' in D1-4 and 135 in D5-8
To assess the anaerobic digestion Riﬁ:Tn:ilaxlt;re of digestate in D1-4 D3-4: theremophilic
fi f i B D1-4:35° i i °C for 24
. performance of baby maize stover at Y 5.8 digestate from Trial 1 35°C  D110:Fe10mgL? Co1mg JigestionatsseCfor
Trial 2-1  mesophilic and thermophilic temperatures maize . D5-8: 55 °C P 1 hours (Pre-hydrolysis
. - - . D9-10: 1 L fresh Millbrook o L NilmglL . .
in terms of digestion efficiency, stability stover . . . D9-10: 35 °C included centrifuge
and methane production potential digestate +2 L mixture of digestate step)
P P in D1-4 from Trial 1 P
D3-4:th hili
To determine the difference in gas .3 t eremopnric
. . s digestion at 55 °C for 24
production potential and stability of baby L
. . L o hours (At the beginning,
maize stover digestion in mesophilic Baby re-hvdrolvsis included
Trial 2-2  conditions with and without a thermophilic maize D1-4: fresh Millbrook digestate D1-4:35°C N/A P y . y
. . . centrifusing step, and
pre-hydrolysis stage, using fresh Millbrook stover .
. . . then, pre-hydrolysis
digestate as inoculum, not digestate from . .
© omitted the centrifuge
Trial 1
step)
To determine the effect of alternative TE D1-4:Fe, Co, N!' Se, Mo
supplementation strategies on the D5-6: Fe, Co, Ni
eFr)fpormance of thermoghilic digestion (3 D1-4, 9-10: 2 L fresh Millbrook D7-8: Fe, Co, Ni, Se, Mo D3-4: theremophilic
znd 5 TE) and meso hiIiE): di estigon (5 TE Baby digestate + 1 L mixture of digestate D1-4: 35 °C D9-10: No TE digestion at 55 °C for 24
Trial 2-3 and no TE), and a thF;rmo hgilic re- maize in D9-10 from Trial 2-1 D5-8: 55 °C (concentration: Fe 10 mg L'},  hours (Pre-hydrolysis
’ P P stover D5-8: mixture of digestate in D5-8  D9-10:35°C Co0.4mgL! NilmglL?l Se did notinclud centrifuge

hydrolysis step before mesophilic digestion
TE addition (5 TE), as indicated by gas
production and operational stability

from Trial 2-1

0.2mglLt Mo0.2mglL?)
*One-off W 0.2 mg L™ dosing
to D5-8

step)
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4. Results and discussion

Chapter 4 reports on the results of the laboratory experimental trials. It includes feedstock and
inoculum characterisation, Trial 1, Trial 2-1, Trial 2-2, Trial 2-3, conical flask test for Trial 2-3, energy
conversion efficiency and discussion. Trial 1 was for maize silage and Trial 2 was for baby maize

stover.

4.1. Feedstock and inoculum characterisation

The feedstock and inoculum characteristics are described below.

Baby maize stover: This study used baby maize stover (Figure 11a) which was delivered by air freight
from Gorge Farm, Naivasha, Kenya in 2 batches of around 200 kg each. During the experimental
work the TS and VS contents were measured in triplicate every time a new storage bag was opened.
The results are shown in Table 5 and Figure 12. The average TS was 19.5 + 1.30 % WW and VS was
17.6 £1.22 % WW. The slope of the line of baby maize stover was 0.88 (Figure 12) which was slightly
lower than that of the VS/TS 90.4 £ 0.37 % (Table 5). Nouala (Nouala et al., 2004) reported values for
baby maize stover of TS 33 % WW, VS 93 % TS. Hiep (2003) reported TS 24 % WW, VS 95 % TS. The
baby maize stover from Kenya thus had a slightly higher moisture content than these literature

values, and a slightly lower ratio of VS to TS.

The substrate characteristics are shown in Table 6. The carbon to nitrogen (C/N) ratio was around 43
which is outside the optimum for anaerobic digestion but within the typical range for conventional
maize silage feedstocks (Amon et al., 2007). The fibre analysis results were lignin 24.5 % TS, glucose
30.1 % TS, xylose 9.6 % TS, The analysed lignin value was much higher than the value of 3.2 % TS
obtained by Hiep (2003). This may be related to the use of different baby maize stover: the lack of
other reported values makes it difficult to assess whether this is simply. The farm location, growing
method, season and harvesting time may all have effects on the fibre composition (Rincén et al.,
2016) and there are quite large variations in reported values for maize-derived materials. For maize
stover, Tirado-Gonzalez et al. (2016) reported a lignin content of 4.6 % TS but Lizasoain et al. (2017)

found lignin was 18.3 % TS which was approximately 4 times higher.

It was difficult to find other literature values to compare with experimental results because baby
maize stover is not a common substrate for biogas production. To check the data reliability, where

possible cross checking was carried out. Trace element analysis (Fe, Co, Ni) was conducted at
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University of Southampton and NRM Ltd. NRM reported Co was less than 1 mg kg TS and the result
from this study was less than 0.7 mg kg* TS. NRM'’s value for Ni was 1.0 mg kg™ TS and this study
was 1.0 mg kg TS. NRM'’s value for Fe was 524 mg kg TS and this study was 523 mg kg* TS. These

values show reasonable agreement.

(a) Baby maize stover from Gorge Farm, Naivasha,  (b) Maize silage from CEDAR, showing signs of
Kenya fungal attack and degradation

Figure 11. Images of baby maize stover and maize silage feedstocks as delivered to Southampton

Maize silage: Maize silage was obtained from the Centre for Daily Research (CEDAR) at the
University of Reading, UK. On opening the bulk bags of maize silage for processing in the laboratory
at Southampton it was realised that the quality was variable, with some material drier (e.g. that
taken from the top of the pile) and some wetter, and some beginning to ferment (Figure 13b). No
single container was available that was big enough to mix the whole batch in one load, however, and
there were concerns that if mixing was delayed until the whole batch was ground, more of the
material might ferment. The maize silage was therefore mixed as well as possible, consistent with
the need for rapid processing; and it was accepted that some variation in parameters was likely for

different bags used during feeding.

During the experimental work the TS and VS contents were measured in triplicate every time a new
storage bag was opened. The results are shown in Table 5 and Figure 12. The maize silage showed
more variation than the baby maize stover (Figure 12). Average TS was 39.1 + 1.58 % WW and VS
was 37.0 £ 1.99 % WW. The slope of the line of maize silage was 0.93 (Figure 12) which was within
the range of the VS/TS 94.6 + 3.63 % (Table 5). The literature values were: TS 18 - 52.9 % WW, VS
17.2-50.7 % WW (Amon et al., 2007; Bauer et al., 2010; Cornell, 2011; Evranos and Demirel, 2015).

The experimental values were thus within the mid-range of the literature values. Cornell (2011)
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analysed maize silage at BORRG, University of Southampton where this study was carried out. The
maize silage was TS - 33.7 % WW, VS - 32.2 % WW. This study’s maize silage TS was approximately

5 % drier than that used in Cornell’s study.

The substrate characteristics for the maize silage are shown in Table 6. The C/N ratio was around 37,
again outside the preferred range (Mata-Alvarez, 2003). Fibre analysis results showed some
difference from those of Amon et al. (2007). Results for the maize used were lignin 15.1 % TS,
glucose 53.7 % TS, xylose 5.7 % but literature values were lignin 4.3 — 8.6 % TS, cellulose 19.3 —

37.3 % TS, hemicellulose 25.3 —36.2 % TS. The difference in lignin content may be due to growth

stage at harvest or to maize species.

TE analysis cross checking was also carried out as above. Co and Ni values were similar, but Fe was
different. This study result was 130 mg kg™ TS and the NRM value was 263 mg kg TS. The maize
silage was less homogeneous than the baby maize stover, and samples from different bags were
used for TE analysis by NRM and at Southampton. The inhomogeneous substrate may have

contributed to the different Fe concentration.
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Figure 12. Substrate TS and VS content for maize silage and baby maize stover: triplicate samples

taken every time a new bag is opened. Error bars indicate range
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Table 5. Feedstock solids content: long-term averages from each bag used in this trial, triplicate

samples taken every time a new bag is opened

Maize silage Baby maize stover
TS [ % Wet Weight (WW)] 39.1+1.58 19.5+1.30
VS [% WW] 37.0+1.99 17.6 £1.27
VS [% TS] 94.6 £3.63 90.4 +0.37
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Table 6. Feedstock characteristics — maize silage and baby maize stover

Unit Maize silage ~ Baby maize stover
Lignin? % TS 15.1 24.5
Glucose® % TS 53.7 30.1
Xylose? % TS 5.7 9.6
c? % VS 48.9 51.6
H? % VS 5.9 5.6
o? % VS 43.8 41.5
N? % VS 1.3 1.2
s? % VS 0.1 0.1
HHV (Buswell)? ki gtVs 18.3 19.3
HHV(bomb calorimetry)? klgtvs 20.7 22.1
TKN? % TS - 1.3
Total nitrogen (N)® % TS 1.2 1.2
Total phosphorus (P)° % TS 0.2 0.3
Total potassium (K)° % TS 1.0 2.9
Total sulphur (S)° % TS 0.1 0.1
Cobalt (Co)? mg kg* TS <0.7 <0.7
Cobalt (Co)® mg kg TS <1 <1
Nickel (Ni)? mg kg' TS <0.8 1.04
Nickel (Ni)® mg kg* TS <1 1.01
Iron (Fe)? mg kg! TS 130 523
Iron (Fe)® mg kg TS 263 524
Total copper (Cu)® mg kg TS 4.2 5.6
Total zinc (Zn)® mg kg TS 22.4 38.8
Calcium (Ca)® mg kg TS 2486 3140
Molybdenum (Mo)® mg kg TS <1 2.4
Manganese (Mn)® mg kg TS 11.1 32.2
Selenium (Se)® mg kg TS <0.09 <0.09
Tungsten (W)P mg kg TS <0.1 <0.1
TSP % WW 41 18.6

2: Analysis was carried out at University of Southampton
b: Samples were sent to NRM for analysis
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Inoculum: The inoculum characteristics were measured on 03/12/2014 (Trial 1, D1-8), 10/6/2015
(Trial 2-1, D9&10), 3/3/2016 (Trial 2-2, D1-4) and 20/04/2016 (Trial 2-3, D1-4 and D9&10). The
analysis was carried out twice or three times for each determination except for pH The fresh
Millbrook inoculum had TS 4.1- 4.5 % WW, VS 2.8 —3.0 % WW, ammonia 1.5- 1.6 g N kg T WW, TA
7.3-7.7gCaC0O3 kg, PA4.7-5.0gCaCOs kg™, IA2.4—2.9 g CaCOs kg™ (Table 7).

Table 7. Inoculum characteristics before digestion trials

03/12/2014 10/06/2015 03/03/2016 20/04/2016

Trial 2-1, Trial 2-2, Trial 2-3, D1-4,

Trial Trial 1, D1-8 D9&10 D1-4 D9&10
pH 8.22 8.25 7.48 7.48
TS [% WW] 4.1 4.2 4.4 4.5
VS [% WW] 2.8 3.0 2.9 3.0
Ammonia [g N kg ] 1.5 1.7 1.6 1.6
Total Alkalinity [g CaCOs kg™ 7.3 7.6 7.7 7.6
Partial Alkalinity [g CaCOs kg ™] 4.9 5.1 5.0 4.7
Intermediate Alkalinity [g CaCOs

kg ] 2.4 2.5 2.7 2.9
IA:PA 0.48 0.49 0.53 0.62

BMP test

A biochemical methane potential test was carried out on the baby maize stover by colleagues. Four
0.5-litre digesters of the type described in section 3.8 were used in this trial, two with baby maize
stover and two as inoculum-only controls. Temperature was controlled at 35 °C in a water bath. The
digesters were seeded with fresh inoculum from Millborook WWTP. Table 8 provides the condition of

the BMP trial.

Table 8. BMP operational condition

Inoculum Substrate VS content Substrate VS basis
g WW g WWwW [ % WW] [g VS] [1/S ratio]
Control 1 500 0.0 24.0 0.00 -
Control 2 500 0.0 24.0 0.00 -
Maize 1 500 17.4 178.4 3.10 3.87
Maize 2 500 17.4 178.4 3.10 3.87
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Figure 13 shows the gas production during the BMP test. The final BMP was taken as the value
obtained from gas bag measurements and was equal to 0.404 and 0.407 L CH4 g* VS for the

duplicate samples, giving an average value of 0.405 L CHs g VS.
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Figure 13. Gas production in BMP test
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4.2. Digestion Trial 1 — maize silage

The purpose of this trial was to establish a baseline value of methane productivity for European
fodder maize in mesophilic and thermophilic conditions as organic loading rates typical of those used
in commercial AD plant. In addition, mesophilic digestion and thermophilic digestion performance

were compared.

As maize silage and baby maize stover were different substrate, the methane yield would be
different. Based on physicochemical characteristics reported in the literature review, baby maize
stover appeared to be more similar to maize silage than to maize stover, although baby maize stover
is not ensiled. Maize silage was therefore selected as the preferred material for a baseline study to
allow comparison with the behaviour of the baby maize stover. The trial with maize silage was
carried out while awaiting the delivery of baby maize stover from Gorge Farm. It would have been
interesting to carry out the same baseline trials with maize stover to allow comparison of all 3

substrates, but time constraints did not allow this.

4.2.1. Objectives and methodology

Objective. To establish the methane productivity and operational characteristics for digestion of
ensiled European fodder maize in mesophilic and thermophilic conditions at organic loading rates

typical of those used in commercial AD plant.

Methodology. Eight 5-litre digesters of the type described in section 3 were used in this trial. The
digesters were seeded with fresh inoculum from Millorook WWTP. Temperature was controlled at
35 °C (D1-D4) or 55 °C (D5-D8) by thermocirculators. D1-4 were initially fed with maize silage at an
organic loading rate (OLR) of 3 g VS L day™. Digesters D5-8 were not fed for 5 days to allow
acclimatisation to the step change in temperature. Feeding on maize silage then began at an OLR of
0.5 g VS L't day™® which was then steadily raised to 3 g VS L'? day? by day 50. After 174 days and 145
days of operation respectively, the OLR on one pair of mesophilic (D3-4) and one pair of
thermophilic (D5-6) digesters was gradually increased to 4 g VS L't day™. Feeding of the other pair of
mesophilic digesters (D1-2) continued at 3 g VS L' day?, while feeding of the thermophilic digesters

D7-8 on maize silage stopped on day 145 when they were transferred to the following digestion trial.
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After day 140 for mesophilic and day 135 for thermophilic digesters, trace elements were added to
the digesters to give additional concentrations in the digestate of 1 mg Co L}, 1 mg Ni L' and 10 mg
Fe !, and weekly addition of these trace elements was started in proportion to the quantity of feed

added to the digester, in order to maintain digestate TE concentrations.

For clarity and ease of understanding the results for thermophilic digestion are presented first, then
those for mesophilic digestion, followed by a comparative discussion. A summary of the reactors’

history (trace elements addition and other events) is given in Table 9 and 11 in the results sections.

4.2.2. Thermophilic digestion results

Operating parameters. Figure 16 shows the OLR, daily wet weight of feed added and hydraulic
retention time for D5-8 during the experimental period. It can be seen that the target OLRs were
successfully maintained (Figure 16a and b), while there were small variations in the daily feed (Figure
16c and e) and HRT due to variations in the solids content of different batches, as noted in section
4.1 (Figure 14). Since no water or other liquid was added to the digesters, the high solids content of
the maize silage meant that the corresponding HRTs were also high, with average values of 123 and

77 days at OLR of 3 and 4 g VS L day® respectively.

On day 24 (Table 9), 400 pL Goldcrest antifoam was dosed into each reactor. At this point, the
mesophilic digesters had serious foaming issues, as described in section 4.2.3. The thermophilic
digesters did not show foaming problems at this time, but were supplemented as a precautionary
measure. On day 45, all of the digesters received a one-off dose of trace element solution to give an
additional concentration in the digestate of Co 1 mg L'* and Se 0.2 mg L in response to the foaming
issues in mesophilic digesters. Several researchers have reported that TE dosing had positive impacts

to reduce foaming (Karlsson et al., 2012; Ortner et al., 2014; Suhartini et al., 2014).

Digester D5 experienced some mixing problems. The motor stopped several times on day 76, 81, 82,
87, 99. It was replaced on day 76 and cleaned again on day 82. On day 94, D5’s stirrer broke and was

replaced.

On day 145, feeding of D7&8 was stopped and these digesters were transferred to the next digestion
trial. From day 146, D5&6 OLR increased from 3 to 4 g VS L't day™ for over an 8-day period. D5&8

feeding ceased on day 301 because instabilities appeared.
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HRT is expressed in units of days, on the basis of the calculation given in section 3.8 equation 3.8.2
and equation 3.8.3. Equivalent HRT is expressed as a ratio (no unit) (Table 10). D5&6 and D7&8 were
operated for an equivalent total of 2.5 HRT and 1.0 HRT, respectively (Table 10).
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Figure 14. OLR, daily feed and HRT for thermophilic digesters D5-8 during digestion Trial 1 on maize

silage

Table 9. Summary of reactor history for digesters D5-8 during digestion Trial 1 on maize silage

Day Date

D5 D6 | D7 | D8

-6 03/12/2014

Set up

5 04/12/2014

Acclimatisation (Not fed)

0 09/12/2014

Start Feed: raise OLR from 0 to 3 g VS L day™* for 50 days

24 | 02/01/2015

Antifoam Goldcrest AF-530 400 pL/each reactor

45 23/01/2015

Trace elements (4 mL) added; Co 1 mg L'+ Se 0.2 mg L*

135 23/04/2015

ColmglL? Nilmg L, Fe 10 mg L added for each reactor working
volume

143 01/05/2015

Weekly TE addition started to maintain TE concentrations

145 03/05/2015

Ceased feeding

146
04/05/2015

Increase OLR from3to4 g VS L?
day! for 8 days

301 06/10/2015

Ceased feeding
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Table 10. Total amount of added substrate and equivalent HRT

completed

D5 D6 D7 D8
Amount of added substrate [g] 10088 10088 4092 4092
Equivalent HRT [-] 2.5 2.5 1.0 1.0

Biogas and methane production. Biogas and methane production and biogas methane content are
shown in Figure 15. The thermophilic digesters responded well to the initial increase in OLR, with
volumetric biogas production (VBP) and volumetric methane production (VMP) rising in proportion
to the applied load (Figure 15a and b). On day 26, the feed to the thermophilic digesters (OLR 1.7 g
VS Lt day?) was accidentally swapped with that for the mesophilic digesters (OLR 3 g VS L™ day™);

therefore, gas production from the thermophilic digesters briefly increased around day 27.

Until day 15, the specific methane production was around 0.4-0.6 L CH4 g VS During this period, the
OLR was less than 1.0 g VS L day™ so the micro-organisms may have been consuming some residual

organic components in the inoculum, not only maize silage.

From day 125 to 147, biogas production in D6 was 0.5 L L' lower than in the other reactors (Figure

17a). The reason for this difference is not known.

Specific biogas production (SBP) and VBP in D5-8 (Figure 15a-d) showed some fluctuation but
appeared to stabilize around 0.37 - 0.38 L CH, g VS. From day 165 foaming appeared in all
thermophilic digesters, making operation more difficult. On day 176 and 196, the gas outlet tube
from D5 filled with digestate, and the gas volume on that day could not be measured. The outlet
tube was replaced, and the gas counter was cleaned. After day 207, foaming was not observed.
Biogas methane content appeared to increase slightly between day 35-145, and stabilised at around
57% by the end of the run (Figure 15e). This led to a corresponding small increase in specific
methane production (SMP) over the same period, making it difficult to identify steady-state SMP
values for D7&8.

The reason for occasional variability in gas production between duplicate reactors is not known, but
may be linked to the variable quality of the feedstock and the occurrence of foaming. Apart from
these variations, the duplicate pairs of digesters showed reasonably good similarity when operating

under the same conditions.

Average gas production values during pseudo-steady state periods are given in Table 13 in the

discussion section below, together with values for other monitoring parameters.
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Figure 15. VBP, VMP, SBP, SMP and biogas methane content for thermophilic digesters D5-8 during

digestion Trial 1 on maize silage

Operational stability. Figure 16 shows the values of monitoring parameters for operational stability

during the experimental period.

pH in all digesters remained within a narrow range throughout, at an average of 7.6 £ 0.2 (Figure
16a). TAN concentrations fell from initial values of around 2.1 g N kg * in all digesters and stabilised

at around 1.6 g N kg in D5&6 near the end of the experimental period (Figure 16b).

There were some relatively sharp fluctuations in TA, PA and IA (Figure 16c - e) during the period

when foaming occurred, which may have indicated sampling issues and/or minor instability.

As a result of these changes the IA/PA ratio showed some minor fluctuations (Figure 16f), but

remained close to 0.5 indicating a reasonable degree of stability.
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The cause of the slightly raised IA and IA/PA values at the start of the run was probably an initial
peak in total VFA (Figure 16g), which reached around 3 g COD L on day 1 but then rapidly
decreased, with total VFA concentrations in all digesters stabilising at below 0.50 g COD L! after day
50. The initial peak was primarily acetic acid (Figure 16h) with some propionic acid also present,
especially in D7; and was probably associated with the resumption of feeding after the step change

to thermophilic conditions.

Taken together, these parameters indicated that the digesters adapted successfully to the

thermophilic temperature regime and stabilised well.
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Figure 16. pH, TAN, Alkalinity and total VFA for thermophilic digesters D5-8 and VFA profile in during

digestion Trial 1 on maize silage

Solids parameters. Figure 17 shows the solids parameters for the digesters. TS and VS rose steadily
until near the end of the experimental period (Figure 17a and b), stabilising at around 11.4 % WW

and 9.6 % WW respectively in digesters D5&6 by around day 280. In terms of the amount of total
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material added to D5&6, this was equivalent to 2.2 HRT. The VS/TS ratio (Figure 17c) stabilised
slightly earlier than the TS and VS contents, at around 84%. Even using a mass balance approach, it
was difficult to obtain consistent VS destruction values at the beginning of the run (Figure 17d).
From day 43, VS destruction started to settle at around 80%, with minor fluctuations attributable to

inhomogeneity between individual samples of digestate.
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Figure 17. Digestate solids parameters for thermophilic digesters D5-8 during digestion Trial 1 on

maize silage

Images of digestate samples taken on day 176 and results of CST and FIC are given in section 4.2.3

below with the results for the mesophilic digesters.

4.2.3. Mesophilic digestion results

Operating parameters. Figure 18 shows the OLR, daily wet weight of feed added and HRT for D1-4
during the experimental period. A summary of the reactors’ history (trace elements addition, and

other events) is shown in Table 11.

There were considerable deviations in the applied OLR both from the values originally planned at the

start of the experiment, and between pairs of digesters under duplicate conditions (Figure 18a and
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b). These were made in response to changes in the monitoring parameters, for the reasons
described below. These included an unplanned cold shock between days 14 to 17, when the
thermocirculator turned itself off due to a lack of water (Table 11). Digesters D1-4 were not fed for 4
days after the error was identified, then the OLR was returned to 3 g VS L day™. Changes in OLR

affected the HRT in each digester as shown in Figure 18c-f.

From day 14, foaming started and was a severe problem for operation. The foaming digestate
sometimes blocked the gas outlet tube, so that pressure built up inside the reactor leading to the
release of digestate. Therefore, antifoam was dosed on day 29 (Table 11). From day 48 onwards
OLRs in all four digesters were reduced to deal with the effects of instability (VFA accumulation and
pH drop), including temporary cessation of feeding in the worst affected reactors D1 and D4. OLR
was then gradually increased as shown in Figure 20. One-off dose of TE were also added on days 50
and 140 as shown in Table 11, with weekly dosing of TE solution introduced from day 148. By day
104, the OLR on all mesophilic digesters was back to 3 g VS L™ day?; but there were further
interruptions and reductions in feeding for D1-3 until day 138 when all four digesters were again at
the target OLR. On day 175, the OLR on D3&4 was increased from 3 to 4 g VS L day™, while D1&2
remained at 3 g VS L'* day™. To reduce the problems associated with foaming, on day 182 the
working volume of the reactors was decreased from 4 to 3 L by removal of digestate (on a weight

basis), while the OLR was maintained by proportional reduction in the daily quantity of feed added.

There were number of problems with mixing, especially in D4 where the motor stopped
intermittently on day 256-258, 261, 281-286, 292-298 and 305. The motor in D2 also stopped on day

279, 285-286. These may have been associated with changes in the digestate properties.

Digesters D1, D2, D3 and D4 were operated for the equivalent of 2.0, 2.1, 2.4 and 2.4 HRT,

respectively (Table 12).
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Table 11. Summary of reactor history for digesters D1-4 during digestion Trial 1 on maize silage

Day Date D1 | D2 D3 D4
-1 03/12/2014 Set up
0 04/12/2014 Start Feeding: OLR 3 g VS L day?
14 18/12/2014 Thermocirculator turned off for 4 days due to water shortage
18 22/12/2014 Thermo circulator turned on
19 23/12/2014 No feeding for 4 days
23 27/12/2014 OLR back to 3 g Vs L't day* for 3 days
29 02/01/2015 Antifoam Goldcrest AF-530 added 400pL/each reactor
48 21/01/2015 Not fed for 2
days
50 23/01/2015 | OLR backto1.5¢
VS Lt day’?
50 23/01/2015 Co 1 mg L'+ Se 0.2 mgL?; one-off dose for digestate
51 24/01/2015 Not fed for 13 Decrease OLR from 3to 1.5, OLR 1.5 Decrease OLR
days maintained for 23 days from3to 1.5gVs
L? day™?
52 25/01/2015 Not fed for 12
days
64 06/02/2015 | OLRbackto3g OLR backto3 g
VS L't day? for 40 VS L't day* for 40
days days
74 16/02/2015 Increase OLR Increase OLR
from1.5to3gVvs | from1.5to3gVs
L' day! for 27 L day! for 24
days days
110 24/03/2015 Not fed for 3
days
111 25/03/2015 Not fed for 3
days
113 27/03/2015 OLR backto3 g
VS Lt day?! for 7
days
114 28/03/2015 OLR backto 3 g
VS L't day! for 6
days
125 08/04/2015 Not fed for 6
days
131 14/04/2015 OLR backto3g
VS L'l dayt for 7
days
140 23/04/2015 | One off dosing; Co 1 mg L'}, Ni 1 mg L%, Fe 10 mg L to give additional TE for
digestate
148 01/05/2015 Weekly TE addition started to maintain the TE concentrations (Fe, Co, Ni)
175 28/05/2015 Increase OLR from 3 to 4 g VS L™ day™*
for 8 days
182 04/06/2015 Working volume changed from 4 to 3 [kg]
307 07/10/2015 Feeding ceased
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Table 12. Total amount of added substrate and equivalent HRT

D1 D2 D3 D4
4L working volume 4376 4882 4830 4709
3Lworking volume 2748 2748 3661 3661
Equivalent HRT [-] 20 21 24 24
*Mesophilic digesters’ working volume decreased from 4L to 3L on day 183

Amount of added substrate [g]

Operational stability. Digester operating parameters appeared to be quite stable for the first 5-6
weeks, despite the cold shock. The digesters showed signs of incipient foaming from around day 14,
and by day 28 showed foaming which appeared likely to cause operational problems, so 400 pL of
antifoam Goldcrest AF-530 (Goldcrest Chemicals, Basildon, UK) was added to each reactor on day 29.

This reduced the foam without any other apparent effect.

By day 48, however, there was fall in pH in D1 and D4 (Figure 19a) accompanied by a rise in total VFA
in all digesters, which was most pronounced in D1 and D4 (Figure 19b). TA and PA, which had been
rising slightly (Figure19c and d), also fell in these digesters while |A rose (Figure 19e), leading to a
peak in the IA/PA ratio for D1, D2 and D4 (Figure 21f). Similar phenomena, usually referred to as the
“40-day bump” have been observed previously at around day 40-60 when adapting this inoculum to
new feedstocks (Yirong et al., 2017). D1 and D4 were therefore not fed until day 64 when the total
VFA accumulation had been reduced, while the OLR on D2 and D3 was reduced to 1.5 g VS L't day™.
Furthermore, trace elements were added to all four digesters on day 50 as noted above to give an
additional TE concentration in the digestate of 0.2 mg Se L'* and 1 mg Co L. Once the digesters
appeared to have stabilised, the OLR was then gradually increased again to its target value (Figure

19).

TAN concentrations in all digesters were rising at the start of the run (Figure 19g), but increased
sharply in D1 and D4 after day 55, possibly indicating some die-off in the microbial population in
these two digesters, which were the worst affected in terms of the rise in total VFA concentrations

and fall in pH (Figure 19a and b).

After day 100, there were signs of further instability in the mesophilic digesters, especially D2 and
D3, as indicated by increases in the total VFA concentration (Figure 19b), fluctuations in alkalinity
leading to changes in IA/PA ratio (Figure 19f), and a fall in pH in D3 (Figure 19a). D2 and D3 both
showed similar trends in behaviour in terms of the rise in VFA concentration and IA/PA ratio and the
fall in pH; but the VFA peak of 7.3 g COD L in D3 occurred around day 124, while in D2 the onset of

instability was three weeks later with peak VFA of 4.9 g COD L occurring around day 146. This type
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of variation, in which reactors operating under similar conditions show the onset of instability at
slightly different times, was also observed by Yirong et al. (2015) who ascribed it to the “Anna

Karenina principle” (Moore, 2001).
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Figure 19. pH, total VFA, alkalinity and TAN for mesophilic digesters D1-4 during digestion Trial 1 on

maize silage
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In addition, the digesters were still suffering from foaming which sometimes blocked the gas outlets.
Several researcher have reported TE dosing had positive impacts to reduce foaming (Karlsson et al.,
2012; Ortner et al., 2014; Suhartini et al., 2014). Therefore to address these signs of instability, on
day 140 a one-off dose of trace elements Co, Ni and Fe were added to reactors D1-4 to give
additional concentrations in the digestate of 1 mg Co L}, 1 mg Ni L and 10 mg Fe L. From day 148,
weekly addition of trace elements Co, Ni and Fe was started in proportion to the quantity of feed
added to the digester, in order to maintain digestate TE concentration. Despite this, however, the
digesters still suffered with foaming, including an explosive loss of digestate from D1 on day 144

which led to a small reduction in digestate volume.

In the last 50 days of the run most of the operational parameters showed signs of stabilising,
although there were short-term fluctuations especially in TAN and alkalinity. These may have been
related to the texture and viscosity of the digestate. As the run progressed the mesophilic digestate
became very thick and sticky with a resemblance to strawberry jam. For alkalinity and ammonia
analysis, the digestate was mixed with water by a stirrer in a beaker. Sometimes, undiluted digestate
was found in the bottom of the beaker after analysis. When this occurred, the analysis was carried

out again, but the difficulty in diluting the digestate may have affected some results.

VFA profiles. VFA profiles of the individual digesters are shown in Figure 20. The peak in VFA
concentrations between days 40-60 was mainly acetic acid, although small amounts of other VFA

were seen in D1 and D4, which were the worst affected digesters (Figure 20a and d).

The second VFA peaks in D2 and D3 after day 100 included some propionic acid (Figure 20b and c).
The propionic concentration in D2 reached 2127 mg COD L on day 146. The highest propionic acid
was 2549 mg COD L on day 125 in D3 and this may be related to the dates of non-feeding which
were days 111-113 and days 125-130 for D2 and D3 respectively. Earlier non-feeding may help to
reduce the amount of VFA accumulation. The second peaks in D1 and D4 also included propionic

acid but mainly consisted of acetic acid, and the concentration was less than D2 and D3.

This difference in the second peaks in D2&3 and D1&4 indicates that D2&3 were in poorer condition
for stable operation, although no other parameters indicate this. The second peak results were
opposite to those for the first peak, which showed greater VFA accumulation in D1&4 than D2&3.
This may also be related to feeding. The cold shock and 40-day bump experience had more negative
impacts on D1&4, therefore D1&4 were not fed. On the other hand, D2&3 were not as badly

affected as D1&4, so the feeding amount was reduced to half amount.
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From day 160, propionic acid concentrations fell to low values; but for the rest of the run these was

a residual VFA concentration of ~500 mg COD L in all digesters which mainly consisted of acetic

acid.
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Figure 20. VFA profiles for D1-4 during digestion Trial 1 on maize silage

Biogas and methane production. Gas production parameters are shown in Figure 21. VBP and VMP
(Figure 21a and b) broadly reflected the changes in applied OLR, as well as the intermittent periods

of instability described above. Methane concentrations also followed the instability (Figure 21e).

From day 14 to 17, when the thermocirculator was not working, the temperature dropped and
biogas production fell from 1.8 to 0.8 L L™ day™. On day 18 when the thermocirculator was turned
back on, gas production rose to 2.8 L L™ for one day only. The following 4 days without feeding, due
to the cold shock and foaming issues, led to a decrease in gas production. From day 23 the OLR was

returned to 3 g VS L™ day? over a 3-day period.

The SMP recovered. On day 29 antifoam was dosed and there was another small dip in gas
production but by day 33 SMP had returned to around 0.32 L CH4 g VS which was almost same as

before the cold shock.

Gas production started to fall in all digester at the onset of VFA accumulation, from about day 41 in

D1 and D4 and day 52 in D2 and D3. It fell further as feeding was reduced in response to this
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accumulation, then rose again with the stepwise reintroduction of feeding in each digester. The
increase in biogas methane content in D1 and D4 around day 57 (Figure 21e) reflects the
consumption of accumulated VFA. The OLR was returned to 3 g VS L' day? over the following month

in combination with checking of the stability parameters.

Between days 108 — 145 there were further significant dips in VBP and VMP in response to the
changes in monitoring parameter values reported above, and the temporary reductions in OLR that

were implemented to control them.

After day 145, the digesters appeared to be stable and had constant biogas production with only
minor fluctuations. Therefore, the OLR of D3&4 was increased from 3 to 4 g VS L™ day™ to obtain gas

data at OLR 4 g VS L't day™.
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Figure 21. VBP, VMP, SBP, SMP and biogas methane content for mesophilic digesters D1-4 during

digestion Trial 1 on maize silage
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Despite this increase, D3 and D4 were stable foe the rest of the experimental period. At OLR3 g VS L
1 day*SBP and SMP (Figure 21c and d) stabilised at 0.679 L g VS and 0.385 L CH, g* VS, respectively.
At OLR 4 g VS L' day?, SBP and SMP stabilised at 0.645 L g VS and 0.361 L CH4 g* VS. Average gas
production values during pseudo-steady state periods are given in Table 15 with values for other

monitoring parameters, in the discussion section at the end of this experiment.

Solids parameters. Figure 24 shows the solids parameters for this digestion trial. TS, VS and VS/TS
ratio rose steadily during the trial (Figure 22a, b and c and appeared to stabilise in D3&4 after about
day 287 which was equivalent to 2.2 HRT. The OLR on D3&4 was increased from 3 to 4 g VS L't day™?
from day 175, and the effect of this can be seen in the solids concentrations in the later part of the
trial.

Even using a mass balance approach, it is generally difficult to obtain very consistent values for VS
destruction during the initial stages of a run while the system is stabilising, and this was especially so
in this case because of the short-term changes in OLR in response to digester operating conditions.
By the end of the trial, however, VS destruction appeared to have stabilised at around 78.0%, with

the digestate VS/TS ratio at 85.2% (Figure 22d).
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Figure 22. Digestate solids parameters for D1-4 during digestion Trial 1 on maize silage
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Digestate appearance and dewaterbility parameters. Figure 23 shows the appearance of the
digestate on 03/06/2015, corresponding to day 181 for mesophilic digesters, day 176 for

thermophilic digesters of digestion Trial 1.

Figure 23. Digestate appearance at the end of the run, day 181 on digestion Trial 1

Dewaterability of D1-8 was assessed by FIC and CST. FIC was carried out on day 298 for D1-4, and
day 293 for D5-8. CST was carried out at 02/10/2015 which was equivalent to day 302 for D1-4, and
day 297 for D5-8. FIC analysis took place for 1 hour at RPM 850 but no separation was observed for
any of the digestates. CST analysis was carried out for 24 hours but again not final values obtained

(i.e. CST > 86400 seconds for all digestates).

Although viscosity was not measured in this trial, differences were observed in the appearance of
the digestate (Figure 23). Thermophilic digestate was smoother in appearance with little or no
undigested material visible even at OLR 4 g VS Lt day™. In contrast, mesophilic digestate appeared
much thicker and more viscous, and pieces of undigested material could be clearly seen even at OLR

3gVSLtday™
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4.2.4. Discussion of result for thermophilic and mesophilic digestion of maize silage in

digestion Trial 1

Table 13 shows the average values of monitoring parameters during pseudo steady-state periods in
digestion Trial 1. As can be seen, there was some variation between supposedly duplicate reactors,
mainly because of the operational issues discussed above; however, SMP values for the maize silage
appeared to be around 0.385 L g VS under assumed steady state conditions at OLR 3 g VS L' day?

in both mesophilic and thermophilic conditions, and slightly lower at OLR 4 g VS L in each case.

Different operating temperatures at same OLR
At OLR 3 g VS L't day?, there were no significant differences in SMP between mesophilic and
thermophilic digestion. The thermophilic digesters showed lower total VFA concentrations. VS

destruction was similar for both temperatures, at 80.0 % for mesophilic and 80.6% for thermophilic.

At OLR 4 g VS L't day?, the SMP of the mesophilic digesters was less than for thermophilic digestion.
This may indicate the mesophilic digesters had started to struggle with degrading substrate for
methane production. The thermophilic reactors stabilised at very low total VFA concentrations (<
200 mg L) by the end of the experimental period, while the mesophilic reactors carried small
residual VFA concentrations of around 350-720 mg COD L%. TAN concentrations were much lower in
thermophilic than mesophilic digesters, at average values of around 1.6 and 2.0 g N kg * respectively

(Table 13), although the TAN in D3 was a little below that in the other mesophilic digesters.

SMP seemed to decline at higher OLR in both temperature ranges, but it is difficult to be certain of
this or of the causes. Although the digesters appeared to perform in a similar way in terms of SMP,
VS destruction, the mesophilic temperature range presented some problems in terms of tendency to
foaming, and the appearance of the digestate may also suggest that these reactors were nearer to

their limit of stable operational OLR.

Difficulties in process at different temperatures

Foaming was the serious issue during Trial 1 and mesophilic digesters showed more foaming.
Mesophilic digestate was more thick and viscous than that of thermophilic digestate. The difference
in foaming behaviour between mesophilic and thermophilic digesters may be simply due to the
temperature difference. The viscosity of the digestate is expected to be lower at higher temperature

so it is easier for gas bubbles formed to escape from the digestate, and reduce any risk of bed
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expansion. On the other hand, the period of foaming and VFA accumulation appearance were
slightly different. This may be related in part to the cold shock event in the mesophilic digesters. The
4-day experience had significant negative impacts and may have caused more foaming. Foaming is a
serious problem in commercial digesters, however, so if this operational difference is a common

problem it could be significant for other types of maize-based substrate.

Foaming issues have also been reported by many other researchers. Zabranska et al. (2002) used
sewage sludge as feedstock and found mesophilic digestion showed more foaming issues than the
thermophilic digestion. Suhartini et al. (2014) carried out anaerobic processing of sugar beet pulp
under mesophilic and thermophilic conditions at OLR 4 g VS L day* and 5 g VS L day™ and reported
foaming was more severe at higher OLR and lower temperature. Thermophilic digesters showed
noticeable foaming after 3 HRT at OLR 5 g VS L day? but mesophilic digesters showed foaming
issues at OLR 4 g VS L' day™® for 0.6 HRT. Foaming issues have been attributed to the high cellulosic
composition of sugar beet pulp (Stoppok and Buchholz, 1985). Maize is also fibrous material, so the
foaming may be caused in part by the maize silage composition. Foaming is reported to be
associated with VFA accumulation, and changes in OLR (Kougias et al., 2013; Suhartini, 2014).
Mesophilic digesters in trial 1 had the cold shock experience so the digesters experienced VFA
accumulation and changes in OLR. These factors have contributed to the more serious foaming

issues.

Overall, thermophilic digestion showed more stable operation, but there was no significant
difference in gas production between thermophilic and mesophilic conditions. It should be noted
that mesophilic digestion of this maize silage was particularly problematic in terms of its reaction to
various changes. As already noted there is considerable past experience with maize digestion in the
Environmental Laboratories at Southampton (Cysneiros et al., 2008; Heaven et al., 2008; Cornell,
2011; Cornell et al., 2012) ; but this study showed particular sensitivity to the feedstock change and
temperature shock, and very early onset of foaming. Although VFA accumulation at around 40-60
days has been previously observed with different substrates (Climenhaga and Banks, 2008; Zhang
and Banks, 2012; Zhang et al., 2012; Yirong et al., 2015; Roberts et al., 2016b; Yirong et al., 2017),
the 'bump' that occurred in D1, D2 and D3 after day 100 has not been seen before. This and other
difficulties in achieving stable operation may have been due to the nature of the maize silage
feedstock (section 4.1), which was both drier than that used previously and appeared to be in less
good condition in terms of partial fermentation and fungal attack. As the anaerobic digestion of

maize silage in Trial 1 had some issues, the methane yield and the energy recovery were not
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compared with baby maize stover in section 4.7. Although mesophilic digestion showed some
problems at the beginning these CSTRs stabilised at the end, and thermophilic digestion operated
stably. The methane yield, 0.385 g CH, g VS in Trial 1 was within the range of typical literature
values (Amon et al., 2007; Evranos and Demirel, 2015). The data in Trial 1 concerning the difference
between mesophilic and thermophilic digestion may be usable but the problematic nature of the
substrate should be taken into consideration. Despite this, the trial did achieve its aim of providing
some baseline data under mesophilic and thermophilic conditions for comparison with the novel
baby stover feedstock, as well as testing the analytical and operating methods used. Although there
were some difficulties achieving steady operation the SMP of the maize silage under pseudo steady
state conditions corresponded to around 84 % of the theoretical methane potential of 0.459 LCHs g

1 VS based on the Buswell equation.
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Table 13. Average values for reporting parameters during pseudo steady state periods in digestion Trial 1 (maize silage)

Parameter Unit D1 D2® D3® D4® Ave? Ave® D5 D6° D7°® D8® D5 D6® Ave® Ave?
Temp® M M M M M M T T T T T T T T
OLR gVs L? day’l 3 3 4 4 3 4 3 3 3 3 4 4 3 4
SBP L g‘l VS 0.688 0.669 0.632 0.658 0.679 0.645 0.704 0.616 0.686 0.694 0.631 0.672 0.675 0.651
SMP L g‘l VS 0.396 0.373 0.353 0.370 0.385 0.361 0.406 0.349 0.386 0.397 0.362 0.380 0.385 0.371
VBP LL? day'l 2.08 2.02 2.53 2.64 2.05 2.58 2.11 1.85 2.06 2.08 2.51 2.67 2.02 2.59
VMP LL? day'1 1.16 1.10 1.41 1.47 1.13 1.44 1.21 1.04 1.16 1.18 1.44 1.51 1.15 1.48
CHs content % v/v 57.5 55.8 55.8 56.2 56.6 56.0 57.5 56.2 55.6 56.9 57.4 56.5 56.6 56.9
Digestate TS %WW 10.5 10.5 11.5 11.7 10.5 11.6 - - - - 11.3 11.4 - 11.4
Digestate VS %WW 8.9 8.7 9.7 9.8 8.8 9.7 - - - - 9.4 9.6 - 9.5
Vs . %VS 79.9 80.2 79.8 80.5 80.0 80.1 79.7 82.1 79.3 81.4 81.2 81.4 80.6 81.3
destruction

pH - 7.50 7.58 7.57 7.58 7.54 7.57 7.55 7.62 7.57 7.59 7.64 7.65 7.58 7.64
TA g CaCOs kg'1 Ww 114 12.0 11.2 12.6 11.7 11.9 8.5 10.0 9.1 9.1 11.2 10.8 9.2 11.0
PA g CaCOs3 kg'1 Ww 8.1 8.5 7.8 9.0 8.3 8.4 5.6 6.9 6.0 6.2 7.8 7.6 6.2 7.7
1A g CaCOs kg'1 WW 3.4 3.5 3.4 3.5 3.4 3.5 2.9 3.0 3.1 3.0 3.4 3.3 3.0 3.3
IA/PA ratio - 0.42 0.41 0.44 0.39 0.41 0.41 0.52 0.44 0.51 0.48 0.44 0.43 0.49 0.44
TAN gN kg'1 WwWw 2.00 2.16 1.83 2.14 2.08 1.98 1.58 1.57 1.57
Total VFA g COD Lt 0.330 0.372 0.348 0.426 0.351 0.387 0.109 0.179 0.136 0.139 0.062 0.075 0.141 0.069

@ Average value for days 265-294

b Average value for days 122-151

¢ Digester operating temperature, M = mesophilic (i.e. 35 °C), T = thermophilic (i.e. 55 °C)

Not included as parameter did not appear to have reached a stable (i.e. pseudo steady state) value
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4.3. Digestion Trial 2-1 — baby maize stover

The purpose of this trial was to assess the anaerobic digestion performance of baby maize stover at
mesophilic and thermophilic temperatures in terms of the digestion efficiency, stability and methane
production potential. In addition to comparing the digestion performance in mesophilic and
thermophilic conditions, it was decided to include a further variant with a thermophilic pre-
hydrolysis step before mesophilic digestion. This was included both to provide insight into any
differences between the thermophilic and mesophilic performance, and because the Tropical Power
AD plant then under commissioning in Kenya included two buffer tanks before the main digester, the

first of which was to be maintained at thermophilic temperature.

4.3.1. Objectives and methodology

Objective. To assess the anaerobic digestion performance of baby maize stover at mesophilic and
thermophilic temperatures in terms of digestion efficiency, stability and methane production
potential; including comparison between mesophilic digestion with and without a thermophilic pre-

hydrolysis stage.

Methodology. Ten 5-litre digesters of the type described in section 3.8 were used in this trial.
Temperature was controlled at 35 °C (D1-D4, D9-D10) or 55 °C (D5-D8) by thermocirculators. A
summary of the reactors’ history (trace element addition, other events) is shown in Tables 14
(D5&6), 16 (D7&8), 19 (D9&10), and 21 (D1-4) in the results sections. D1-8 were initially used for

digestion Trial 1, and the substrate was switched from maize silage to baby maize stover as follows:

D1-4: On day 0 of the current trial (day 308 of Trial 1) digestate from these 4 digesters was mixed
and redistributed equally between them. This was done to ensure homogeneity of the initial
inoculum, as the digesters had shown slightly different behaviour in the previous trial. Feeding on
baby maize stover began on day 1 at an OLR of 3 g VS L day* which was increased to 4 g VS L day’!
from day 2. Weekly TE dosing (1 mg Co L%, 1 mg Ni L'* and 10 mg Fe Lt in the feed) was carried out in

proportion to the added feed material to maintain TE concentrations.

D5&6: on day 0 of the current trial (day 302 of digestion Trial 1) the feed to these two digesters was

switched to baby maize stover at an OLR of 4 g VS L't day™. This was done without mixing of the
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digestate, since the digesters had shown consistent behaviour in the previous trial. Due to concerns
about the possible effect of this change in feedstock, the digesters were not fed on days 3 and 4,
then the OLR was increased stepwise over the following week back to 4 g VS L day!. Between days
149-158 the OLR was increased steadily to 6 g VS L' day™. Weekly TE dosing (1 mg Co L, 1 mg Ni L?
and 10 mg Fe L't in the feed) was carried out in proportion to the added feed material to maintain TE

concentrations.

D7&8: On day 0 of the current trial (day 146 of digestion Trial 1) the feed to these digesters was
switched to baby maize stover. As with digesters D5&6, this was done without mixing of the
digestate since the two digesters had shown consistent behaviour in the previous trial. The OLR was
reduced to 2 g VS L day™ for 12 days, then increased stepwise to 3 g VS L day™ over the following 9
days. The OLR was further increased from 3 to 4 g VS L day™ between days 170 and 176, and from 4
to 5 g VS L day? between days 204-218. Weekly TE dosing (1 mg Co L}, 1 mg Ni L and 10 mg Fe L!

in the feed) was carried out in proportion to the added feed material to maintain TE concentrations.

D9&10: these digesters were inoculated with a mixture of Millorook inoculum and digestate
collected from D1-4 in previous trial over an 8-day period prior to start-up, at a ratio of 1:2 on a
volume basis. The purpose of this was to take advantage of any acclimatisation to a similar type of
feedstock that had occurred in the previous trial, and thus eliminate or minimise the so-called '40-
day bump’. On day 0, a one-off dose of TE to give additional concentration 1 mg Co L%, 1 mg Ni L*
and 10 mg Fe L in the digestate of was carried out. From day 7, weekly TE dosing started to

maintain the concentration.

The results of Trial 2-1 are reported in the sequence: D5&6 (thermophilic CSTR), D7&8 (thermophilic
CSTR), D9&10 (mesophilic CSTR), and D1-4 (mesophilic CSTR). These reactors’ operational conditions
were different, and therefore the description has been separated for clarity. A comparative

discussion is included at the end of these sections.
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4.3.2. Thermophilic digestion results

Results for D5&6 are presented separately from those for D7&8 as, although the two pairs of
reactors both started with inoculum from the previous trial, the dates on which feeding with baby
maize stover began were different, and therefore the initial conditions were also different (amount
of added maize silage, operating history and OLR in trial 2-1). These differences may cause different
anaerobic digestion behaviour. The behaviour of the two sets of reactors is compared after the
results for individual pairs have been presented to assess the anaerobic digestion performance of

baby maize stover under thermophilic condition.

4.3.2.1. Thermophilic digestion - D5&6
Operating parameters. Figure 24 shows the applied OLR, daily wet weight of feed added and

hydraulic retention time for digesters D5&6, and Table 16 shows a summary of the operating history.

In general the target OLRs were successfully maintained during the experimental period without any
major variations. The exceptions were at the start of the trial and around day 115. Both of the
digesters showed foaming in response to the change in feedstock, and were therefore not fed on
days 3 and 4. On day 3, 400 pL of Goldcrest antifoam was added to each digester and over the next 6
days feeding was raised stepwise back to the target OLR of 4 g VS L. Intermittent dosing with
antifoam continued as shown in Table 14 until the foaming ceased, with D5 requiring a longer period

at a higher dosage of antifoam than D6. For more details on the foaming, see the following section.

The digesters were not fed on day 115 and 116, due to closure of the laboratory for a planned power
shutdown, but digester temperatures were maintained using an external power supply. Feeding
stopped on day 169 for D5 and day 177 for D6, shortly after the increase in OLR from4to 6 g VS L?
day. D5 and D6 were operated for the equivalent of 3.7 HRT and 4.0 HRT, respectively (Table 15).
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Figure 24. OLR, daily feed and HRT for D5&6 during digestion Trial 2-1 on baby maize stover
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Table 14. Summary of history for thermophilic digesters D5-6 during Trial 2-1 on baby maize stover

Day Start date D5 ‘ D6

Feeding start
0 07/10/2015 Weekly TE dosing start to maintain concentration; 1 mg Co L%, 1 mg Ni
L*and 10 mgFe L

Antifoam Goldcrest AF-530 400puL

3 10/10/2015 Not fed for 2 days

13 20/10/2015 | Antifoam Goldcrest AF-530 400 pL ‘

19 26/10/2015 Antifoam Goldcrest AF-530 400 puL

20-22 27/10/2015 | Antifoam Goldcrest AF-530 100l

23 30/10/2015 Antifoam Goldcrest AF-530 100ul | Antifoam Goldcrest AF-530 100 plL

24-27 31/10/2015 | Antifoam Goldcrest AF-530 100 pL

28-29 04/11/2015 Antifoam Goldcrest AF-530 10 pL

30 06/11/2015 | Antifoam Goldcrest AF-530 100 pL
31-34 07/11/2015 Antifoam Goldcrest AF-530 10ul
115 30/01/2016 No fed for 2 days due to lab closure
117 01/02/2016 No further dosing with TE solutions
149 04/03/2016 OLR increase from 4 to 6 over 22 days
169 24/03/2016 Stop feeding
177 01/04/2016 Stop feeding

Table 15. Total amount of added substrate and equivalent HRT

D5 D6
Amount of added substrate [g] 14887 15952
Equivalent HRT for added substrate [-] 3.7 4.0

Foaming. Foaming issues had quite negative impacts for stable operation. On the day after feeding
with baby maize stover began, severe foaming and expansion occurred leading to some loss of
digestate. Figure 25 shows foaming D5 on day 2. The expanding digestate came out through the
stirrer draft tube, blocked the gas outlet and blew out the bung on the feeding port. An upside-down
100 mL plastic container without a lid was used instead of the D5 bung for the next few days (Figure
25a). The top of the digester was also surrounded with tissue to prevent the foamed digestate
spilling continuously (Figure 25b). Even with the tissue, digestate sometimes climbed and a little

spilled outside. Foaming in D6 was not as serious as in D5 but was also observed.

On day 3, 400 pL of Goldcrest antifoam was dosed to D5&6 and the digesters were not fed. From day
5 to day 9, the OLR was gradually returned to 3 g VS L™ day’. On day 9, foaming in D5&6 was

observed immediately after feeding but the volume was not as much as on day2. On day 13, the
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foaming digestate in D5 filled all the headspace and reached the feed bung, therefore D5 was dosed
with 400 pL of Goldcrest antifoam again. Up to day 34, the amount of antifoam dosed into D5 and

D6 was decided based on the degree of foaming and the amount needed to reduce it (Table 16).

From day 35 to 68, additional hand mixing of D5 digestate was carried out after feeding to disperse
the foam because the foaming issues were reducing, but some foaming still remained. From day 62
to 68, this additional mixing was also carried out for D6 due to signs of foaming. After addition of the
baby maize stover feed, the digestate was mixed using a 25 cm rod which was inserted at the top of
the digester and stirred manually. This operation was carried out to ensure that the substrate was
pushed down into digestate, and to break up the foam on the surface. After this, significant foaming
was not seen. Up to day 68, D5&6 both received 5712 g WW of baby maize stover feed, equivalent
to 1.4 HRT.

From day 60 to day 168, no significant foaming occurred. On day 168, the stirrer for D5 broke and
the digestate expanded and came out of the reactor. The stirrer was replaced and it was observed
that the digestate in D5 had separated into 2 layers, with the upper part containing more liquid, and
the bottom more solid. These phenomena indicated that both bed expansion and foaming may have
occurred. Foaming and separation was also observed next day. Therefore, D5 operation was stopped

on day 169. D6 did not show such severe foaming as D5, but feeding was stopped on day 177.

(a) with 100 mL container as a lid (b) without 100 mL container as a lid

Figure 25. Foaming in D5 on day 2, with tissue to retain foam
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Operational stability. Figure 26 shows the monitoring parameters for operational stability during the

experimental period.
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Figure 26. Total VFA, alkalinity, TAN concentration and pH in D5&6 during digestion Trial 2-1 on baby

maize stover
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Total VFA concentrations (Figure 28a) remained less than 0.5 g COD L until day 155. TA, PA and TAN
(Figure 28b, c and d) increased slightly during the first 15 days of operation, and during this period
foaming occurred. The increase in TAN was especially evident in D5. TAN in D6 stabilised at around
1.7 g N kg and did not increase as in D5. The difference between D5&6 was the severity of foaming.
As seen in Figure 27, D5 showed more intense foaming. During these periods of foaming, the feed
port was not sealed off with the bung and therefore the digestate in D5 was exposed to air. In
addition, D5 received a great deal more anti-foam than D6 so it could be the anti-foam that was
having the effect of killing selected microorganisms and thus leading to an increase in TAN. The
increase in TAN may indicate some die-off of micro-organisms due to exposure to atmospheric
oxygen, with protein from the microorganisms being degraded into ammonia. The presence of

ammonia and bicarbonate at the same time can increase buffer capacity (Mata-Alvarez, 2003).

After that, these values settled around TA 10.7 g CaCOs kg™, PA 7.8 g CaCOs kg}, TAN 1.6 g N kg * at
OLR 4 g VS Lt day™. IA showed a long slow decline from 3.3 g CaCOs kg 1to 2.8 g CaCOs kg twith

minor fluctuations (Figure 27e). IA:PA ratio and pH also settled around 0.4 and 7.7 (Figure 27f and g).

From day 155 just 1 week after the start of the OLR step wise increase from 4 to 6 g VS L't day?, VFA
started to increase which was accompanied by slightly increase of IA and IA/PA. Feeding was

stopped on day 169 for D5, and day 177 for D6, then the VFA accumulation rapidly disappeared.

The instability may be related to the TE status of the reactors. TE dosing ceased from day 117 as the
TE solution ran out. Between day 118 and 141 each digester received 2053 g WW which was
equivalent to 0.5 HRT. The proportion of reactor contents (and therefore TE) removed in 0.5 HRT is

about 40%, so this could have been contributing factor.

Taken together these results suggested that the digesters had experienced some inhibition to

methanogenesis, due to the increase in OLR and possibly also the cessation of TE dosing.

Average values obtained for monitoring parameters during periods of pseudo-steady state operation

are given in Table 26, after the results for all pairs of digesters.

Volatile Fatty acids. Figure 27 shows the VFA profiles of the digesters. The very slight elevation of
VFA noted above during the first part of the run mainly consisted of acetic acid (< 310 mg COD L?)
which was present until around day 100, after which concentrations fell slightly until day 150. At this

point a sharp increase in propionic acid concentrations occurred
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Figure 27. VFA profiles for D5&6 during digestion Trial 2-1 on baby maize stover

Biogas and methane production. Biogas and methane production and biogas methane content are
shown in Figure 28. Gas production in D5 and D6 reflected the applied OLR, so production
decreased around day 3-4 and day 115-116 when the digesters were not fed. VBP and VMP (Figure
30a and b) in D5&6 started to stabilise from day 30 to 148. Gas production in D5 slightly lower than
D6 by day 100 which showed more foaming in the first month. During this period, SBP and SMP were
also settled and SMP was around 0.31 L CH, g1 VS. From day 149, SBP and SMP (Figure 28c and d)

decreased because SBP and SMP did not respond well to the OLR increase.

Methane concentration showed some fluctuation and the value range was 53-63 % (Figure 28e). D5
methane concentration increased from 57 to 63 % after ceasing feeding as residual VFA were

consumed.
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Figure 28. VBP, SBP, VMP and SMP for D5&6 during digestion Trial 2-1 on baby maize stover

Solids parameters. Figure 31 shows the solids parameters for the digesters. The TS and VS content in
D5&6 declined steadily from the start of the run (Figure 29a and b), reflecting the change in
feedstock properties from maize silage to the lower solids baby maize stover. The TS decreased from
an initial value of around 11.6 % WW to stabilise at around 8.6 % WW by day 133, while the VS
decreased from around 9.8 to 6.3 % WW. The VS/TS ratio (Figure 29c) also decreased from around
84 % at the start of the run to 74 % by day 120. VS destruction showed some variability (Figure 29d)

but also appeared to be stabilising at around 70% towards the end of the run.
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Figure 29. Digestate solids parameters for D5&6 during digestion Trial 2-1 on baby maize stover

The significance of these results is discussed in more detail below with the results for digesters

D7&8.

4.3.2.2. Thermophilic digestion - D7&8

Operating parameters. These digesters were operated in parallel with D5&6, but feeding with baby
maize stover started 157 days earlier. Figure 30 shows the OLR, daily wet weight of feed added and
hydraulic retention time during the experimental period for thermophilic digesters D7-8 during

digestion Trial 2-1 on baby maize stover and Table 16 shows a summary of the operating history.

In general target OLRs were successfully maintained, without any significant variations in the daily
feed. At the beginning D7&8 were fed at OLR 2 g VS L™t day® for 12 days then the OLR was gradually
increased to 3 g VS L't day™ by day 20. This step was carried out to allow acclimatisation to the new
baby maize stover substrate; in the previous trial 1, D7&8 were fed with maize silage at OLR3 g VS L

1 day™. Foaming in D7 and D8 was observed from day 18 to 60, but it was not as serious as in D5&6.

From day 170 to 176, the OLR was increased from 3 to 4 g VS L' day™. On day 182, some signs of

foaming appeared in D7 and the digester was dosed with 100 pL Goldcrest antifoam. Antifoam was
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used on only this occasion. Between day 191 and 206, a small amount of foaming appeared in D7,

and the digestate was therefore mixed with a 25 cm rod after feeding to reduce foaming.

Between day 204 and 218, it was decided to raise the OLR from 4 to 5 g VS L'* day}, since at this

point the results of the trial with D5&6 appeared to indicate that stable operation at OLR 4 g VS L!
day? was possible. From day 212 to 224, again a small amount of foaming appeared in D7&8 so the
surface was mixed after feeding. The foamed digestate did not fill the head space and did not block

the gas outlet tubes in this period.

The digesters were not fed on day 270 and 271 due to the laboratory closure mentioned above, but
operating temperatures were maintained. Feeding of both digesters was stopped on day 334 due to
signs of instability. D7&8 were operated for the equivalent of 6.8 HRT (Table 17). Therefore, it was

considered that this trial had enough data.
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Figure 30. OLR, daily feed and HRT for D7&8 during digestion Trial 2-1 on baby maize stover

Table 16. Summary of history for thermophilic digesters D7-8 during digestion Trial 2-1 on baby

maize stover

Day Date D7 ] D8

0 04/05/2015 Feeding started

TE dose (Fe, Co, Ni) start to maintain concentration

170 21/10/2015 Increase OLR from 3 to 4 g VS L' day™ over 6days
181 01/11/2015 | Antifoam Goldcrest AF-530 100uL ’
204 24/11/2015 OLR increase from 4 to 5 over 14 days
271 30/01/2016 No fed for 2 days due to lab closure
273 01/02/2016 No further dosing with TE solutions
334 02/04/2016 Stop feeding
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Table 17. Total amount of added substrate and equivalent HRT

D7 D8
Amount of added substrate [g] 27019 27019
Equivalent HRT for added substrate [-] 6.8 6.8

Operational stability. Figure 31 shows the monitoring parameters for operational stability during the

experimental period.

Total VFA concentrations (Figure 31a) remained less than 0.5 g COD L until day 304. TA, PA and TAN
(Figure 31b, c and d) increased slightly during the first 15 days of operation, then, these values
settled around TA 10.5 g CaCOs kg™, PA 7.7 g CaCOz kg™, TAN 1.6 g N kg * at OLR 3 g VS L't day™. IA,
IA/PA and pH were also stable and settled around 1A 3.3 g CaCOs kg *to 3.3 g CaCOs kg%, IA/PA 0.43
and pH 7.7. (Figure 31e, f and g).

From day 304, VFA started to increase which was accompanied by slightly increase of IA and IA/PA.

Feeding was stopped on day 334, then the VFA accumulation rapidly disappeared.
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Figure 31. Total VFA, TAN, Alkalinity and pH in D7&8 during digestion Trial 2-1 on baby maize stover

The instability may be related to the TE status of the reactors. TE dosing ceased from day 273 as the

TE solution ran out. Between day 273 and 304, each digester received 3459 g WW which was

equivalent to 0.9 HRT, so this could have been contributing factor.

Taken together these results suggested that the digesters had experienced some inhibition to

methanogenesis, due to the increase in OLR and possibly also the cessation of TE dosing.
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These parameter values and trends were quite similar to those in D5&6, including the rapid but
reversible VFA accumulation at the end of the run. These parameter values and trends were quite
similar to those in D5&6, including the rapid but non-irreversible VFA accumulation at the end of the
run. This was surprising at first sight, since unlike D5&6 these digesters were not subject to an
increase in OLR during this period to which the VFA accumulation could be attributed. D7&8 had
responded well to the earlier increase in OLR and were more stable. This difference is discussed in

section 4.3.2 and 4.3.4.

Average values obtained for monitoring parameters during periods of pseudo-steady state operation

are given in Table 24, after the results for all pairs of digesters.

Volatile Fatty acid profiles. Figure 32 shows the VFA profiles of the digesters. There were 2 peaks in

this trial; the first was between day 192 and 241, and the second was from day 304 to 345.

The first peak was mainly acetic acid which increased to around 400 mg COD L. Propionic was also
found but it was less than 110 mg COD L. This may have been related to the rise in OLR which was
increased from day 170 to 176. 15 days after the start of the OLR increase, the first VFA peak

appeared. In addition, the appearance of this first peak and of foaming occurred at the same time.

The second peak was mainly propionic acid which rose sharply to reach 2556 mg COD L in D7 and
3041 mg COD L! in D8 on day 335. Acetic acid and small amounts of other acids were also detected.
For instance, in D8 on day 335 these concentrations were; iso-butyric acid 149 mg COD L7, iso-
valeric acid 64 mg COD L and valeric acid 230 mg COD L%. Concentrations of all VFA species fell

sharply from day 335 a few days after feeding ceased.

This pattern of VFA accumulation may be related to the trace element status of the inoculum. The
inoculum came from the previous Trial 1 so the digestate had been in use for 486 days in Trial 1 and
2-1. D8 received 4092 g WW in Trial 1, 27019 g WW in Trial 2-1, giving a total of 31111 g WW which
is equivalent to 7.8 HRT. Wash-out of some essential TE for microorganisms may therefore have

occurred, even though the digesters received certain TE (Fe, Co, Ni) from the beginning of the run.

The cessation of TE dosing may also be related to this issue. TE dosing ceased on day 273 because

the TE solution ran out.
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Figure 32. VFA profiles for D7&8 during digestion Trial 2-1 on baby maize stover

Biogas and methane production. Biogas and methane production and biogas methane content are

shown in Figure 33.

In the previous Trial 1, the digesters were fed at OLR 3 g VS L day but at the start of the current
trial OLR was decreased to 2 g VS L™ day™ to allow acclimatisation to the new feedstock. The initial
SMP value was around 0.48 L CH4 g* VS added which is higher than literature values for most maize
derived substrates. This indicates that D7 and D8 were digesting leftover VS from Trial 1 as well as VS
from Trial 2. From day O to day 14, the VBP (Figure 33a) decreased to around 0.3 L L day™ due to

the OLR decrease.

From day 14-21 these digesters responded well to the introduction of the baby maize stover
feedstock, with VBP and VMP (Figure 33a and b) rising in proportion to the initial increase in the

applied load, then appearing to stabilise at around 1.8 L L't day? and 1.0 L CH4 L day™, respectively.

There was some disturbance in VBP and VMP during the next increases in OLR between days 171-
178 and 204-218; then values appeared to stabilise again at around 2.7 L L day*and 1.5 L CH,4 L
day? once the OLR reached 5 g VS L}, but with slightly higher day-to- day variation.

VBP and VMP decreased to around 2.3 L L'* day™® and 1.3 L CH, L't day® between days 298-320 when
VFA accumulation appeared, then recovered between day 321-330 before feeding was stopped on

day 334.

SBP and SMP (Figure 33c and d) appeared fairly stable from day to day, but showed a long slow
decline over time. During the period of OLR increase from day 204 to 218, the values fluctuated

slightly due to changes in methane concentration (Figure 33e).
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Figure 33. VBP, SBP, VMP and SMP for D7&8 during digestion Trial 2-1 on baby maize stover

Solids parameters. Figure 34 shows the solids parameters for the digesters.

TS and VS (Figure 34a and b) decreased until day 52, with the values in D7 which showed more

foaming around 1 % greater than in D8.

Between day 63 and 84, TS and VS appeared to increase but there was no OLR increase around this
period. During this period, digestate samples were frozen and kept in freezer and analysed later. The
samples may not have been representative or homogeneous enough due to lack of mixing. If these

data are removed, solids parameters continuously decreased until day 122.

From day 88 to 122, TS and VS decreased slightly and settled around 6.5 % WW and 4.8 % WW. The
VS/TS ratio (Figure 34c) also decreased from 80 % TS to 72 % TS from day 1 to 122.
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If it is assumed that TS and VS continuously decreased to day 122, this probably reflects the
difference between maize silage and baby maize stover. Baby maize stover has a higher moisture
content than maize silage. TS of maize silage and baby maize stover were 39.1 + 1.66 % WW and
19.8 + 1.03 % WW. VS of maize silage and baby maize stover were 37.5+1.71 % WW and 17.9 £
0.96 % WW.

On the other hand, TS and VS increased after day 122. At this point there had been no OLR increase
for 100 days, therefore the increase was not related to a change in OLR increase. It could be a sign of

stress indicating that the microorganisms could not digest TS and VS well.

The initial value for VS destruction (Figure 34d) was 78 %. This slowly declined and although there
were considerable fluctuations the range of variation became smaller so that at the end of the
experimental period, VS destruction was around 70%. Even in the absence of a period of OLR
increase, the VS destruction decreased, which may also suggest the system was running out of some

essential element.
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Figure 34. Digestate solids parameters for D7&8 during digestion Trial 2-1 on baby maize stover
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Digestate appearance. The digestate appearance of D7&8 in Trial 2-1 and digestate in Trial 1 showed
significant difference (Figure 35). The thermophilic digestion of baby maize stover was operated for
just 30 days when photos were taken, and the inoculum was the viscous digestate from Trial 1, but it

was clear that the thermophilic digestate was more thin than that of maize silage.

Figure 35. The digestate appearance of D7&8 on day 30

Average values for monitoring parameters during pseudo-steady state periods are given in Table 24

after the results for all pairs of digesters.
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Discussion of thermophilic digestion results.

Table 18 shows the average values for reporting parameters in D5&6 and D7&8 during periods of
pseudo steady-state operation. The slow declines in gas production noted above made it difficult to
compare steady state values. At OLR 3 and 4 g VS L™ day™, SBP and SMP were closely similar, at
around 0.60 L g VS and 0.340 L CH4 g VS respectively. VBP and VMP increased approximately in
proportion to the OLR, from around 1.8 to 2.4 L LY dayt and 1.0 to 1.4 L CH4 L day™. This indicated
the system was not overloaded at OLR 3 and 4 g VS L' day®. At OLR 5 g VS L day™, SBP and SMP
appeared to be around 10 % lower. Overloading causes lower biogas production but OLR5 g VS L!
day!is not a particularly high loading. OLR of up to 8 g VS L day™ have been achieved with food
waste, a highly degradable substrates, without loss of SMP (Song, 2016a). Mata-Alvarez (2003)
noted 6 —8 g VS L™ day ™ was a reasonable upper limit for most feedstocks. The SMP decline at

higher OLR may have been caused by other factors.

D5&6 and D7&38 both started to show increases in total VFA concentration at almost the same time;
after day 146 (3.1 HRT) for D5&6 and day 303 (5.9 HRT) for D7&S8, in both cases corresponding to
day 455 since the digesters originally started running in digestion trial 1. The two sets of digesters
operating under different conditions showed signs of stress at the same time. These digesters
showed very similar trends in monitoring parameters, the sudden onset of VFA accumulation,

process instability (e.g. a fall in gas production, and a rise in IA/PA ratio).

On the other hand, there was no temperature shock in D5-8 and no increase in OLR around this
period in D7&8. There was only one change, which was ceasing TE supplementation. From the day
TE addition ended to the day of VFA accumulation increase was 29 days in D5&6, 32 days in D7&8.
These digesters received 2588 g WW (0.65 HRT) in D5&6, and 3459 g WW (0.86 HRT) in D7&8 during
this period, corresponding to replacement of roughly 48 % and 57 % of the digester contents. The
concentration of other TE may also have been close to the minimum acceptable amount in the
thermophilic digesters because the digestate used was from Trial 1. In Trial 1, D5-8 were operated
for 2.5, 2.5, 1.0 and 1.0 HRT, respectively. The total HRT before appearance of VFA accumulation was
5.6 HRT in D5&6 and 6.9 HRT in D7&8. A long slow decline in gas production, and increase in VS
content and VS/TS were observed when there were no other obvious signs of stress. The digesters
may thus have run out of some essential trace elements or nutrients, although the situation is made
slightly more complex by the change in feedstocks at different times, as maize silage does not have

the same TE content as baby maize stover. The difference is discussed in section 4.1.
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In addition, the VFA peaks mainly consisted of propionic acid, with acetic acid at lower
concentrations. Bock (2006) reported that high concentrations of propionic acid were difficult to
recover and were attributed to the deficiency of trace elements Se, Mo and W. The evidence from

this trial therefore suggested that a different TE dosing strategy may be required.

D5&6 and D7&8 showed significant differences in terms of foaming, although the inoculum for all of
the digesters came directly from digestion trial 1. D7&8 started 155 days earlier and the OLR started
at 2 g VS L't day™. From day 18 to 60, a small volume of foaming was observed but it did not disturb

operation of these digesters. On the other hand, D5&6 feeding started at OLR 4 g VS L't day™™.

Foaming was observed on day 1 and digestate came out, blocking the gas outlet tube.

The difference in response may have been caused by the higher OLR, and/or the difference in
digestate properties when the feedstock was changed. The initial OLR on D5&6 was double that on
D7&8. On the other hand, OLR 4 g VS L day is not a very high OLR to cause serious foaming at the
beginning of operation under thermophilic condition. Suhartini et al. (2014) confirmed significant
foaming at OLR 5 g VS L't day* only after 3 HRT in thermophilic digesters. The substrate used in that
study was also a lignocellulosic material, sugar beet pulp. OLR may therefore not be the main or only

cause of the foaming. It was probably also partly due to change of substrate.

In digestion trial 1, D5-8 received maize silage from CEDAR as a substrate. The silage was drier and
some parts were slightly fermented. At the time of the change in the feedstock D5&6 had received
10088 g of silage feed which was 2.5 times the amount fed to D7&38. This contributed to a more thick
and viscous inoculum for D5&6. The dewaterability of the inoculum for D5&6 was greater than the
maximum value measurable in the CST and FIC test. Stoppok and Buchholz (1985) reported high

viscosity liquid attributed to foaming.
Based on all of these results taken together, it was decided to stop these digesters, even though the

VFA accumulation that had occurred up to that point appeared to be recoverable; and to start a new

thermophilic digestion experiment with a better-defined starting point.
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Table 18. Average values for reporting parameters during pseudo steady state periods in digestion

Trial 2-1 (Baby maize stover, thermophilic digesters only)

Parameter Unit D7° D8 D5° D6 D7° D8 Ave® Ave® Ave®
OLR g VS L't day? 3 3 4 4 5 5 3 4 5
SBP Lgtvs 0.601 0.598 0.603 0.604 0.539 0.545 0.599 0.604 0.542
SMP Lgtvs 0.343 0.342 0.346 0.332 0.308 0.315 0.342 0.339 0.311
VBP L Lt day? 1.80 1.79 241 242 270 2.73 1.80 241 271
VMP LL! day? 1.02 1.01 1.38 1.36 1.52 1.54 1.02 1.37 1.53
CH4 content % v/v 555 561 574 560 568 575 558 56.7 57.2
Digestate TS %WW 7.4 7.6 8.5 8.4 8.3 8.2 7.5 8.5 8.2
Digestate VS %WW 5.5 5.6 6.4 6.3 6.0 6.4 5.5 6.3 6.2
VS destruction  %VS 751 73.8 712 726 756 682 744 719 719
pH - 7.7 7.6 7.7 7.7 7.7 7.6 7.7 7.7 7.6
TA gCaCOs kg WW 108 102 10.8 10.6 10.2 9.5 10.5 10.7 9.9
PA gCaCOs kgt WW 7.9 7.5 7.9 7.7 7.5 7.0 7.7 7.8 7.2
1A g CaCOs kgt WW 3.4 3.2 2.9 2.8 2.7 2.5 3.3 2.9 2.6
IA/PA ratio - 0.43 043 036 037 036 037 043 036 0.36
TAN g N kgt Ww 1.68 1.59 1.58 1.56 1.46 1.31 1.63 1.57 1.39
Total VFA gCoD L? 0.21 0.17 009 0.07 017 008 019 0.08 0.12

2 Average value for days 140-169

® Average value for days 120-139

¢ Average value for days 265-294

Note: these values are also shown in Table 24 below, which includes the values for the mesophilic

digesters run in parallel, but are given here for ease of reference.
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4.3.3. Mesophilic digestion results

As with the thermophilic reactors, result for D9&10 are presented separately from those for D1-4
since the inoculum and initial conditions in each case were different. The behaviour of the two sets

of reactors is compared after the results for individual pairs have been presented.

4.3.3.1. D9&10
Operating parameters. Figure 36 shows the organic loading rate, daily wet weight of feed added and
hydraulic retention time for D9-10 during the experimental period, while Table 19 summarises the

history for mesophilic digesters D9&10 during digestion trial 2-1 on baby maize stover.

As the initial inoculum was a mixture of fresh Millbrook digestate and material from D1-4 digestion
Trial 1, the digesters were not fed for the first 7 days to allow consumption of any residual feed. The

OLR was then raised stepwise from 0.2 to the target 3.0 g VS L™* day® over the next 15 days.

On day 33 feeding was forgotten, and on day 37 the thermocirculator turned itself off due to water

shortage. On days 232 and 233, digesters were not fed because of the laboratory closure.

It can be seen that, apart from these events, the planned OLR and HRT were successfully maintained
until day 278 which was equivalent to 3 HRT. Between day 279 and 286 the OLR was increased from
3t03.75 g VS L't day?; but for operational reasons discussed below, feeding was stopped on day

287.

D9&10 digestate appeared more thick and viscous towards to the end, so stirring was quite slow and
the motors stopped quite often on day 286 and 287. The digesters did not show foaming so there

was no antifoam supplementation. This may be related with lower OLR and/or different inoculum.

On day 0, trace elements Co, Ni and Fe were added to reactors D9&10 to give additional digestate
concentrations of 1 mg Co L'}, 1 mg Ni L and 10 mg Fe L}, and weekly addition of trace elements Co,
Ni and Fe was started in proportion to the quantity of feed added to the digester, in order to
maintain digestate TE concentrations. After day 234, the trace elements solution ran out so D9&10

did not receive any more TE supplementation. D9&10 were operated for 4.4 HRT (Table 20).
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Figure 36. OLR, daily feed and HRT for D9&10 during digestion Trial 2-1 on baby maize stover

Table 19. Summary of history for mesophilic digesters D9&10 during digestion Trial 2-1 on baby

maize stover

Day Date D9 D10
Mix Millbrook inoculum and digestate from D1-4 in Trial 1
8 04/06/2015 (Millbrook:Trial 1 = f:z volume basis)
Start feeding; increase OLR from 0.2 to 3 for 15 days

0 12/06/2015 One off TE dose (Cogl mgL Nilmgl? Fe10 mgL?) for\éigestate
7 19/06/2015 Weekly TE start to maintain concentration

31 13/07/2015 No fed due to careless miss

37 19/07/2015 Thermocirculator was turned off due to water shortage
179 08/12/2015 The computer software for gas counter counting was changed
232 30/01/2016 No fed for 2 days due to lab closure
234 01/02/2016 No further dosing with TE solutions
279 17/03/2016 OLR increase from 3 to 4 g VS L't day™?
286 24/03/2016 Stop feeding at OLR 3.75 g VS L day!

Table 20. Total amount of added substrate and equivalent HRT

D9 D10
Amount of added substrate [g] 13065 13065
Equivalent HRT for added substrate [-] 4.4 4.4

126




Biogas and methane production. Figure 37 shows the specific and volumetric biogas and methane

production and the biogas methane content during the experimental period.

The reactors responded rapidly to the initial increase in OLR. The OLR increase stopped on day 16,
but gas production increased until day 20. From day 21 to around day 60, VBP (Figure 37a)
fluctuated between 1.3 to 1.9 L L'™X. These fluctuations may be related to the non-feeding on day 32

and turning off of the thermocirculator on day 38.
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Figure 37. VBP, VMP, SMP and biogas methane content for D9&10 during digestion Trial 2-1 on baby

maize stover
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After day 38, gas production stabilised until day 258. During this period, the values were VBP 1.5 L L°
1 VMP 0.8 L CH4 L (Figure 37b), SBP 0.5 L g VS (Figure 37c) and SMP 0.29 L CH4 g VS (Figure 37d).
Gas production and methane yield decreased when feeding was interrupted for the lab closure on

day 232 but recovered within 10 days.

After day 258, equivalent to 3.6 HRT, VBP, VMP and SMP all started to fall. SMP decreased from 0.29
t0 0.21 L CH,4 g VS added by day 268. There were some recovery between days 268 and days 279,

although the methane concentration fell slightly (Figure 37e).

From day 280, after the OLR was increased from 3 to 4 g VS L'* day®, the VBP and VMP increased
slightly. On the other hand, the methane concentration remained slightly lower and the SMP fell.
Feeding was stopped on day 284 due to signs of instability in the monitoring parameters as reported

below.

Operational stability. Figure 38 shows the values of monitoring parameters for operational stability
during the experimental period.

Total VFA (Figure 40a) showed slow increase with fluctuation up to day 272, but the concentrations
was not high. TAN, alkalinity and pH decreased from the initial value by day 160, then settled
around TANO0.7 g N kg™, TA7.1 gCaCOs kg™, PA4.9 g CaCOs kg™, 1A 2.2 g CaCOs kg, and pH 7.2 at
OLR 3 g VS L day™. (Figure 38b, c, d, e and f). IA:PA ratio (Figure 38g) stabilised around 0.4.

From day 272, VFA started to increase which was accompanied by slightly increase of IA and IA/PA.

Feeding was stopped on day 286, then the VFA accumulation rapidly disappeared.

The instability may be related to the TE status of the reactors. TE dosing ceased from day 234 as the
TE solution ran out. Between day 234 and 272 each digester received 1908 g WW which was

equivalent to 0.64 HRT, so this could have been contributing factor.

Although the accumulated VFA concentrations were not very high by day 272, digesters D9&10
appeared to be following a similar pattern to the thermophilic digesters D5-8. D5-8 and D9-10 used
digestate from Trial 1 as inoculum. The difference was that the inoculum for D9&10 was mixture of 2
L digestate and 1 L fresh Millbrook inoculum. In digestion Trial 1, digesters showed signs of wash out
of TE. For this reason feeding was stopped in order to undertake a revised experiment from a more

consistent start-point.

Average values obtained for monitoring parameters during periods of pseudo-steady state operation

are given in Table 26, after the results for all pairs of digesters.
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Figure 38. Total VFA, TAN, alkalinity and pH in D9&10 during digestion trial 2-1 on baby maize stover.
Vertical lines indicate day 234; no further TE dosing.

Volatile Fatty acid profiles. Figure 39 shows the VFA profiles for D9&10.

The VFA mainly consisted acetic and propionic acid and remained less than 550 mg COD L by day

160. From day 169, acetic acid tended to decrease but propionic acid kept increasing in D10. After
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day 280, propionic acid dominated the accumulation and small amount of other acids (iso-butyric
and iso-valeric acid) were also detected in D9&10. Concentrations of all VFA species fell sharply from

day 286 a few days after feeding ceased.

This pattern of VFA accumulation may be related to the trace element status of the inoculum. The
66 % inoculum came from the previous Trial 1. Wash-out of some essential TE for microorganisms
may therefore have occurred, even though the digesters received certain TE (Fe, Co, Ni) from the

beginning of the run.

The cessation of TE dosing may also be related to this issue. TE dosing ceased on day 273 because

the TE solution ran out.
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Figure 39. VFA profiles for D9&10 during digestion Trial 2-1 on baby maize stover

Solids parameters. Figure 40 shows the solids parameters for digesters D9&10.

TS and VS (Figure 40a and b) gradually increased until feeding ceased. TS increased from 6 to 10 %
WW, while VS rose from 5 to 8 % WW. Between day 125 and 230, the values showed some
fluctuation but stabilised after day 233 when the lab closure period happened. After stopping
feeding, TS and VS decreased around 1 % WW in 2 weeks. TS and VS in D10 was slightly greater than
in D9, and from day 180 the VS/TS ratio was slightly higher (Figure 40c). Based on visual inspection
the digestate in D10 also appeared slightly thicker and more viscous. The visual appearance of the
digestate may have indicated a change in properties, but not necessarily in solids content. VS

destruction was also measured but varied widely.
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Figure 40. Digestate solids parameters for D9&10 during digestion trial 2-1 on baby maize stover

4.3.3.2. D1-4

Operating parameters. Figure 41 shows the organic loading rate, daily wet weight of feed added and
hydraulic retention time for D1-4 during the experimental period. Table 21 shows the summary of

history for mesophilic digesters D1-4 during digestion Trial 2-1 on baby maize stover.

These digesters were inoculated with 3 L of mixed digestate from D1-4 at the end of Trial 1, and
were run with TE addition to maintain the additional concentration (1 mg Co L™, 1 mg NiL?, 10 mg
Fe L) in digestate. The OLR was increased from 3 to 4 g VS L day? on day 1 without apparent

problems (i.e. foaming, VFA accumulation, etc).

Feeding of in D3 and D4 was interrupted by unexpected events: unintended feed break on day 69 —
70, repairs to the water bath used in pretreatment on day 97-98, and lab closure on day 114-115.
During the lab closure period, D1 and D2 were also not fed. Except for these events, feeding of all

digesters was carried out at OLR 4 g VS L' day? as planned.

D1’s motor stopped on day 72, 74, 87, 89. The motor was changed on day 89, but stopped again on
day 90.

From day 18, once the digesters appeared to be operating stably, thermophilic pretreatment was

carried out for D3 and D4 as described in section 3.8. After day 97, D1-4 started to sho signs of
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instability. Feeding ceased on day 91 in D1, day 97 in D2, day 119 in D3 and day 94 in D4. D1, 2,3, 4
were operated for the equivalent of 2.0, 2.2, 2.5 and 2.0 HRT, respectively (Table 22). Foaming was

not observed at any point in this trial.
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Figure 41. OLR, daily feed and HRT for D1-4 during digestion Trial 2-1 on baby maize stover
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Table 21. Summary of history for mesophilic digesters D1-4 during digestion trial 2-1 on baby maize

stover
Day | Date D1 | D2 \ D3 \ D4
07/10/2015 Mixing and dividing digestate from D1-4 in trial 1
0 08/10/2015 Feeding start: OLR at 3 g VS L' day!
Weekly TE dosing start to maintain concentration; 1 mg Co L, 1 mg Ni Lt and
10 mgFe L?
1 09/10/2015 OLR increase from 3 to 4 g VS L' day™*
18 26/10/2015 ‘ Pre-hydrolysis step start
43 20/11/2015 Thermocirculator turned off overnight due to water shortage
69 16/12/2015 Not fed for 2 days due to operator's
sickness
72 19/12/2015 Motor tended to
stop
74 21/12/2015 Motor stop
87 03/01/2016 Motor stop
89 05/01/2016 Motor stop and
replaced
90 06/01/2016 Motor stop
91 07/01/2016 Ceased feeding
93 09/01/2016 Fed due to mistake
94 10/01/2016 Ceased feeding Ceased feeding
97 13/01/2016 Ceased feeding No fed for 2 days
for repairing
water bath
103 19/01/2016 One-off TE dose: 0.1 mg L'? (Se, Mo, W, One-off TE
Mn, Al, B, Zn and Cu) dose: 0.1 mg L?

(Se, Mo, W, Mn,

Al, B, Zn and Cu)
114 30/01/2016 No fed due to lab

closure

119 04/02/2016 Ceased feeding

Table 22. Total amount of added substrate and equivalent HRT

D1 D2 D3 D4
Amount of added substrate [g] 6141 6543 7614 6141
Equivalent HRT for added substrate [-] 2.0 2.2 2.5 2.0

Operational stability. Figure 42 shows the monitoring parameters for operational stability during the

experimental period.

For the first ~12 weeks of operation while the digesters adapted to the new feedstock and pre-

treatment there were no dramatic changes in operating parameters. In this period TAN fell from
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around 2.2 to 1.4 g N kg (Figure 42a) in all four digesters. In D3&4 after pre-treatment started
there was a slight increase in TAN, perhaps due to improved hydrolysis and/or die-off of
microorganisms in the recycled digestate during the thermophilic stage; then a decline in TAN which
started around two weeks later than in D1&2. This was mirrored in the alkalinity with initial values of
TA 12, PA 9 and IA 3.5 g CaCOs kg falling to around 10, 7 and 2.7 g CaCOs kg ! respectively by day
83 (Figure 44b-d). The TA and PA in digesters D3&4 with pre-hydrolysis was around 1 g CaCOs kg™
higher than in D1&2 without pre-hydrolysis (Figure 42d), following the trend in TAN. This led to fairly
stable IA/PA ratios of between 0.3-0.6 (Figure 42e), with values in D3&4 very slightly lower (i.e. more
stable) than in D1&2. The initial pH in all digesters was around 7.5. After pre-treatment started, the
pH in D3&4 increased until around day 35. It then began to fall, but remained slightly higher than in
D1&2, again reflecting the higher alkalinity (Figure 42f). Total VFA concentrations were slightly
elevated, especially in D1 where they reached 2.7 g COD L around day 55 after the temperature
shock caused by accidental turning off of the thermocirculator overnight; but this peak disappeared
within 2 weeks, and average values for the period were only 0.5-1 g COD L and around 0.5 g COD L*
in D3&4 (Figure 42g). D1 appeared to have a slightly higher IA/PA ratio in this period and slightly less
favourable values for other parameters than the other reactors, including its duplicate D2; but the

differences were fairly small.

After day 83, however, there was a sharp rise in total VFA to 9-10 g COD Lin D1&2 and D4 and a
slightly less marked increase in D3 (Figure 42g). Over the next few days feeding to D1&2 and D4 was
briefly interrupted and/or stopped as shown in Figure 43 and Table 23. As a result total VFA in D2
and D4 fell in the 15-20 days after feeding ceased; but in D1, which had previously been the least
stable digester, the total VFA concentration rose to a peak of more than 14 g COD L' by day 111 and

only started to fall sharp after day 126, over 30 days after all feeding had stopped.

The changes in total VFA concentrations were reflected in all of the other monitoring parameters. I1A
rose sharply while PA fell, leading to a large increase in IA/PA ratios in D1&2 and D4 (Figure 42e).
The IA/PA ratio in D2 and D4 fell after day 98 shortly after feeding ceased, but in D1 it continues to
rise, reaching a maximum of around 4.3 on day 105. The VFA accumulation was sufficient to break
the buffering capacity of D1&2 and D4, with pH falling to minimum values of 6.54, 6.94 and 6.68
respectively; recovery in pH only occurred when the VFA concentrations in each reactor began to
fall. Low pH in this digester may have caused microbial die-off and cell lysis. While pH and alkalinity

parameters had recovered by around day 147, no attempt was made to re-start feeding.

134



12 ==
w0 \‘_5,\
A~ =
10
7S J/\/ = % —
-
s = i 5 e
[ ,/o\K_/\/ I
I o
= A % 6
% 10 '—\_‘ 8
= =
g =
05
2
0.0 0
0 50 100 150 0 50 100 150
Day Day
——D1 ——D2 ——D3 D4 —e—D1 —e—D2 —e—D3 D4
C 10 d g

PA [g CaCO5 kg'!]
—
£
3¢
1A [ Caco; kg')
ﬁ
)
)
A
>/
S

0 0
0 50 100 150 0 50 100 150
Day Day
——D1 ——D2 ——D3 D4 —e—D1 ——D2 —+—D3 D4
e > f 80
! /\ YauN
15 | & 2‘—>\4 \
3
g 3
2 EY
2
70
1
\
0 65
0 50 100 150 0 50 100 150
Day Day
——D1 ——D2 ——D3 D4 ——D1 ——D2 —+—D3 D4
g 3.0 h 200
15.0
= 20 | =
o ? o
8 [ y’ 2
S | 1 g 100
= ] =8
< 10 <
£ 1
> AN R, g
I} = 5
¢ = )
Q / A
e
00 00 [ s — "
0 50 100 150 0 50 100 150
Day Day
—e—D1 ——D2 ——D3 D4 —e—D1 —e—D2 —e—D3 D4

Vertical lines;

Day 18: Prehydrolysis step started for D3 and D4

Day 43: Thermocirculator turned off overnight

Day 94: Feeding of D1 and D4 ceased (D2 was on day 98)
Day 103: TE supplementation to D1, D2 and D4

Day 119: Feeding stopped of D3

Figure 42. TAN, alkalinity, pH and total VFA in D1-4 during digestion Trial 2-1 on baby maize stover
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This behaviour of the digesters was unexpected. At the start of the trial it had been assumed that
digesters D3&4 with pre-hydrolysis might show better gas production than D1&2 without pre-
hydrolysis; or that pre-hydrolysis step might be too stringent and cause disruption of the microbial
community and metabolic pathways to methane production. In fact all four digesters showed
instability, with the disturbance most severe in D1 without pre-hydrolysis, least severe in D3 with
pre-hydrolysis, and similar in D2 and D3. This suggested that the instability was due to some factor

affecting all of the digesters.

Volatile Fatty acid profiles. Figure 43 shows the VFA profiles for D1-4. Concentrations of individual
VFA species remained fairly low until day 84, although acetic acid were present in D1 and D2 from
day 5 with peaks in propionic acid of up to 1.6 g COD L after day 28 (Figure 43a and b).
Concentrations of these acids in D3&4 were generally lower and tended to decline until day 84

(Figure 43c and d).

In D1 and D4, the initial increase after day 84 was mainly acetic acid, which by day 98 had reached
6.7 and 5.8 g COD L7, respectively. Propionic acid also increased, reaching a peak of 5.2 g COD L in
D4 on day 105. In D2 the rise in propionic acid occurred before that in acetic acid, but both acids
peaked at around 4.8 g COD L* on day 98. In D3 the propionic acid also rose first but plateaued on
day 98 at just over 1.0 g COD L with correspondingly small rise in acetic acid to around 0.3 g COD L™,
Other acids with longer carbon chains also started to appear from day 91, and broadly followed the
trends in propionic acid concentration. The highest concentrations in D1 were on day 112 with acetic
9114 mg COD L}, propionic 5560 mg COD L%, iso-butyric 901 mg COD L%, n-butyric 1010 mg COD L7,
iso-valeric 1443 mg COD L and valeric 140 mg COD L. The highest values in D2 were on day 98 with
acetic 4758 mg COD L, propionic 4779 mg COD L}, iso-butyric 495 mg COD L, n-butyric 333 mg
COD L}, iso-valeric 605 mg COD L*and valeric 143 mg COD L.

The response of the digesters to the one-off TE supplementation on day 103 was interesting. D2 and
D4 showed similar behaviour, with a fall in all species of VFA immediately after TE addition, although
acetic and n-butyric acid concentrations may already have started to decline. In D1, however, there
was a rise in all VFA species which then plateaued until around day 126 when acetic and n-butyric
started to fall rapidly, followed 10-12 days later by the other VFA species, with iso-butyric the last to
fall. This phenomenon of an increase in VFA after TE addition has been reported before (Song,
2016a) and may indicate that the TE are having a greater stimulating effect on acidogenesis that on

methanogenesis (Jiang et al., 2012; Song, 2016a).
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Figure 43. VFA profiles for D1-4 during digestion trial 2-1 on baby maize stover — all acids. Vertical

line indicates one-off TE addition as in Table 21.

Biogas and methane production. Figure 44 shows the specific and volumetric biogas and methane
production and the biogas methane content during the experimental period. Up to day 14, gas
production increased, and then decreased to the end of the trial, but with different patterns of

fluctuation in different digesters.

Before day 18 gas production in D1-4 was almost the same. When pre-treatment started, D3&4
started to show 10-20 % less VBP than that of D1&2. D1&2 showed greater fluctuations than D3&4 in
VBP, VMP (Figure 44b) and SMP (Figure 44c). This was mainly due to the pattern of removal, as
digestate was taken from these reactors once a week. The fall in gas production occurred the day after

digestate was removed, with recovery over the next 6-7 days.

On day 44, it was observed that the thermocirculator was off and VBP was 67-69% of the previous
day’s value. The thermocirculator was turned on immediately and gas production recovered next day.
After this event, gas production settled until day 69. On day 69, SMP was 0.31 L CH, g* VSin D1, 0.29
LCHsgtVSinD2,0.24 L CHs gt VSin D3, 0.25 L CH, g VS in D4. D3&4 experienced an unplanned
break in feeding on day 69 and 70, and therefore gas production dropped during this period. Gas

production in D1&2 and D4 started to decline from day 77 just before the VFA accumulation which
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started from day 84. The decrease in D3 appeared later, from day 112. The VBP in the worst affected
digester D1 remained at 0.1 L L' from day 98 to day 126.

Methane concentration (Figure 44d) in D1-4 was around 60 % until day 77. After the start of pre-
treatment, the value in D3&4 increased by 3 % but then returned to 60 % in the following 2 weeks.
After day 77, methane concentrations in D1 and D4 dropped to 40 % when signs of instability appeared.
D2 followed the decline one week later. D3 started to show fluctuation but did not decrease until day

140.

These data indicated that D3 and D4 reacted surprisingly well to the pre-treatment. D3&4 showed
little disturbance, even though 10% of the digester volume was removed each day and subjected to
thermophilic conditions for 24 hours. As pre-hydrolysis started on day 18, digesters D3&4 would have
experienced the equivalent of 3 retention times of this operating regime by day 47. Most of the
original digestate would have been exposed to these conditions, but the gas production appeared to
stabilise in these digesters. There was a similar apparent stabilisation in D1&2; however, it seems that

the digesters with pre-hydrolysis were able to adapt to this fairly harsh treatment without apparent

difficulty.
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Figure 44. VBP, VMP and SMP for D1-4 during digestion Trial 2-1 on baby maize stover

138

150

D4



Figure 45 shows the gas production from the pre-hydrolysis stage. SBP fluctuated but settled around

0.08 L g VS added until day 68 (Figure 45a). Methane concentration was around 20 % with some

fluctuation, so SMP was less than 0.03 L CH4 g* VS (Figure 45b and c). Even when the SMP from pre-

treatment was added to the SMP from main digesters, the two-stage system gas production was

lower than D1&2 single stage digesters (Figure 45d).
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baby maize stover. Pre-hydrolysis in D3&4 started on day 19.
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Hydrogen production was observed. The concentration was around 8 % v/v and hydrogen yield
remained less than 0.01 L H, g VS (Figure 47e and f). Hydrogen can also be useful for energy
production. On the other hand, the HHV of hydrogen is 11700 kJ m3 SATP which is only 32.3 % of
the HHV of CH,4 at 36264 kJ m™ SATP (Dahlquist, 2013). Even if a large volume of hydrogen is
produced, the lower energy density means that it makes a relatively small contribution to the overall

energy yield.

The weight loss for pre-hydrolysis digesters was also checked (Figure 47g). The method is described
in section 3.8. Around 1 % WW of digestate was lost during pre-treatment. The 1 % loss may be

caused by evaporating or substrate degradation.

In terms of SMP, pre-hydrolysis did not have any positive effects.

Solids parameters. Figure 48 shows the solids parameters for the digestion trial.

TS (Figure 48a), VS (Figure 48b) VS/TS ratio (Figure 48c) showed long slow decline throughout the
trial. D1-4 showed almost same values until day 98 when instabilities happened. By day 98%, TS was
around 10%, VS was around 8% and VS/TS ratio was around 80 %. Feeding was stopped on day 95 in

D1&4, day 98 in D2 and day 120 in D3, and then solids parameter declined respectively.

VS destruction (Figure 48d) value fluctuated but D1&2 value was around 65 %, D3&4 was generally
higher. On day 73, there was drop. On day 70, D1&2 showed instability sign, motor often stopped
due to its thick digestate. At the period, instability in ammonia, alkalinity, pH and VFA was not

confirmed yet. This may be foresight of instability.

The gas production from single-stage D1&2 was greater than that combined from pre-hydrolysis and
main digesters D3&4. On the other hand, the VS destruction in D3&4 did not tie in with this because
D3&4 showed greater VS destruction. That may be caused by thermophilic stage and/or digestate

loss during pre-treatment.

Digestate weight 1% decreased after pre-treatment for 24 hours, and digestate may be lost during
preparation for treatment. For pretreatment, removed digestate was centrifuged and then moved
into conical flask. When digestate was transferred into new container, the weight was checked and
recorded every action. These weight was reflected to calculation of VS destruction. Even checking

these steps, some digestate may be lost without notice.
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Figure 46. Solids data for D1-4 during digestion Trial 2-1 on baby maize stover

Digestate appearance. The digestate from D1&2 and D3&4 showed significant differences in
appearance. D1&2 was more thick and viscous and undigested fibre was observed in the digestate.
D3&4 was thinner and more watery. The difference was similar to that between mesophilic
digestate and thermophilic digestate in Trial 1. Images of the digestates in Trial 1 and the
thermophilic digestate in Trial 2-1 are shown in in Figure 37 in section 4.3.2. The digestate in Trial 2-1
was basically thinner than that of Trial 1 which may be attributable to the higher moisture content of
baby maize stover. The main reason is most likely to be that the ones with pre-hydrolysis are
exposed to thermophilic temperature at least for a proportion of the time. Therefore it seems likely
that some component which causes the high viscosity in mesophilic digestion (e.g. extracellular
polymer) is either not formed in thermophilic conditions or is broken down: it is not possible to say
which. Stoyanova et al. (2014) compared the viscosity of digestate from single mesophilic and two
stage (thermophilic-mesophilic) digestion. Stoyanova et al. (2014) also reported the viscosity of the
digestate in the two stage showed less viscosity than that of the single stage. Stoyanova et al. (2014)
mentioned the lower viscosity was caused by the pectin degradation. In this study, pectin
degradation was not analysed as it was not included the original objective. It may be worth to check

the pectin degradation in future work.
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Discussion of results for mesophilic reactors in digestion Trial 2-1.

Table 23 shows the average values for reporting parameters in D1-4 and D9-10 during periods of
pseudo steady-state operation. Even through the operating regimes were different, D1&2 and D3&4
showed VFA accumulation and other signs of failure at the same time, from around day 84. This may

suggest depletion of TE, or accumulation of toxic compounds.

The possibility of TE wash-out is related to the long period of operation. The inoculum was a mixture
of D1-4 digestate from Trial 1. In Trial 1, the amounts of maize silage added were 7124 g WW in D1,
7630 g WW in D2, 8491 g WW in D3, 8370 g WW in D4. The working volume was changed from 4 to
3 Lduring trial 1 so HRT were 2.0in D1, 2.1in D2, 2.4 in D3&4. In Trial 2-1, D1&2 received 6007 g
WW (2.0 HRT), D3&4 received 5873 g WW (2.0 HRT) until day 84 when instabilities appeared. Total
HRT in trial 1 and trial 2-1 were 4.0in D1, 4.1 in D2, 4.4 in D3&4. The combined HRT were over 3 HRT
so essential TE wash-out may be possible. The VFA accumulation consisted propionic acids which
was at almost the same concentration as acetic acid, and other acids which were mainly iso-butyric,
n-butyric and iso-valeric acids were also observed. Bock (2006) reported propionic acid accumulation
was attributed to the deficiency of Se, Mo and W. Weekly TE supplementation (Fe, Co, Ni) in

proportion to the added substrate was carried out but the dosing did not include Se, Mo and W.

It is also possible that toxic or inhibitory compounds present in the maize stover feedstock
accumulated during Trial 1 and were therefore present in the inoculum at the start of trial 2-1 but

this explanation seemed less likely, and no further steps were taken to investigate it.

D9&10’s inoculum was mixture of 1 L fresh Millbrook digestate and 2 L mixed digestate from D1-4 in
Trial 1. D9&10 showed stable operation for a longer period than D1-4, even though D9&10 used the
digestate from trial 1 partly as inoculum. D9&10’s steady state gas production was 0.278 L CH, g1 VS
which was larger than the pseudo-steady state value of 0.269 for D1&2 between day 55 and 84.
D9&10 HRT was 4.4 HRT which was double that for D1-4. This may also support the possibility of TE

wash out.
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Table 23. Average values for reporting parameters during pseudo-steady state periods

Parameter Unit D1°® D2° D3° D42 D9° D10° Ave® Ave® Ave?
M M M+preM+pre M M M M  M+pre

OLR g VS L't day? 4 4 4 4 3 3 3 4 4
SBP LgtvVvs 0.483 0.450 0.388 0.372 0.503 0.486 0.495 0.467 0.380
SMP LCHsgtVs 0.281 0.257 0.231 0.222 0.283 0.273 0.278 0.269 0.227
SMP from pre LCH;g?'VS - - 0.012 0.005 - - - - 0.009
SHP from pre LH,g'VSs - - 0.006 0.006 - - - - 0.006
VBP LL?! day? 1.93 1.80 1.51 146 151 146 148 1.87 1.48
VMP L CHs Lt day? 1.09 0.99 0.84 0.82 085 082 084 1.04 0.83
CH4 content % v/v 57.8 56.9 59.5 589 56.2 56.1 56.1 574 59.2
Digestate TS  %WW 10.5 10.6 104 10.4 9.1 9.4 9.2 10.6 104
Digestate VS  %WW 8.4 8.7 8.4 8.4 7.1 7.4 7.3 8.5 8.4
VS destruction %VS 64.5 60.1 99.7 102.2 69.7 676 68.6 62.3 1009
pH - 7.4 7.4 7.6 7.6 7.2 7.2 7.2 7.4 7.6
TA g CaCOs kg WW 9.5 9.7 10.1 10.6 6.7 6.9 6.8 9.6 10.3
PA g CaCOs kg WW 6.4 6.7 7.4 7.8 4.6 4.6 4.6 6.5 7.6
1A g CaCOs kg?ww 3.1 3.0 2.7 2.8 2.1 2.3 2.2 3.0 2.8
IA/PA ratio - 0.48 0.44 0.37 036 046 050 048 046 0.37
TAN g N kg WW 1.42 1.50 1.50 159 0.62 074 0.68 1.46 1.55
Total VFA g COD L? 0.32 0.24 0.31 0.29 042 114 0.78 0.28 0.30

Note: these values are also shown in Table 24 below, which includes the values for the thermophilic
digesters run in parallel, but are given here for ease of reference. Table 24 does not include the

values for D1-4 as these digesters did not complete 3 HRT.
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4.3.4. Discussion of result for mesophilic and thermophilic conditions in digestion Trial 2-1
Table 24 summarises some of the key performance parameters obtained during periods of
apparently stable operation. Because of the operational issues described above it is difficult or
impossible to make a fully valid comparison of digestion performance with baby maize stover under
mesophilic and thermophilic conditions. Nevertheless some tentative conclusions and hypotheses

can be drawn from the data obtained.

All of the digesters fed on baby maize stover showed a decline in performance during long term
operation, in terms of a prolonged slow reduction in SMP and methane content (D7&8 Fig 35,
D9&10 Fig 39, D1&2 Fig 46) and/or a rise increase in VFA concentration (D5&6 Fig 28, D7&8 Fig 33,
D9&10 Fig 40, D1&2 Fig 44). These phenomena appeared at similar points in pairs of digesters, or
after similar equivalent HRT in pairs of digesters with different operating histories. VFA accumulation
appeared almost same date even the history in pairs of digesters was different. VFA concentration in
D5-8 and D9&10 accumulated after around one month when weekly TE dosing ceased (Fe, Co and
Ni). During the one month, the equivalent HRT was 0.65 HRT in D5&6, 0.86 HRT in D7&8, 0.64 HRT in
D9&10. That indicate the digesters may consist minimum amount of TE which came from weekly TE
supplementation. The concentration of other TE may also have been close to the minimum

acceptable amount in the digesters because the digestate used was from Trial 1.

The SMP for baby maize stover appeared to be significantly higher in thermophilic conditions than in
mesophilic. In D9&10 under mesophilic conditions at OLR 3 g VS L' day™ there was a period of
apparently stable operation from day 200 onwards, where most parameters had stabilised and only
limited VFA accumulation had occurred. The average SMP between days 210-239 was 0.278 L CH, g*
VS day™. In thermophilic conditions pseudo steady state periods occurred in D7&8 at OLR 3 g VS L-1
day-1 between days 140-169 (corresponding to approximately 2.0 HRT at this OLR), in D5&6 at OLR 4
g VS L't day? between days 112-141 (approximately 2.4 HRT), and in D7&8 at OLR5 g VS L™ day™?
between days 265-294 (approximately 4.9 HRT). The corresponding values of SMP were 0.342, 0.332
and 0.311 L CH4 g1 VS. The experimental conditions applied mean it is difficult to say whether the
apparent decline in SMP in thermophilic conditions is due to increasing OLR, progressive washout of
a critical trace element (or accumulation of a toxic compound), or a combination of both. The results
do suggest, however, that in this situation thermophilic digestion gave considerably higher gas

production.

The difference in SMP values in mesophilic and thermophilic conditions is supported by the
difference in digestate VS content and in estimated VS destruction, which stabilised at around 74.4

and 71.9% for thermophilic digestion at OLR 3 and 4 g VS L' day compared to 68.6% for mesophilic

144



digestion at OLR 3 g VS L' day™. These values correspond to an SMP per g VS destroyed of around
0.40 and 0.46 L CH4 g VSgestroyed day™ for mesophilic and thermophilic digestion respectively,
indicating significant differences in yield. There were also significant differences in the pseudo-
steady state pH, alkalinity and TAN concentrations at the two operating temperatures, as well as the
difference in visual appearance and foaming behaviour noted above. The lower TAN concentration
in mesophilic conditions (0.68 g N kg* WW at OLR 3 g VS L day?) compared to thermophilic (1.63
and 1.57 g N kg WW at OLR 3 and 4 g VS L day™ respectively) could possibly indicate less effective
breakdown of proteinaceous compounds in the feedstock, which might contribute to the lower SMP
per g VS added and destroyed; or alternatively could indicate that nitrogen is being taken up by the
biomass for formation of proteinaceous microbial products which could be linked to the greater
propensity for foaming in mesophilic conditions, while also reducing the SMP. This is speculative,
however: a number of complex factors may affect the relationship between TAN, TKN and biological
fixed nitrogen concentrations in digestate (Lindorfer et al., 2012) and no specific measurements

other than TAN concentration were taken in this experimental run.

It was difficult to assess the effect of the pre-hydrolysis stage on gas production because of the short
duration of the experimental periods and the failure to reach an apparent steady state; but there
was no evidence that the pre-hydrolysis gave any performance advantage and gas production

appeared to be at best similar to that without the pre-hydrolysis step.

Because of the problems associated with the different starting conditions and unexpected near-
simultaneous failure of the reactors in this digestion trial, it was therefore decided to carry out a

second series of experiments from well-defined set of starting conditions.

The results of these previous digestion trials with baby maize stover suggested that the reactors may
have been running out of trace elements and it was therefore decided to look at different trace
element supplementation strategies. Table 25 shows the trace element contents of the maize silage
and baby maize stover on a wet weight basis, i.e. approximately in proportion to their concentration
in the digestate, though not all forms will be equally available. It can be seen that the TE contents
are similar but maize silage appears to have more Co and Ni. Baby stover may have less selenium
and tungsten but more molybdenum, though it is difficult to be sure since these values are
apparently close to the detection limits of the methods used. On this basis it was decided to use two

different TE mixes consisting of (the 3TE and 5TE mixture).
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Table 24. Average values for reporting parameters during pseudo-steady state periods

Parameter Unit D9® D10° Ave® D7° D8  D5¢ D6 D79 D8 Ave® Ave® Aved

Operating - M M M T T T T T T T T T

temp

OLR g VS L't day? 3 3 3 3 3 4 4 5 5 3 4 5

SBP Lgtvs 0.503 0.486 0.495 0.601 0.598 0.603 0.604 0.539 0.545 0.599 0.583 0.542

SMP Lgtvs 0.283 0.273 0.278 0.343 0.342 0.346 0.332 0.308 0.315 0.342 0.332 0.311

VBP LL! day? 1.51 1.46 1.48 1.80 1.79 2.41 2.42 2.70 2.73 1.80 2.33 2.71

VMP L L' day? 0.85 0.82 0.84 1.02 1.01 1.38 1.36 1.52 1.54 1.02 1.32 1.53

CHs content % v/v 56.2 56.1 56.1 55.5 56.1 574 56.0 56.8 575 55.8 56.7 57.2

Digestate TS %WW 9.1 9.4 9.2 7.4 7.6 8.5 8.4 8.3 8.2 7.5 8.5 8.2

Digestate VS %WW 7.1 7.4 7.3 5.5 5.6 6.4 6.3 6.0 6.4 5.5 6.3 6.2

VS destruction  %VS 69.7 67.6 68.6 75.1 73.8 71.2 72.6 74.4 71.9

pH - 7.2 7.2 7.2 7.7 7.6 7.7 7.7 7.7 7.6 7.7 7.7 7.6

TA g CaCOs kg? 6.7 6.9 6.8 10.8 10.2 10.8 10.6 10.2 9.5 10.5 10.7 9.9
WWwW

PA g CaCOs kg 4.6 4.6 4.6 7.9 7.5 7.9 7.7 7.5 7.0 7.7 7.8 7.2
WWwW

1A g CaCOs kgt 2.1 2.3 2.2 3.4 3.2 2.9 2.8 2.7 2.5 3.3 2.9 2.6
WwW

IA/PA ratio - 0.46 0.50 0.48 0.43 043 036 037 036 037 043 036 0.36

TAN g N kgtww 0.62 0.74 0.68 1.68 1.59 1.58 1.56 1.46 1.31 1.63 1.57 1.39

Total VFA gCoD L? 0.42 1.14 0.78 0.21 0.17 0.09 007 017 0.08 0.19 0.08 0.12

@ Average value for days 210-239 (NB not last 30 days of operation)
b Average value for days 140-169 ©Average value for days 120-139
d Average value for days 265-294 M= mesophilic, T = thermophilic
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Table 25. Trace element content of maize silage and baby maize stover on a wet weight basis

Unit Maize silage Baby maize stover
Cobalt (Co) mg kg WW <0.4 <0.2
Nickel (Ni) mg kgt WW <0.4 0.19
Iron (Fe) mg kg WW 108 97
Total nitrogen (N) % TS 1.2 1.2
Total phosphorus (P) % TS 0.2 0.3
Total potassium (K) % TS 1.0 2.9
Total copper (Cu) mg kg WW 1.71 1.04
Total zinc (Zn) mg kg WW 9.2 7.2
Total sulphur (S) % TS 0.1 0.1
Calcium (Ca) mg kg WW 1019 584
Molybdenum (Mo) mg kg WW <0.4 0.45
Manganese (Mn) mg kgt WwW 4.6 6.0
Selenium (Se) mg kg WW <0.04 <0.02
Tungsten (W) mg kg WW <0.04 <0.02
TS % TS 41.0 18.6
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4.4. Digestion Trial 2-2 — pre-treatment of baby maize stover

In Trial 2-1, the inoculum used for D1-4 was digestate from Trial 1. Digesters D3&4 with thermophilic
pre-hydrolysis showed lower gas production than D1&2 without pre-hydrolysis, but all digesters
showed VFA accumulation. The total operating time in Trial 1 and 2-1 was equivalent to 4.0, 4.3, 4.9
and 4.4 HRT in D1-4 respectively and it was suspected that washout of TE may have caused this
instability. In this trial, fresh inoculum from Millbrook municipal wastewater treatment was used.
Trace elements dosing was not carried out from the start of the trial, as the duration was expected
to be short (i.e. just long enough to confirm whether gas production with pre-hydrolysis was lower
that without even when using healthy digestate), and the inoculum was believed to contain

sufficient TE for this purpose.

4.4.1. Objectives and methodology

Objective: To determine the difference in gas production potential and stability of baby maize stover
digestion in mesophilic conditions with and without a thermophilic pre-hydrolysis stage, using fresh

Millbrook digestate as inoculum.

Methodology: As before, D1&2 were operated as single-stage mesophilic digesters, D3&4 as
mesophilic digesters with thermophilic pre-treatment. For the first 4 days, the method was that
described in section 3.8. From day 5, the pre-hydrolysis method was modified. In the previous trial
the pre-treatment used digestate supernatant obtained from whole digestate by centrifugation, but

the modified method used whole digestate without any separation.

4.4.2. Mesophilic digestion results

Operating parameters. Figure 49 shows the organic loading rate, daily wet weight of feed added and
hydraulic retention time for D1-4 during the experimental period. Table 26 shows a summary of the

operating history of mesophilic digesters D1-4 during digestion Trial 2-2 on baby maize stover.
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Feeding began on day 0 at OLR 3 g VS L™ day™* and continued for 20 days in total, equivalent to only
0.3 HRT (Table 27). Feeding was stopped on day 20 because gas production from D3&4 was always

less than from D1&2, but all of the digesters were showing signs of instability.
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Figure 47. OLR, daily feed and HRT for D1-4 during digestion Trial 2-2 on baby maize stover

Table 26. Summary of operating history for mesophilic digesters D1-4 during digestion Trial 2-2

Day Date D1 D2 D3 D4
-2 | 02/03/2016 Set up
0 | 04/03/2016 Feeding started at OLR 3
5| 09/03/2016 Pre-treatment method change : no centrifuge
20 | 24/03/2016 Stop feeding

Table 27. Total amount of added substrate and equivalent HRT

D1-4
Amount of added substrate [g] 948
Equivalent HRT for added substrate [-] 0.3

Operational stability. Figure 48 shows the monitoring parameters for operational stability during the

experiment.

Total VFA (Figure 48a) showed a rise from the initial value, which was less than 0.3 g COD L on day
5. In D3 and D4 with pre-hydrolysis, total VFA concentrations reached a peak of 3.7 and 5.0 g COD L
respectively on day 22, just after feeding ceased; and then fell to less than 0.5 g COD L by day 31.
On the other hand, total VFA in D1 and D2 continuously increased until day 26, reaching peak values
of 8.6 and 8.0 g COD L respectively. Values in D1&2 started to fall sharply from day 29. Trends in pH

reflected the degree of VFA accumulation, with the value falling to below 7 in D1&2 (Figure 48b).
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TA (Figure 48c) remained steady at 8 g CaCOs kg in all digesters while feeding continued, but

increased in D3&4 to 9.5 g CaCOs kg from day 26 just after feeding stopped. D1&2 did not show a

rise until day 29, and reached same value as D3&4 on day 33. In PA, D1&2 seemed to be less stable

(Figure 48d).
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Figure 48. Total VFA, pH, alkalinity and TAN in D1-4 during digestion Trial 2-2 on baby maize stover
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IA (Figure 48e) increased from its initial value, which was less than 3.1 g CaCOs kg. The rise started
from day 5 and followed the trend in VFA accumulation. D1&2 showed greater peaks than D3&4 and
took more time to recover. The increase in |A values led to peaks in the IA:PA ratio (Figure 48f). Total
VFA concentrations in D1&2 were not significantly different, but the IA:PA value in D1 was greater

than that of D2, suggesting D1 was under slightly more stress.

TAN concentrations (Figure 48g) started from 1.7-1.8 g N kg * and showed a small increase. The final

value on day 33 was 1.8-1.9 g N kg *.

Based on these parameters, digesters D1&2 without pre-hydrolysis appeared to show greater

instability than D3&4 with pre-hydrolysis.

Volatile Fatty acid profiles. Figure 49 shows the VFA profiles for D1-4.

The peak in VFA concentrations after day 15 was mainly acetic and propionic acid, although small
amounts of other VFA were seen especially in the single-stage digesters D1&2. As with the total VFA,
concentrations of each VFA species in D1&2 were much greater than in D3&4 with pre-hydrolysis.
The concentrations of all VFA species continued to rise for some time after feeding stopped,

especially in D1&2.
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Figure 49. VFA profiles for D1-4 during digestion Trial 2-2 on baby maize stover
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Biogas and methane production. Figure 50 shows the specific and volumetric biogas and methane

production and the biogas methane content during the experimental period.

Biogas production from D1-4 increased from initial values (i.e. VBP 0.5 L L and VMP 0.3 L CH4 L)
until day 12 (Figure 50 a and b). The increase in gas production in D3&4 (with pre-treatment) lagged
about 1 day behind that in D1&2 (no pre-treatment). This was due to the pre-treatment step itself,
as the first day's feed for the reactors with pre-treatment went into the pre-hydrolysis reactor, so
the main digesters only received feed one day later. SMP in D3&4 was also less than in D1&2, in part
due to the production of some gas in the pre-hydrolysis stage (Figure 50c). From day 14, however,
gas production in all reactors began to fall. VBP and VMP profiles were almost the same for each
digester because the methane concentration (Figure 50d) was almost constant. Methane

concentrations fluctuated when instabilities appeared.

Feeding was ceased on day 20 because D3&4 gas production was always less than D1&2, gas

production continuously decreased from day 12 and instability signs started to appear.
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Figure 50. SBP, SMP for D1-4 during digestion Trial 2-2 on baby maize stover

The biogas production from the pre-hydrolysis step is shown in Figure 51. SBP slowly increased and
settled around 0.10 L g VS added from day 8 (Figure 51a). Methane concentration was around 30 %
so SMP was less than 0.04 L CH, g1 VS (Figure 51b and c). Even the SMP from pre-treatment was
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added to the SMP from main digesters, two stage system gas production was lower than that of

D1&2 single stage digesters (Figure 51d).
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Hydrogen production was observed. The concentration was around 6 % and hydrogen yield

remained less than 0.01 L H, g VS (Figure 51e and f).Hydrogen can also be useful for energy
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production. Only a small amount of hydrogen was produced and the lower energy density meant

that the contribution to the total energy was small.

The weight loss for pre-hydrolysis digesters was also checked (Figure 51g). The weight loss
fluctuated but settled around 0.5 % WW of digestate was lost during pre-treatment. The 0.5 % loss

may be caused by evaporating or substrate degradation.

In terms of SMP, pre-hydrolysis did not have any positive effects.

Solids parameters. Figure 52 shows the solids parameters for the digestion trial.

It is difficult to draw conclusions as the system had not reached steady state, but there were no
major changes in TS (Figure 52a) and VS (Figure 52b) content during the trial. There was a small
difference in VS/TS (Figure 52c) for the two sets of digesters by day 33. D3&4 recovered earlier than
D1&2, which still had high VFA and low pH, were therefore better able to start digesting residual VS

in the digestate.
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Figure 52. Solids data for D1-4 during digestion Trial 2-2 on baby maize stover

Digestate appearance. The appearance of the digestate in D1&2 and D3&4 showed a clear
difference, as in Trial 2-1. D1&2 was more thick and viscous and D3&4 was thinner like thermophilic

digestate.
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Discussion of results for digestion Trial 2-2.
From day 5 to day 13, D1-4 seemed to be operating stably in terms of IA/PA ratio, pH and rising gas

production; then operation was interrupted by the appearance of VFA peaks. The inoculum used in
the trial was fresh Millbrook digestate. Although TE supplementation as not carried out, only
minimal washout of trace elements would have occurred in this period. It seems more likely that the
VFA increase was due to the change in feedstock to baby maize stover at relatively high OLR of 3 g

VS L day?, and was possibly also associated with an early start to the 40-day bump.

The set of digesters with pre-hydrolysis were less severely affected than the digesters without pre-
hydrolysis. The thermophilic pre-hydrolysis step may have caused some inhibition of acidogenesis in
the main digesters, leading to lower VFA concentrations; or some VFA could have been consumed in

this stage.

D3&4’s specific gas production was lower than D1&2, however, even including gas from the pre-

hydrolysis step. Hydrogen was also observed during pre-treatment.

In Trial 2-1 D3&4 also showed lower overall gas production, but there were problems with stability
of all digester after around 80 days of operation. The cause in this case was suspected to be washout
of essential TE or nutrients. Therefore, Trial 2-2 used fresh Millbrook inoculum. Lower gas
production from D3&4 was observed again, but the results were unsatisfactory because of the
instability and short duration of the trial. It was therefore decided to compare performance with and

without pre-hydrolysis again in the next trial, if possible under more stable operating conditions.
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4.5. Digestion Trial 2-3 — baby maize stover

In Trial 1, the mesophilic digesters D1-4 showed rapid digestate volume expansion, foaming and VFA
accumulation. TE dosing was started near the end of the trial to help stabilise the anaerobic
digestion process. In Trial 2-1, Fe, Co, Ni, were added at the beginning and weekly TE dosing was
carried out based on the amount of added substrate. Although the two trials are not directly
comparable, as the substrates used (maize silage and baby maize stover) were different, operational
performance in Trial 2-1 was more stable than in Trial 1. Ni and Mo in maize silage were less than
detection limit but baby maize stover consisted 0.19 mg Ni kg’ WW and 0.45 mg Mo kg WW (Table
26). Trial 2-2 was carried out without TE dosing, for a one-month period only. The result of these
trials thus indicated that TE dosing had some effect on the stability of anaerobic digestion of maize-
derived substrates, but also suggested that there might be a requirement for other elements not

present in the TE mix sed.

In Trial 2-3, it was therefore decided to supplement the digesters with different combinations of TE
to assess the effects in mesophilic and thermophilic digestion. Mesophilic digesters were also
operated with TE supplementation (Fe, Co, Ni, Se, Mo) with and without the thermophilic pre-

hydrolysis treatment.

Furthermore, the inoculum for D1-4 in Trial 2-2 was fresh Millbrook digestate, and one possible
explanation for the instability of both sets of digesters in this trial was lack of acclimatisation to the
new feedstock at the applied OLR of 3 g VS L™ day™. The inoculum used for D9-10 in Trial 2-1,
however, included digestate from reactors that were fed on maize silage, so the digestate was at
least partially acclimated to this type of material; and it did not show a strong reaction to the change
in feedstock (i.e. little or no sign of a 40-day bump). To reduce or eliminate the effect of the
feedstock change in the current trial, it was therefore decided to inoculate D1-4 with mixture of

fresh Millbrook inoculum and digestate from D9&10 at the end of Trial 2-1.

The results of Trial 2-3 are reported in the following sequence to illustrate the effects of TE
supplementation: D1&2 and D9&10 (mesophilic CSTR), D1-4 (mesophilic CSTR), and D5-8
(thermophilic CSTR). The set of D1&2 (CSTR with 5 TE) and D9&10 (CSTR without TE) are compared
to assess the effect of the TE supplementation in mesophilic conditions. D1&2 (1 stage AD) is
compared D3&4 (2 stage). The comparison of D5&6 (CSTR with 3 TE) and D7&8 (CSTR with 5 TE) is to

assess the effect of TE supplementation in thermophilic conditions.
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4.,5.1. Objectives and methodology

Objective. To determine the effect of alternative TE supplementation strategies on the performance
of thermophilic digestion (3 and 5 TE) and mesophilic digestion (5 TE and no TE), and a thermophilic
pre-hydrolysis step before mesophilic digestion TE addition (5 TE), as indicated by gas production

and operational stability.

Methodology. Ten 5-L digesters of the type described in section 3 were used in this trial.
Temperature was controlled at 35 °C (D1-D4, D9-10) or 55 °C (D5-D8) by thermocirculators. All
digesters apart from D9&10 were supplemented with TE to give known additional concentrations in
the digestate on day 41, then weekly addition of trace elements was carried out to maintain the
concentration based on the added substrate. TE dosages, OLR, HRT and temperature condition for
each pair of reactors are shown in Table 28. Viscosity was measured from day 68 using a
Hounsfield viscometer as described in section 3.7 because it is associated with possibility of
foaming and VFA accumulation. Viscosity measurements were conducted in triplicate. TE

concentration in inoculum was checked (Table 29).

D1-4, D9-10: reactors were inoculated with 3 L of a mixture of Millbrook inoculum and digestate
collected from D9-10 from trial 2-1 at a ratio of 2:1 on a volume basis. The purpose of this was to
take advantage of any acclimatisation to the baby maize stover feedstock that had occurred in the
previous trial. Feeding on baby maize stover began on day 0 at an OLR of 2 g VS L day* and was

increased to 3 g VS L't day from day 13.

D5-8: On day -2 of the current trial (corresponding to day 196 of the preceding trial D5-6, and day
352 for D7-8) digestate from these 4 digesters was mixed and redistributed equally between them.
This was done to ensure homogeneity of inoculum, as the digesters had shown slightly different
behaviour in the previous trial. The working volume was decreased from 4 L to 3 L to match the
working volume in the mesophilic digesters. Feeding on baby maize stover began on day 0, two days
after the reactor contents were mixed and redistributed, at an OLR of 0.5 g VS L't day which was

increased to 4 g VS L™ day™® from day 15.

The method used for the pre-hydrolysis step for D3&4 is described in section 3.8. In this trial the

digestate used in pre-hydrolysis was not centrifuged.
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Table 28. CSTR conditions

Temperature TE HRT OLR Pre-hydrolysis
[°C] (kg L] [g VS L™ day]
D1-2 35 Co, Ni, Fe, Se, Mo 3.1 3-4 N/A
D3-4 35 Co, Ni, Fe, Se, Mo 2.1 3-4 Thermophilic
D5-6 55 Co, Ni, Fe 4.7 4 N/A
D7-8 55 Co, Ni, Fe, Se, Mo 4.7 4 N/A
D9-10 35 N/A 3.0 3-4 N/A

Note: Additional working concentrations of TE were 1 mg Co L, 0.4 mg Ni LY, 10 mg Fe L, 0.2 mg

Sell 0.2mgMo L

Table 29. Inoculum characteristics

[mg kg* WW] [mg kg™ TS]
D5-8 D1-4,D9-10 D5-8  D1-4, D9-10
P 371 1031 5175 18954
K 3913 1167 54645 21449
Cu 1 17 14 304
Zn 6 26 88.3 472
S 149 449 2078 8260
Ca 501 1363 6996 25046
Fe 80 1400 1119 25732
Mo 0.6 1.4 8.68 26.3
Mn 5.4 9.4 74.9 172
Ni 2.1 1.9 29.3 35.2
Se 0.11 0.22 1.52 4.09
Co 0.31 0.26 4.38 4.71
w 0.02 0.17 0.23 3.19
TS [% WW] 7.2 5.4

The results of Trial 2-3 are reported in the following sequence: D1&2 and D9&10 (mesophilic CSTR)
in section 4.5.2.1, D1-4 (mesophilic CSTR) in section 4.5.2.2, and D5-8 (thermophilic CSTR) in section
4.5.3. The two sets of digesters D1&2 (CSTR with 5 TE) and D9&10 (CSTR without TE) are compared
to assess the absence of TE supplementation. The next section compares D1&2 (1 stage AD) and
D3&4 (2 stage). Then D5&6 (CSTR with 3 TE) and D7&8 (CSTR with 5 TE) are compared to provide

information on TE supplementation.
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4.5.2. Mesophilic digestion results

Operating parameters. Figure 53 shows the organic loading rate, daily wet weight of feed added and
hydraulic retention time for mesophilic digesters (D1-4, D9-10) during the experimental period. A
summary of the reactors’ history is given in Table 30. From day 0 to day 12, the digesters were fed at
OLR 2 g VS Lt day™. From day 13 to day 29, the OLR was increased from 2 to 3 g VS L' day™. Feeding
was stopped between day 40 and 45 due to signs of instability, then the OLR was gradually returned
to3 g VS Ltday™ From day 121 to day 136, the OLR was increased from 3 to 4 g VS L't day™®. Feeding
of D3&4 was stopped on day 136, which was equivalent to 2.1 HRT, because it was clear the
performance of this pair of digesters was poor in comparison with the other digesters. D1 and 2
operated for 174 days, equivalent to 3.1 HRT. D9 and 10 operated for 173 days, equivalent to 3.0
HRT (Table 31).
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Figure 53. OLR, daily feed and HRT for D1-4, 9-10 during digestion
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Table 30. Summary of reactors' history for mesophilic digesters D1-4, D9-10 during digestion trial 2-3

on baby maize stover

Day Date D1 D2 D3 D4 D9 D10
-2 20/04/2016 Inoculate with mixture of Millbrook and D9-10 digestate from trial 2-1
0 22/04/2016 Feeding start: OLR at 2
13 05/05/2016 OLR increase from 2 to 3 for 17 days
40 01/06/2016 No feeding for 6 days due to decrease in gas production
5 TE(Fe (10), Ni (1.0), Co (0.4), Se (0.2), Mo (0.2)):
2 201
41 02/06/2016 dosing for digestate(3 mL) + weekly dosing start No TE
46 07/06/2016 Feeding start at OLR 0.5
53 14/06/2016 OLR increase from 0.5 to 3 for 15 days
121 21/08/2016 OLR increase from 3 to 4 for 16 days
Stopped feeding at
136 05/09/2016 OLR 3.75
139 08/09/2016 | Slow stirring observed Slow stirring observed
Slow
stirring
140 09/09/2016 observed
Not fed for
1 day due
to slow
142 11/09/2016 stirring
173 12/10/2016 Stopped feeding
174 13/10/2016 Stopped feeding
Improved stirring Improved stirring
180 19/10/2016 observed observed
Table 31. Total amount of added substrate and equivalent HRT
D1 D2 D3 D4 D9 D10
Amount of added substrate [g] 9205 9205 6299 6299 9131 9056
Equivalent HRT for added substrate [-] 3.1 3.1 2.1 2.1 3.0 3.0
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4.5.2.1. D1&2 and D9&10 — effect of trace element addition

Biogas and methane production. Biogas and methane production are shown in Figure 54.

VBP and VMP in all of the digesters without pre-hydrolysis (i.e. D1&2, D9&10) showed a clear
response to the increase in OLR between day 15 and 31 (Figure 54a and b). In this period, the SBP
(Figure 56c¢) in these digesters was almost constant at around 0.6 L g VS added, while SMP (Figure
56d) appeared to reduce slightly. Gas production in D9&10 without TE addition was very slightly
lower than in D1&2, especially from about day 21 onwards (average SMP value day 21-42, 0.305 g VS
L day?in D1&2, 0.288 g VS L't day? in D9&10). By day 39 just before feeding was interrupted, the
VMP and SMP had reached 1.9 L LY and 0.32 L CH4 g VS respectively.

After day 40 when feeding was temporarily reduced in response to signs of instability, there was a
drop in VBP and VMP and a corresponding peak in SBP and SMP as production of biogas and
methane continued from residual feed in the digesters. Once the increase in OLR started from day
48 onwards, VBP and VMP rose again in step with the rise in feeding. SBP and SMP also rose in this
period as the gas production from slower-degrading fractions recovered from the deficit of feeding
in the previous days. Gas production in D1&2 and D9&10 recovered to the value before feeding was
stopped by day 78, and remained stable from day 79 to day 161 while showing quite significant day-
to-day fluctuations. In this period, there was no apparent difference between digesters D1&2 and

D9&10 with and without TE addition.

From day 162 both specific and volumetric gas production in D9 and D10 started to drop, falling to
less than 0.6 L CH,4 L by day 169, although D10 then showed some recovery back toward the
performance of the other digesters. In D1&2 with TE addition, gas production remained stable until

day 174 when feeding was stopped in all digesters.

Methane concentrations were in good agreement for all reactors by day 117, then D9&10 began to

show more fluctuation and slightly less methane than D1&2.

Average values for gas production during periods of relatively stable operation are shown in Table 32

and 38.
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Figure 54. VBP, SBP, VMP and SMP for D1-2, 9-10 during digestion Trial 2-3 on baby maize stover

Operational stability. Figure 55 shows the monitoring parameters for operational stability during the
experimental period.

VFA accumulation (Figure 55a) occurred on two occasions around day 40 and 180. The first of these
appeared to be the typical 40 day bump, when the highest total VFA concentrations occurred in D9
and D10 without TE addition at 1.71 and 3.05 g COD L, compared with only 0.33 and 0.39 g COD L*
in D1 and D2. This indicated that addition of the 5TE mix was effective in promoting stable operation
at this point. The use of a mixture of acclimated digestate and fresh Millbrook inoculum in
combination with the reduction in OLR when the VFA peak appeared may have reduced the severity

of the VFA accumulation at this time, but did not completely prevent it.
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The second VFA peak started from around day 132, just before the end of the stepwise increase in
OLR from day 121 to day 137. On day 174 when feeding was stopped, the total VFA concentrations
in D9 and D10 were 20.1 and 10.9 g COD L, respectively. The total VFA concentration in D10 fell
over the next 2 weeks and stabilised at between 1-2 g COD L%, but in D9 it only reduced slightly to
16-17 g COD L* indicating that the disturbance in this digester was more severe. In contrast the total
VFA in D1&2 with TE addition remained low until day 159, when it also started to increase sharply,
reaching around 7 g COD L by the time feeding was stopped. Concentrations then fell rapidly over

the next 2 weeks, stabilising at below 0.1 g COD L™

This difference in the time of onset of VFA accumulation, and to some extent of its severity,
indicated that supplementation with the 5 TE mix was helpful in prolonging stable operation, but it
was not sufficient to prevent instability. In both cases the onset of instability occurred close to 3
HRT. TE requirements in thermophilic digestion are less well understood and may differ from those
in mesophilic conditions, but taken with the result of the thermophilic trial this may suggest these

reactors were still running out of an essential element not present in the 5 TE mix.

Other monitoring parameters also showed signs of instability. TA (Figure 55b) remained fairly stable
until day 132, at an average of around 8.6-8.8 g CaCOs kg in D2, D9 and D10 and around 8.3 g
CaCOs kgt in D1; then declined to between 6.5-7.5 g CaCOs kgt when VFA accumulation appeared.

From day 181, TA started to recover to the previous the value except in D9.

PA declined from day 132 to between 2.7-3.4 g CaCOs kg in D1&2 and D10 before recovering due
to the cessation of feeding (Figure 55c), but the value in D9 fell to below 1.0 g CaCOs kg and did not
recover. IA (Figure 55d) was stable at around 2.7 g CaCOs kg ! in all digesters until day 152, then
showed some fluctuation in all digesters. IA in D9 showed a strong rise to over 6.4 g CaCOs kg *. This
led to increases in the IA/PA ratio (Figure 55e) to above 1.0 in all digesters, and a catastrophic
increase to above 10 in D9. The pH (Figure 55f) reflected these changes in alkalinity, with values
falling during the period of disturbance, but remaining above 7.0 in all digesters except D9. D9’s pH
was below 6. TAN concentrations (Figure 55g) in all digesters decreased slowly, from around 1.5 g N
kg™ at the start of the experimental period to between 0.32 —0.36 g N kg ! in D1&2 and D10 during
the period of disturbance, and slightly higher in D9. TAN increased after feeding was stopped, which

may have been caused by degradation of some of the microbial biomass.
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Figure 55. VFA, pH, alkalinity, TAN in D1-2, 9-10 during digestion Trial 2-3 on baby maize stover

Volatile Fatty acid profiles. Figure 56 shows the VFA profiles for D1&2 and D9&10. As mentioned
above, there were two VFA peaks at around day 40 and day 170. The first peak in D1&2 with TE
addition consisted only of acetic acid and was less than 0.4 g COD L. In D9&10 without TE the peak

consisted of propionic and acetic acid accumulations of 0.9-1.0 mg COD L™* and 0.4-1.5 mg COD L7,
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respectively. This also supports the view that the addition of TE was useful in promoting stability at
the start of the run. In the second VFA peak, propionic acid accumulation was greater than acetic
acid in all digesters and made up the majority of the VFA. Slightly elevated concentrations of n-
butyric, iso-valeric, iso-butyric and valeric acid were also present in all digesters on day 174 when
feeding stopped. These declined rapidly in D1&2, but remained present in D9&10 as long as

monitoring continued.
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Figure 56. VFA profiles for D1-2, 9-10 during digestion Trial 2-3 on baby maize stover

Solids parameters. Figure 57 shows the solids parameters for digesters D1&2 and D9&10. TS, VS and
VS/TS were similar in all digesters and all increased through the digestion trial. The solids parameters
then decreased after feeding was stopped, apart from in D9. D9 experienced severe VFA
accumulation and did not show a decrease in solids content. This may indicate that the pH or VFA

concentration remained low enough to cause some inhibition of hydrolytic activity.

Viscosity was measured from day 75 and settled at around 700-1000 cP. From day 132 when VFA
accumulation appeared, viscosity started to increase. During this period, when the OLR increased
from 3 to 4 g VS L day’?, more undigested fibrous materials were observed, and the digestate was
more thick and viscous. That may indicate that the digesters were starting to struggle with digesting

the substrate.
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The increase in viscosity may be a result of the accumulation of undigested fibrous materials in the
digestate. Slow stirring was observed and stirring sometimes stopped altogether due to the thick
digestate. The VFA accumulation may be related to the insufficient mixing and/or higher OLR. On day
174 when feeding was stopped, the viscosity in the digesters was 3745 cP in D1, 2707 cP in D2, 2576
cPin D9, 4527 cP in D10. After feeding ceased, the viscosity dropped to below 900 cP on day 188,

then settled around 300 cP from around day 200. This indicates the viscosity increase was associated

with VFA accumulation.
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Figure 57. Digestate solids parameters for D1-2, 9-10 during digestion Trial 2-3 on baby maize stover
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Discussion of results for mesophilic TE comparison. Table 34 shows the monitoring parameter values for

D1&2 and D9&10 pseudo-steady state periods.

D1&2 received 5 TE (Fe, Co, Ni, Se, Mo) while D9&10 did not receive any trace element
supplementation. The SMP values for D9&10 were 0.311 L CH, g VS at OLR3 g VS L day!and
0.236 L CHs gt VS at OLR 4 g VS Lt day™® which were 5-6 % less than that of D1&2. At OLR4 g VS L*
day?, D9&10 showed 1-2% higher digestate TS and VS than that of D1&2 suggesting that the ability

of the micro-organisms to degrade the substrate was reduced.

VFA accumulation around day 40 and 180 clearly showed significant differences between D1&2 and
D9&10. The 40-day bump in D1&2 consisted only of acetic acid which was less than 0.4 g COD. The
acetic acid in D9&10 was greater than D1&2 and propionic acid was also present in similar
concentrations to the acetic acid. The second peak was much higher than the first peak, and had
reached 6.6 g COD L in D1&2,20.1 g COD L in D9 and 10.9 g COD L in D10 on day 174 when
feeding stopped. These accumulations quickly decreased in D1&2 but remained present in D9&10

while monitoring continued.

Alkalinity measurements also supported the difference in VFA production. During the second VFA
peak, the IA:PA ratio increased. Peak values in D9&10 were greater than in that of D1&2. After
feeding ceased, the IA:PA ratio recovered quickly but recovery in D9 was observed by end of the

Trial 2-3.

Taken together, these data indicate the 5 TE supplementation helped stable operation and greater

biogas production.

One more noteworthy piece of data was the increase of viscosity after the OLR increase from 3 to 4
g VS L' day™. The greatest viscosity was observed on day 174, and this rapidly decreased after
feeding stopped. The order of highest viscosity was D10>D1>D2>D9. Viscosity seemed not to be

affected as strongly by the 5 TE dose as other parameters were.

It was difficult to find literature describing the relationship between OLR and viscosity, but some
papers report a link between high viscosity and foaming. Stoppok and Buchholz (1985) reported that
foaming in a digester treating sugar beet pulp was caused by the high viscosity of the fluid-substrate

mixture and high cellulosic composition of substrate. Suhartini et al. (2014) reported that
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thermophilic digestion was more resistant to foaming and that may be related to lower viscosity.
Bartek et al. (2015) reported rapid volume expansion was a result of gas bubble hold up in digestate
due to inadequate mixing. When the mixing stopped, the digestate could behave like a solid because

gas bubbles would remain stationary in suspension and continue to grow.

Similar situation might happen in D1&2 and D9&10. TS and VS increased until feeding stopped so
undigested substrate was accumulated. After the OLR increase from 3 to 4 g VS L day?, the amount
of residual undigested substrate was accelerated. Slow and/or stopped mixing were observed. The
fibrous digestate and inadequate mixing may catch more gas bubbles and the digestate may show

rapid volume expansion. That may cause higher viscosity.

Overall, it is clear that 5 TE supplementation (Fe, Co, Ni, Se, Mo) allowed greater methane yield and
more stable operation, but the digesters showed signs of instabilities at OLR4 g VS L  day®. OLR4 g
VS L't day? is not high OLR for maize derived AD (Cornell, 2011). That may indicate other TE

requirement.
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Table 32. Monitoring parameter values for mesophilic digestion with and without TE addition during pseudo-steady state periods in Trial 2-3

Parameter

OLR

SBP

SMP

VBP

VMP

CH4 content
Digestate TS
Digestate VS
VS destruction
Viscosity

pH

TA

PA

1A

IA/PA ratio
TAN

Total VFA

Unit

g VS L't day?
Lg'vs

LCHa g VS

L Lt day?

L CH, Lt day?

% v/v

%WW

%WW

%VS

cP

g CaCOs kgt WW
g CaCOs kgt WW
g CaCO; kg WW
g N kgtww
gLt

D1° D2°? D1° D2° D9? D10° D9* DI10° Ave?® Ave? Ave® Ave®
M+5TE M+5TE M+5TE M +5TE M M M M M M + 5TE M M + 5TE
3 3 4 4 3 3 4 4 3 3 4 4
0.621 0.600 0.475 0.487 0.591 0.549 0471 0476 0.570 0.610 0.474 0.481
0.341 0.326 0.247 0.253 0.321 0.301 0.241 0.232 0.311 0.333 0.236 0.250
1.86 1.80 1.90 1.95 1.77 165 188 187 171 1.83 1.88 1.93
1.05 0.99 1.07 1.07 1.00 093 106 1.05 0.96 1.02 1.06 1.07
55.0 54.1 51.5 52.4 541 546 53.8 52.0 544 54.6 52.9 52.0
7.6 7.5 7.4 7.6 7.4 7.5 9.0 8.8 7.5 7.6 8.9 7.5
5.8 5.8 5.1 53 5.6 5.7 7.0 6.7 5.7 5.8 6.8 5.2
76.0 76.4 77.0 78.2 76.0 76.0 78.2 756 76.0 76.2 76.9 77.6
929 746 1050 969 793 859 1001 914 826 837 958 1010
7.36 7.40 7.26 7.35 738 735 738 7.38 7.4 7.4 7.4 7.3
8.3 8.7 7.4 7.7 8.9 8.9 8.0 7.7 8.9 8.5 7.9 7.6
5.4 5.8 5.2 5.8 6.0 6.0 5.1 4.8 6.0 5.6 5.0 5.5
2.9 2.9 2.7 2.7 2.9 2.8 2.9 3.0 2.9 2.9 2.9 2.7
0.54 0.50 0.61 0.55 0.48 047 057 064 048 0.52 0.61 0.58
0.73 0.88 0.45 0.50 093 097 062 048 0.95 0.81 0.55 0.47
0.11 0.08 1.25 0.63 0.11 0.09 254 190 0.10 0.10 2.22 0.94

@ Average value for days 91-120

® Average value for days 137-166
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4.5.2.2. D1&2 and D3&4 effect of thermophilic pre-hydrolysis

Note : results for D1&2 shown above are repeated here for ease of comparison.

Biogas and methane production. Biogas and methane production are shown in Figure 58. During the

period from day 40 onwards while feeding was reduced and then re-introduced, gas production in

D3&4 followed similar trends as in D1&2, but again the gas production in D3&4 were lower than that

of D1&2 (Figure 58a, b and c). After day 107 it reached a plateau with an SMP of around 0.194 L CH,

g VS added, i.e. about 58 % the total in the other digesters, until feeding was discontinued on day

136 (Figure 58d). It was therefore clear that gas production from the main digesters D3&4 with the

pre-hydrolysis stage was considerably less than from D1&2, and also from D9&10 (without TE).

Feeding of D3&4 was stopped on day 136 after which residual gas production slowly declined.
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Figure 58. VBP, SBP, VMP and SMP for D1-4 during digestion Trial 2-3 on baby maize stover
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Figure 58e shows the methane concentration of the biogas from D1-4. Fluctuations in biogas
composition after day 159 were associated with changes in feeding and reactor parameters

described below.

Gas production from pre-hydrolysis step. Figure 59 shows the gas production from the pre-hydrolysis
step. SBP slowly increased and settled around 0.20 L g VS added from day 60 (Figure 59a). Methane
concentration was around 50 % so SMP settled 0.093 L CH, g VS (Figure 59b and c). Even the SMP
from pre-treatment was added to the SMP from main digesters, two stage system gas production

was lower than D1&2 single stage digesters (Figure 59d).

Hydrogen production was observed. The concentration was from 0 to 3 % and hydrogen yield
remained less than 0.009 L H, g* VS (Figure 59e and f). The contribution of the hydrogen to the

overall energy present in the form of gaseous energy products was therefore small.

The weight loss for pre-hydrolysis digesters was also checked (Figure 59g). The weight loss
fluctuated but settled around 1 % WW of digestate was lost during pre-treatment. The 1 % loss may

be caused by evaporating or substrate degradation.

In terms of SMP, pre-hydrolysis did not have any positive effects.
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Operational stability. Figure 60 shows the monitoring parameters for operational stability during the

experimental period.
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There was little difference between the values of monitoring parameters for D3&4 and D1&2 up to
the time when feeding of D3&4 stopped on day 136. pH was initially slightly higher in D3&4 (Figure
60a), but had equalised by day 175. TAN was similar in all digesters until day 33, then started to
diverge slightly, with values in D1&2 on average around 0.25 g N kg* higher than in D3&4 (Figure
60b). This could possibly indicate either a lower degree of breakdown of organic N in the feedstock
in D3&4, or a higher degree of uptake into microbial biomass; or some other mechanism for
reduction of TAN such as losses in biogas in the first stage hydrolysis reactors. Alkalinity parameters
(Figure 60c-f) showed no consistent differences between the two pairs of digesters, while the 40-day
peak concentrations of total VFA (Figure 62g) in D3&4 were 0.70 and 0.54 g COD L}, i.e. only
marginally higher than in D1&2.

Volatile Fatty acid profiles. Figure 61 shows the VFA profiles for D1-4. These confirm the very low
VFA concentrations in both sets of digesters during most of the run. D3&4 (Figure 61c and d) showed
a very slight elevation in acetic acid concentrations (< 0.15 g COD L) in the first 30 days of the run,
and the presence of propionic acid in concentration of up to 0.40 g COD L* at day 40, which was not
seen in D1&2 (Figure 61a and b). Small increases in propionic and acetic acid around day 132 may

have been a response to the increase in OLR, but reduced immediately once feeding ceased.
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Solids parameters. Figure 62 shows the solids parameters for digesters D1-4. TS, VS and VS/TS
increased by the time feeding stopped. From day 89, there was a divergence in the TS and VS
content, with values in D3&4 around 0.5 % WW lower than in D1&2 by the time feeding of D3&4
was stopped. This lower solids content could indicate that additional hydrolysis was occurring in the
thermophilic pre-treatment phase, but this was not translated into higher specific methane yields

most of time.

The VS/TS ratio in the two pairs of digesters remained similar, but there was a significant difference
in the viscosity, with average values of 854 cP and 296 cP for D1&2 and D3&4 from day 75 until
feeding of D3&4 stopped on day 136.
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Discussion of result for mesophilic pre-hydrolysis comparison. The average values during pseudo
steady state periods are shown in Table 35. D1-4 received 5 TE. D1&2 were without pre-hydrolysis

and D3&4 were with pre-hydrolysis.

There was a significant difference in SMP between D3&4 with pre-hydrolysis (0.194 L CH, g VS) and
D1&2 without (0.333 L CH4 g1 VS). Even when the gas production from pre-hydrolysis (SMP 0.093 L
CH4 g1 VS, SHP 0.001 L H, g VS) was included, D3&4 could not cover the SMP difference.

The SMP from the pre-hydrolysis stage in Trial 2-3 was significantly higher than in Trial 2-1 and 2-2
(Table 36) and the weight loss after pre-hydrolysis was correlated with gas production. This indicates

that 5TE supplementation helped methanogen activities.

A clear difference was also observed in viscosity which was 837 cP in D1&2, and 265 cP in D3&4. This
phenomena was also observed by Stoyanova et al. (2014)who compared viscosity in a single
mesophilic digester and in two stage AD (first stage thermophilic, second stage mesophilic). The
lower viscosity in the two-stage system was attributed to pectin degradation during pre-hydrolysis.
Togrul and Arslan (2003) reported that higher cellulose concentration and lower temperature caused

higher viscosity.

Taken together, the two stage system helped reduce viscosity but caused lower gas production. In
terms of SMP, the two stage system did not have any positive effects. Other modes of operation of
pre-hydrolysis are possible: for example some plants may operate by retaining a proportion of the
feed in the pre-hydrolysis tank to provide a good inoculum of hydrolytic organisms adapted to the

conditions; but this option was not investigated in the current work due to time constraints.
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Table 33. Monitoring parameter values from mesophilic digestion with and without pre-hydrolysis

during pseudo-steady state periods in Trial 2-3

Parameter Unit D1°® D2 D3? D4? Ave? Ave?

M+5TE M+5TE M+pre M+pre M+5TE M +pre
OLR g VS L' day? 3 3 3 3 3 3
SBP Lg'vs 0.621 0.600 0.361 0.369 0.610 0.365
SMP LCHsg'Vs 0.341 0.326 0.190 0.198 0.333 0.194
SMP from pre  LCHsg*VS - - 0.093 0.094 - 0.093
SHP from pre LH,g'Vs - - 0.001 0.000 - 0.001
VBP LL! day? 1.86 1.80 1.08 1.11 1.83 1.09
VMP L CH, Lt day™ 1.05 0.99 0.60 0.62 1.02 0.61
CH4 content % v/v 55.0 54.1 52.2 53.7 54.6 53.0
Digestate TS %WW 7.6 7.5 6.7 7.0 7.6 6.8
Digestate VS %WW 5.8 5.8 5.0 5.2 5.8 5.1
VS destruction  %VS 76.0 76.4 74.7 74.9 76.2 74.8
Viscosity cP 929 746 255 275 837 265
pH - 7.4 7.4 7.33 7.34 7.4 7.3
TA g CaCOs kgt WW 8.3 8.7 7.4 7.9 8.5 7.7
PA g CaCO; kgt WwW 5.4 5.8 4.8 53 5.6 5.1
1A g CaCOs kgt WW 2.9 2.9 2.5 2.6 2.9 2.6
IA/PA ratio - 0.54 0.50 0.52 0.49 0.52 0.51
TAN g N kg WW 0.73 0.88 0.50 0.58 0.81 0.54
Total VFA gCoD L? 0.11 0.08 0.05 0.06 0.10 0.05
2 Average value for days 91-120

Table 34. SMP and SHP from pre-hydrolysis in Trial 2-1, 2-2 and 2-3

Trial 2-1 Trial 2-2 Trial 2-3
OLR g VS Ltday? 4 3 3
SMP from pre  LCHsg'VS 0.005 0.018 0.093
SHP frompre  LH,g'VS 0.011 0.007 0.001
TE 3TE - 5TE

D3-4 from Fresh Millbrook  Mixture of 1L D9-10 in Trial 2-1 and
Inoculum Trial 1 digestate 2L fresh Millbrook digestate
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4.5.3. Thermophilic digestion results

Operating parameters. Figure 63 shows the OLR, daily wet weight of feed added and the hydraulic
retention time for digesters D5-8. A summary of the reactors’ history (trace elements addition, other
events) is shown in Table 35. From start-up onwards the target OLRs were successfully maintained
with only minor variations. During this trial, the digesters were not fed on day 40 due to an
unintended break in feeding, and on day 81 due to VFA accumulation. Additional trace element
supplementation was carried out on day 81, 84 and 118 as shown in Table 35. On day 143, the OLR
on D7 only was decreased from 4 to 2 g VS L™ day™ for one day as the biogas production on the day
before was half the normal amount. This may have been a false alarm due to leaking gas. Feeding of
all reactors was stopped for 2 days on day 223 then resumed on day 226 for one day before finally

ceasing. D5-8 were operated for the equivalent of 4.7 HRT, respectively (Table 36).
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Figure 63. OLR, daily feed and HRT for D5-8 during digestion Trial 2-3 on baby maize stover
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Table 35. Summary of history for thermophilic digesters D5-8 during digestion Trial 2-3 on baby

maize stover

Day Date D5 D6 D7 D8
Mixed D5-8 from trial 2-1 and separated equally.
-2 20/04/2016 Working volume decrease from4 Lto3 L
0 22/04/2016 Feeding start: OLR at 0.5
13 05/05/2016 OLR increase from 0.5 to 4 for 50 days
40 01/06/2016 Not fed for 1 day due to absence
3TE(Fe (10), Ni (1.0), Co (0.4)): dosing | STE(Fe (10), Ni (1.0), Co (0.4), Se (0.2),
02/06/2016 for digestate(3 mL) + weekly dosing Mo (0.2)): dosing for digestate(3 mL) +
41 start weekly dosing start
Not fed for 1 day due to VFA accumulation
3TE(Fe (10), Ni 3TE(Fe (10), Ni
(1.0), Co (0.4)): (1.0), Co (0.4)):
one-off dose for one-off dose for
81 12/07/2016 digestate (3 mL) digestate (3 mL)
W(0.2): one off W(0.2): one off
doe for digestate dose for digestate
84 15/07/2016 (3 mL) (3 mL)
W(0.2): one off W(0.2): one off
doe for digestate doe for digestate
118 | 18/08/2016 (3 mL) (3 mL)
50 % fed due to
low gas
143 12/09/2016 production
223 01/12/2016 Stopped feeding for 2 days
226 04/12/2016 Fed digesters 1 day
227 05/12/2016 Stopped feeding

Table 36. Total amount of added substrate and equivalent HRT for D5-8 during digestion Trial 2-3 on

baby maize stover

D5 D6 D7 D8
Amount of added substrate [g] 14128 14128 14091 14128
Equivalent HRT for added substrate [-] 4.7 4.7 4.7 4.7
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Operational stability. Figure 64 shows the monitoring parameters for operational stability during the
experimental period. On day 41 a one-off dose of TE was added to the digesters as shown in Table
29 (D5&6 =3 TE: Fe, Co and Ni; D7&8 =5 TE: Fe, Co, Ni, Se and Mo) and weekly TE dosing was begun

to maintain the TE concentration.

Total VFA concentrations in all four digesters remained fairly low (average < 0.2 g L) until day 61.
From day 61 onwards, however, VFA concentrations rose sharply in all four digesters over the next 2

weeks (Figure 66 a and b), reaching around 3 g COD L in D5, D6 and D8 and 2 g COD L in D7.

On day 81 a one-off 3 mL dose of the 3TE mix was added to D5 (3TE) and D7 (5TE) to bring the
additional concentration in the digestate up by a further 10 mg Fe L'}, 1 mg Ni L'* and 0.4 mg Co L.
These additional TE concentrations were then allowed to wash out over the remainder of the
operating period, but weekly dosing at the original concentration was continued in proportion to the

amount of feedstock added.

The immediate response in both D5 and D7 was a further rise in VFA concentrations to around 4.7 g
COD Ltin D5 (3TE addition) and 3.3 g COD L in D7 (5TE addition) (Figure 64a). Total VFA
concentration in D5 then fluctuated around 5 g COD L until day 118, while that in D7 gradually
decreased but remained above 1.7 g COD L*. On day 118 both digesters were supplemented with a
one-off dose of tungsten to bring the additional concentration in the digestate up by 0.2 g W L. In
D5 the VFA concentration fell sharply, declining to 0.36 g COD L'l by day 152 and stabilising below
0.1 g COD L. In D7 where the initial concentration was lower the rate of fall was slightly less sharp,

but total VFA also stabilised below 0.1 g COD L from day 152 until the end of the run.

Digesters D6 and D8 did not receive any additional supplementation with the 3TE mix, but on day 84
they were given a one-off dose of tungsten to raise the additional concentration in the digestate by
0.2 g W L. This was also allowed to wash out over the following weeks, while the previous regular
TE dosing in each reactor continued. In response to the one-off dose, both digesters showed a
relatively short-term increase in total VFA (Figure 64b), which was more noticeable in D6 (3TE)
where the VFA concentration had previously been falling. Total VFA in D6 reached 3.2 g COD L on
day 90 then began to fall steadily, stabilising at < 0.1 g COD L by day 152. In D8 (%TE) the peak VFA
concentration was 5.4 g COD L on day 90. From day 95 this fell sharply and reached values of < 0.1
g COD L shortly after D6.

Despite these increases in VFA, the other monitoring parameters remained relatively stable. TAN fell
from an initial value of 1.5 g N kg to stabilise after day 89 at around 1.0 g N kg, apart from a brief

downward excursion in D7 between days 145-174 (Figure 64c). TA declined from around 11.5 g
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CaCOs kg at the start of the run until day 89 (Figure 64d), then increased slightly to stabilise at
around 10 g CaCOs kg ! in all digesters while feeding continued, with a small dip in D7 matching the
fall in TAN in the same period. PA followed a similar trend to TA, with a small decrease in D5 while
total VFA concentrations had plateaued or were falling (Figure 64e). IA was stable until day 61, at
around 3 g CaCOs kg . Over the next 4-5 weeks it increased to a slightly different degree in each
digester, reflecting the accumulation of VFA in each case, before starting to decline (Figure 64f). By

the end of the run IA was around 2.5 g CaCOs kg ™.

These changes in IA and PA led to a rise in IA/PA ratio from 0.4 up to 0.7 during the period of higher
VFA concentrations, indicating some instability; the ratio then returned to around 0.4 (Figure 64g).
pH fell slightly in all digesters in the first few weeks of operation, increased briefly from day 132-159,
but then stabilised at around 7.5 until the end of feeding (Figure 64h). These parameters indicated
that the additional TE dosing interventions undertaken to prevent further VFA accumulation were

successful in preventing any serious instability.
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Figure 64. Total VFA, pH, alkalinity and TAN concentrations in D5-8 during digestion trial 2-3 on baby

maize stover.

Vertical dotted lines indicated in Table 35 (D5 and D7 3TE on day 81, W on day 118, D6 and D8 W on

day 84).
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Volatile Fatty acids. Figure 65 shows the VFA profile of the digesters. Acetic acid concentrations
were slightly elevated in all digesters until day 61, with a small transient peak at day 40 which also
appeared in the propionic acid concentrations in D5, D7 and D8. From day 61 on there was a sharp

rise in propionic acid concentrations accompanied by a slower increase in acetic acid.

Addition of the one-off dose of 3TE to D5 and D7 on day 81 caused a brief fall in propionic acid
concentrations by day 85 (Figure 65a and b), followed by an increase to 2.5 and 1.7 g L%,
respectively. The initial small fall in propionic acid was matched by a slight rise in acetic acid, which
stabilised at around 0.8 and 0.5 g COD L in D5 and D7 respectively. At the same time, small
amounts of some longer chain VFA appeared, including iso-valeric, iso-butyric and valeric, and n-
butyric in order of concentration. The maximum iso-valeric concentration observed was around 0.25
g COD Lt in D5 (3TE). There was a slow decline in propionic acid in D7 between day 100-116, leading
to the fall in total VFA in this digester; but apart from this, concentrations of all the VFA species
mentioned remained approximately steady until the one-off dose of tungsten was added on day
118. This led to a sharp fall in propionic acid and longer chain VFA in both D5 and D7, followed
shortly after by a decrease in acetic acid concentrations. For the remainder of the run, only acetic

acid was present at low concentrations (~ 80 mg COD L?).

In D6 and D8 after the addition of the one-off dose of tungsten on day 84 there was a sharp rise in
propionic acid concentration, of around 1.1 g COD L in both reactors (Figure 65c and d). Acetic acid
concentrations also rose slightly until they reached plateaus of around 0.5 and 0.9 g COD L in D6
and D8, respectively. There were also small increases in iso-valeric, iso-butyric, valeric and n-butyric.
From day 90 the propionic acid concentration in both reactors fell, sharply at first and then more
slowly after it reached about 1.1 g COD L. Concentrations of other VFA also fell, with acetic acid the
last to reduce. As with D5 and D7, for the last 50 days only acetic acid was present in low

concentrations.

Clearly the addition of tungsten alone had a big effect on the VFA accumulation, producing a rapid
reduction in propionic acid in D6 and D8. The concentration in D5 (3TE) only began to fall after
tungsten addition; the effect in D7 with 5TE plus additional 3TE supplementation was similar but

slightly less clear, as propionic acid was already falling slightly when the tungsten was added.

The rise in VFA after the addition of either more 5TE or tungsten may indicate that the hydrolytic or
acidogenic population were lacking trace elements, and were able to respond more quickly to the
supplementation than the methanogenic population. This phenomena was also observed by Jiang et
al. (2012) and Song (2016a). In the study by Jiang et al. (2012), an increase in acetic and propionic

acid after W dosing was also observed. The increase was maintained for 2 weeks and then dropped.
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This phenomenon occurred in only one digester in a duplicate pair, however, and Jiang did not

discuss the possible causes for the increase.

In the study by Song (2016a), reported Co had positive effects on propionic and acetic acid
degradation because Co-depending enzymes were required for propionic acid oxidation and the
following methanogenesis. Insufficient Se caused the remaining acid accumulation as Se is required
for syntrophic acetic acid oxidisation. In this study, VFA in D7 (regular 5TE and one off 3TE) started to

decrease slightly before the W supplementation, perhaps due to the presence of Se and Co.

The fall in propionic acid indicates unblocking of a metabolic pathway. W has been reported to take
an active role in propionate degradation (Bock, 2006; Reda et al., 2008; Plugge et al., 2009). Jiang et
al. (2012) noted W dosing had positive effects for reducing propionic and acetic acid accumulation,
pH recovery and slightly higher methane yield. W is a component of FDH, and can assist the
metabolism of methanogens growing on CO, and H; (Zellner et al., 1987; Zellner and Winter, 1987).
This indicate W is also important for methanogenesis. On the other hand, W is not included in most
of the commonly used TE recipes, and only limited studies have been carried out on the effect of W

dosing (Kayhanian and Rich, 1995; Jiang et al., 2012).

It is also possible that the propionate-degrading microorganisms were short of W. Gallert and Winter
(2008) noted that the activity of propionate degrading microorganisms was most important to
degrade propionate acid accumulation. Xiao et al. (2015) reported adenosine triphosphate (ATP)
reduction rate was higher when propionic acid accumulation (4585 mg L) was degraded.
Zamanzadeh et al. (2013) also reported higher propionic acid accumulation in thermophilic digestion
was attributed to low affinities of propionate-degrading microorganisms. The higher propionic acid
accumulation in D5-8, Trial 2-3 may indicate the propionate-degrading microorganisms activity or

population were poor. W dosing may help to increase ATP.

The propionate-degrading microorganisms were reported as growing slowly and as being sensitive
to pH (Pind et al., 2003). The optimal pH range was 6.8 — 8.5 (Boone and Xun, 1987) but pH in D5-8

remained over 7.5 in Trial 2-3. The propionate degradation was thus not inhibited by pH.
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Figure 65. VFA profiles for D5-8 during digestion Trial 2-3 on baby maize stover

Biogas and methane production. Biogas and methane production and biogas methane content are
shown in Figure 66. The thermophilic digesters responded well to the increase in OLR between day
13-62, with VBP and VMP rising in proportion to the applied load. On day 40, D5-8 were not fed due
to an unintended feed break. On day 81, the digesters were not fed due to VFA accumulation, and
therefore gas production decreased on day 41 and day 82. The duplicate pairs of digesters showed
good similarity. Biogas methane content appeared to decrease slightly on day 77, and stabilised at
around 54 % by the end of the run. Average gas production values during pseudo-steady state

periods are given in Table 40 with values for other monitoring parameters.
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Figure 66. VBP, SBP, VMP and SMP for D5-8 during digestion Trial 2-3 on baby maize stover

Solids parameters and viscosity. Figure 67 shows the solids parameters for the digester. The TS and
VS content in D5-8 increased slightly from the start of the run, and stabilised by around day 80. The
VS/TS ratio fluctuated and the value in D5&6 was less than in D7&8 until day 61 when VFA
accumulation appeared. VS destruction showed some variability but appeared to be stabilising at
around 70%. The TS and VS decreased after day 227 reflecting the cessation of feeding. To compare
with D5-8 in Trial 2-1, the difference was the solids parameter in Trial 2-2 did not decrease
constantly as in Trial 2-1. This indicates the digestate in Trial 2-3 worked well for anaerobic

processing of baby maize stover.

Viscosity analysis started from day 75. Viscosity in D7&8 was slightly greater than in D5&6 but was

always less than 500 cP.
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Figure 67. Digestate solids parameters for D5-8 during digestion trial 2-3 on baby maize stover
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Discussion of results for thermophilic digesters. Table 37 shows the monitoring parameter values for

thermophilic digestion during pseudo-steady state periods.

The noteworthy VFA accumulation happened from day 61. To respond to this, one-off TE dosing was
carried out. On day 81, D5&7 received Fe, Co and Ni. On day 84, D6&8 received W. On day 118,
D5&7 received W. Each digester showed a different pattern of VFA accumulation due to additional

TE dose.

Adding TE (either 3TE mix or W) first made the VFA increase. This may indicate hydrolytic or
acidogenic microorganisms were lacking TE, and responded more quickly than the methanogenic

population. This phenomenon was also observed by Song (2016a) and Jiang et al. (2012).

With addition of W only the VFA then fell. With addition of 3TE, VFA concentrations plateaued and
only fell after W was added. Concentrations in D7 which received 5TE weekly and one off 3TE dosing
started to decrease slightly before the W dose. Se and Co syntrophic reaction was reported by Song

(2016a). The dose of 5 TE and 3 TE helped the degradation of propionic.

A decrease in VFA concentrations after W dosing was also reported by Jiang et al. (2012). Facchin et
al. (2013) also reported W supplementation increased methane yield. W is component of FDH so it is
possible to aid acetogenesis and hydrogenotrophic methanogenesis (Zellner and Winter, 1987;
Kayhanian and Rich, 1995). On the other hand, the commonly used TE mix recipe did not include W,

and the effects of W have not been extensively studied (Jiang et al., 2012; Facchin et al., 2013).

The VFA accumulation was dominated by propionic acid which indicates propionate-degrading
microorganisms population or activity were limited. The reported propionate microorganisms are
Syntrophobacter wolini (Boone and Bryant, 1980), Smithella propionica (Liu et al., 1999),
Desulfobulbus (Kremer and Hansen, 1988) and Desulfacinum hydrothermale (Sievert and Kuever,
2000). The degradation of accumulated propionic acids depends on these microorganisms (Gallert
and Winter, 2008). These microorganisms grow slowly and are sensitive to pH (Pind et al., 2003). The
optimal pH range is 6.8 — 8.5 (Boone and Xun, 1987) but pH in D5-8 remained over 7.5 in Trial 2-3.

Thus the propionate degradation was not prohibited by pH.

Xiao et al. (2015) reported ATP reduction rate was higher when higher propionic acid accumulation
(4585 mg L) was degraded. Zamanzadeh et al. (2013) also reported higher propionic acid
accumulation in thermophilic digestion was attributed to low affinities of propionate-degrading
microorganisms. Insufficient ATP or affinities may cause the limited propionate degrading

microorganisms activity.
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It is clear that W supplementation had positive effects to degrade VFA accumulation. There was no

significant difference between the pair of digesters in terms of gas production, alkalinity, ammonia,

TS, VS and VFA. The trial completed 4.7 HRT with stable operation restored after W addition.

Table 37. Monitoring parameter values for thermophilic digestion pseudo-steady state periods in

Trial 2-3
Parameter  Unit D5¢ D6°¢ D7°¢ D8¢ Ave? Ave?
T+ 3TE T+ 3TE T+5TE T+5TE T+ 3TE T+ 5TE
OLR g VS L't day? 4 4 4 4 4 4
SBP Lgtvs 0.602 0.590 0.603 0.594 0.596 0.599
SMP LCH,gtVs 0.325 0.320 0.327 0.320 0.323 0.324
VBP L Lt day? 2.41 2.36 2.41 2.38 2.38 2.39
VMP L CH, Lt day? 1.38 1.33 1.36 1.34 1.35 1.35
CH, % v/v 53.8 54.1 53.9 53.9 54.0 53.9
content
Digestate
TS %WW 8.4 8.6 8.5 8.3 8.5 8.4
Di
V'Sgesme %WW 6.4 6.6 6.4 6.4 6.5 6.4
VS
. %VS 76.1 76.7 75.9 76.1 76.4 76.0
destruction
Viscosity cP 262 272 313 261 267 287
pH - 7.60 7.57 7.52 7.51 7.6 7.5
g CaCOs kgt
TA Ww 9.4 9.3 9.2 9.7 9.4 9.5
g CaCOs kgt
PA WW 6.7 6.6 6.5 7.0 6.6 6.8
g CaCOs kgt
1A WW 2.7 2.7 2.7 2.6 2.7 2.7
IA/PA ratio — 0.41 0.42 0.41 0.38 0.41 0.39
TAN g N kg Ww 1.01 1.02 1.01 1.04 1.01 1.03
Total VFA gCoD L? 0.07 0.04 0.04 0.07 0.05 0.06

¢ Average value for days 193-222
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4.5.4. Discussion of all results from Trial 2-3

Table 38 summarises average values for some of the key performance parameter obtained during

periods of apparently stable operation for all parts of Trial 2-3.

SMP in thermophilic digesters were 0.324-0.325 L CH4 g VS. SMP in mesophilic digesters with pre-
hydrolysis showed the lowest value of 0.194 L CH4 g VS. Even when the SMP from pre-hydrolysis
was added to that from the main digester, the total was only 0.287 L CH,4 g VS which was the lowest
pseudo-steady value achieved at OLR 3 g VS L'* day®. SMP in mesophilic digesters without TE was
0.311LCHsg*VSatOLR3 gVSL*day*and 0.236 L CH, g* VS at OLR 4 g VS L™ day?, with the latter
value clearly reflecting the onset of VFA accumulation and instability. In contrast, in mesophilic
digesters with 5TE supplementation the SMP value was 0.333 L CH4 g VS which was close to that of
thermophilic digesters. The 5 TE (Fe, Co, Ni, Se, Mo) supplementation clearly increased SMP in
mesophilic digesters and delayed the onset of VFA accumulation, but was not enough to ensure

stable operation.

VFA accumulation was observed in both mesophilic and thermophilic digesters. The 3TE dose caused
an increase in VFA accumulation but W dose had positive effects for VFA degradation. That indicates
these digesters were lacking in W for anaerobic processing of baby maize stover, or in some other
trace element for which W can act as a substitute. Very few studies on the requirement for W have
been reported in the literature, but the fact that Jiang et al. (2012) also found tungsten had a
stimulatory effect in digestion of crops from this location may indicate that there is a particular
deficiency of specific trace elements in this region. This should be taken into account in operation of
large-scale AD plants on local agro-wastes, especially in planning the TE addition strategy or if there

is any sign of a decline in digestion performance.

Viscosity was much greater in the mesophilic digesters than in the thermophilic digesters (Figure 68).
The higher viscosity in mesophilic digesters indicates the potential for gas hold up due to
accumulation of undigested fibrous material in digestate, although no foaming was seen in this trial.
TE addition in both mesophilic and thermophilic digesters less foaming was also observed by

Karlsson et al. (2012).

The viscosity of mesophilic digesters with pre-hydrolysis was lower than in single mesophilic
digesters, and almost the same as that of the thermophilic digestate. Stoyanova et al. (2014) also
reported the viscosity of digestate from two stage AD was lower than from single stage and that

lower viscosity was due to pectin degradation.

190



5000

4000

3000

Viscosity [cP]
)]
o
[=]
o

[y
Q
o
o

o

Figure 68. Viscosity in all digesters

A difference between mesophilic and thermophilic digestion was also observed in ammonia
concentration. Thermophilic digesters showed greater TAN 1.0-1.03 g N kg than mesophilic
digesters. The lowest value was found in the mesophilic digesters with pre-hydrolysis 0.54 g N kg™.
TAN concentration is influenced by a number of factors including degree of substrate degradation,
biomass uptake, OLR and HRT (Roberts et al., 2016a), and the reason for this difference is not

known.

Trial 2-3 showed more stable operation than Trial 2-1 and 2-2, especially in the mesophilic digesters.
In Trial 2-1 and 2-2, it was not possible to start directly at an OLR of 3 g VS L day? with Millbrook
inoculum as was done in Trial 1. The OLR on Millbrook AD plant was possibly close to 3 g VS L't day?
but the feedstock (municipal wastewater biosolids or sewage sludge) was very different from maize-
derived substrates. Sewage sludge is much less degradable than maize silage or baby maize stover.
Although the applied OLR was similar the actual OLR in terms of g VS destroyed was therefore

probably higher, and this may also suggest the need for acclimatisation.

Taken together, 5 TE (Fe, Co, Ni, Se, Mo) and W supplementation helped greater methane yield and
stability. Without TE supplementation, SMP in mesophilic digesters was substantially less than that
of thermophilic digesters. 5TE supplementation brought mesophilic digestion SMP up to the value in
thermophilic digesters. W dosing caused VFA degradation in thermophilic digesters: it would be
interesting to know if it has a similar effect in mesophilic digestion but this was not tested in the
current trial. In terms of SMP, pre-hydrolysis did not have any positive effects. Acclimatisation to the

feedstock was essential for anaerobic processing of baby maize stover.
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Table 38. Average values for reporting parameters during pseudo-steady state periods in digestion

Trial 2-3 with baby maize stover

Parameter
OLR

SBP

SMP

SMP from pre
SHP from pre
VBP

VMP

CH4 content
Digestate TS
Digestate VS
VS destruction
Viscosity

pH

TA

PA

1A

IA/PA ratio
TAN

Total VFA

Unit

g VS L't day?
Lg'vs

LCHa g VS

L CH, g1Vs
LH,g!Vs

L Lt day?

L CH, Lt day?

% v/v

%WW

%WW

%VS

cP

g CaCOs kgt WW
g CaCOs kgt WW
g CaCOs kgt WW
g N kg WW

g CoD L

M + pre? M ?@ M + 5TE? M b T+3TEP T+5TE®
3 3 3 4 4 4
0.365 0.570 0.610 0.474 0.596 0.599
0.194 0.311 0.333 0.236 0.323 0.324

0.093 - - - - -
0.001 - - - - -
1.09 1.71 1.83 1.88 2.38 2.39
0.61 0.96 1.02 1.05 1.35 1.35
53.0 54.4 54.6 52.9 54.0 53.9
6.8 7.5 7.6 8.9 8.5 8.4
5.1 5.7 5.8 6.8 6.5 6.4
74.8 76.0 76.2 76.9 76.4 76.0
265 826 837 958 267 287
7.3 7.4 7.4 7.4 7.6 7.5
7.7 8.9 8.5 7.9 9.4 9.5
5.1 6.0 5.6 5.0 6.6 6.8
2.6 2.9 2.9 2.9 2.7 2.7
0.51 0.48 0.52 0.61 0.41 0.39
0.54 0.95 0.81 0.55 1.01 1.03
0.05 0.10 0.10 2.22 0.05 0.06

2 Average value for days 91-120

® Average value for days 137-166

¢ Average value for days 193-222
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4.6. Conical flask test for digestion Trial 2-3

In Trial 2-3, it seemed that additional TE dosing (Co, Fe, Ni, W) had positive impacts on VFA
accumulation. The history of each pair of digesters was not exactly the same (Table 39), and
therefore the results were not available in duplicate making it more difficult to draw firm
conclusions. In this trial, batch samples of digestate was spiked with acetate and propionate and
changes in VFA concentration were observed. The TE dose impacts was assessed by the decrease of

acetate and propionate.

Table 39. Summary of trace elements dosing history of thermophilic digesters in Trial 2-3

D5 D6 D7 D8
Regular dose Fe, Co, Ni Fe, Co, Ni Fe, Co, Ni, Se, Mo Fe, Co, Ni, Se, Mo
Day 81 Fe, Co, Ni Fe, Co, Ni
One off dose Day 84 W W
Day 118 W W

4.6.1. Objectives and methodology
Objective. The aim of this trial was to assess the impacts of TE dosing to digestate form the

thermophilic digesters from Trial 2-3

Methodology. The tests were carried out in an orbital shaking incubator at a thermophilic (55 + 1 2C)
temperature and arranged as follows: 12x 250-ml Erlenmeyer flasks were used each filled with 200
mL of VFA-supplemented digestate liquor taken from digesters D5-8 after the end of Trial 2-3. The
inoculum digestate was also spiked with sodium acetate and sodium propionate. On day 0, 200 mL
of digestate was spiked with 2 mL of 400 g L sodium acetate or sodium propionate to make the
concentration of each acid up to 4000 mg L. In COD unit, it was assumed propionic acid 6047 mg

COD LY, 4263 mg COD L. Tests were carried out in triplicate.

The headspace of each flask was flushed with a carbon dioxide and nitrogen (20:80) mixture (BOC,
UK) before the flasks were sealed with rubber bungs with an outlet connection to a 1-L gas sampling
bag (Tedlar, SKC Ltd, UK) to collect generated gas, maintain the system at ambient pressure and

keep it under anaerobic conditions. The flasks were then randomised and incubated in an orbital
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incubator (Weiss-Gallenkamp, UK) at a constant temperature of 55 °C and agitated at 60 RPM.
Digestate in each flask was regularly sampled from the flasks and analysed at certain intervals to
monitor the VFA degradation until all VFAs were consumed. After sampling, the flasks are flushed
with carbon dioxide and nitrogen (20:80) and sealed again before being returned to the incubator.

The experiment continued until all VFAs in flasks were depleted.

4.6.2. Results

First trial

The first trial compared digestate from D5 and D6. The digestate was collected on day 283 in Trial 2-
3. D5 and D6 had received Fe, Co and Ni weekly to maintain the TE concentration, in proportion to
the added substrate. Additional one-off TE dosing was carried out due to VFA accumulation. D5
received a one-off 10 mg L Fe, 0.4 mg L'™Co, and 1 mg L'* Ni on day 81, 0.2 mg L' W on day 118. D6
received 0.2 mg L' W on day 84 (Table 41).

Figure 69 shows the results of batch flask trials, VFA degradation.
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Figure 69. VFA profiles in D5&6 with sodium acetate (a and b) and propionate (c and d) for digestate

samples takes on day 283
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The concentration of the spiked acetate decreased rapidly in both D5 and D6 (Figure 69a and b), but
faster in D6 which received the one-off dose of W earlier than D5. A small increase in iso-butyric acid

was observed in the flask tests for both reactors on day 3 and 4.

Turning to sodium propionate, D5 and D6’s propionic concentration decreased which was
accompanied by acetic acid accumulation (Figure 69c and d). The difference between D5 and D6 was

D6’s acetic acid concentration rose more quickly after sodium propionate dose.

Second trial

The second trial compared digestates from D5-8. The digestates were collected on day 342 in trial 2-
3. D5&6 had received Fe, Co and Ni and D7&8 received Fe, Co, Ni, Se, Mo weekly to maintain the TE
concentration in proportion to the added substrate. Additional one-off TE dosing was carried out
due to VFA accumulation. D5&7 receive additional Fe, Co, and Ni on day 81, and W on day 118.
D6&38 received only W on day 84.

Figure 70 (acetate dose) and 71 (propionate dose) show the results of batch flask trials, VFA
degradation. The digestate were spiked with sodium acetate and sodium propionate, however, dose
amount was 10% of first trial due to a mistake in making up the concentrated solution. Only D5 and

D6 were spiked with the expected sodium acetate.

Regarding sodium acetate dose, it might be difficult to compare D5&6 (Figure 70a and b) and D7&8
(Figure 70c and d) because dose amount was different. Acetic acid in D5&6 dropped to around 1000

mg COD L on day 2 then disappeared on day 7. This phenomena was also observed in D7&8.

Turning to sodium propionate, propionic acid in D6&D8 quickly disappeared within 6 days. In
contrast, D5&7 took 8 days and increase of acetic acid was observed which was not shown in D6&8
(Figure 71a-d). D6&38 received W 35 days earlier than D5&7 in Trial 2-3 and VFA accumulation fell
only after W dosing. D5&7 experienced higher VFA accumulation for a longer time than D6&8, which
may have negative effects on the microbial population, leading to imbalance of AD process in D5&7.

That indicates earlier W has positive effects for propionic acid degradation.
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Figure 70. VFA profiles in D5-8 with sodium acetate
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Figure 71. D5-8 with propionate
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4.6.3. Discussion

In first trial, the acetic acid concentration in D6 fell more rapidly than in D5. In second trial, the
digestate with sodium propionate dosing, D5&7 and D6&8 showed some differences. D5&D7
showed a higher acetic acid concentration and took more time to degrade propionic acid than D6&8.

D6&8 received W 35 days earlier.

To discuss first and second trial, it seems earlier W dose might be effective quick VFA degradation,
however, data from first trial and second trial were slightly different. This may be related to the date
on which the digestate was collected. First trial collected the digestate on day 283, second trial was
day 342. Microorganisms change the digestate slightly every day as their nature. Each sample was

triplicate and showed similar results.

Jiang et al. (2012) reported W supplementation caused VFA degradation and slightly higher methane
production and Facchin et al. (2013) noted W dosing increased methane yield. W is a component of
FDH. FDH is enzyme to degrade formate, not propionic acid. W may work not only for FDH but also
other enzymes, acidogens and methanogens. Only limited studies have been conducted the effects

of W supplementation so the chemical reaction is not understood.

To sum up, batch assays for D6&8 responded better than D5&7 as they had a shorter period of VFA

accumulation which is likely to have disturbed the microbial population.
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4.7. Energy conversion efficiency

Measured calorific value and theoretical methane potential value are shown in Table 40 to compare
with the SMP results and VS destruction. Measured calorific value was calculated from the bomb
calorimetry analysis. Theoretical value was calculated from the Buswell equation and the Boie
equation. BMP test was conducted. The experiment results are from Trial 2-3, Table 40. The greatest
calorific value (CV) was found in measured CV by bomb calorimetry analysis, second greatest was
theoretical methane potential, third greatest was BMP and then experimental results. This indicates

the analysis was conducted successfully.

Mesophilic digestion with baby maize stover showed significant differences in performance in
different operating conditions as noted above. The theoretical methane potential energy recovery of
the mesophilic digestion with pre-hydrolysis (Buswell) was only 40.1 %. Measured CV recovery was
slightly lower 35 % and lowest VS destruction 74.8 % was also observed. The energy recovery in
single mesophilic digestion without TE was 64.3 % which was greater than that of two stage, but
could not achieve the value in thermophilic digestion 66.7-66.9 %. The energy recovery in mesophilic
digester was 68.9 % which was close to the value in thermophilic digesters. This results indicate that

appropriate TE supplementation could increase the energy recovery in mesophilic digestion.
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Table 40. Energy recovery value for methane production

gVSL'day® LCHig'VS [KJglvs %measuredCV % ThMP(Boie) % ThMP(Buswell) %BMP % VS destruction
Measured CV (HHV)? - 0.554 22.1 - - - - -
ThMP(Boie)” - 0.505 20.1 - - - - -
ThMP(Buswell)® - 0.484 19.3 - - - - -
BMP© - 0.405 16.1 - - - - -
SMP mesophilic + pre® 3 0.194 7.7 35.0 38.4 40.1 47.9 74.8
SMP mesophilic without TE ¢ 3 0.311 124 56.2 61.7 64.3 76.8 76.0
SMP mesophilic with 5 TE¢ 3 0.333 13.3 60.2 66.1 68.9 82.3 76.2
SMP mesophilic without TE® 4 0.236 9.4 42.7 46.9 48.9 58.4 76.9
SMP thermophilic with 3TE¢ 4 0.323 12.9 58.3 64.0 66.7 79.7 76.4
SMP thermophilic with 5 TE¢ 4 0.324 12.9 58.5 64.2 66.9 80.0 76.0

2 Measured CV was obtained by bomb calorimetry analysis
® Theoretical methane potential (ThMP) calculated from the Buswell equation or Boie equation

¢ Measured SMP in BMP test

4 Measured SMP during stable operation in Trial 2-3; the values from Table 40
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4.8. Discussion for result of experimental work

This study conducted mesophilic digestion and thermophilic digestion for anaerobic processing of
baby maize stover. In Trial 2-1, digesters received 3 TE (Fe, Co, Ni), and the SMP in thermophilic
digestion was much higher than in mesophilic digestion so it seemed that the higher temperature
was better for higher methane yield. In contrast, in Trial 2-3, the SMP in mesophilic digesters with 5
TE (Fe, Co, Ni, Se, Mo) supplementation was about equal to that of thermophilic digesters with 3 TE
and 5 TE. When digesters received appropriate TE, SMP could overcome the temperature difference.
In this case, thermophilic digestion did not appear to have any advantages in terms of gas

production.

Mesophilic digestion and mesophilic digestion with thermophilic pre-hydrolysis was also compared.
Digestion trial carried out in Trial 2-1, 2-2, 2-3. Every trial, operating condition was changed and
higher SMP was obtained but the 2 stage system always showed less SMP than single stage.
Hydrogen and methane production were observed from pre-hydrolysis step but these production

could not cover the SMP difference.

These digestion trials indicate the requirement of TE for baby maize stover. In Trial 2-3, 5 TE was
helpful for gas production in mesophilic conditions but could not prevent VFA accumulation. In
thermophilic conditions there was no strong difference between 3 TE and 5 TE supplementation in
terms of gas production, and increasing the dose of 3TE had some effect on VFA accumulation, but
W addition was necessary to cause a fall in accumulated VFA. Se and W were at very low
concentrations or not detected in baby maize stover so these TE supplementation were more

essential.

Maize stover is a suitable substrate for AD. The SMP from Trial 2-3 were 0.333 LCH,g*VSatOLR3 g
VS L day™ under mesophilic condition, 0.324 L CH, g™ VS at OLR 4 g VS L™ day™ under thermophilic
condition. The SMP value is higher than that of maize stover in literatures; 0.188-0.248 L CHs g* VS
(Lietal., 2017),0.141-0.257 L CH, g* VS (Zhong et al., 2011), 0.134-0.167 L CHs g VS (Strang et al.,
2017),0.124 L CH4 g1 VS (Brown et al., 2012). The SMP value was almost same to the SMP of maize
silage; 0.280-0.334, 0.268-0.336, 0.322, 0.287-0.326 L CH4 g™ VS (Amon et al., 2007), 0.345 L CHs g™
VS (Bauer et al., 2010), 0.331 L CH4 g* VS (Cornell, 2011), 0.139-0.429 L CH4 g* VS (Evranos and
Demirel, 2015).

FAO reported baby maize stover could be utilised for animal feeding as stover was acceptable and

palatable in sustainable manner, and a substantial amount was available (Wadhwa, 2013) but this
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technique was not adopted by farmers due to the failure to demonstrate cost-effectiveness
(Devendra and Sevilla, 2002). Devendra and Sevilla reported the weaknesses of the baby maize
stover for animal feeding were low digestibility, low crude protein which caused poor productivity in
animals. Therefore, farmers had to buy concentrations or supplementations to increase nutrition of
feeding. Nouala studied supplementation and used baby maize stover as basic animal feed in Africa
(Nouala et al., 2004; Nouala et al., 2008; Nouala et al., 2009). These studies indicate the use of baby

maize stover alone for animal feeding was difficult, especially in developing countries in Africa.

The government of Kenya has supports and increase in the number of AD plants and tried to
generate more energy from renewable sources (MoEP, 2013). If baby maize stover was used for AD,
bioenergy and digestate as fertiliser could be obtained. The digestate from biogas plant increased
yield and nutritional quality of baby maize (Malav et al., 2015). The baby maize stover is a suitable

substrate for AD and may work especially in Africa.
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5. Modelling

Chapter 5 consists of 7 sections. Section 5.1 provides a background to the work carried out. Section
5.2 provides basic information about the biogas plant in Kenya, and sets sub-objectives to achieve
the main objectives given in section 1.3.2. Sections 5.3 to 5.7 cover the 5 sub objectives. Section 5.3
is on harvesting, 5.4 is about the digester, 5.5 is about digestate application, and 5.6 provides energy
balance calculations for harvesting, digester and digestate application. 5.7 is for rationalisation of
the plant design to overcome the issues identified in sections 5.3 to 5.6. Section 5.9 summarises the

conclusions of the work in the context of the issues presented in the introduction.

5.1. Introduction

As mentioned in the literature review, there is an increasingly widespread view that crops should not
be grown for energy production only. In some cases the debate has extended to the economics and
ethics of production of high-value crops for export in low income and developing countries and the
sustainability of large-scale agriculture of this type (Swinnen and Maertens, 2007; Ashraf et al.,
2009). This research did not examine ethical, ecological or economic issues, but the following

general and specific points can be made in relation to the scenario modelled in this chapter:

- low income countries need ways to increase incomes and so in the present world economic system,

the growth of high value export crops can be seen as beneficial to local economies and people

- more specifically, in the Naivasha area of Kenya no crops can be grown without irrigation. Irrigation
is expensive in both energy and financial terms, and therefore only high value crops are
economically justifiable. Baby maize also has the advantage of relatively low water demand

(REUTERS, 2017)

- in the Naivasha area, as in much of Kenya and elsewhere in sub-Saharan Africa, soils are poor and
crops cannot be grown without fertiliser; this is also expensive, so again only high value crops can be

justified

- anaerobic digestion of baby maize stover allows return of digestate to the soil as a fertiliser and soil
conditioner, thus reducing the need for external fertiliser inputs. Although part of the crop is
exported, local use of digestate for land application also helps to move the system towards a closed

loop system

- this type of farm typically employs 500 or more workers in a region with a shortage of employment
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For these reasons organisations in Kenya and elsewhere in sub-Saharan Africa have tried to promote
cultivation of baby maize (Kuzablog, 2016; Africa, undated), and this means it is likely that baby

maize production will continue and that baby maize stover will be available as an agro-waste.

The idea of using baby maize stover as an animal feed is attractive but, as noted in the literature
review, trials indicate it may not be a good source of animal nutrition and will require expensive
supplements that local farmers cannot afford. The pattern found in this part of Kenya and
elsewhere of relatively large commercial farms rather than smallholdings is also well suited to
setting up and operating anaerobic digesters to process baby maize stover: this would not work at

very small scale without cooperation between many farmers.

These points are qualitative, and are not direct results of the modelling or laboratory studies. The
work in this chapter cannot answer broader ethical or economic questions: but it does provide data
and results that can be used as a basis for deciding whether to build biogas plants and to encourage

anaerobic digestion of baby maize stover for renewable energy production in Kenya.

In this section of the thesis, the results of the laboratory experimental work were combined with
data obtained from Gorge Farm in Naivasha, Kenya to evaluate the overall energy balance of the
system and to use this to provide insight onto whether anaerobic digestion of baby maize stover is a
good option for Kenya. Data for the period August 2015 — July 2016 on crop production, number of
hectares of harvested crop production, digester loading rates, diesel consumption, produced biogas
volume, methane concentration, CHP run time, generated electricity, sold electricity was supplied by
Tropical Power from Gorge Farm site records. Other data used in modelling were obtained from the

literature or the experimental results.
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5.2. Basic information on the Tropical Power biogas plant in Kenya

Tropical Power Ltd built and opened the first and largest grid-connected biogas plant in Africa in
2015. The anaerobic digestion plant is located at Gorge Farm energy park, Naivasha, Kenya at a
longitude of 36.37208 E (36° 22’ 20” E) latitude -0.84905 S (0° 50’ 57” S) and grid location of KIS9ED

(http://gthlocator.free.fr/). Gorge Farm is a 700 ha vegetable farm which is owned and operated by

Vegpro Group Ltd (VG) (www.vegpro-group.com). VG is the largest fresh-produce exporter in East

Africa. Tropical Power has a partnership with VG, in which Tropical Power uses agro-wastes from VG
for the biogas plant, and gives digestate as a natural fertiliser and soil conditioner to VG. The

generated electricity is sold to Kenya Power and Lighting Company (KPLC) and VG.

Baby maize is grown at Gorge Farm all year round. The farm has 11 circles which are divided into 16
sectors or blocks (Figure 72a), each of 2.5 ha. The baby maize is planted in the blocks. As each block
becomes ripe, the edible baby maize cobs are hand-picked by employees of VG. Not all of the cobs
become ripe at the same time, so it can take several days for a block to be completely picked. The
baby maize takes 86 to 95 days to grow to the point of harvest, depending on variety. The residues
such as baby maize stalks and leaves are then available for the biogas plant. Once VG is satisfied that
all of the edible corn has been picked, the block is signed off and handed over to Tropical Power.
Tropical Power goes in with a tractor and forage harvester, which cuts and shreds the stalks, and
blows the shredded waste into a trailer. The trailer is then driven back to the biogas site (Figure
72b). Tropical Power uses 2 forage harvesters and 4 tractors for harvesting and delivery from the

harvesting place to the biogas plant.

204


http://qthlocator.free.fr/
file:///C:/Users/cm6e14/AppData/Roaming/Microsoft/Word/www.vegpro-group.com

Lake
Naivasha

Gorge Farm
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Google Earth

(a) View of Gorge Farm and the biogas plant (original image Google Earth)

(b) View of the biogas plant showing CHP units (front left) and main digester (back right) (Photo

courtesy of Ms Angela Bywater)

Figure 72. View of the biogas plant at Gorge Farm

The biogas plant is adjacent to the farmed area (Figure 72a). The longest straight-line distance from
the biogas plant to where baby maize stover is harvested is 3.4 km, and the shortest distance is 0.5

km.

205



A simple schematic of the design and original process flow is shown in Figure 73. The biogas plant
has 2 hydrolysers (H1 and H2) maintained at 55 °C and a main digester at 43 °C. Each hydrolyser
volume is 760 m?3, the digester volume is 5655 m?, and the recyclate store volume is 760 m? (Table
41). The plant was originally designed assuming a feed input of 45420 tonnes WW year* which is
equal to 124.44 tonnes WW day™. The expected TS of baby maize stover from VG was 32.5%. The

biogas plant has capacity to produce 2.4 MW electrical output.

The process flowchart for the biogas plant in during the period for which Tropical Power provided
operating data was different from the original. Hydrolyser 1 (H1) was not used because the mixing
achieved was insufficient and substrate was floating. H1 was therefore bypassed and baby maize

stover was fed directly to hydrolyser 2 (H2) and digester (DG).

AD Plant A to biogas plant
Al figures are per feed cycle and are from the "Calcs” sheet unless stated otherwise

109 te water | - N Separato B B
[Feeder 42teDM  [Hydrolyser 1 Hydrolyser 2 Digester Recyclate Store 138 m3/day depending on separator performance
759m’ 759m’ 5652m’ 759m’

A 336 336
m3 m3

185 m3

13 tonnes per day sokids depending on separator performance

Figure 73. The biogas plant design (data from Tropical Power Ltd)

Table 41. Size of hydrolysis tank, digester and recyclate store

Hydrolysis tank Digester Recyclate store
Number of units 2 1 1
Diameter [m] 11 30 11
Height [m] 8 8 8
Volume [m3] 760 5655 760

To carry out an assessment and an energy balance for the Tropical Power plant, the following sub-

objectives were set to achieve the main objective of the modelling work

i.  To establish the energy input for feedstock collection and transport
ii.  To determine energy output of biogas plant
iii.  To determine the energy input for digestate transport and application
iv.  To determine the energy balance for the plant based on the information in (i), (ii) and (iii)
above

v.  To rationalise the plant design based on actual feedstock availability
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5.3. Sub-objective 1 - Energy input for feedstock collection and transport

In Section 5.3 the energy input for feedstock collection and transport is assessed and calculated.
Tropical Power provided the data on the feeding amount and the fuel consumption for harvesting
and transport. The data was collected in Kenya so the location and operating environment were
correct, but the accuracy of the data collection and any factors that might have affected it were not
known. Therefore, the actual data were compared with literature values to provide some cross

checking and validation.

5.3.1. Defining the control time period
The control time period for the plant was defined as August 2015 to July 2016 because of the
availability of detailed data on digester feeding, fuel consumption, produced biogas and electricity

from Tropical Power for this period.

The biogas plant was originally built for anaerobic processing of baby maize stover, and was mainly
fed on baby maize stover in this period. The plant sometimes received sorghum, onions, broccoli,
French beans, and napier grass, but the amounts of these materials were very small compared with
the quantity of baby maize stover which made up 88% of total feeding (Figure 74a). Even with these
additions of other feedstocks, however, the biogas plant did not achieve the target feeding amount
of 124 tonnes WW day™. The actual average feeding was 26 tonnes day™ which was only 21% of the

target (Figure 74b).
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Figure 74. Total amount of feeding to Tropical Power’s biogas plant in Kenya from August 2015 to

July 2016

5.3.2. Estimate diesel usage in harvesting and transporting material to plant

Values obtained from Tropical Power for the amount of crop harvested and the fuel consumption in

crop transport are presented in Table 42.

208



Table 42. Number of hectares of baby maize harvested, tonnes delivered to the biogas plant and fuel

consumption

Number of hectares tonnes delivered
harvested baby maize [ha] [tonnes WW)] Diesel consumption [L]

Aug-15 14.4 459.9 1548
Sep-15 9.3 298.9 1509
Oct-15 13.5 431.1 2258
Nov-15 27.7 887.7 3814
Dec-15 27.6 883.1 3231
Jan-16 27.8 890.1 4366
Feb-16 25.2 805.4 2777
Mar-16 22.5 720.5 2770
Apr-16 14.2 453.0 2607
May-16 19.7 631.5 2135
Jun-16 23.3 745.8 2907
Jul-16 33.3 1065.0 4291
Total 258.5 8271.9 34213

As the data on fuel consumption was not gathered first hand in the project, and its accuracy was not
known, literature values were also used to estimate diesel consumption for comparison with the
values reported by Tropical Power. Firstly, diesel usage in harvesting was calculated and then diesel

usage in transportation was calculated.

Harvesting:

Regarding the diesel fuel consumption, a forage harvester uses 0.2-2.0 gallons acre® with an average
of 1.57 gallons acre™ (Grisso et al., 2004), equivalent to 1.9-18.7 L ha and 14.7 L ha'}, respectively.
Turning to the tractors, in 2015 Tropical Power carried out small-scale trials to check fuel
consumption with and without a load of 10 tonnes. The diesel consumption of a tractor loaded with
10 tonnes was estimated as 0.50 L km™ on tarmac roads and 0.56 L km™ on rough roads. The diesel
consumption of the tractor with an empty tanker was 0.64 L km™ on rough roads. The farm roads are

not surfaced, and therefore this modelling used the diesel fuel consumption on a rough road.
For instance, the estimate for August 2015 was

Forage harvester

14.4 ha month? x 14.7 Lha' =211.0 L month™
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Turning to the tractor fuel consumption, the fuel consumption given by Tropical Power was based on
a different unit (L km™) from that used for the forage harvester (L ha?). Therefore, the following
assumption was made. The tractor follows the forage harvester to collect the baby maize stover. The
width of the forage harvester is 2 m, so the estimated distance travelled by the tractor per month is

14.4 x 10* m? month™* + 2 m = 72 km month!

On the outward journey from the biogas plant the tractor is unloaded, but on the return journey the
tractor is full of baby maize. The fuel consumption was therefore calculated from the average of

consumption with and without loading.
72 km month™ x (0.64 + 0.56) + 2) L km™* = 43.1 L month™
The calculated fuel consumption for harvesting is shown in Table 43.

Transportation:
The capacity of the tractor trailer is 10 tonnes and the tractor can carry a maximum load of 7 tonnes
of baby maize stover on each trip. It was assumed that each trip carried 80% of maximum load or 5.6

tonnes.
459.9 tonnes month™ + (80 % x 7 tonnes trip™) = 82 trips month™

The average straight-line distance between the fields and the biogas plant is 1.95 km ((3.4 + 0.5) km
+2). This is not the actual distance travelled because vehicles have to travel on the farm tracks. For
instance, if the field to be harvested was the one indicated by a red circle in Figure 75, the straight-
line distance (yellow allow) clearly crosses the cultivation area, while the vehicles would run on the
farm tracks (orange arrows). A correction factor was applied to take this into account. This factor
was based on the assumption that the straight-line distance was the hypotenuse of a right-angled
triangle, and the distance to be travelled could be represented on average by a triangle with angles
30°, 60°, 90° and sides in the ratio 2:1: V3. Therefore, the distance between the biogas plant and

the harvesting field for vehicles was estimated as

Distance travelled by vehicles = (average straight-line distance) x ((1+\f§) +2)
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Figure 75. Gorge Farm's farm tracks (original image Google Earth)

Fuel consumption for the forage harvester was calculated because the set of a harvester and a
tractor went together for harvesting and transportation from same parking area. Tropical Power’s
operation required the fuel for the harvester and the tractor. On the other hand, the harvester did
not transport the baby maize stover, therefore the fuel consumption for the forage harvester
operation between the parking place and the harvesting field was added into the harvesting
category (Table 43). The fuel consumption was quoted on an areal basis, but could be estimated by
multiplying the distance travelled by the width of the harvester (2 m). The distance travelled

therefore corresponds to
(1.95 x 103 m single trip?) x ((1+v3) + 2) x 2 m = 0.53 ha single trip™

The fuel consumption for the forage harvester is

82 trips month? x 0.53 ha single trip? x 2 x 14.7 Lha' = 1284.8 L month?

Fuel consumption for the tractor: the tractor goes to the field with an empty tanker firstly
82 trips month™ x ((1.95 x 10% m single trip? ) x ((1+V3) + 2)) m single trip? x 0.64 L km™ = 140.0 L

month?

On its return the tractor is loaded with 5.6 tonnes of baby maize stover
82 trips month™ x ((1.95 x 10° m single trip? ) x ((1+v3) + 2)) km single trip™x 0.56 L km™ = 122.5 L

month?
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The calculated fuel consumption for transportation is shown in Table 43. The results were compared

with the literature values in section 5.3.3.

Table 43. Calculated fuel consumption for harvesting

Harvesting Moving
Forage harvester Tractor Forage harvester Total
[L month™] [L month™?] [L month™] [L month™]

Aug-15 211.0 43.1 1284.8 1538.9
Sep-15 137.2 28.0 835.1 1000.2
Oct-15 197.8 40.4 1204.4 1442.6
Nov-15 407.3 83.2 2480.1 2970.6
Dec-15 405.2 82.8 2467.2 2955.2
Jan-16 408.4 83.4 2486.7 2978.6
Feb-16 369.6 75.5 2250.1 2695.2
Mar-16 330.6 67.5 20129 2411.1
Apr-16 207.9 42.5 1265.6 1515.9
May-16 289.8 59.2 1764.3 21133
Jun-16 342.2 69.9 2083.6 2495.8
Jul-16 488.7 99.8 2975.4 3563.9
Total 3795.7 775.5 23110.2 27681.4

Table 44. Calculated fuel consumption for transportation

Tractor
Empty Loaded
[L month™] [L month?] Total [L month™]
Aug-15 140.0 122.5 262.5
Sep-15 91.0 79.6 170.6
Oct-15 131.2 114.8 246.1
Nov-15 270.2 236.5 506.7
Dec-15 268.8 235.2 504.1
Jan-16 271.0 237.1 508.1
Feb-16 245.2 214.5 459.7
Mar-16 219.3 191.9 411.3
Apr-16 137.9 120.7 258.6
May-16 192.2 168.2 360.5
Jun-16 227.0 198.7 425.7
Jul-16 324.2 283.7 607.9
Total 2518.2 2203.4 4721.6
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The total calculated fuel consumption of harvesting and transportation for August 2015 is thus

262.5 + 1538.9 = 1801.4 L month™=58.1 L day™

The calculated results are shown in Table 45. The results were compared with the literature values in

section 5.3.3.

Table 45. Total calculated fuel consumption for harvesting and transportation

Total of harvesting and transportation

[L month™] [L day?]
Forage Forage

harvester Tractor  Total harvester Tractor Total
Aug-15 1495.8 305.6 1801.4 48.3 9.9 58.1
Sep-15 972.2 198.6 1170.9 324 6.6 39.0
Oct-15 1402.2 286.5 1688.7 45.2 9.2 54.5
Nov-15 2887.4 589.9 3477.3 96.2 19.7 115.9
Dec-15 2872.4 586.9 3459.3 92.7 18.9 111.6
Jan-16 2895.1 591.5 3486.6 93.4 19.1 112.5
Feb-16 2619.7 535.2  3154.9 90.3 18.5 108.8
Mar-16 2343.6 478.8 28224 75.6 15.4 91.0
Apr-16 1473.5 301.0 1774.5 49.1 10.0 59.2
May-16 2054.1 419.7  2473.7 66.3 13.5 79.8
Jun-16 2425.8 495.6  2921.5 80.9 16.5 97.4
Jul-16 3464.1 707.7 4171.9 111.7 22.8 134.6
Total 26905.9 5497.1 32403.1 882.1 180.2 1062.3

The calculated data were compared with actual fuel consumption as reported by Tropical Power
(Table 46). The calculated values were not exactly the same as the actual fuel consumption. In
August 2015, for example, the calculated value was 1801 L but actual fuel consumption was 1548 L,
i.e. a difference of 253 L. The ratio (calculated value / actual value) was determined for each month
and the range was from 68 to 116 %, but the annual average was 95 %. This indicated both that the
fuel consumption data provided by Tropical Power was reasonably accurate, and that the methods
used for estimation gave reasonably good results. The results suggest that in cases where local data
are not available the literature values and assumptions made here could be used for estimation of

fuel usage.

The variation between monthly figures may be related to harvesting or other features of the
cultivation process. The amount harvested was different every month and this may have caused

other differences in operation or record keeping that were not taken account of in the calculations.
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Table 46. Difference between calculated value and actual fuel consumption

Calculated fuel  Actual fuel Ratio:
consumption  consumption Difference  (calculation /
[L month™] [L month]  [Lmonth] actual)[%]

Aug-15 1801 1548 -253 116.4
Sep-15 1171 1509 338 77.6
Oct-15 1689 2258 570 74.8
Nov-15 3477 3814 337 91.2
Dec-15 3459 3231 -229 107.1
Jan-16 3487 4366 879 79.9
Feb-16 3155 2777 -378 113.6
Mar-16 2822 2770 -53 101.9
Apr-16 1775 2607 832 68.1
May-16 2474 2135 -338 115.8
Jun-16 2921 2907 -14 100.5
Jul-16 4172 4291 119 97.2
Total 32403 34213 1810 94.7

5.3.3. Translating energy use into standard units of MJ to check against literature values for

baby maize harvesting and tractor transport

For the comparison with literature values, the diesel fuel consumption was translated into standard
units of MJ using a conversion factor of 39 MJ L'? (WNA, 2016). Baby maize stover wet tonnes
harvested in the table above was converted to tonnes of dry matter to compare with literature
values (MJ tonnes™ TS) for harvesting. The TS percentage was 21.3% which was average value
obtained from Tropical Power data during control period. Transportation was converted into MJ

tonnes* WW km™.

Calculations for harvesting and transportation in August, 2015 are presented in detail, and were

repeated for other months.

Harvesting

This calculation did not include the fuel consumption for the forage harvester moving between the
biogas plant and the harvesting field, because this operation is not directly involved in the harvesting

process.
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254.1 L diesel month* x 39 MJ L'diesel = 459.9 tonnes WW month? x (21.3 TS % WW + 100) = 101
MJ tonnes™ TS

Transportation
Mileage is
(459.9 tonnes WW month+ (80 % x 7 tonnes trip™?) x ((1.95 x 103 m single trip?) x ((1+V3) + 2)) km

single trip? =219 km

The value in the unit, MJ tonnes* WW km™*was
122.5 L diesel month™ x 39 MJ Ldiesel + 459.9 tonnes WW month™+ 219 km = 0.05 MJ tonnes™
WW km™

Table 47 shows the calculated results and literature values for stover production and energy

consumption. Table 48 is for literature values.

Table 47. Modelling data in MJ

Transportation

Harvesting
[MJ tonnes TS] . CaIcuIat(?d results _
Mileage [km] [MJ tonnes* WW km™]
Aug-15 101 219 0.05
Sep-15 101 142 0.07
Oct-15 101 205 0.05
Nov-15 101 422 0.02
Dec-15 101 420 0.02
Jan-16 101 423 0.02
Feb-16 101 383 0.03
Mar-16 101 343 0.03
Apr-16 101 215 0.05
May-16 101 300 0.03
Jun-16 101 355 0.03
Jul-16 101 507 0.02
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Table 48. Literature values for harvesting, transportation and fuel consumption

Harvesting Transportation Fuel Reference
[MJ tonne™ [MJ tonnes®  consumption
TS] WW km?]
Straw harvesting 280 (Berglund and
Tops and leaves of sugar beet 540 Borjesson,
harvesting 2006)
Straw harvesting 140 (Poschl et al.,
2010)
Straw 2.9 (Berglund and
Ley crops, tops and leaves of 1.1 Borjesson,
sugar beet 2006)
Straw 6.9 (Poschl et al.,
2010)
Forage harvester in Nebraska, 14.7 (Grisso et al.,
USA [L ha'] 2004)
Forage harvester in lowa, USA 17.5
[Lhal]
Tractor trailer in USA [L km™] 0.35-0.41 (Sharpe, 2015)
Tractor trailer in EU [L km™] 0.31-0.38
Tractor trailer in China [L km™] 0.44-0.47

Berglund and Bérjesson (2006) and Poschl et al. (2010) reported 280 and 140 MJ tonnes™ TS,
respectively for straw harvesting. The calculated results were less than these values, at 101 M)
tonnes* TS. This is may reflect actual differences in harvesting methods. Berglund includes transport
and bailing while Poschl includes only fuel consumption during bailing operations. In this research
harvesting consumption consists of fuel used in operations by a forage harvester and tractor. Poschl
also reported on the energy consumption in harvesting grass silage which was 732 MJ tonnes™* TS.
This high value may be due to the higher moisture content of the grass silage, or to the inclusion of
other steps in harvesting of grass for silage. When compared to the results for straw, however, the

calculated results for baby maize stover seem acceptable despite being slightly lower.

Turning to transportation, the fuel consumption of the tractor and forage harvester was calculated
as around 0.02 — 0.07 MJ tonnes* WW km™ which is much lower than literature values of 1.1-6.9 MJ
tonnes?WW km™ (Berglund and Bdrjesson, 2006; Poschl et al., 2010). Poschl’s value includes the
loading process and considers the empty return, but he did not include a forage harvester. If only
tractor fuel consumption is considered, the calculated results would decrease. In contrast, the
calculated fuel consumption and actual fuel consumption were in good agreement as noted above,
with a ratio between the calculated to actual fuel consumption of 95 %. This indicates the operation
in Kenya was genuinely slightly different from that reported by Poschl et al. (2010) and Berglund and

Borjesson (2006). The difference between the calculated results and literature values may be due in
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part to small differences in assumptions, however, and in general the literature data for straw was in

reasonable agreement with the baby maize stover results.

5.4. Sub-objective 2 — Energy output of the biogas plant

Section 5.4 assessed the energy output for the biogas plant in Kenya. Methane yield and electricity
conversion were calculated to check the reliability of the data. The heating requirement for
feedstock and heat loss was calculated. The requirement was compared with the heat produced in

the CHP to check the balance.

5.4.1. The energy output of the biogas plant

The energy output of the biogas plant (biogas consumed, estimated methane volume, produced
electricity and CHP run time) was provided by Tropical Power and is shown in Table 49. Tropical
Power reported the typical methane concentration in the biogas as 52%. The estimated methane
volume is calculated by multiplying the biogas volume and the methane concentration. The biogas
volume is calculated from the % change in the volume in the gas storage dome over the day. The gas
storage dome is of the double membrane type and a constant positive pressure of +3.5 mbar (0.35
kPa) is applied between the two membranes. The gas level indicator is attached to the top of the
inner membrane and it provides an indicative value of the gas volume by measuring the rise and fall
of the inner membrane. More information on the double membrane gas storage is given on the

website (http://baur-folien.com/docs/3d 2schl tld.php). The gas volume calculations did not take

into account the location of the biogas plant, which is at an altitude of around 1900 m so
atmospheric pressure is only around 80 % of that at sea level. Taking into account both the
difference in altitude and the internal positive pressure in the gas storage membrane the gas volume

is likely to be around 1.25 times larger than at 101.325 kPa.

The exported energy and parasitic energy are shown in Table 49. While there is some variation
between months, the average value for parasitic energy of around 15% of generated electricity

appears reasonable compared to estimates reported in the literature (Salter and Banks, 2009).
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Table 49. Energy output, exported energy and parasitic energy from the biogas plant in Kenya

Exported energy [kWh]

Biogas Estimated  Generated Parasitic energy
consumed methane electricity VG KPLC

[m3] volume [m?3] [kWh] sales sales Total [kWh] [%]

Aug-15 69259 36015 114276 109225 0 109225 25140 22.0
Sep-15 67746 35228 94992 105822 0 105822 22520 23.7
Oct-15 98198 51063 175594 141028 0 141028 21680 12.3
Nov-15 108810 56581 200836 65118 0 65118 13240 6.6
Dec-15 118563 61653 218663 73879 0 73879 9680 4.4
Jan-16 152522 79311 242090 187502 21390 208892 20700 8.6
Feb-16 142796 74254 257841 348806 63306 412112 43020 16.7
Mar-16 144724 75256 243447 386524 34949 421473 49160 20.2
Apr-16 74488 38734 128520 262311 27613 289924 50040 38.9
May-16 142996 74358 249293 144246 88326 232572 22360 9.0
Jun-16 143081 74402 242581 165354 75134 240488 71094 29.3
Jul-16 201073 104558 357371 253661 66019 319680 47126 13.2
Total 1464255 761413 2525504 3621 2243476 376737 2620213 15.7

5.4.2. Checking of results for tonnage processed and expected methane yield

The output data was checked as follows. Firstly, the volume of biogas consumed by the CHP was

divided by the feeding amount. For instance, for August 2015,

69259 m? month™® + 459.9 tonnes WW month™*= 151 m3tonne* WW

Secondly, the methane yield was calculated. According to Tropical Power, the gas concentration was
checked automatically by a sensor every 2 hours on a daily basis and the average biogas methane
content recorded in the digester tank was 52% CHa. The methane concentration in the thermophilic
digesters in Trial 2-3 was around 53-54 %, which is slightly higher than the value reported by Tropical

Power.

Tropical Power did not have VS data, therefore, VS data from the laboratory results from the UK was

applied. The average VS content of the baby maize stover was taken as 18% WW.
151 m3tonnes™® WW + 103 x (52 % CH4 + 100) + (18 VS % WW +100) =0.435 L CH, g VS
If this value is corrected for the difference in altitude, the specific CH4 production would be

0.435L CHsgVS+1.25=0.348 L CHs g VS (or 0.350 L CH4 g1 VS if the pressure in the gas

membrane is also considered)
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0.348 L CH4 g1 VS is reasonably close to the experimental value in Trial 2-1, of 0.342 L CHs g1 VS
added at OLR 3 g VS L't day* under thermophilic conditions. The range of calculated values for
specific methane production is 0.283-0.526 L CH4 g VS added (Table 50). The upper value is much
higher than the experimental value. The incorrect sizing of the Tropical Power plant for the available
feedstock means it was operating at very long retention times and low organic loading rates. In the
laboratory experiments, methane yield decreased slightly with increasing OLR. If the digester
working volume is taken as 5655 m3 this equates to an OLR of 0.47 g VS L'* day® and a HRT of over

350 days, which may therefore have resulted in a slightly higher specific methane yield.

459.9 tonnes WW month?x 103 x ( 18 VS % WW + 100) + 5655 m? + 31 days month?
=0.47 g VS L't day?

Even taking this into account, the calculated methane yield in September and October in 2015 and
May, June and July in 2016 were much higher than literature value for similar materials e.g. 0.134-
0.348 L CH4 g1 VS added for maize stover (Zhong et al., 2011; Li et al., 2017; Lizasoain et al., 2017;
Strang et al., 2017). The methane yield for pure cellulose is 0.412 L CH4 g VS added, and as baby
maize stover is mainly cellulose it is not likely to be much higher than this; only proteins and fats
have much higher specific methane yields (Angelidaki and Sanders, 2004) . The maximum theoretical
methane yield for the baby maize stover digested in Southampton based on the Buswell equation

was 0.459 L CHy g1 VS.

Some of the monthly variation may be caused by the Tropical Power’s method of biogas volume
calculation. They did not use a flow meter so the biogas volume data was mainly indicative. Tropical
Power makes its profit by selling electricity, therefore the biogas volume data is not considered as
important as the generated electricity data. The use of indicative data may contribute to the very
high methane yield in certain months. Furthermore, Tropical Power assumed a biogas methane
concentration of 52% every month, but this may not be accurate. The variation in specific gas
production values for each month could also reflect variable feeding patterns as shown in Figure 74,
since not all of the feed may produce gas in the month when it was fed to the digester. It is also
possible that the plant was accumulating VFA at certain times and then converting the accumulated
VFA at others, leading to variations in monthly gas yield. According to Tropical Power's data the
average specific methane yield over the whole control period was around 0.42 L CH, g1 VS, which is

below the maximum value from the Buswell equation and close to the theoretical value for cellulose.
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Turning to electricity conversion, the CHP efficiency can be calculated from

Electricity conversion [%] = (Total generated electricity [kWh] x 3.6 [MJ kWh]) + (((Estimated
methane volume [m?]) + 1.25) x (35.814 [MJ m?3])

The calorific value of CH,; was taken as 35.814 MJ m and 1 kWh is 3.6 MJ. The calculated value for
the electrical conversion efficiency was therefore 34-45 % (Table 50). The annual average was 41 %.
In practice typical CHP conversion efficiencies are around 35 to 42 %, so the calculated conversion

efficiency seems reasonable.

Table 50. Consumed biogas, methane yield and calculated CHP electricity conversion efficiency

Methane yield Electricity
[LCHs gt VSs] conversion [%]
Aug-15 0.348 40
Sep-15 0.524 34
Oct-15 0.526 43
Nov-15 0.283 45
Dec-15 0.310 45
Jan-16 0.396 38
Feb-16 0.410 44
Mar-16 0.464 41
Apr-16 0.380 42
May-16 0.523 42
Jun-16 0.443 41
Jul-16 0.436 43
Average 0.420 41

5.4.3. Estimation of energy required to heat feedstock and maintain digester temperature

Heating for feedstock
The energy for heating to bring feedstock material up to digester temperature was calculated.

Heating was carried out in the second hydrolyser (H2) and the main digester (DG). The target
operating temperatures for H2 and DG were 55°C and 43°C, respectively. The temperature in Kenya
was obtained from WMO data (WMO, 2017) for Dagoretti corner as the closest location to the
biogas plant (Table 51).
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Table 51. Average monthly temperature in Dagoretti corner, Kenya (WMO, 2017)

Mean temperature [°C]

January 18
February 18.8
March 19.4
April 19.2
May 17.8
June 16.3
July 15.6
August 15.9
September 17.3
October 18.5
November 18.4
December 18.1
Average 17.8

In August 2015, the biogas plant received 459.9 tonnes of baby maize stover. The substrate was fed
to H2 and DG directly. The total volume of H2 is 760 m? and of DG is 5655 m3. The working volume is
likely to be about 80% of the total volume, but for the purposes of estimating heat energy
requirements loss it was assumed that the whole external area of the tank was subject to heat loss.

The ratio of volumes is thus
H2 760 m3 + (5655 + 760) m3x 100 = 11.8%
DG 100 % -11.8 % =88.2%

It was assumed that the feeding amount for each tank was based on this ratio. To calculate the
energy required to heat the feedstock, it was assumed that the feedstock temperature is the

average monthly temperature in Kenya. Specific heat capacity is 4.18 MJ tonne °C?,

Hydrolysis tank
(55—-15.9) °C x (459.9 tonnes month™ x 11.8% + 100%) x 4.18 MJ tonne™ °C'= 8.9 GJ month™

Digester
(43 -15.9) °C x (459.9 tonnes month™ x 88.2% + 100%) x 4.18 MJ tonne™ °C* = 45.9 GJ month™

Total
8.9 +45.9 = 54.8 GJ month™
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54.8 G) month + (365 days year?! + 12 month year?) = 1.8 GJ day™*

In normal operation the feedstock would pass through the hydrolysis tank into the digester at 55 °C
not at 15.9 °C; therefore, it actually will warm the digester. The operation was changed to direct
feeding during the control period, however, because the biogas plant had some performance issues
and Tropical Power was trying to improve its operation. It was therefore assumed that the feedstock
had to be heated to the operating temperature for both tanks. There may also be some heat losses
in pipework and some heat recovery in heat exchangers etc, but these were not taken into account

in the current calculations.

Regarding the rest of the control period, the calculation results are shown in Table 52.

Table 52. Feedstock heating requirements

Monthly [GJ month™] Daily [GJ day™]
H2 DG Total H2 DG Total
Aug-15 8.9 45.9 54.8 0.3 1.5 1.8
Sep-15 5.6 28.3 33.9 0.2 0.9 1.1
Oct-15 7.8 38.9 46.7 0.3 1.3 1.5
Nov-15 16.1 80.5 96.6 0.5 2.7 3.2
Dec-15 16.1 81.0 97.2 0.5 2.6 3.1
Jan-16 16.3 82.0 98.3 0.5 2.6 3.2
Feb-16 14.4 71.8 86.3 0.5 2.5 3.0
Mar-16 12.7 62.7 75.4 0.4 2.0 2.4
Apr-16 8.0 39.7 47.8 0.3 1.3 1.6
May-16 11.6 58.6 70.3 0.4 1.9 2.3
Jun-16 14.3 73.4 87.7 0.5 2.4 2.9
Jul-16 20.8 107.5 128.3 0.7 3.5 4.1
Total 152.7 770.4 923.1 5.0 25.2 30.3

Maintaining digester temperature (heat loss)

Heat loss occurs from the walls, floor and roof of digester. Therefore, heat is needed to maintain the

digester temperature. Heat losses can be calculated from the following equation
Heat loss (hl) = UAAT

U = overall coefficient of heat transfer [W m2 °C?]
A = cross-sectional area through which heat loss is occurring [m?]

AT = temperature drop across surface in question [°C]
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The biogas plant in Kenya is a concrete digester which is insulated with styrene foam (Figure 76). The

digester’s roof is a membrane and the hydrolyser's roof is concrete.

Figure 76. Section of digester wall showing concrete, insulation and cladding (Photo courtesy of Ms

Angie Bywater)

Regarding the overall coefficient of heat transfer, the following assumptions were applied (Table 53).

The ambient temperature is shown in Table 53. The size of H2 and DG is shown in Table 41.

Table 53. Structure and the overall coefficient of heat transfer (Salter and Banks, 2009; Banks et al.,

2011b)

Structure U [W m2°C?
Concrete wall with 50mm insulation 0.43
Concrete floor (in contact with dry earth) 1.7
Fixed concrete cover with insulation 1.4
Membrane with insulation 1.0

Therefore, the calculation for heat losses in August 2015 is as follows,

Walls:
H2-0.43Wm?2°C!x(8mxmx11m)x(55-15.9)°C=4.6 kW
DG-0.43Wm?2°C!x(8mxmx30m)x(43-15.9)°C= 8.8 kW
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Floor:
H2-1.7Wm32°Ctx (11 m<+2)?>%xm)x(55-15.9)°C=6.3 kW
DG-1.7Wm2°Ctx((30m+2)? xm)x(43-15.9)°C=32.6 kW

Roof
H2 - 1.0 Wm2°Ctx ((11m+2)2x7) x(55-15.9)°C=3.7 kW
DG-14Wm2°Ctx(4xmx(30m=+2)?)+2x(43-15.9)°C =53.6 kW

Total
H2-46+6.3+3.7=14.7 kW
DG —-8.8+32.6 +53.6 =95.0 kW

1 kWh =3.6 x 10°J, the results in J are

H2 —14.7 kW x (3.6x 10°) J x 24 hours day*= 1.3 GJ day™*
DG —95.0 kW x (3.6x 10°) J x 24 hours day™* = 8.2 GJ day™
Total — 1.3 GJ day*+ 8.2 GJ day?=9.5 GJ day™

The results of the calculation for the rest of the control period are shown in Table 54.
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Table 54. Heat loss calculation results

Wall [kW] Floor [kW] Roof [kW] Each total [kW] Total
H2 DG H2 DG H2 DG H2 DG (kW]
Aug-15 4.6 8.8 6.3 32.6 3.7 53.6 14.7 95.0 109.7
Sep-15 4.5 8.3 6.1 30.9 3.6 50.9 14.2 90.1 104.2
Oct-15 4.3 7.9 5.9 29.4 3.5 48.5 13.7 85.9 99.6
Nov-15 4.4 8.0 5.9 29.6 3.5 48.7 13.7 86.2 100.0
Dec-15 4.4 8.1 6.0 29.9 3.5 49.3 13.9 87.3 101.1
Jan-16 4.4 8.1 6.0 30.0 3.5 49.5 13.9 87.6 101.5
Feb-16 4.3 7.8 5.8 29.1 3.4 47.9 13.6 84.8 98.4
Mar-16 4.2 7.7 5.8 28.4 3.4 46.7 134 82.7 96.1
Apr-16 4.3 7.7 5.8 28.6 34 47.1 134 834 96.9
May-16 4.4 8.2 6.0 30.3 3.5 49.9 14.0 88.3 102.3
Jun-16 4.6 8.7 6.3 32.1 3.7 52.8 14.5 93.6 108.1
Jul-16 4.7 8.9 6.4 32.9 3.7 54.2 14.8 96.0 110.8
Floor Roof Each total Total
[G) day?] [G) day?] [G) day?] [G) day?] (G
H2 DG H2 DG H2 DG H2 pc  day’]
Aug-15 0.4 0.8 0.5 2.8 0.3 4.6 13 8.2 9.5
Sep-15 0.4 0.7 0.5 2.7 0.3 4.4 1.2 7.8 9.0
Oct-15 0.4 0.7 0.5 2.5 0.3 4.2 1.2 7.4 8.6
Nov-15 0.4 0.7 0.5 2.6 0.3 4.2 1.2 7.4 8.6
Dec-15 0.4 0.7 0.5 2.6 0.3 4.3 1.2 7.5 8.7
Jan-16 0.4 0.7 0.5 2.6 0.3 4.3 1.2 7.6 8.8
Feb-16 0.4 0.7 0.5 2.5 0.3 4.1 1.2 7.3 8.5
Mar-16 0.4 0.7 0.5 2.5 0.3 4.0 1.2 7.1 8.3
Apr-16 0.4 0.7 0.5 2.5 0.3 4.1 1.2 7.2 8.4
May-16 0.4 0.7 0.5 2.6 0.3 4.3 1.2 7.6 8.8
Jun-16 0.4 0.7 0.5 2.8 0.3 4.6 1.3 8.1 9.3
Jul-16 0.4 0.8 0.5 2.8 0.3 4.7 1.3 8.3 9.6
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5.4.4. Comparing the energy requirement for heating and the heat produced in the CHP

The heat produced in the CHP was calculated as follows

In August 2015, 114276 kWh electricity was generated. If an electrical conversion efficiency of 35% is
assumed and an overall conversion efficiency to useful energy of 85 % with 15 % non-recoverable

losses (Salter and Banks, 2009), the estimated heat production is 19.0 GJ day™.

The energy needed for heating in August 2015 was 1.8 GJ day ! for heating feedstock and 9.5 GJ day*
for heat losses, giving a total of 11.2 GJ day™™. This corresponds to 58.9 % of the produced heat,
leaving a total of 7.7 GJ day™ available for other purposes. The results of calculations for the whole
control period are shown in Table 55. In other months during the control period the proportion of
the heat generated that was required to run the plant ranged from 25-66%, and averaged around
one third of the heat available. This value probably reflects the fact that the digester is oversized and
therefore loses more heat than necessary. The data was compared with the literature value. Banks
et al. (2011) reported the parasitic heat requirement of the recoverable heat which was 30 %. The
percentage which was calculated from the total in this work was 32.1 %. The calculated results were

not significantly different from the literature value.

Data provided by Tropical Power on the actual temperature in hydrolysis and digester is shown in
Table 56. As noted above, Hydrolysis tank 1 was not used, and only hydrolysis tank 2 and digester
were in use. Hydrolysis tank 2 successfully achieved the target temperature of 55 °C. The digester
temperature was approximately 4 °C lower than the target temperature of 43°C, meaning it was
effectively operating in mesophilic conditions with a thermophilic pre-hydrolysis step as in the

laboratory experiment in Trial 2, 2-1 and 2-2.
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Table 55. Heat produced in the CHP and required energy for heating

Heat produced Energy for heating [G) day™]  pifference Requirement/produced

in the CHP
[G) day™] Feedstock Heatloss Total [G) day™] heat [%]
Aug-15 19.0 1.8 9.5 11.2 7.7 59.3
Sep-15 16.3 1.1 9.0 10.1 6.1 62.2
Oct-15 29.1 1.5 8.6 10.1 19.0 34.7
Nov-15 34.4 3.2 8.6 11.9 22.6 34.4
Dec-15 36.3 3.1 8.7 11.9 24.4 32.7
Jan-16 40.2 3.2 8.8 11.9 28.2 29.7
Feb-16 45.7 3.0 8.5 11.5 34.2 25.1
Mar-16 40.4 2.4 8.3 10.7 29.7 26.6
Apr-16 22.0 1.6 8.4 10.0 12.1 45.2
May-16 41.4 2.3 8.8 11.1 30.3 26.9
Jun-16 41.6 2.9 9.3 12.3 29.3 29.5
Jul-16 59.3 4.1 9.6 13.7 45.6 23.1
Total 425.6 30.3 106.2 136.4 289.2 321

Table 56. Actual temperature profile in the biogas plant during control period

H1[°C] H2 [°C] DGI[°C] FS[°C]

Aug-15  21.7 49.2 42.2 38.2
Sep-15  21.8 54.1 41.8 33.9
Oct-15 216 55.4 39.5 30.0
Nov-15  21.8 55 38.2 32.7
Dec-15  21.8 55.3 38.6 37.4
Jan-16  22.4 55 39.3 35.1
Feb-16  21.3 54.7 40.1 35.1
Mar-16  22.4 53.1 41.5 38.2
Apr-16  30.2 53.1 42.4 31.2
May-16  44.5 55.1 41.7 37.7
Jun-16 425 48.4 41.4 40.6
Jul-16 43 55.2 42.5 40.4

H1: hydrolysis tank 1
H2: hydrolysis tank 2
DG: digester tank

FS: final storage tank
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5.5. Sub-objective 3 - Energy input for digestate transport and application

In Section 5.5 the energy requirement for the digestate transport and application is calculated. There
were no records of the number of trailers leaving the site or the number of hectares on which the
digestate was applied as a fertiliser, because Tropical Power did not apply the digestate to land

itself. Therefore, the calculations in this section were based on assumptions using data from the
laboratory experiments and on information provided by Tropical Power. The amount of digestate
used for fertiliser, number of tractor trips, and fuel consumption for tractor and spreading were

estimated.

All digestate (liquid and solid) removed from the biogas plant was given to VG. VG comes to the
biogas plant and collects the digestate for application in a bowser-type trailer. The digestate is
sprayed on the farm land by a tanker with capacity 10,400 L. Based on the information used for
Tropical Power it is assumed the tractor can carry 5.6 tonnes trip™*. According to Tropical Power,
their tractor trailer for transportation of baby maize stover also has 10 tonnes capacity and can carry
maximum 7 tonnes trip. A value of 5.6 tonnes trip* which is 80 % of maximum loading was close to

actual fuel consumption.

Estimation of digestate removal in September 2015 was based on the fact that biogas plant received
459.9 tonnes WW month™in August 2015. The feedstock VS content is 18 % WW and the laboratory
experiments in Trial 2-1 indicated that VS destruction under thermophilic digestion is 74.4 % VS. The
amount of digestate for removal is therefore

459.9 tonnes WW month™ - (459.9 tonnes WW month™ x (18 VS % WW =+ 100) x (74.4 % VS + 100))
=398.3 tonnes WW month™

It was assumed the number of hectares used for digestate disposal was same as the number of

hectares of baby maize harvested. In September 2015, this was 14.4 ha month™.

Transportation between the biogas plant and the farm was calculated from the number of trips:

401.9 tonnes WW month™ + 5.6 tonnes trip! = 72 trips month?

The energy requirement for transportation was taken as 2.5 MJ tonne* km™ which includes empty
return transport, and the energy requirement for spreading was taken as 0.5 GJ ha (Berglund and

Borjesson, 2006)
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2.5 MJ tonne* km™ x 398.3 tonnes WW month™ x ( 1.95 km one way trip x 2) x 72 trips month™ =

276.2 GJ month™

Spreading digestate

14.4 ha month* x 0.5 GJ ha' = 7.2 GJ) month™

The total is

276.2 + 7.2 =283.4 G) month* =9.4 GJ day

The results of the calculations for the rest of the control period are shown in Table 57.

Table 57. Energy input for digestate application and transportation

Bab i

any ma|zg Estimated

harvested in digestat Transport Spreadin Total

previous month ges a.? No. of trips anspo preading ota Total

A Weiaht for fertiliser [times] [GJ [G) [GJ (GJ day]

rea g [tonne month™?]  month?] month] ¥

[ha [tonne month]

month?]  month]
Aug-15
Sep-15 14.4 459.9 398.3 71 276.2 7.2 2834 9.4
Oct-15 9.3 298.9 258.9 46 116.7 4.7 121.3 4.0
Nov-15 13.5 431.1 373.4 67 242.7 6.7 249.4 8.3
Dec-15 27.7 887.7 768.8 137 1029.1 13.9 1043.0 33.6
Jan-16 27.6 883.1 764.8 137 1018.5 13.8 1032.3 33.3
Feb-16 27.8 890.1 770.9 138 1034.6 13.9 1048.5 33.8
Mar-16 25.2 805.4 697.5 125 847.1 12.6 859.7 27.7
Apr-16 22.5 720.5 624.0 111 678.0 11.3 689.2 22.2
May-16 14.2 453.0 392.3 70 268.0 7.1 275.1 8.9
Jun-16 19.7 631.5 546.9 98 520.8 9.9 530.7 17.1
Jul-16 23.3 745.8 645.9 115 726.4 11.7 738.1 23.8
Aug-16 33.3 1065.0 922.4 165 1481.3 16.6 1497.9 48.3
Total 258.5 8271.9 7164.2 1279.3 8239.3 129.2 8368.6 270.7
Average 21.5 689.3 597.0 106.6 686.6 10.8 697.4 22.6
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5.6. Sub-objective 4 —Energy balance for the plant
Section 5.6 assessed the operating energy balance for the biogas plant in Kenya. The results from
section 5.3 to section 5.5 (harvesting, feedstock transportation, energy output, heat requirement

and digestate application) were used to calculate the balance.

The energy balance based on the above calculations is shown in Table 58. To allow comparison of
the calculated results, all values are given in GJ month™. Assumed fuel consumption from sub-
objective 1 was in L month™, so diesel used was multiplied by a conversion factor of 39 MJ L.
Heating loss from objective 2 was in GJ day* so a factor of day month™ was applied. The unit of
generated electricity was in kWh and produced heat in CHP was in GJ day* therefore they were also
converted into GJ month™. Energy balance was calculated in two ways: firstly, including the energy
for digestate application, and secondly without the energy for digestate application because the
actual operation by Tropical Power in Kenya did not include this since VG came to the biogas plant

and collected the digestate as fertiliser.

1. Energy balance with digestate application
Energy balance [G) month™] = Output — (Input + Heating + Application)

Energy balance [%] = Energy balance + Output x 100

2. Energy balance without digestate application

Energy balance [G) month™] = Output — (Input + Heating)

Energy balance [%] = Energy balance + Output x 100
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Table 58. Overall energy balance

Output [GJ month]

Heating With digestate Without digestate
Input [GJ month] [GJ) month™?] Application [GJ month] application application

Applicatio Generated Produced Net energy Net energy

Harvesting Transportation Loss Feedstock n Transportation electricity heat [GI month!]  [%] [G) month!]  [%]
Aug-15 60.0 10.2 293.7 54.8 4114 587.7

Sep-15 39.0 6.7 270.2 339 7.2 276.2 342.0 488.5 197.4 23.8 473.6 57.0
Oct-15 56.3 9.6 266.7 46.7 4.7 116.7 632.1 903.1 1034.6 67.4 1151.2 75.0
Nov-15 115.9 19.8 259.1 96.6 6.7 242.7 723.0 1032.9 1015.1 57.8 1257.9 71.6
Dec-15 115.3 19.7 270.9 97.2 13.9 1029.1 787.2 1124.6 365.8 19.1 1394.9 73.0
Jan-16 116.2 19.8 271.9 98.3 13.8 1018.5 871.5 1245.0 578.1 27.3 1596.6 75.4
Feb-16 105.1 17.9 246.6 86.3 13.9 1034.6 928.2 1326.0 749.9 333 1784.5 79.2
Mar-16 94.0 16.0 2574 75.4 12.6 847.1 876.4 1252.0 825.9 38.8 1673.1 78.6
Apr-16 59.1 10.1 251.1 47.8 11.3 678.0 462.7 661.0 66.4 5.9 744.3 66.2
May-16 824 14.1 274.0 70.3 7.1 268.0 897.5 1282.1 1463.7 67.2 1731.7 79.5
Jun-16 97.3 16.6 280.2 87.7 9.9 520.8 873.3 1247.6 1108.3 52.3 1629.1 76.8
Jul-16 139.0 23.7 296.9 128.3 11.7 726.4 1286.5 1837.9 1798.5 57.6 2524.9 80.8
Total 1079.6 184.1 3238.6 923.1 112.6 6758.1 9091.8 12988.3 9203.7 41.7 15961.8 72.3
Average 90.0 15.3 269.9 76.9 10.2 614.4 757.7 1082.4 836.7 40.9 1451.1 73.9
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If digestate application is included as an energy input, the output is greater than the input. The
energy balance varied from 6-67 % due to monthly yield amounts and differences in digestate
application, with an average value across the monitoring period of 40.9%. Without the energy for
digestate application, the energy output was greater than input and the annual average was 73.9 %.

As expected, these values for the energy balance were always positive.

5.6.1. Discussion of limitations in the energy balance and data

The above calculations for the operating energy balance relied on a number of assumptions which
may be incorrect. The fuel consumption values used in calculation for sub-objective 1 may be not
correct, although actual and estimated values showed good agreement in the long term. This
modelling used the data from Grisso et al. (2004) of 14.7 L ha® for a forage harvester and data from
Tropical Power of 0.56-0.64 L km™ for a tractor. Grisso’s paper also reported the forage harvester
fuel consumption is 17.5 L ha in lowa, USA. This study used 14.7 L ha™ because Grisso’s research
was carried out in Nebraska and the research in lowa did not clearly explain the assumptions made.
The fuel consumption depends on location and tractor type (Grisso et al., 2004; Sharpe, 2015), so
forage harvester fuel consumption in Kenya may be different. Regarding the fuel consumption for
the tractor trailer, this was obtained from Tropical Power. In 2015, Tropical Power carried out small-
scale trials to check fuel consumption with and without a load of 10 tonnes at Gorge Farm in Kenya.
The fuel consumption was 0.56-0.64 L km™ which was greater than the literature value reported by
Sharpe (2015); 0.35-0.41 L km™in USA, 0.31-0.38 L km™ in EU, 0.44-0.47 L km™ in China. The tractor
at Gorge Farm consumed more fuel than the reported values for the USA, EU and China. On the
other hand, the small-scale trial by Tropical Power was not based on a large amount of data. The
trial consisted of 3 trial runs: the first was on a tarmac road loaded with 10 tonnes, the second for
rough roads with an empty tanker, and the third for rough road loaded with 10 tonnes. Each trial
was not duplicated, but run just once. Thus the data are from actual fuel consumption in Kenya but

their validity should be considered carefully.

In sub-objective 2, output data from the biogas plant was checked. The calculated methane yield
was 0.283 — 0.526 L CH,4 g VS during the control period, with an average of around 0.42 L CH, g* VS.
Some of the monthly SMP values are much higher than literature values for similar materials such as
maize silage (Amon et al., 2007; Bauer et al., 2010; Cornell, 2011; Evranos and Demirel, 2015) and
maize stover (Zhong et al., 2011; Brown et al., 2012; Tian et al., 2015; Li et al., 2017; Lizasoain et al.,
2017). On the other hand, the calculated CHP electrical conversion efficiency was 34-45%. The

literature values were around 32-45% (Appels et al., 2011; Lantz, 2012; Strzalka et al., 2017). This
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indicates conversion efficiency is acceptable but methane yield does not meet the literature value.

This may be caused by the methane concentration and biogas volume measuring method.

The plant checks methane concentration in the digester every 2 hours automatically but Tropical
Power always used 52% as the methane concentration for the whole year. Tropical Power reported
that 52% was the average methane concentration. The amount of feeding was not consistent (Table

44) and that may affect microorganism growth, population and methane concentration.

Tropical Power measured biogas volume by recording the increase in gas volume in the gas storage
dome (membrane) by looking at the % change over a day. The accuracy of this approach is not
known. The biogas plant is located at an altitude of 1900 m. High altitude affects the pressure
calculation. As noted above, according to MIDE (2017), the pressure at around 1900 m is only
around 80% of that at sea level. If the gas volume is not corrected, it would be 1.25 times larger than

at 101.325 kPa.

In objective 3, the energy requirement for digestate application was considered. The literature
values came from Berglund and Bérjesson (2006). Berglund’s research was carried out in Sweden so,
as with the tractor, the fuel consumption in Kenya may be different. This study should have used
local fuel consumption data from Kenya but it was difficult to find reported values. The assumption
was that the tractor carried a load of 7 tonnes of digestate every trip and the distance was 1.95 km
one way which was same as the assumption in objective 1. The energy for transportation was the
highest value than other energy requirement: input and heating. This study used only one literature
value so more literature values are needed. In the overall operating energy balance for Tropical
Power, this digestate application energy is not needed because VG came to the biogas plant and

collected the digestate as fertiliser. This process is not included in the process at the biogas plant.

In objective 4, the energy balance for energy input, output and digestate application was calculated.
The balance was positive and the method adopted could be used in planning new systems or
assessing the performance of other plants. Because the Tropical Power plant is oversized for its
current feedstock, however, the actual values obtained may not be representative for other plants.
The energy balance also did not include energy for CHP or heat loss from pipes etc. Therefore the
“AD assessment tool” which considers some of these parameters was used to check the energy

balance in objective 5.
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5.7. Sub-objective 5 - Rationalise design based on feedstock availability

In this section, a rationalised design based on actual feedstock availability was assessed. The results
from sections 5.3 and 5.6 suggested the energy balance of the biogas plant was positive; however,
there were potential points of improvement for better operation (i.e. matching feedstock availability
and digester size). The operating energy balances under mesophilic and thermophilic conditions

were compared as this parameter was compared in the laboratory studies section.

In section 5.7, firstly, the feedstock availability, digester volume, OLR and HRT were checked.
Secondly, the information was applied to two scenarios: single tank mesophilic and single tank
thermophilic for calculation of heating energy and methane production. The scenarios were
calculated by hand and using the AD assessment tool which was developed at Southampton with
funding from a range of sources. The purpose of this was to compare the overall energy balance of
mesophilic and thermophilic digestion, based on data from the laboratory studies scaled to an
appropriate size for the operation in Kenya. Finally, the scenario was compared to the biogas plant in

Kenya.

5.7.1. Required working volume
Regarding feedstock availability, the biogas plant received 8271.9 tonnes year™ from April 2015 to

July 2016. The value per day is

8271.9 tonnes WW year! + 365 days = 22.7 tonnes day™

According to Tropical Power’s original biogas plant design, the HRT is 16 days. The required volume

of a digester at this HRT is

22.7 tonnes day? x 16 days = 363 m?

Therefore, OLR is
22.7 tonnes WW day® x 0.18 tonnes VS tonne* WW + 363 m* = 11 kg VS m3 day?

The OLR of 11 g VS L™ day™is too high for a conventional single-stage digester, however, and such

high loadings may cause rapid volume expansion and VFA accumulation. In this study, laboratory
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experiments showed the highest methane yield at OLR 3 g VS L™ day™™. The digester volume was

therefore calculated for this condition.

Working volume is

22.7 tonnes WW day x 0.18 tonnes VS tonne* WW + 3 kg VS m3 day ! = 1360 m3

HRT is
1360 + 22.7 = 60 days

5.7.2. Hand calculation of heating energy and methane production

General

As mentioned in the previous section, the required digester working volume is 1360 m3, daily
feeding is 22.7 tonnes WW, OLR is 3 kg VS m™ day?, and HRT is 60 days. The methane yields from
Tropical Power were not used for sub-objective 5 because, as noted in section 5.4, the values from
the plant were too high in comparison with literature values. The specific methane yield was taken
from the result of the laboratory experiments, as these were monitored more accurately than the
Tropical Power plant. This laboratory data is also slightly more conservative than the data from the
plant and therefore using it provides a robust basis for estimating of the anaerobic digestion energy

production from baby maize stover in other plants. The temperature in Kenya was applied.

The purpose of this step was to compare mesophilic and thermophilic digestion in commercial plant.
Therefore, this part focused on heating and energy output. If the amount of feeding and the digester
volume are same, the energy for harvesting, transportation, and mixing should be the same. The
modelling conditions are shown in Table 59. The methane yield for mesophilic conditions comes
from Trial 2-3, for mesophilic digesters with 5 TE. The methane yield of thermophilic digestion comes

from Trial 2-1. Regarding heat loss, the calculation followed the method used in sub-objective 2.

The required height and width of digester for the heat loss calculation was calculated and is given in

Table 60. The heat loss and methane output are shown in Table 61.
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Table 59. Modelling condition

Scenario 1 Scenario 2
single tank single tank
mesophilic thermophilic

Location Kenya

Working volume [m?3] 1360

HRT [day] 60

OLR [g VS L't day!] 3

Feeding [tonne WW day?] 22.7

Feeding [tonne VS day™] 4.1

Digester construction Concrete

Digester roof Membrane

Temperature [°C] 35 55

Methane yield [L CHs g VS added] 0.333 0.342

Heating of feedstock and heat loss

Scenario 1

Heating energy for substrate

In January, the temperature in Kenya is 18 °C

(35-18) °C x 22.7 tonnes WW day™ x 4.18 MJ tonne°C! = 1.6 GJ day

Heat loss

Regarding diameter and height, the calculation was as follows. The shape of digester is cylindrical
and the working volume is 1360 m3. Working volume is usually around 80 % of digester volume. The

digester total volume is thus

1360 + 0.8 = 1700 m3

The aspect ratio (height : diameter) of Tropical Power is

Height : Diameter =8 : 30

Diameter [m] = 3.75 height [m]

236



Diameter is x

nx r*x h =volume

nx (0.5 x [m])? x (x + 3.75 [m]) = 1700 m?
X=20.1m

Height is

201m+3.75=54m

Table 60. Digester size

Working volume [m3] 1360
Digester volume [m?] 1700
Tropical Power' digester diameter to height ratio 3.75
Height [m] 5.4
Diameter [m] 20.1

The heat loss calculation in January for scenario 1 is as follows

Walls
0.43Wm?2°Cix (54mxmx20.1m)x(35-18)°Cx 3.6 MJ kWh!x 24 hours day’= 0.2 GJ day™

Floor

1.7Wm?2°Ctx ((54m=+2)* xm)x(35-18)°Cx 3.6 MJ kWh™ x 24 hours day™ = 0.8 GJ day™

Roof
1.0Wm?2°Clx (4xmx(20.1m=+2)?)+2x(35-18)°Cx 3.6 MJ kWh! x 24 hours day’= 0.9 GJ

1

day

Total

0.2+0.8+0.9=1.9GJday*

The calculated results for scenario 1 and scenario 2 are shown in Table 63.
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Table 61. Requirement of heating energy

(a) Scenario 1 (single mesophilic digester)

Hez‘;mg Heat Loss [GJ day] Total heat Average
feedstock reqwrem_clent [G) day?]
[G) day™] Walls Floor Roof Total [GJ day”]
January 1.6 0.2 0.8 0.9 1.9 3.5
February 1.5 0.2 0.8 0.9 1.8 34
March 1.5 0.2 0.7 0.9 1.8 3.3
April 1.5 0.2 0.7 0.9 1.8 3.3
May 1.6 0.2 0.8 0.9 2.0 3.6
June 1.8 0.2 0.9 1.0 2.1 3.9 36
July 1.8 0.2 0.9 1.1 2.2 4.0
August 1.8 0.2 0.9 1.0 2.2 4.0
September 1.7 0.2 0.8 1.0 2.0 3.7
October 1.6 0.2 0.8 0.9 1.9 3.4
November 1.6 0.2 0.8 0.9 1.9 3.5
December 1.6 0.2 0.8 0.9 1.9 3.5
(b) Scenario 2 (single thermophilic digester)
Hez’:c'ng Heat Loss [GJ day] Total heat Average
feedstock reqwremfnt [G) day™]
[GJday?]  Walls Floor Roof Total (G) day”]
January 3.5 0.5 1.7 2.0 4.2 7.7
February 34 0.5 1.7 2.0 4.1 7.6
March 3.4 0.4 1.7 2.0 4.1 7.4
April 3.4 0.4 1.7 2.0 4.1 7.5
May 3.5 0.5 1.7 2.0 4.2 7.8
June 3.7 0.5 1.8 2.1 4.4 8.1 28
July 3.7 0.5 1.8 2.2 4.5 8.2
August 3.7 0.5 1.8 2.1 4.5 8.2
September 3.6 0.5 1.8 2.1 4.3 7.9
October 3.5 0.5 1.7 2.0 4.2 7.6
November 3.5 0.5 1.7 2.0 4.2 7.6
December 3.5 0.5 1.7 2.0 4.2 7.7
Produced methane

Under mesophilic conditions, the methane yield was 0.333 L CH4 g VS and daily feeding is 4.1

tonnes VS day?
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0.333 L CHs gt x 4.1 tonnes VS dayx 10° = 1358410 L CH,day
CHq calorific value is 39.84 MJ m?3
1358410 L CHsday? x 103 x 39.84 MJ m= = 54.1 GJ day!

Scenario 2 was calculated using the same methods and the results are shown in Table 64. The heat
requirement for raising temperature of feedstock and for replacing heat losses are similar in scale in
this case and represent about 6.7 % in scenario 1 and 14.0 % in scenario 2 of the total energy
produced (methane production). If required the digester heat losses could be reduced by increasing
the insulation. If there is no alternative economic use for the heat, however, increasing the

insulation will improve the calculated energy balance but not the income from AD.

Table 62. Methane production

Scenario 1 Scenario 2

(mesophilic) (thermophilic)
Methane [L CH4 day 1] 1358410 1395123
Methane [GJ day!] 54.1 55.6

Energy balance

The operating energy balance (output-input) was calculated and is shown in Table 63. The energy
output in scenario 2 was 55.6 GJ day* which was 1.5 GJ day™ or about 2.7% greater than that of
scenario 1. In contrast, the energy balance in scenario 1 was around 2.8 GJ day or 5.8% greater
than scenario 2 as thermophilic digestion required more energy for heating. Taking all factors
together, mesophilic digestion is better for overall energy balance. This difference is not very large in
absolute terms, even though the plant is oversized and so the effect of differences in heat loss may
be magpnified. This finding is similar to that reported by Zhang et al. (2017) who modelled mesophilic
and thermophilic digestion of food waste with and without dilution using the AD modelling tool and
noted that the differences in net energy production were not large except at very small plant sizes.
On the other hand a difference of 5-6% in net energy production will be commercially significant to a
plant operator. Heat transfer is strongly affected by insulation and so even in Kenya it may make
sense to improve the digester insulation and decrease energy losses. The heat requirement is
around 7% of total energy produced for mesophilic conditions and more than twice that at around

14% in thermophilic conditions.
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This modelling did not include transportation, energy for CHP, therefore, the AD assessment tool

was used to assess these impacts for the overall energy balance.

Table 63. Energy balance

Scenario 1 Scenario 2
(mesophilic) (thermophilic)

Energy input

Heat requirement [GJ day™] 3.6 7.8
Energy output

Methane [GJ day?] 54.1 55.6
Energy balance

Output - Input [GJ day™] 50.5 47.8

This energy balance deliberately did not include the embodied energy as this is not critical for a farm
or other organisation when deciding whether to construct a digester: in this case the important
information is the net amount of energy (biogas, electricity etc) produced which can be exported
and sold. The income from the sale then pays for construction of the plant; but the farmer does not
pay for the embodied energy separately. This study started because the biogas plant in Kenya was
already built and beginning operation on a novel substrate. The sponsor, Tropical Power, was
primarily interested in the amount of generated electricity. Therefore, this modelling was made for
the actual commercial biogas plant. For organisations such as government agencies, however,
consideration of the embodied energy as part of the overall energy balance the embodied energy
may be important, as policy-makers may need to assess the net benefit to the whole economy as

well as the feasibility of operation at the scale of a single farm.

5.7.3. Calculation by AD assessment tool

The calculation was also carried out using the AD assessment tool developed by the Bioenergy and
Organic Resources Group at the University of Southampton. The assumptions made for scenarios 1
and 2 were the same as in the above manual calculations; however, the AD assessment tool requires
more input data for calculation. The data and the assumptions made are shown in Table 64. The AD

assessment tool considered transportation, utilization of digestate as fertiliser, parasitic energy,
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energy output (methane, electricity and heat), process loss, heating requirement, CHP and net

energy.

Calculated results are shown in Figure 77. Figure 77 includes 4 screenshots from AD assessment tool.
Figure 77a and b are the summary tab which gives the final summary of the main fields within the
embodied energy, parasitic energy and overview tabs, based on data from the other tabs. Figures
78c and d are the overview tab which shows the resultant data in a format taking into account the
energy produced, the energy used and any applicable losses. Detailed information on the AD
assessment tool and the basis for the calculations used is given in the user manual

(http://www.bioenergy.soton.ac.uk/AD_software_tool.htm).

According to the AD assessment tool, the net energy in scenario 1 was 14315.8 GJ year™ and in
scenario 2 was 13934.2 GJ year® (Figure 77a and b). Even though the methane yield in scenario 1
was lower than that of scenario 2, scenario 1 could produce more net energy due to the greater
requirement for energy for heating in Scenario 2. Scenario 1 required 6.6 % of total input energy for
heating which was less than half that needed for scenario 2, at 14.7 % (Figure 77c and d). The net
energy in scenario 1 was 80.3 % and in scenario 2 was 76.1 %. Even if the energy for the CHP was

considered, mesophilic digestion showed greater net energy than thermophilic digestion.
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Table 64. Information for the AD assessment tool

Scenariol  Scenario 2 Reference
TS [% WW] 21 Tropical power data
VS [% WW] 18 UK lab data
VS [% TS] 86
Methane yield [L CH. g™ VS 0.333 0.342 UK lab data
added]
N [g kgt TS] 12
PlgkglTs] 3 NRM analysis data
K [g kg TS] 29
Production Energy [MJ tonne™] 37.8
Production [kg CO; e tonne] 2.2
para energy [kWh tonne ] 50 AD assessment to.?lls "Maize Corn -
Straw" data
Biogas CH, [%)] 55
Production Fixed C 0.5
Feeding [tonnes WW year?] 8272
Transport type Tractor & trailer Tropical power data
Distance [km] 2.7
OLR [kg VS m3 day™] 3
Temperature [°C] 35 55
Height to width ratio 0.27 Tropical power data

On site biogas Use

CHP (no biogas upgrade)
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(b) Scenario 2: summary tab

8! AD Energy - Scenario 1 - X
File  Analyse
Site Feedstock Feedstock Details Design Digester Digestate Biogas Use Embodied Energy Parasitic Energy Overview Summary Materials Plant
Scenario Overall energy summary
Name Walue Units Part Use GJfyr Mvh/yr Percentaze tCO2e/yr ~
w 8,272 tonnes/yr b Enerey Input 178195 49409 1000 971"
Digester Loading Rate 3.0 |ke/m3-day Biomethane Enerey Input 00 00 00 J
Total Digester Capacity Required 1774 | m3 CHP Enerey Tnput 17.6414 49004 990 71
Retention Time 60 |days Boiler Heat Energy Input 00 00 00 I
Potential Biogas 904,503 | m3/yr Losses Enerey Input 1782 495 10 9]
Methane Produced 497476 | masyr Biomethane Energy Losses 00 00 00 I
Methane Available 492,502 m3/or CHP Enerey Losses 26462 7361 149 141
Uperaded Methane 0 masyr LBmIer Heat :nergy tusses 25‘:2 732.2 1:2 H:
; - osses nergy Losses 646 i :
[Volatile Solids Destroyed 1166 tonnes/yr CHP Electricity  Enerey Output 61745 1715.1 37 3
Digestate. 2116 tomes GHP Heat Enerey Output 89207 24502 495 4
On Site Biogas Use CHP Boiler Heat Enerey Output 00 0.0 00 I
Total GHP Electrical Gapacity 2068 kW Total Heat Enerey Output 83207 24502 495 4
4D Heat Process Enerey 9455 2626 53 5]
AD Electricity Process Enerey 5956 165.4 33 3
Embodied enerey Uperade Electrici.. Process Enerey 00 0.0 00 I
- - Losses Process Enerey 15411 4281 86 8!
Part érjbgg,le\?eg:‘ ki 'Ecmgzoed Igg,o\ggf " = Biogas Exported Enerey 00 0.0 00 |
00 0. Biomethane Exported Enerey 00 0.0 00 |
Digester 6038 4 Digestate Offset | Exported Enerey 15639 4344 88 27
Pasteuriser 00 0. GHP Electricity | Exported Enerey 55789 15497 318 01
Digestate Storage Tank 00 0. Total Heat Exported Enerey 1.8762 21876 442 44!
Storaee Tank Roof o0 0. Final Exported Energy 15,018.0 41717 843 142
Separator 00 0. Grid Electricity  |Imported Enerey 00 00 00 I
Gas Holder 00 0. Total Heat Imported Energy 00 0.0 0o |
GHP a9 0. Final Imported Energy 00 0.0 0o |
Biogas Lperade Plant 00 0. Final Crop Energy 3127 8649 18 1
ABPR Building 00 0. Final Transport Energy 38956 1082 22 2!
Total 597 5. Final GComposter Energy 00 0.0 0o |
v Final Embodied Enerey 00 0.0 0o |
Final Net Enerey 143158 39766 803 187
(a) Scenario 1: summary tab
8! AD Energy - Scenario 2 — X
File  Analyse ?
Site Feedstock Feedstock Details Design Digester Digestate Biogas Use Embodied Energy Parasitic Energy Overview Summary  Materials Plant
Scenario Overall enerey summary
Name Value Units Part Use GJfyr Mih./yr Percentage tC02e/yr A
£,272 [tonnes/yr Enerey Input 183012 50837 1000 997
Digester Loading Rate 3.0 ke/m3-day Biomethane Enerey Input 00 00 00 J
Total Digester Capacity Required 1,774 |m3 CHP Enerey Input 181182 5.0828 990 1.00;
Retention Time 60 |days Boiler Heat Enerey Input 0.0 00 00 |
Potential Biogas 928,948 | m3/vr Losses Enerey Input 1830 508 10 a
Methane Produced 510,922 \m3/yr Biomethane Enerey Losses Ll 00 Ll b
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Upgraded Methane 0 mar fmler Heat Energy tnsses - ”:,: 75:.2 ]Eg 15:
. - osses nergy Losses 717 { {
Voletle Solids Destrayed 1188 tamnes./yr CHP Electricity | Enerey Output 83414 17615 347 %
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On Site Biogas Use CHP Boiler Heat Energy Output 0.0 00 00 I
Total HP Electrical Capacity 22 [k Total Heat Enerey Output 8050, 25164 495 50
AD Heat Process Enerey 20427 5674 112 1
AD Electricity Process Enerey 595.6 1654 33 kY
Embodied enerey Uperade Electrici.. Process Enerey 0.0 00 00 I
- - Losses Process Enerey 2638.3 7828 144 14
Part ér]b;eclrlt?eg:\ergy ‘Eong fg 'ggroyaerg,? n B Biogas Exported Enerey 0.0 00 00 |
0.0 0. Biomethane Exported Enerey 0.0 00 00 !
Digester 60.8 4 Digestate Offset |Exported Enerey 15639 4344 85 an
Pasteuriser 00 0. GHP Electricity  |Exported Energy 57458 1,596.1 314 12
Digestate Storage Tank 00 0. Total Heat Exported Enerey 70164 19490 383 4m
Storage Tank Roof 00 0. Final Exported Enerey 14,3261 39795 783 1.39:
Separator 00 0. Grid Electricity  Imported Enerey 00 00 00 |
Gas Holder 0.0 0. Total Heat Imported Energy 00 00 00 |
GCHP 9.0 0. Final Imported Energy 00 00 00 |
Biogas Uperade Plant 0.0 0. Final Crop Enerey 3127 860 17 1
ABPR Building 0.0 0. Final Transport Enerey 792 220 04 !
Total 69.7 5. Final Composter Energy 00 00 00 |
v Final Embodied Enerey 0.0 00 00 |
Final Net Enerey 139342 88706 76.1 1,36

Figure 77. Calculated results by the AD assessment tool
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Figure 77 continued. Calculated results by the AD assessment tool
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The results for the AD modelling tool are broadly similar to those for the manual modelling, (e.g. in
absolute output (electricity and heat), heat loss, heat demand as a percentage of usable energy, and
the relationship of the net energy between scenario 1 and scenario 2). Table 65 shows the
comparison of results of the hand calculation and the AD assessment tool. For instance, the
electricity output from hand calculation were 6914 GJ year™ in scenario 1, 7101 GJ year! in scenario
2. The electricity output from AD assessment tool were bit less than these values; 6175 GJ year? in
scenario 1 and 6341 GJ year™ in scenario 2. These phenomenon were observed in other values. This
may be caused by the complicated modelling system of AD assessment tool. The hand calculation
considered only heating requirement and energy output. On the other hand, the AD assessment tool
included more various data (e.g. process losses, percent methane lost upgrading in CHP,
transportation, digestate utilisation, electricity requirement for parasitic energy etc). In fact, the net
energy in hand calculation was 84-92 % which was approximately 10 % greater than that of AD

assessment tool.

The percentage required for parasitic heat energy demand per produced heat in hand calculation
were 13 % in scenario 1, 28% in scenario 2. In AD assessment tool, the results were 11 % in scenario
1, 23 % in scenario 2. The results from the AD assessment tool were less than that of the hand

calculation. These results were less than the literature value 20-30 % (Banks et al., 2011).

The percentage of the parasitic electricity demand of produced electricity were 9-10 %. The
literature values were 30 % (Banks et al., 2011) and 29 % (Havukainen et al., 2014). The calculated
results were one third of the literature values. The parasitic energy demand of digestion plants
depends on each plant and the demands are significantly different (Havukainen et al., 2014). Laaber
assessed the 27 biogas plants in Austria and the demand of the produced biogas energy was 3 % in

2007 (Havukainen et al., 2014). The calculated results were within the range of the literature values.

The parasitic energy was always less than that of produced heat and electricity. Although there are
minor difference between the results of the hand calculation and the AD assessment tool, these
modelling showed same results. Scenario 1 (mesophilic condition with TE supplementation) was

greater than scenario 2 (thermophilic condition) in terms of the net energy balance.
Electricity is useful for its economic value (sold to electricity company) and in some situations may

also provide independence from the grid if this is subject to power cuts etc. It is more difficult to find

an economic use for the heat, however, it may be worth considering bottling and sale of biogas (with
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or without upgrading) as an alternative to electricity generation. These data could be used for

assessment of the economic and financial feasibility of the plant.

Table 65. Comparison the results of hand calculation and AD assessment tool

Hand calculation AD assessment tool

Scenario 1 2 1 2
Energy input[GJ year?]
Parasitic energy  Heat requirement 1312 2836 946 2043
Electricity 596 596
Energy output [GJ year?]
CHP Heat 9877 10144 8821 9059
Electricity 6914 7101 6175 6341
Heat loss 2963 3043 2646 2718
Energy balance [%]
Net energy 92 84 80 76
Parasitic energy requirement of produced energy [%]
Heat 13 28 11 23
Electricity 10 9

Note: these values are also shown or came from Table 63 (hand calculation) and Figure 77 (AD

assessment tool) above, but are given here for ease of reference.

5.7.4. Comparison of results with actual biogas plant

Feeding amount

Feeding amount yearly average of baby maize stover is 22.7 tonne WW day-!. According to Tropical
Power’s original AD plant process flow diagram, the expected amount of baby maize stover to feed
to the biogas plant was 124.4 tonne WW day™. The actual feeding was thus only 18.2 % of target

feeding.

Digester size

The calculated digester volume required is 1700 m® which includes head space. The actual digester
volume is 5655 m?3, so the required volume is only around 30 % of the actual volume. The required
working volume of 1360 m? is less than the volume of the two hydrolysers (volume 760 + 760 = 1520
m?3). This would require operating the hydrolysers at around 90 % of their overall volume, which may
not be possible in practice; or alternatively the working volume could be reduced with a small

increase in OLR. If the feeding amount is around 8271.9 tonne year™ as in 2015-2016 as, taking the
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main digester out of service and using the hydrolysers as digesters may be a good option for efficient

operation.

Mesophilic versus thermophilic digestion

Modelling showed the heat requirements for mesophilic and thermophilic digestion were 4.4 and
8.6 GJ day?, respectively. The energy production for mesophilic and thermophilic digestion was 54.1
and 55.6 GJ day’?, respectively. Mesophilic digestion showed greater net energy than thermophilic
digestion. This calculation did not consider the energy requirement for CHP and other parameters so

the evaluation was carried out by AD assessment tool.

As the results in Figure 77 show, although the modelling is based on slightly different assumptions,
the output also show that mesophilic operation is more favourable in terms of net energy and thus

helps to confirm the above results.
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5.8. Discussion and conclusions

Actual annual data from a real commercial biogas plant in Kenya was assessed. Assumptions were
made to cover the missing data, and the reliability of data was checked where possible by
calculation and comparison with literature values. Rationalisation was carried out as a basis for

improved operation.

The data from Tropical Power showed differences between actual and expected values. The actual
feeding amount was 21 % of the target feeding. The actual fuel consumption and assumed fuel
consumption for harvesting and feedstock transportation showed reasonable agreement; however,
the results did not match exactly with literature values. This may be caused by the different

operating conditions, substrate and location and shows the importance of local datasets.

The reported specific methane yield was too high for gas production from a conventional agro-
waste. This may have been caused by the biogas volume measuring method. The electricity
conversion in CHP was acceptable. Tropical Power sells the electricity to the electricity company in
Kenya, therefore, the data was more reliable. The study highlights the difference in data reliability

between industry and academic studies.

Rationalisation was carried out to overcome the arising issues (i.e. feedstock availability). Mesophilic
and thermophilic conditions were compared as considered in the laboratory studies. Rationalisation
was carried out by hand calculation and software. Even though more complex factors are considered
in the AD modelling tool software, the results were similar. Scenario 1 (mesophilic digestion with TE
supplementation) showed a better energy balance than that of scenario 2 (thermophilic digestion). If
suitable TE supplementation is not used for the anaerobic processing of baby maize stover, the
energy balance may change as shown in the laboratory experiments in section 4.5.4. TE chemicals
represent a cost which may have negative impacts in terms of profitability. This study did not
consider the financial aspects of plant operation, or the embodied energy in TE. Even thermophilic
digestion required TE dosing (especially W) in trial 2-3, however, and if the amounts of TE required
are similar in both cases then mesophilic digestion will still be better than thermophilic digestion in

terms of the net energy balance.

The overall results of the modelling showed that, as expected, the net energy production from
anaerobic digestion of baby maize stover was positive in all cases, and also allowed quantification of

some aspects of this energy output. The following conclusions could be made:

- The methods and values for calculation of energy used in harvesting and transportation of the baby

maize stover feedstock were successfully validated against the data from the Tropical Power plant,
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and could therefore be use elsewhere in Kenya and similar locations where no data are available.
The results also suggested that the energy use in harvesting at Gorge Farm of around 101 MJ tonne™
TS was slightly lower than typical values reported for straw materials in Europe, highlighting the

importance of local data —objective 1

- Although the Tropical Power plant is incorrectly sized for the currently available mass of feedstock,
the results indicated the same or better performance than the laboratory studies with respect to
specific methane production. The high average specific methane yield of 0.42 L CH, g VS apparently
achieved by the plant may have been caused by the method of biogas volume measurement.
Therefore, the amount of generated electricity was used in determining the energy output of the

biogas plant —objective 2

- In the case of the Tropical Power plant, until the amount of feedstock available increases a better

solution would be to operate the two hydrolysers as digesters — objective 5

- The laboratory trials were better monitored than the Tropical Power plant and the data from them
is based on actual rather than estimated gas production values. This data is also slightly more

conservative than the data from the Tropical Power plant: using it therefore provided a robust basis
for estimating the net anaerobic digestion energy production from baby maize stover in other plants

— sub-objectives 2 and 5.

- The percentage of the energy input that was available as electricity and heat were 35 % and 50 %
respectively. The percentage required for parasitic heat energy demand per produced heat in hand
calculation were 13 % in scenario 1, 28% in scenario 2. In AD assessment tool, the results were 11 %
in scenario 1, 23 % in scenario 2. The results of give specific values for net energy output that can be

used in planning new systems or assessing the performance of other plants. — objectives 4 and 5

- When considered in context of the situation in Naivasha and Kenya the results indicate that using

baby maize stover as an anaerobic digestion feedstock is a good option — objectives 1-5

- The same modelling tools can be used in assessment at other specific locations in Kenya —

objectives 1-5

Thus the results of modelling, in conjunction with the broader context described in the introduction
to this chapter, provide a rational basis for saying that the use of baby maize stover as an AD
feedstock in Kenya is justified and is likely to be a good option. The biogas produced could also be
used directly or after upgrading as a fuel source for cooking or transportation, rather than converted

to electricity: this was not modelled in the current work but could be done in future studies
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6. Conclusions

The overall aim of this research was to determine the suitability of baby maize stover as an
anaerobic digestion feedstock in terms of its energy yield and any operating requirements for stable

performance. The work was based on practical experiments and theoretical modelling.

The conclusions are organised in the sequence: summary of key results for each trial and issues,

general conclusions and future work.

6.1. Summary of key results

Trial 1
e Mesophilic digestion of maize silage showed rapid volume expansion and foaming. This may
have been related to the rather poor quality of maize silage and to a cold shock experience,
but digestion finally stabilised and gave reasonable gas production 0.385 L CHs g* VS at OLR
3 g VS Ltday?in mesophilic and thermophilic digesters.
e Mesophilic digestion and thermophilic digestion of maize silage did not show significant
differences in terms of specific biogas or methane production.

e Thermophilic digestate appeared considerably less viscous than mesophilic digestate.

Trial 2-1
e In periods of pseudo steady operation, SMP in mesophilic digesters seemed to be
significantly lower than in thermophilic digesters (0.278 LCHs g VS at OLR3 g VS L't daytin
mesophilic digesters and 0.342 L CH, g1 VS at OLR 3 g VS L day? in thermophilic digesters).
e Stable anaerobic processing of baby maize stover needed more than 3 TE (Fe, Co, Ni as
above)
o Mesophilic digesters failed around 150 days even though they were receiving
regular 3 TE supplementation
o D9&10 were operated stably for twice as many equivalent HRT as the other
mesophilic digesters. Only inoculum of D9&10 partially consisted fresh Millbrook
digestate which came from wastewater treatment plant.
o D5-10, six digesters operation failed at approximately the same time even though
their inoculum, operating history and temperature range was different. The failure
happened after TE dosing ran out about 30 days, equivalent to replacing around

60 % of reactor volume.

250



o Because of the complex history of these digesters, it was hard to determine whether
lack of TE had more effect on mesophilic or thermophilic digestion; however, 3 TE
dosing was insufficient for mesophilic digestion.

Thermophilic pre-hydrolysis did not appear to offer any increase in total gas production.
Hydrogen and methane production were observed during pre-hydrolysis. Even if this gas
production were considered, SMP in two stage was less than that of single stage.
Digestate from reactors with a thermophilic pre-hydrolysis stage was less viscous in
appearance than from single-stage mesophilic reactors

Little or no foaming was observed in mesophilic digesters

Foaming was a problem in thermophilic digesters at start of the trial. This may have been

due to the strategy for switching feedstock at high load.

Trial 2-2

All four digesters operation failed within one month

The digesters were overloaded so results are unreliable, however, gas production with pre-
hydrolysis was still lower than that of single stage

Digesters with pre-hydrolysis showed lower VFA accumulation which may be just less

successful at hydrolysing

Trial 2-3

SMP in mesophilic digesters with 5TE was very similar to that of thermophilic digesters
(0.333 LCHs g VSat OLR 3 g VS L't day™ in mesophilic digesters and 0.324 L CH, g VS at
OLR 4 g VS L't day!in thermophilic digesters)

With 5 TE, gas production from pre-hydrolysis also improved but was still not better than
single stage

Even 5 TE conducted, mesophilic digestion still failed after ~150 days.

Mesophilic digesters without TE failed very slightly earlier and VFA worse. 40-day bump in
mesophilic digesters with 5 TE were less than that of mesophilic digesters without TE.
After giving an additional dose of 3 TE to either digesters with 3TE or 5TE, VFA values in the
digesters increased. This may stimulated hydrolytic and acidogenic organisms.

After adding W only to thermophilic digesters with 3 TE, VFA increased but then fell.

After adding W only to 5 TE digester, VFA fell

VFA in digesters with 3 TE and 5 TE that had received additional 3 TE only fell after adding W.
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e 5 TE appears to be helpful but W also essential at least in thermophilic digestion as Jiang et

al. (2012)

Modelling

e The biogas plant in Kenya received only 21 % of target feeding

e The required working volume of digester was 1360 m3 which was 24 % of actual digester
volume.

e The required working volume 1360 m* was less than that of total hydrolyser volume 1520
m3. The hydrolysers have capacity as digester.

e Modelling assumption was similar to actual operation; the calculated fuel consumption for
substrate harvesting and collection were 95 % of actual fuel consumption.

e The results of hand calculation and AD assessment tool indicate the overall energy balance
in single mesophilic digester was greater than that of single thermophilic digester.

e The data from modelling confirm that baby maize stover produces a net positive energy
output when used as an anaerobic digestion substrate, and provides information on which

the design of future systems can be based

Issues

Regarding Trial 1, the aim was to create a baseline for trial 2; however, the maize silage quality as a
substrate was poor. Some parts of the maize silage were already fermented when it arrived.
Mesophilic digestion experienced rapid volume expansion and cold shock experience, reducing the

reliability of these results as a baseline.

Turning to Trial 2-1, 2-2, 2-3, mesophilic digestion with pre-hydrolysis was carried out 3 times and all
of these trials failed within 3HRT. During experiments, inoculum and TE dose were changed to
improve the performance. The reason for failure in Trial 2-1 might be related to the pre-hydrolysis
procedure. The substrate was mixed with supernatant from digestate because the actual biogas
plant has a separator. All of the mixture of separated digestate plus feed was then returned to the
reactor each day. A better operating mode might be to leave a proportion of this material as an
inoculum allowing it to adapt to the conditions in the pre-hydrolysis reactor (i.e. thermophilic and

primarily intended for hydrolysis so lower pH acceptable).

It seemed TE dosing had positive effects for stable operation and higher methane yield. W dosing
caused VFA degradation in thermophilic digesters in Trial 2-3: it would be interesting to know if it

has a similar effect in mesophilic digestion but this was not tested in the current trial.
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Moving to modelling, some data from Tropical Power were not dependable (e.g. biogas volume) and

this might be related to their method of measurement. They did not have the same chemical

analytical facilities as were available in the laboratory at Southampton. The biogas plant is in Kenya

and longitude, latitude and altitude were different to those in Southampton. The ambient

temperature in Kenya was applied in the software for modelling but pressure or other factors might

have impacts.

6.2. General conclusions

In this study, the two stage system with thermophilic pre-hydrolysis did not have any
positive effects in terms of increasing the SMP from baby maize stover.

Acclimatisation of inoculum (e.g. through mixing of fresh Millbrook digestate and digestate
from previous trial) was essential for stable start-up. Where digestate acclimated to another
maize-derived substrate is not available, a reduced OLR should be applied and at the start
and then slowly increased to the target OLR.

5 TE and W supplementation helped produce higher methane yields and stable operation.

o SMP in mesophilic digesters with 3 TE (10 mg Fe L'}, 1Img Co L%, 1 mg Ni L?) was
significantly lower than that of thermophilic digesters. Interestingly this was not the
case in the baseline substrate of conventional maize silage.

o SMP in mesophilic digesters with 5 TE (10 mg Fe L'}, Img Co L'}, 0.4 mg Ni L%, 0.2 mg
Se L 0.2 mg Mo L) was close to that of thermophilic digesters.

o Even with 5 TE supplementation, mesophilic digestion still failed after ~150 days.

o W dosing (0.2 mg W L) helped to decrease VFA accumulation in thermophilic
digesters and allow stable operation.

AD of baby maize stover with 5 TE is feasible at OLR of 3 kg VS m™ day* with methane
production of 0.333 L kg VS under mesophilic condition.

AD of baby maize stover with 5 TE is feasible at OLR of 4 kg VS m™ day! with methane
production of 0.324 L kg'* VS under thermophilic conditions. Thermophilic digestion thus
does not appear to offer any advantage over mesophilic digestion when adequate trace
element supplementation is available.

Digestate viscosity in thermophilic digesters and in mesophilic digesters with pre-hydrolysis
was lower than that of single-stage mesophilic digesters.

Tropical Power Ltd’s biogas plant in Kenya was much larger than required for the initial feed

amount.
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e Interms of overall energy balance, mesophilic digestion was performed better than

thermophilic digestion.

6.3. Future work

e Further work on pre-treatment to explore if the pre-treatment was to explore whether
alternative operating modes such as partial retention of inoculum in the hydrolysis phase
would be more effective in increasing overall specific methane yields.

e Further work to determine the essential trace elements for baby maize stover under
mesophilic condition, and to confirm that long-term stable operation if possible with W
addition. The optimum TE dosing strength of these limiting elements should also be tested.

e Further work on data collection and analysis from Tropical Power Ltd to provide a detailed
basis for re-design of the plant. It was originally intended to visit and gather first-hand data
on the AD plant and on operations at Gorge Farm. Unfortunately in addition to time
constraints at the end of the laboratory work a planned visit to Kenya had to be cancelled

due to political unrest at the time of the 2017 elections.

254



7. References

Abendroth, L.J.R.W.E.M.J.B.S.K.M. (2011) Corn growth and development. Ames, lowa.
Africa, F. (undated) Baby corn best for short season rains. . Available from:

http://farmbizafrica.com/markets/549-baby-corn-best-for-short-season-rains [Accessed

13.03].

Agler, M.T., Garcia, M.L., Lee, E.S., Schlicher, M. and Angenent, L.T. (2008) Thermophilic anaerobic
digestion to increase the net energy balance of corn grain ethanol. Environmental Science &
Technology, 42 (17), 6723-6729.

Almeida Streitwieser, D. (2017) Comparison of the anaerobic digestion at the mesophilic and
thermophilic temperature regime of organic wastes from the agribusiness. Bioresource
Technology, 241, 985-992.

Amaral, A.C.D., Kunz, A., Steinmetz, R.L.R. and Justi, K.C. (2014) Zinc and copper distribution in swine
wastewater treated by anaerobic digestion. Journal of Environmental Management, 141,
132-137.

Amon, T., Amon, B., Kryvoruchko, V., Zollitsch, W., Mayer, K. and Gruber, L. (2007) Biogas production
from maize and dairy cattle manure - Influence of biomass composition on the methane
yield. Agriculture Ecosystems & Environment, 118 (1-4), 173-182.

Angelidaki, I. and Ahring, B.K. (1993) Thermophilic anaerobic digestion of livestock waste: the effect
of ammonia. Applied Microbiology and Biotechnology, 38 (4), 560-564.

Angelidaki, I. and Sanders, W. (2004) Assessment of the anaerobic biodegradability of
macropollutants. Re/Views in Environmental Science & Bio/Technology, 3 (2), 117-129.

Apha (2005) Standard Methods for the Examination of Water and Wastewater. American Technical
Publisher.

Appels, L., Lauwers, J., Degreve, J., Helsen, L., Lievens, B., Willems, K., Van Impe, J. and Dewil, R.
(2011) Anaerobic digestion in global bio-energy production: Potential and research
challenges. Renewable & Sustainable Energy Reviews, 15 (9), 4295-4301.

Ashraf, N., Giné, X. and Karlan, D.S. (2009) Finding Missing Markets (and a disturbing epilogue):
Evidence from an Export Crop Adoption and Marketing Intervention in Kenya. C.E.P.R.
Discussion Papers.

Audsley, E., Pearn, K.R., Simota, C., Cojocaru, G., Koutsidou, E., Rounsevell, M.D.A., Trnka, M. and
Alexandrov, V. (2006) What can scenario modelling tell us about future European scale

agricultural land use, and what not? Environmental Science and Policy, 9, 148-162.

255


http://farmbizafrica.com/markets/549-baby-corn-best-for-short-season-rains

Bakshi, M.P.S., Wadhwa, M. and Makkar, H.P.S. (2016) Waste to worth: Vegetable wastes as animal
feed. CAB Reviews: Perspectives in Agriculture, Veterinary Science, Nutrition and Natural
Resources, 11.

Banks, C.J., Chesshire, M., Heaven, S. and Arnold, R. (2011a) Anaerobic digestion of source-
segregated domestic food waste: Performance assessment by mass and energy balance.
Bioresource Technology, 102, 612-620.

Banks, C.J., Salter, A.M., Heaven, S. and Riley, K. (2011b) Energetic and environmental benefits of co-
digestion of food waste and cattle slurry: A preliminary assessment. Resources, Conservation
and Recycling, 56 (1), 71-79.

Banks, C.J. and Stentiford, E.I. (2007) Biodegradable municipal solid waste: biotreatment options.
Waste & Resource Management: Proceedings of the Institution of Civil Engineers, 160 (1), 11.

Banks, C.J., Zhang, Y., Jiang, Y. and Heaven, S. (2012) Trace element requirements for stable food
waste digestion at elevated ammonia concentrations. Bioresource Technology, 104, 127-135.

Banks, C.J.B., David.; Zhang, Y.; Jiang, Y.; Cavinato, C. (2011) Description of problems associated with
ammonia toxicity and trace metal deficiency in mesophilic and thermophilic digestion of high
nitrogen wastes. Programme, T.S.F.

Bartek, N., Higgins, M., Murthy, S., Beightol, S. and Peaslee, T. (2015) Causes and Cures of Rapid
Volume Expansion in Anaerobic Digesters Due to Gas Holdup.

Barten, T.J. (2013) Evaluation and prediction of corn stover biomass and composition from
commercially available corn hybrids, Doctor of philosophy, lowa State University.

Batstone, D., Keller, J., Angelidaki, I., Kalyuzhnyi, S., G Pavlostathis, S., Rozzi, A., T M Sanders, W.,
Siegrist, H. and Vavilin, V. (2002) Anaerobic digestion model No 1 (ADM1).

Bauer, A., Leonhartsberger, C., Bosch, P., Amon, B., Friedl, A. and Amon, T. (2010) Analysis of
methane yields from energy crops and agricultural by-products and estimation of energy
potential from sustainable crop rotation systems in EU-27. Clean Technologies and
Environmental Policy, 12 (2), 153-161.

Berglund, M. and Borjesson, P. (2006) Assessment of energy performance in the life-cycle of biogas
production. Biomass and Bioenergy, 30, 254-266.

Blumensaat, F. and Keller, J. (2005) Modelling of two-stage anaerobic digestion using the IWA
Anaerobic Digestion Model No. 1 (ADM1). Water Research, 39 (1), 171-183.

Bock, A. (2006) Selenium Proteins Containing Selenocysteine Encyclopedia of Inorganic Chemistry.

John Wiley & Sons, Ltd.

256



Boone, D.R. and Bryant, M.P. (1980) Propionate-Degrading Bacterium, Syntrophobacter-Wolinii Sp-
Nov Gen-Nov from Methanogenic Ecosystems. Applied and Environmental Microbiology, 40
(3), 626-632.

Boone, D.R. and Xun, L. (1987) Effects of pH, temperature, and nutrients on propionate degradation
by a methanogenic enrichment culture. Appl. Environ. Microbiol., 53 (7), 1589-1592.

Brown, D., Shi, J. and Li, Y. (2012) Comparison of solid-state to liquid anaerobic digestion of
lignocellulosic feedstocks for biogas production. Bioresource Technology, 124, 379-386.

Cavinato, C., Fatone, F., Bolzonella, D. and Pavan, P. (2010) Thermophilic anaerobic co-digestion of
cattle manure with agro-wastes and energy crops: Comparison of pilot and full scale
experiences. Bioresource Technology, 101 (2), 545-550.

Choong, Y.Y., Norli, I., Abdullah, A.Z. and Yhaya, M.F. (2016) Review: Impacts of trace element
supplementation on the performance of anaerobic digestion process: A critical review.
Bioresource Technology, 209, 369-379.

Climenhaga, M.A. and Banks, C.J. (2008) Anaerobic digestion of catering wastes: effect of
micronutrients and retention time. Water Science and Technology, 57 (5), 687-692.

Cornell, M. (2011) Improvement of the digestion of cattle slurry via the process of co-digestion,
University of Southampton. Available from:

http://search.ebscohost.com/login.aspx?direct=true&db=edsble&AN=edsble.543416&site=

ds-live.

Cornell, M., Banks, C.J. and Heaven, S. (2012) Effect of increasing the organic loading rate on the co-
digestion and mono-digestion of cattle slurry and maize.

Craft, J.L., Brunold, T.C., Horng, Y.C. and Ragsdale, S.W. (2004) Nickel Oxidation States of F430
Cofactor in Methyl-Coenzyme M Reductase. Journal of the American Chemical Society, 126
(13), 4068-4069.

Cysneiros, D., Banks, C.J. and Heaven, S. (2008) Anaerobic digestion of maize in coupled leach-bed
and anaerobic filter reactors.

Cysneiros, D., Banks, C.J., Heaven, S. and Karatzas, K.-a.G. (2012a) The effect of pH control and
‘hydraulic flush’ on hydrolysis and Volatile Fatty Acids (VFA) production and profile in
anaerobic leach bed reactors digesting a high solids content substrate. Bioresource
Technology, 123, 263-271.

Cysneiros, D., Banks, C.J., Heaven, S. and Karatzas, K.-a.G. (2012b) The role of phase separation and
feed cycle length in leach beds coupled to methanogenic reactors for digestion of a solid
substrate (Part 1): Optimisation of reactors’ performance. Bioresource Technology, 103, 56-

63.

257


http://search.ebscohost.com/login.aspx?direct=true&db=edsble&AN=edsble.543416&site=eds-live
http://search.ebscohost.com/login.aspx?direct=true&db=edsble&AN=edsble.543416&site=eds-live

Dahlquist, E. (2013) Technologies for converting biomass to useful energy: combustion, gasification,
pyrolysis, torrefaction and fermentation. London: CRC Press Inc.

De Baere, L. (2000) Anaerobic digestion of solid waste: state-of-the-art. Water Science and
Technology, 41 (3), 283-290.

Devendra, C. and Sevilla, C.C. (2002) Availability and use of feed resources in crop—animal systems in
Asia. Agricultural Systems, 71 (1), 59-73.

Dichtl, N., Niehoff, H.H. and Oles, J. (1997) Full scale experience of two stage
thermophilic/mesophilic sludge digestion. Water Science & Technology, 36 (6/7), 449.
Diekert, G., Konheiser, U., Piechulla, K. and Thauer, R.K. (1981) Nickel Requirement and Factor F-430

Content of Methanogenic Bacteria. Journal of Bacteriology, 148 (2), 459-464.
Energy, C. (2015) Tropical Power Launches Gorge Farme Energy Park. Available from:

https://www.clarke-energy.com/2015/tropical-power-launches-energy-park/ [Accessed

11.12.2017].
Epa (2017) Design for the Environment Life-Cycle Assessments. Available from:

https://www.epa.gov/saferchoice/design-environment-life-cycle-assessments [Accessed

24.08.2017].

Evranos, B. and Demirel, B. (2015) The impact of Ni, Co and Mo supplementation on methane yield
from anaerobic mono-digestion of maize silage. Environmental Technology, 36 (12), 1556-
1562.

Ezebuiro, N.C. and Koérner, I. (2017) Characterisation of anaerobic digestion substrates regarding
trace elements and determination of the influence of trace elements on the hydrolysis and
acidification phases during the methanisation of a maize silage-based feedstock. Journal of
Environmental Chemical Engineering, 5 (1), 341-351.

Facchin, V., Cavinato, C., Fatone, F., Pavan, P., Cecchi, F. and Bolzonella, D. (2013) Effect of trace
element supplementation on the mesophilic anaerobic digestion of foodwaste in batch
trials: The influence of inoculum origin. Biochemical Engineering Journal, 70 (Supplement C),
71-77.

Fao (2008) Production Performance. Available from:

http://193.43.36.162/country/KEN/contents/docs/production performance.pdf.

Fao (2017a) Food and Agiriculture Organization of the United Nations - Crops.
Fao (2017b) KENYA. Available from: http://193.43.36.162/home.aspx?c=KEN&tr=1 [Accessed

17/08/2017].
Fao (2017c) United Kingdom. Available from:

http://www.fao.org/countryprofiles/index/en/?iso3=GBR [Accessed 08.12.2017].

258


http://www.clarke-energy.com/2015/tropical-power-launches-energy-park/
http://www.epa.gov/saferchoice/design-environment-life-cycle-assessments
http://193.43.36.162/country/KEN/contents/docs/production_performance.pdf
http://193.43.36.162/home.aspx?c=KEN&tr=1
http://www.fao.org/countryprofiles/index/en/?iso3=GBR

Feng, X.M., Karlsson, A., Svensson, B.H. and Bertilsson, S. (2010) Impact of trace element addition on
biogas production from food industrial waste--linking process to microbial communities.
FEMS Microbiol Ecol, 74 (1), 226-240.

Fountoulakis, M.S., Drakopoulou, S., Terzakis, S., Georgaki, E. and Manios, T. (2008) Potential for
methane production from typical Mediterranean agro-industrial by-products. Biomass and
Bioenergy, 32, 155-161.

Gallert, C. and Winter, J. (2008) Propionic acid accumulation and degradation during restart of a full-
scale anaerobic biowaste digester. Bioresource Technology, 99 (1), 170-178.

Giuliano, A., Bolzonella, D., Pavan, P., Cavinato, C. and Cecchi, F. (2013) Co-digestion of livestock
effluents, energy crops and agro-waste: Feeding and process optimization in mesophilic and
thermophilic conditions. Bioresource Technology, 128 (Supplement C), 612-618.

Grisso, R.D., Kocher, M.F. and Vaughan, D.H. (2004) Predicting tractor fuel consumption. Applied
Engineering in Agriculture, 20 (5), 553-561.

Hausinger, R.P. (1987) Nickel Utilization by Microorganisms. Microbiological Reviews, 51 (1), 22-42.

Havukainen, J., Uusitalo, V., Niskanen, A., Kapustina, V., Horttanainen, M. (2014) Evaluation of
methods for estimating energy performance of biogas production. Renewable Energy, 66,
232-240.

Heaven, S., Banks, C.J. and Cornell, M. (2008) Effect of solid and liquid retention times on hydrolysis
of maize.

Herrmann, A. (2012) Biogas Production from Maize: Current State, Challenges and Prospects. 2.
Agronomic and Environmental Aspects. BioEnergy Research, 6 (1), 372-387.

Herrmann, C., Heiermann, M. and Idler, C. (2011) Effects of ensiling, silage additives and storage
period on methane formation of biogas crops. Bioresource Technology, 102, 5153-5161.

Hiep, N., V.; Man, N, V. (2003) Dairy cattle feed from baby, boiled and field corn stalks in small
holder crop — livestock production systems in Vietnam IN: Ogle, R.P.a.B. (ed.) Proceedings
of Final National Seminar-Workshop on Sustainable Livestock Production on Local Feed
Resources, HUAF-SAREC, Hue City, Vietnam, 25 — 28 March. Available from:

http://www.mekarn.org/sarec03/hiepuaf.htm.

Hinken, L., Urban, I., Haun, E., Urban, |., Weichgrebe, D. and Rosenwinkel, K.H. (2008) The valuation
of malnutrition in the mono-digestion of maize silage by anaerobic batch tests. Water
Science and Technology, 58 (7), 1453-1459.

Hoskinson, R.L., Karlen, D.L., Birrell, S.J., Radtke, C.W. and Wilhelm, W.W. (2007) Engineering,
nutrient removal, and feedstock conversion evaluations of four corn stover harvest

scenarios. Biomass and Bioenergy, 31, 126-136.

259


http://www.mekarn.org/sarec03/hiepuaf.htm

Ibrd (2017) Kenya. Available from: http://data.worldbank.org/country/kenya [Accessed 22.07].

Jarvis, A., Nordberg, A., Jarlsvik, T., Mathisen, B. and Svensson, B.H. (1997) Improvement of a grass-
clover silage-fed biogas process by the addition of cobalt. Biomass & Bioenergy, 12 (6), 453-
460.

Jiang, Y., Heaven, S. and Banks, C.J. (2012) Strategies for stable anaerobic digestion of vegetable
waste. Renewable Energy, 44, 206-214.

Johnson, J.M.F., Karlen, D.L. and Andrews, S.S. (2010) Conservation considerations for sustainable
bioenergy feedstock production: If, what, where, and how much? Journal of Soil and Water
Conservation, 65 (4), 88A-91A.

Jyu (2006) Renewable energy from crops and agrowastes CROPGEN. University of Jyvaskyla, 17.

Kaiser, C.E., M (2011) Baby corn.

Kamadi, G. (2017) Africa's first grid-connected biogas plant powers up. REUTERS, 10.06.2017.

Available from: https://www.reuters.com/article/kenya-energy-biogas/africas-first-grid-

connected-biogas-plant-powers-up-idUSL5N1EZ1KL.

Karlsson, A., Einarsson, P., Schnirer, A., Sundberg, C., Ejlertsson, J. and Svensson, B.H. (2012) Impact
of trace element addition on degradation efficiency of volatile fatty acids, oleic acid and
phenyl acetate and on microbial populations in a biogas digester. Journal of Bioscience and
Bioengineering, 114 (4), 446-452.

Kayhanian, M. and Rich, D. (1995) Pilot-scale high solids thermophilic anaerobic digestion of
municipal solid waste with an emphasis on nutrient requirements. Biomass and Bioenergy, 8
(6), 433-444.

Kida, K., Shigematsu, T., Kijima, J., Numaguchi, M., Mochinaga, Y., Abe, N. and Morimura, S. (2001)
Influence of Ni2+ and Co2+ on methanogenic activity and the amounts of coenzymes
involved in methanogenesis. Journal of Bioscience and Bioengineering, 91 (6), 590-595.

Kim, J., Park, C., Kim, T.-H., Lee, M., Kim, S., Kim, S.-W. and Lee, J. (2003) Effects of various
pretreatments for enhanced anaerobic digestion with waste activated sludge. Journal of
Bioscience and Bioengineering, 95, 271-275.

Kougias, P.G., Boe, K. and Angelidaki, I. (2013) Effect of organic loading rate and feedstock
composition on foaming in manure-based biogas reactors. Bioresource Technology, 144
(Supplement C), 1-7.

Kremer, D.R. and Hansen, T.A. (1988) Pathway of propionate degradation in Desulfobulbus
propionicus. FEMS Microbiology Letters, 49 (2), 273-277.

Kumar, R. and Bohra, J.S. (2014) Effect of NPKS and Zn application on growth, yield, economics and
quality of baby corn. Archives of Agronomy & Soil Science, 60 (9), 1193-1206.

260


http://data.worldbank.org/country/kenya
http://www.reuters.com/article/kenya-energy-biogas/africas-first-grid-connected-biogas-plant-powers-up-idUSL5N1EZ1KL
http://www.reuters.com/article/kenya-energy-biogas/africas-first-grid-connected-biogas-plant-powers-up-idUSL5N1EZ1KL

Kuzablog (2016) Is an investment in baby corn farming worthwhile?

Lantz, M. (2012) The economic performance of combined heat and power from biogas produced
from manure in Sweden — A comparison of different CHP technologies. Applied Energy, 98
(Supplement C), 502-511.

Lebuhn, M., Liu, F., Heuwinkel, H. and Gronauer, A. (2008) Biogas production from mono-digestion
of maize silage-long-term process stability and requirements. Water Science and Technology,
58 (8), 1645-1651.

Lee, M., Hidaka, T., Hagiwara, W. and Tsuno, H. (2009) Comparative performance and microbial
diversity of hyperthermophilic and thermophilic co-digestion of kitchen garbage and excess
sludge. Bioresource Technology, 100, 578-585.

Li, Y., Liu, C., Wachemo, A.C., Yuan, H., Zou, D., Liu, Y. and Li, X. (2017) Serial completely stirred tank
reactors for improving biogas production and substance degradation during anaerobic
digestion of corn stover. Bioresource Technology, 235, 380-388.

Lindahl, P.A. and Chang, B. (2001) The evolution of acetyl-CoA synthase. Origins of Life and Evolution
of the Biosphere, 31 (4-5), 403-434.

Liu, Y., Balkwill, D.L., Aldrich, H.C., Drake, G.R. and Boone, D.R. (1999) Characterization of the
anaerobic propionate-degrading syntrophs Smithella propionica gen. nov., sp. nov. and
Syntrophobacter wolinii. International Journal of Systematic and Evolutionary Microbiology,
49 (2), 545-556.

Lizasoain, J., Trulea, A., Gittinger, J., Kral, ., Piringer, G., Schedl, A., Nilsen, P.J., Potthast, A,
Gronauer, A. and Bauer, A. (2017) Corn stover for biogas production: Effect of steam
explosion pretreatment on the gas yields and on the biodegradation kinetics of the primary
structural compounds. Bioresource Technology, 244 (Part 1), 949-956.

Ljungdahl, L.G. (1986) The autotrophic pathway of acetate synthesis in acetogenic bacteria. Annual
review of microbiology, 40, 415-450.

Lo, H.M., Chiang, C.F., Tsao, H.C., Pai, T.Y., Liu, M.H., Kurniawan, T.A., Chao, K.P., Liou, C.T., Lin, K.C.,
Chang, C.Y., Wang, S.C., Banks, C.J,, Lin, C.Y,, Liu, W.F., Chen, P.H., Chen, C.K., Chiu, H.Y., Wu,
H.Y., Chao, T.W.,, Chen, Y.R,, Liou, D.W. and Lo, F.C. (2012) Effects of spiked metals on the
MSW anaerobic digestion. Waste Manag Res, 30 (1), 32-48.

Malav, L.C., Khan, S.A. and Gupta, N. (2015) Impacts of biogas slurry application on soil environment,
yield and nutritional quality of baby corn. Vegetos, 28 (2), 194-202.

Mara, D. and Horan, N. (2003) Handbook of Water and Wastewater Microbiology. Elsevier Inc.

Mata-Alvarez, J. (2003) Biomethanization of the organic fraction of municipal solid wastes. London :

IWA Publishing, 2003.

261



Michael, E.H., Shi-You, D., David, K.J., William, S.A., Mark, R.N., John, W.B. and Thomas, D.F. (2007)
Biomass Recalcitrance: Engineering Plants and Enzymes for Biofuels Production. Science,
(5813), 804.

Mide (2017) Airpressure at Altitude Calculator. Available from: https://www.mide.com/pages/air-

pressure-at-altitude-calculator [Accessed 13.12.2017].

Moep (2013) Strategic Plan 2013-2017. Republic of Kenya, Ministry of Energy and Petroleum:
Republic of Kenya, Ministry of Energy and Petroleum.

Moore, D.R.J. (2001) The Anna Karenina principle applied to ecological risk assessments of multiple
stressors. Human and Ecological Risk Assessment, 7 (2), 231-237.

Muller, V. (2003) Energy conservation in acetogenic bacteria. Applied and Environmental
Microbiology, 69 (11), 6345-6353.

Murakami, E. and Ragsdale, S.W. (2000) Evidence for intersubunit communication during acetyl-CoA
cleavage by the multienzyme CO dehydrogenase/acetyl-CoA synthase complex from
Methanosarcina thermophila - Evidence that the beta subunit catalyzes C-C and C-S bond
cleavage. Journal of Biological Chemistry, 275 (7), 4699-4707.

Murphy, J.B., R.; Weiland, P.; Wellinger, A. (2011) Update Biogas from Crop Digestion. 37, |.B.T.

Available from: http://task37.ieabioenergy.com/files/daten-redaktion/download/publi-

task37/Update Energy crop 2011.pdf.

Murphy, J.D., Mckeogh, E. and Kiely, G. (2004) Technical/economic/environmental analysis of biogas
utilisation. Applied Energy, 77, 407-427.

Nouala, F.S., Akinbamijo, 0.0., Smith, O.B. and Pandey, V.S. (2004) Horticultural residues as
ruminant feed in peri-urban area of The Gambia. Livestock Research for Rural Development,
16 (6), 6-12.

Nouala, F.S., Muetzel, S., Hoffmann, E. and Becker, K. (2008) Comparative digestive ability and
rumen microbial community of N'Dama and N'Dama x Jersey cattle fed different diets.

Nouala, F.S., Muetzel, S., Hoffmann, E. and Becker, K. (2009) Feed intake and digestion by two cattle
breeds fed of baby corn stovers and groundnut hay supplemented with graded levels of
concentrate and moringa leaves. Livestock Research for Rural Development, 21 (10).

Oecd (2010) Sustainable Production of SECOND -Generation Biofuels. Available from:
http://www.oecd.org/berlin/44567743.pdf.

Oleszkiewicz, J.A. and Sharma, V.K. (1990) Stimulation and inhibition of anaerobic processes by

heavy metals—A review. Biological Wastes, 31 (1), 45-67.

262


http://www.mide.com/pages/air-pressure-at-altitude-calculator
http://www.mide.com/pages/air-pressure-at-altitude-calculator
http://task37.ieabioenergy.com/files/daten-redaktion/download/publi-task37/Update_Energy_crop_2011.pdf
http://task37.ieabioenergy.com/files/daten-redaktion/download/publi-task37/Update_Energy_crop_2011.pdf
http://www.oecd.org/berlin/44567743.pdf

Pakarinen, O., Lehtomadki, A., Rissanen, S. and Rintala, J. (2008) Storing energy crops for methane
production: Effects of solids content and biological additive. Bioresource Technology, 99,
7074-7082.

Pind, P.F., Angelidaki, I. and Ahring, B.K. (2003) Dynamics of the anaerobic process: Effects of volatile
fatty acids. Biotechnology and Bioengineering, 82 (7), 791-801.

Plugge, C.M,, Jiang, B., De Bok, F.A., Tsai, C. and Stams, A.J. (2009) Effect of tungsten and
molybdenum on growth of a syntrophic coculture of Syntrophobacter fumaroxidans and
Methanospirillum hungatei. Arch Microbiol, 191 (1), 55-61.

Pobeheim, H., Munk, B., Johansson, J. and Guebitz, G.M. (2010a) Influence of trace elements on
methane formation from a synthetic model substrate for maize silage. Bioresource
Technology, 101 (2), 836-839.

Pobeheim, H., Munk, B., Muller, H., Berg, G. and Guebitz, G.M. (2010b) Characterization of an
anaerobic population digesting a model substrate for maize in the presence of trace metals.
Chemosphere, 80 (8), 829-836.

Pohland, F.G. and Ghosh, S. (1971) Developments in Anaerobic Stabilization of Organic Wastes - The
Two-Phase Concept. Environmental Letters, 1 (4), 255.

Poschl, M., Ward, S. and Owende, P. (2010) Evaluation of energy efficiency of various biogas
production and utilization pathways. Applied Energy, 87 (11), 3305-3321.

Reda, T., Plugge, C.M., Abram, N.J. and Hirst, J. (2008) Reversible interconversion of carbon dioxide
and formate by an electroactive enzyme. Proceedings of the National Academy of Sciences of
the United States of America, 105 (31), 10654-10658.

Rehl, T. and Miller, J. (2011) Life cycle assessment of biogas digestate processing technologies.
Resources, Conservation and Recycling, 56 (1), 92-104.

Ren21 (2017) Renewables 2017 Global Status Report. Available from: http://www.ren21.net/status-

of-renewables/global-status-report/.

Reuters (2017) Kenyan farmers battle drought with gwowing appetite for baby corn IN: Njagi, K. (ed).

Riau, V., Rubia, M.a.D.L. and Pérez, M. (2012) Assessment of solid retention time of a temperature
phased anaerobic digestion system on performance and final sludge characteristics. Journal
of Chemical Technology and Biotechnology, 87 (8), 1074-1082.

Richards, I.R. (2000) Energy balances in the growth of oilseed rape for biodiesel and of wheat for
bioethanol. Ipswich.

Rincdn, B., Heaven, S., Salter, A.M. and Banks, C.J. (2016) Anaerobic digestion of spring and winter
wheat: Comparison of net energy yields. Journal of Environmental Science & Health, Part A:

Toxic/Hazardous Substances & Environmental Engineering, 51 (12), 1084-1089.

263


http://www.ren21.net/status-of-renewables/global-status-report/
http://www.ren21.net/status-of-renewables/global-status-report/

Roberts, K.P., Heaven, S. and Banks, C.J. (2016a) Comparative testing of energy yields from micro-
algal biomass cultures processed via anaerobic digestion.

Roberts, K.P., Heaven, S. and Banks, C.J. (2016b) Quantification of methane losses from the
acclimatisation of anaerobic digestion to marine salt concentrations. Renewable Energy, 86,
497-506.

Rupf, G.V., Bahri, P.A., De Boer, K. and Mchenry, M.P. (2017) Development of an optimal biogas
system design model for Sub-Saharan Africa with case studies from Kenya and Cameroon.
Renewable Energy, 109, 586-601.

Salter, A. and Banks, C.J. (2009) Establishing an energy balance for crop-based digestion. Water
Science and Technology, 59 (6), 1053-1060.

Sawatdeenarunat, C., Surendra, K.C., Takara, D., Oechsner, H. and Khanal, S.K. (2015) Review:
Anaerobic digestion of lignocellulosic biomass: Challenges and opportunities. Bioresource
Technology, 178, 178-186.

Schattauer, A., Abdoun, E., Weiland, P., Plochl, M. and Heiermann, M. (2011) Abundance of trace
elements in demonstration biogas plants. Biosystems Engineering, 108 (1), 57-65.

Scherer, P, Lippert, H. and Wolff, G. (1983) Composition of the major elements and trace elements
of 10 methanogenic bacteria determined by inductively coupled plasma emission
spectrometry. Biological Trace Element Research, 5 (3), 149-163.

Schmidt, T., Nelles, M., Scholwin, F. and Proter, J. (2014) Trace element supplementation in the
biogas production from wheat stillage - Optimization of metal dosing. Bioresource
Technology, 168, 80-85.

Scholz, M. (2005) Review of recent trends in Capillary Suction Time (CST) dewaterability testing
research. Ind. Eng. Chem. Res., 44, 8157 - 8163.

Sharpe, B.M., R. (2015) Literature review: Real-world fuel consumption of heavy-duty vehicles in the
United States, China, and the European Union. Transportation, T.l.C.0.C. Available from:

http://www.theicct.org/literature-review-real-world-fuel-consumption-heavy-duty-vehicles-

united-states-china-and-european [Accessed 24.08.2017].

Sheehan, J., Aden, A., Paustian, K., Killian, K., Brenner, J., Walsh, M. and Nelson, R. (2003) Energy and
Environmental Aspects of Using Corn Stover for Fuel Ethanol. Journal of Industrial Ecology, 7
(3/4), 117-146.

Sievert, S.M. and Kuever, J. (2000) Desulfacinum hydrothermale sp. nov., a thermophilic, sulfate-
reducing bacterium from geothermally heated sediments near Milos Island (Greece).

International Journal of Systematic and Evolutionary Microbiology, 50 (3), 1239-1246.

264


http://www.theicct.org/literature-review-real-world-fuel-consumption-heavy-duty-vehicles-united-states-china-and-european
http://www.theicct.org/literature-review-real-world-fuel-consumption-heavy-duty-vehicles-united-states-china-and-european

Sluiter, A.H., B.; Ruiz, R.; Scarlata, C.; Sluiter, J.; Templeton, D.; Crocker, D. (2008) Determination of
Structual Carbonhydrates and Lignin in Biomass. Nrel.

Song, H. (2016a) Anaerobic digestion of source-segregated domestic food waste, Doctor of
philosophy, University of Southampton. Available from:

http://search.ebscohost.com/login.aspx?direct=true&db=edsble&AN=edsble.698432&site=e

ds-live.

Song, H. (2016b) Anaerobic digestion of source-segregated domestic food waste. University of
Southampton.

Speece, R.E. (1983) Anaerobic Biotechnology for Industrial Wastewater-Treatment. Environmental
Science & Technology, 17 (9), A416-A427.

Speece, R.E. (2008) Anaerobic biotechnology and odor/corrosion control : for municipalities and
industries. Nashville, Tenn. : Archae Press, 2008.

Stadtman, T.C. (1980) Biological Functions of Selenium. Trends in Biochemical Sciences, 5 (8), 203-
206.

Stoppok, E. and Buchholz, K. (1985) Continuous anaerobic conversion of sugar beet pulp to biogas.
Biotechnology Letters, 7 (2), 119-124.

Stoyanova, E., Forsthuber, B., Pohn, S., Schwarz, C., Fuchs, W. and Bochmann, G. (2014) Reducing
the risk of foaming and decreasing viscosity by two-stage anaerobic digestion of sugar beet
pressed pulp. Biodegradation, 25 (2), 277-289.

Strang, O., Acs, N., Wirth, R., Maréti, G., Bagi, Z., Rakhely, G. and Kovdcs, K.L. (2017)
Bioaugmentation of the thermophilic anaerobic biodegradation of cellulose and corn stover.
Anaerobe.

Strzalka, R., Schneider, D. and Eicker, U. (2017) Current status of bioenergy technologies in Germany.
Renewable and Sustainable Energy Reviews, 72 (Supplement C), 801-820.

Suhartini, S. (2014) The anaerobic digestion of sugar beet pulp.

Suhartini, S., Heaven, S. and Banks, C.J. (2014) Comparison of mesophilic and thermophilic anaerobic
digestion of sugar beet pulp: Performance, dewaterability and foam control. Bioresource
Technology, 152 (Supplement C), 202-211.

Swinnen, J.F.M. and Maertens, M. (2007) Globalization, privatization, and vertical coordination in
food value chains in developing and transition countries. Agricultural Economics, 37 (S1), 89-
102.

Thauer, R.K., Diekert, G. and Schonheit, P. (1980) Biological Role of Nickel. Trends in Biochemical
Sciences, 5 (11), 304-306.

265


http://search.ebscohost.com/login.aspx?direct=true&db=edsble&AN=edsble.698432&site=eds-live
http://search.ebscohost.com/login.aspx?direct=true&db=edsble&AN=edsble.698432&site=eds-live

Thauer, R.K,, Kaster, A.K., Goenrich, M., Schick, M., Hiromoto, T. and Shima, S. (2010) Hydrogenases
from Methanogenic Archaea, Nickel, a Novel Cofactor, and H-2 Storage. Annual Review of
Biochemistry, Vol 79, 79, 507-536.

Thauer, R.K,, Kaster, A.K., Seedorf, H., Buckel, W. and Hedderich, R. (2008) Methanogenic archaea:
ecologically relevant differences in energy conservation. Nat Rev Microbiol, 6 (8), 579-591.

Thesnowleopardprojectsgmbh (2017) The Snow Leopard Projects GmbH Biogas plants. Available
from: http://en.snow-leopard-projects.com/index.php/ad-plants/batch-hydrolysis [Accessed
22.07].

Tian, L., Zou, D., Yuan, H., Wang, L., Zhang, X. and Li, X. (2015) Identifying proper agitation interval to
prevent floating layers formation of corn stover and improve biogas production in anaerobic
digestion. Bioresource Technology, 186 (Supplement C), 1-7.

Tirado-Gonzalez, D.N., Jduregui-Rincdn, J., Tirado-Estrada, G.G., Martinez-Hernandez, P.A., Guevara-
Lara, F. and Miranda-Romero, L.A. (2016) Production of cellulases and xylanases by white-rot
fungi cultured in corn stover media for ruminant feed applications. Animal Feed Science and
Technology, 221, 147-156.

Todar, K. Todar's online textbook of bacteriology. Available from:

http://textbookofbacteriology.net/kt toc.html [Accessed 21.08.2017].

Togrul, H. and Arslan, N. (2003) Flow properties of sugar beet pulp cellulose and intrinsic viscosity—
molecular weight relationship. Carbohydrate Polymers, 54 (1), 63-71.

Tp (2017) Gorge Farm Energy Park. Available from: http://www.tropicalpower.com/projects/gorge-

farm-energy-park/ [Accessed 30.10.2017].

Uemura, S. (2010) Mineral Requirements for Mesophilic and Thermophilic Anaerobic Digestion of
Organic Solid Waste. International Journal of Environmental Research, 4 (1), 33-40.

United Nations, U.N. (2015) Transforming our World: the 2030 Agenda for Sustainable Development.
eSocialSciences.

Velasquez Pifias, J.A., Venturini, O.J., Silva Lora, E.E. and Calle Roalcaba, O.D. (2018) Technical
assessment of mono-digestion and co-digestion systems for the production of biogas from
anaerobic digestion in Brazil. Renewable Energy, 117, 447-458.

Verrier, D., Roy, F. and Albagnac, G. (1987) Two-phase methanization of solid vegetable wastes.
Biological Wastes, 22 (3), 163-177.

Wadhwa, M.B., M, P, S. (2013) Utilization of fruit and vegetable wastes as livestock feed and as
substrates for generation of other value-added products. Fao. Available from:

http://www.fao.org/docrep/018/i3273e/i3273e00.htm.

266


http://en.snow-leopard-projects.com/index.php/ad-plants/batch-hydrolysis
http://textbookofbacteriology.net/kt_toc.html
http://www.tropicalpower.com/projects/gorge-farm-energy-park/
http://www.tropicalpower.com/projects/gorge-farm-energy-park/
http://www.fao.org/docrep/018/i3273e/i3273e00.htm

Walker, M., Zhang, Y., Heaven, S. and Banks, C. (2009) Potential errors in the quantitative evaluation
of biogas production in anaerobic digestion processes. Bioresource Technology, 100 (24),
6339-6346.

Weiland, P. (2010) Biogas production: current state and perspectives. Applied Microbiology &
Biotechnology, 85 (4), 849-860.

Wilhelm, W.W., Johnson, J.M.F., Hatfield, J.L., Voorhees, W.B. and Linden, D.R. (2004) Crop and soil
productivity response to corn residue removal: A literature review. Agronomy Journal, 96
(1), 1-17.

Wilhelm, W.W., Johnson, J.M.F., Lightle, D.T., Karlen, D.L., Novak, J.M., Barbour, N.W.,, Laird, D.A,,
Baker, J., Ochsner, T.E., Halvorson, A.D., Archer, D.W. and Arriaga, F. (2011) Vertical
Distribution of Corn Stover Dry Mass Grown at Several US Locations. Bioenergy Research, 4
(1), 11-21.

Wmo (2017) Contry profile database - Kenya. Available from: https://www.wmo.int/cpdb/kenya

[Accessed 25.08.2017].

Whna (2016) Heat Values of Various Fuels. Available from: http://www.world-

nuclear.org/information-library/facts-and-fisures/heat-values-of-various-fuels.aspx

[Accessed 31.08.2017].

Woyrick, J. (2006) Breaking the Biological barriers to Cellulosic Ethanol: A Joint Research Agenda.

Xiao, K., Zhou, Y., Guo, C., Maspolim, Y. and Ng, W.-J. (2015) Dynamics of propionic acid degradation
in a two-phase anaerobic system. Chemosphere, 140 (Supplement C), 47-53.

Yirong, C., Heaven, S. and Banks, C.J. (2015) Effect of a Trace Element Addition Strategy on Volatile
Fatty Acid Accumulation in Thermophilic Anaerobic Digestion of Food Waste. Waste and
Biomass Valorization, 6 (1), 1-12.

Yirong, C., Zhang, W., Heaven, S. and Banks, C.J. (2017) Influence of ammonia in the anaerobic
digestion of food waste. Journal of Environmental Chemical Engineering, 5 (5), 5131-5142.

Zabranska, J., Dohanyos, M., Jenicek, P., Zaplatilkova, P. and Kutil, J. (2002) The contribution of
thermophilic anaerobic digestion to the stable operation of wastewater sludge treatment.

Available from: https://www.scopus.com/inward/record.uri?eid=2-s2.0-

0036380057&partnerID=40&md5=99e63c95alc8ae75e33ec0fb8chc0432.

Zaldivar, J., Nielsen, J. and Olsson, L. (2001) Fuel ethanol production from lignocellulose: a challenge
for metabolic engineering and process integration. Applied Microbiology & Biotechnology,

56 (1/2), 17-34.

267


http://www.wmo.int/cpdb/kenya
http://www.world-nuclear.org/information-library/facts-and-figures/heat-values-of-various-fuels.aspx
http://www.world-nuclear.org/information-library/facts-and-figures/heat-values-of-various-fuels.aspx
http://www.scopus.com/inward/record.uri?eid=2-s2.0-0036380057&partnerID=40&md5=99e63c95a1c8ae75e33ec0fb8cbc0432
http://www.scopus.com/inward/record.uri?eid=2-s2.0-0036380057&partnerID=40&md5=99e63c95a1c8ae75e33ec0fb8cbc0432

Zamanzadeh, M., Parker, W.J., Verastegui, Y. and Neufeld, J.D. (2013) Biokinetics and bacterial
communities of propionate oxidizing bacteria in phased anaerobic sludge digestion systems.
Water Research, 47 (4), 1558-1569.

Zandvoort, M.H., Geerts, R., Lettinga, G. and Lens, P.N.L. (2003) Methanol degradation in granular
sludge reactors at sub-optimal metal concentrations: role of iron, nickel and cobalt. Enzyme
and Microbial Technology, 33 (2-3), 190-198.

Zandvoort, M.H., Van Hullebusch, E.D., Fermoso, F.G. and Lens, P.N.L. (2006) Trace metals in
anaerobic granular sludge reactors: Bioavailability and dosing strategies. Engineering in Life
Sciences, 6 (3), 293-301.

Zellner, G., Alten, C., Stackebrandt, E., Conway De Macario, E. and Winter, J. (1987) Isolation and
characterization of Methanocorpusculum parvum, gen. nov., spec. nov., a new tungsten
requiring, coccoid methanogen. Archives of Microbiology, 147 (1), 13-20.

Zellner, G. and Winter, J. (1987) Growth promoting effect of tungsten on methanogens and
incorporation of tungsten-185 into cells. FEMS Microbiology Letters, 40 (1), 81-87.

Zhang, Y. and Banks, C.J. (2012) Co-digestion of the mechanically recovered organic fraction of
municipal solid waste with slaughterhouse wastes. Biochemical Engineering Journal, 68, 129-
137.

Zhang, Y., Banks, C.J. and Heaven, S. (2012) Co-digestion of source segregated domestic food waste
to improve process stability. Bioresource Technology, 114, 168-178.

Zhong, W., Zhang, Z., Luo, Y., Sun, S., Qiao, W. and Xiao, M. (2011) Effect of biological pretreatments
in enhancing corn straw biogas production. Bioresource Technology, 102 (24), 11177-11182.

Zhang, W., Heaven, S. and Banks, C.J., (2017) Thermophilic digestion of food waste by dilution:
ammonia limit values and energy considerations. Energy & Fuels, 31(10), pp.10890-10900.

Zitomer, D.H., Johnson, C.C. and Speece, R.E. (2008) Metal Stimulation and Municipal Digester
Thermophilic/Mesophilic Activity. Journal of Environmental Engineering, 134 (1), 42-47.

268



