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Abstract

Smallholder coffee farms play a crucial role in the global coffee supply chain, contributing
significantly to both local economies and international markets. However, these farms face
numerous challenges, including fluctuating market prices, environmental degradation, and limited
access to resources and technology. To address these challenges, sustainable coffee production
methods have become increasingly important. This study explores various aspects of Sustainable
Coffee Production (SCP), focusing on the integration of Life Cycle Assessment (LCA) and Life
Cycle Costing (LCC) to improve the quality of coffee products while reducing environmental
impacts. Additionally, the study examines the application of industrial ecology principles in coffee

production.

The quality of coffee is a parameter for the economic viability of smallholder coffee farms. High-
quality coffee can command specialty prices, thus enhancing the livelihoods of farmers. However,
traditional coffee production methods often lead to significant environmental impacts, such as
deforestation, soil erosion, and high greenhouse gas emissions. Sustainable coffee production aims

to mitigate these impacts while maintaining or improving coffee quality.

This research employed a combination of surveys, interviews, experiments, and lifecycle
assessment (LCA) and lifecycle costing (LCC). Primary data were collected from a 10 ha coffee
plantation and pilot coffee processing plant in Andungsari, Bondowoso. Experimental data were
supplemented with secondary data from existing databases, which were analyzed using SimaPro
software. The study focused on the two main coffee processing methods: wet and dry processing.
These methods were evaluated using LCA to assess their environmental impacts, and LCC to

determine their economic viability.

The integration of life cycle assessment (LCA) and life cycle costing (LCC) provided a
comprehensive view of different coffee processing methods environmental impact and economic
benefits. The findings indicated that wet and dry processing generally affected environmental

impacts due to wastewater and energy usage.

By applying industrial ecology principles, the study explored ways to enhance the sustainability of
coffee production. For instance, the valorisation of coffee by-products, such as coffee cherry skin,
into value-added products like cascara was investigated. This not only reduced waste but can also
create additional revenue streams for farmers. Furthermore, implementing integrated farming
systems combining coffee cultivation with other agricultural activities improved resource efficiency

and reduced environmental impacts.



The study demonstrated that more sustainable coffee production was achievable through improved
farming practices, efficient processing methods, and the application of IEC principles. By adopting
these strategies, smallholder coffee farms can enhance the quality of their coffee products, lower
their environmental impact, and improve their economic viability. Using LCA and LCC as
analytical tools proved effective in identifying key areas for improvement and guiding decision-

making towards more sustainable practices.



Acknowledgements

I would like to express my sincere gratitude to several individuals who played significant roles in
the success of this thesis.

First and foremost, | am deeply indebted to Professor Benjamin McLellan. His guidance, insightful
supervision, and meticulous evaluation were instrumental in the success of this research journey.
His wealth of experience and unwavering dedication paved the way for a fruitful research
experience through Japan Science and Technology (JST) at Kyoto University. Mentoring and
encouraging me to contribute to reputable Journals. | am truly grateful for your invaluable
contributions.

Furthermore, |1 am thankful to Fara Sensei for her invaluable suggestions, which significantly
improved the quality of the paper. Her guidance taught me the importance of maintaining a coherent
story flow in writing, a lesson | will share in my future academia.

| extended special thanks to Hung Mayumi, our lab secretary, for her diligent efforts in managing
the administrative aspects of my research, particularly in research project JST. Her work ensured
that all necessary documentation and procedural requirements were met smoothly. Your help was
invaluable, and I sincerely thank you.

Finally, my deepest gratitude and thanks to my mother, lovely wife, and child. They strengthened
me to achieve all this. Without their prayers and blessings, | would not have made this journey.

This academic achievement was not solely mine but was a testament to the support and guidance of
many individuals who cannot all be mentioned. SPRING research fellowship from JST-Kyoto
University support contributed significantly to my journey to reach this point. As I moved forward
in my academic and professional career, | took the lessons, support, and encouragement they all
provided, and | dedicated this achievement to all of them.



Contents

AADSITACT ... i
ACKNOWIEAGEMENLES ...ttt et e e e s e te e eensesreeseeeneesraeneanes ii
LISt OF TADIES ... viii
LSE OF FIQUIES ...t b bbbkttt b bbbt X
LiSt OF ADDIEVIALIONS .......ccuiiiiiiiieiesieee et Xii
1 Introduction and BaCKgrOUNG...........coueiiiiiiieiicie et 13
LT BacCK@IOUNd ..o 13
1.2 Research qUestion and @iM ........ceeoiiieiiiieiiie e 14
1.3 OVerview Of thiS WOTK .......coiiiiiiiiiiiii e 16

2 Background on COffEE PrOCESSING .....cciveiuiiieiieie ettt raesae e nneas 19
2.1  Harvesting and quality control of smallholders..........ccccvvviiiiiiiiiiiiie e 19
2.2 Flower and fruit deVelOPMENT..........cveiiiiiiiiiiiiereee e 19
2.3 Handpick MEthOd.........cciiiiiiiiiicec e 20
2.4 Overview of coffee Cherry Deans .........coviiieiiiiiiicccc e 21
2.5  Processing of upstream coffee products ............ccooveriiiiiieiiiiiseci e 23
2.5.1  Full wash and semi Wash ProCeSSING..........ccevvuriiiiiiiiiiiiiiiiiei s 23
2.5.2  Natural PrOCESSINZ ......ueiviiriiiiiiiieitiiie i 27
253 Hydro hONEY ....coiiiiiiiiiiii i 27
B S I Tod 5 (T T TSP PR PPRRPR 28
2.5.5  ANACTODIC c.uviiiiiiiie ittt ettt et nae e nes 28
2.5.6  CarbONIC MACETALION. ... .eeiuuiiiieitiieiie st esteeseeesbeesie e e steesibeesbeesbe e beesaeeabeesbeeeteesaeeanees 28

2.6 Processing of downstream coffee products — coffee roasting ..........coccovvvevvriiniveiiniennn, 29

3 A comparison of lifecycle assessment (LCA) towards lower environmental impact.............. 30
3.1 Chapter INrOAUCION ......coiuiiiiiiiiiieii e 30
3.2 MethOdOIOZY ... 31
3.3 Goal and scope OF LCA ... s 32
3.4 INVENLOTY ANALYSIS ..uviiiiiiiiiiiee e 33
3.5 IMPACE ASSESSIMENL ...euveiirieieesieieiee et ne e 33
3.6 INEETPIELALION....cviiitiiiiiiieiiti ettt 35
3.7  Coftee processing technologies towards lower environmental impact ...........ccccccvervennee. 36
3.7.1 Inventory data analysis.........cciieeiiiiiiiiiii e 36
3.7.2  Animal husbandry and fertilizer Operation............cccoovvvviiiieiiiniiiiciie s 37
3.7.3  Mass balance for coffee proCesSing.........ccccverriereiiiieniciiesec e 37
3.7.4  Product SYSteM INVENTOTY ......ceeiveiiiriiieeirieiee s e e e s 38
3.7.5  Impact assessment for pilot plant incorporating industrial ecology..........cccccvvrunnns 40

3.8  Conceptual and strategic frameWOTKS...........ccoeiviiiiiiiiiie e 44

R IR B 07011 o1 13 S 103 4 SO TP PUPRTOPPRO 47

4 A comparation of lifecycle assessment for specialty coffee towards sustainable coffee
Q100 ¥ Tox (o] o SRS 48
4.1 Chapter INtrOAUCTION ....ceviiiiiiiieiiic e 48
4.2 Boundary and methodolOZIes ...........cceiiiiiiiiiiiii 50
4.2.1 Study area and boundary SYStEIM .........ccvoviiiiiiirieiii s 50



4.2.2  Coffee processing through dry methods............ccooiiiiiiiiii 50

4.3 Environmental impact analySiS........cccuuiiiuiiiiiiiiiiiiieiiiie e siee s 53
4.4  Comparison mass balance from dry methods coffee processing.........cccccvevvvvvrivieiiinnnnne 55
4.4.1  Yield from different dry proCesSing .........cccccervveririiinieniniisieniee s 55
4.5  Coffee fermentation, gas release and WastEeWater ...........coiueereriiiieiie e 56
4.6 Life cycle impact characterization............coovveiiiiiiiieiieiiieese s 59
4.7  Comparison between GWP and total energy consumption ............c.ceeevrvvenenininieereennennns 64
4.8  Conceptual frameWOTKS ......cooiuiiiiiiiiiiii i 65
4.9 CONCIUSIONS. ...ttt e b e e s ne e e e e ane e e b e e nnneereennee s 71
5 Biogas as a path towards industrial ecology COffee .........ccovviiiiiiiieiice e 72
5.1 Chapter INTTOAUCTION ..veivvieiiiie ittt e b e st e s br e e be e e snbeeeannes 72
5.2 Coffee ProdUCION PIOCESS .....eivviireeriiiieitieiisiie sttt nneas 72
5.3 S SUAY ..ttt 74
5.4  Materials and methodOIOZIES ........cccviiiiiiiiiiie e 75
5.5  Preliminary studies on biogas SAMPIING ......cccvvieeriiiiiiiiiicieee e 75
5.6  Preliminary study on the solar electricity Eeneration ............ccocoeevveeeieerineeneesiieeiee e 78
5.7 ECONOMIC QNALYSIS ..veeuviiiieiiiieiie st siee sttt ettt sttt et e e be et esse e e b e e ann e e neennneenns 79
5.8 Biogas frameworks and €conomicC analysiS .........cucivirieeiiiiiieiieeiie s 80
5.8.1 BIOZAS CONCENIIATION ... .veeeiiiutieiieeetee sttt ettt e st et e e b e nn e e sbe e e nneenneeanns 80
5.8.2 COffee PrOAUCHION. .....eiiiiiiiitieii et 81
5.8.3 ENergetic appliCation.........civeiiiiiiiiieiiiie sttt 86
5.9 ECONOMIC ASPECE ...viiuriiieeiiestisieesteete sttt ettt sb ettt e et e e s s nb e e e nse e neeneennenrees 88
S5.10  CONCIUSIONS. 1.ttt ettt sb btk e b e e e e e b e bt e b ase e s be e neennenne s 95
6 Exploring the unique approach of evaluating the physical and sensory quality of coffee....... 96
6.1  Chapter INTrOAUCTION ......coiviiiiiiiiiiei e 96
6.2  Material and MmethodOLOZY .........ccvviiiiiiiiiiii i 97
6.2.1 Study area and boundary of coffee processing.........ccccevvveriiiiiiiiiiiiii e, 97
6.3 Biological material..........cccoiiiiiiiiiiiii 98
6.4  Physical and sensory qUAlILY........ccoiriiiiiiiiicie s 99
6.5  Design and description of the stainless steel reactor ..........cocvvveriiiiiiiii i 100
6.6  Environmental Impact @NalySIS........ccoueruiiiiiiiiiiiie e 101
6.7  Results and diSCUSSION .......coviiiiieiiiiiie i 102
6.7.1  Physical coffee qUality .........ccooiiiiiiiiiiii 102
6.8 Sensory coffee qUALILy .......cccoiiiiiiiiiii 104
6.9  IMPact @SSESSIMENL .....ueiiiiiiiiiiie i 106
0.10  CONCIUSION ..ttt 110
7 Roasting impacts and DY-ProdUCTS ...........ccoeiiiiiiiiee e 111
7.1 Chapter INtrOAUCTION .....eiuviiieiiieeiie et ennee s 111
7.2  Downstream coffee production (coffee roasting) .........cccocverviriiirieniienieiee e 111
7.3 Case study and methodOlOZY ..........coiviiiiiiiiiic e 112
7.4 Environmental impact analySiS.........ccceiiiiiiiiiiiiiiiici s 117
7.5  Summary of environmental assessment of coffee roasting ............ccccevveviiiiiiiiiiinnnn 120
7.6 Valorization of coffee by-products ............ccovviiiiiiiiiiii 120
7.7 Observation and experimental method ..........cccccvviiiiiiiiii 121



7.8 Summary of novel food and potential fuel from coftfee by-products ...........cccccvvervnennne 127

8 Pilot plant industrial ecology coffee framework and by-products............cccccevveieiicinenee, 129
8.1  Chapter INtTOAUCTION .....vvieiiiieiiiiie ettt b e b e s be e e anreas 129
8.2  Materials and methOdOLOZIES ........ccveuiiiiiiiiiiic s 131

8.2.1 Profile of case StUAY Area .........cccoviiiiiiiiiiiiic s 131
8.2.2 Scope of coffee processing and valorization of by-products...........ccccceeriiiiiniiinniennienne 133
8.3 Environmental impact @SSESSIMENL .........ccveiviiiiriiiiieiieiii e 133
I € Lo .1 1o Ta BT oTe) o TR PPR PP 134
8.5  INVENLOTY ANALYSIS ..uvviiiiiiiiiiiieiiiie ittt e e rr e 134
8.6 IMPACE ASSESSIMENL ....uvvviieiiiiiie et e sttt e st e s st e e e sbb e e e s nnbr e e e e sbbr e e e s annreeas 136
8.7  Lifecycle coStiNg (LCC) oottt 136
8.8 Coffee production aSSESSIMENL ..........ccuerviriiiiriiieiieiei e 137

8.8.1 Mass balance for coffee ProCESSING .........cveiiririiieiieiiiiese s 137

8.8.2 Energy supply in industrial ecology coffee.........ccovviriiiiiiiiiiiiie e 141
8.9  Environmental impact aNalySiS.........ccerveriiiiirieiieiiisieseese s 143
8.10  Life CyCle COSt ANalYSIS .. .eciueiiiieiiiiiiieiie ittt 148
8.11 Sustainable coffee production incorporating IEC..........c.cooviiiiiiiiiininiie e 148
8.12 IEC and environmental @SPECLS .......c.eerueriiieiiiriiieiieiiiesie e ne e 149
8.13 Socio-economics of smallholder coffee production ............ccccocvviieiiiiiiiiiiiieneee 150
T N U 2 o1 s g Lo JO TP RPN 150
8.15 Conclusions 0f the Case StUAY .......cooviriiiiiiiiiiiie s 152

9 Conclusions and FUMhEr WOTK ..o 153
9.1  Summary and novelty of this WOTK............ccooiiiiiiiiiii 153
0.2 COMNCIUSIONS. ...ttt sttt ettt ettt e st ettt b e sab e et e s sbe e nbe e e mbeenbeeenbeesbeeenbeesneeas 153
0.3 FUIThETr WOTK ..eooiiiiiee et 154

RETEIBNCES ... 156

LiSt OF PUBHICALIONS......c.viviiiciiic e 172

Vi



vii



List of Tables

Table 2.1 CB color level to be maintained during harvesting...........cccoocvvveve e v, 21
Table 3.1 Average coffee plantation and coffee shade/ha............ccccevveieiieii i, 32
Table 3.2 Environmental impacts considered in the ReCiPe 2016 database at the Midpoint Level
(IVIL) oottt 35
Table 3.3 Materials flow coffee and benefit of waste as a by-product .............ccccceiiiiiiiicieen, 36
TADIE 3.4 WASTEWALE ...ttt ettt et se et e et st e sae e teeneeabeebeaneenneas 36
Table 3.5 Parameter COrreCtion TaCLOF ..........ccveiiiieiieiieie e 37
Table 3.6 Mass Balance 0f COffee PrOCESSING ......c.civeiiiiiiieie st 38
Table 3.7 Coffee processing energy supply processing per ha .........cccecevveveiie v, 39
Table 3.8 Life Cycle Impact Assessment (LCIA) of SW and FW processing..........cccceevververvennnnn 43
Table 4.1 Parameters to quantity fuel consumption at each Stage..........cccccvevveveiiveveiiesieese e, 54
Table 4.2 Factor correction to calculate CO2 from WasSteWater ............coovvereienenininiseseeeen, 54
Table 4.3 Comparison of the dry methods in input and output during coffee processing .............. 56
Table 4.4 Total gas produce during fermentation ............ccccooerireniiinineeee e 57
Table 4.5 Comparison of wastewater properties during fermentation in dry methods................... 59
Table 4.6 Impact category through dry method for CB t0 CP ........cccccvevevieiiic e 61
Table 4.7 Comparison of the dry methods in their Global Warming Potential (GWP) On- and off—
farm, as well as in their total energy CONSUMPLION ........cociviiieiiiiie i 65
Table 4.8 Comparison of the results of this study with previous research............c.ccccooevvieiiiinnnn, 69
Table 5.1 Biogas MALErIalS ..........coiiiiieiiieieie et 77
Table 5.2 Parameters of the SOIar SYSeM ..o 78
Table 5.3 Gas chromatography results for biogas from wastewater ............ccccoocevvveveiieniieniesinnenn, 81
Table 5.4 Coffee harvest at Andungsari Group 2022...........ccceoeieiiniiineeieiene e, 83
Table 5.5 Mass balance for coffee processing (Part 1 — Wet PrOCESSES) ......coveverververieriereneeieennan, 84
Table 5.6 Waste type basis 1000kg cherry beans on proCessing...........ccccevevveevieiieeieeiieseeseeieesnens 86
Table 5.7 Outputs from production of 1000kg cherry beans (wet basis) ..........cccccevvevveiieieiiiennnn, 87
Table 5.8 Process stages and the energy CONSUMEd ...........cooveiiiieiicie e 87
Table 5.9 EqQUIpMENt INVESIMENT COSE ......iiiiiiieie e sne s 89
Table 5.10 Process mass flows in Andungsari group (harvest year 2022)..........cccoevvvrerenneieennnn, 89
Table 5.11 Equipment used in COTTEE PrOCESSING ........cviirieiiiirie e 90
Table 5.12 Coffee price for green beans or coffee powder, cost of production, and coffee income by
grade and ProCESSING FOULE .......ccuiiuiiiiieieieie ettt bbbttt ettt be e e e 91
Table 5.13 Economic assessment — current production Case ..........cccocvevevveieiiieseesieesiesee e eee e 93
Table 5.14 Simulation of Andungsari Coffee’s processing model ............ccccovvviiiiiiiiiiiiciiicnn, 94
Table 6.1 Defect parameter SCOre SN ........ocvi i 99
Table 6.2 Energy demand EVEIY SLAQE........cciui ittt st et snea s 102
Table 6.3 Mass balance by processing method for Andungsari coffee..........ccccoevvvieiiviieiienenn, 102
Table 6.4 DefeCt SCOre @NAIYSIS........oiiiiiiiieieie e e 104
Table 6.5 Sensory quality attributes for Andungsari coffee by processing method...................... 105
Table 6.6 Total score, classification, and description by processing method .............ccoceevvvennene. 105
Table 6.7 Results of this study compared with other processes and by-products.............ccco.... 109
Table 7.1 Roaster maching SPeCifiCatioNS .........cccccviiiiiiie s 114



Table 7.2 Installation SPECITICAtIONS .........ccveieieeicie e 115

Table 7.3 ROASHING PATAMELETS ......ccviiieiieie ettt te e e et esre e teeseesreesneeneesreenneans 116
Table 7.4 Fuel consumption ParameterS.........c.civeieiieieerieeiesee e eie e sie e re e e sre e e esneens 116
Table 8.1 Possible status of Indonesian smallholder coffee farmers ...........ccccoiiiiiiicicnenn, 132
Table 8.2 Average coffee plantation and coffee shade/ha/year...........cccooeieieiiiiiiiiniiicee 135
Table 8.3 Technological parameters USEd ............coviiriiiiieiii e 136
Table 8.4 OrganiC fertiliZer TEST...... ..o e 138
Table 8.5 Mass balance 0f COffee ProCeSSING.......ccviviiieiicie e 139
Table 8.6 PeSLICIAE ANAIYSIS........ccieiiiieieecie et e e e nte e sneenae e 141
Table 8.7 Coffee processing energy CONSUMPLION ........coouviieieereiiieseesie e see e eee e sre e sreenne e, 142



List of Figures

Figure 1.1: Structure Of the reSEAICH ........ccvcoi i 16
Figure 2.1 Coffee processing and on-off farm categories..........cccvvveiievi s, 19
Figure 2.2 BO, B1, B2 terminology, handpicking and defect selection of CB by floating ............ 24
Figure 2.3 De-pulping process for separation cherry skin and coffee pulp ........cccococviiiiiiiienn 24
Figure 2.4 Plastic reactor fermentation and multi-variant method of coffee fermentation............. 25
Figure 2.5 CB in wash, coffee pulp, and washing maching ...........cccccoveviiiinnninie e, 26
Figure 2.6 Traditional drying, mechanical, and greenhouse dryer..........cccceoeveienenenenisieiee 26
Figure 2.7 Dehulling process and mechanical or manual sortation .............cccccceevveveiiievn e, 27
Figure 2.8 NAtUral PrOCESSING ......oiveeiiiiieiieiie e sees et e s e ste e e ste e raeste e e sbe e beasbesraesreeneesraenaeans 27
Figure 2.9 (a) Stainless reactor with injection of CO», (b) Plastic reactor injection of CO; at lower
O1LE U T PP PPPRO 29
Figure 3.1 Scope of sustainable coffee production for pilot plant improvement.............cccceevenene. 31
Figure 3.2 Flow processes full wash (FW) and semi wash (SW) ... 34
Figure 3.3 Andungsari arabica coffee harvest for farmer groups by month (in 2021).................... 39
Figure 3.4 The flow of energy inputs, outputs and CO2-eq emissions by stage and fuel ............... 41
Figure 3.5 Impact contribution by stages of coffee processing - FW .......c.cccovevieiieiiciecce e, 42
Figure 3.6 Impact contribution by stages of coffee processing - SW .......cccccovevieiie v seenen, 42
Figure 4.1 Limitations of the LCA study for the IEC pilot plant improvement.................ccccooeu..... 49
Figure 4.2 Coffee flow process and LCA SCOPE ....ccvviveiieiieiieceeie ettt 51

Figure 4.3 Anatomy of CB, processing steps and corresponding product as well as by-product...51
Figure 4.4 (a) Reactor tank with gas capture observation, (b) gas produced during fermentation .52

Figure 4.5 (a) CO>, (b) CHs, and (c) N20O gas released during fermentation............cc.ccoovvvrvenne 58
Figure 4.6 Impact categories dry method cOffee ProCess..........ocvvriiiniiiiiiiiere e 62
Figure 4.7 Impact characterization of natural in terms of GWP ............ccccooiiiiiniincccnee, 63
Figure 4.8 Impact characterization of Hydro honey (a), Anaerobic (b), Lactic (c) and (d) CM
Processing in terMS OF GWP ........oouiiiiic ettt ae e 63
Figure 5.1 Coffee processing in Andungsari-BondowWOSO0 ...........ccccceiieiiiiieiieie e, 73
Figure 5.2 Coffee processing routes and coffee by-products...........ccccvevveiiiiecie i, 74
Figure 5.3 (a) Small 20L reactor, (b) 15L gas storage containers, (C) gas pressure gauge on storage,
(d) DIOGAS DUIMING ...ttt bbbttt bbbt bttt 76
Figure 5.4 Biogas production during the 45 day teSt Period ...........cccovriririeiine s 76
Figure 5.5 Observation of average power at each hour taken across one week (Mid-August 2022),
for series and parallel configUrations .............ccooi i 79
Figure 5.6 Timetable of coffee harvest for Andungsari group..........cccccvevveveieeneece s, 82
Figure 5.7 (a) Unit digester, (b) gas pressure, and (c) sketch of unit..........c.cccccoooviiieiii e, 86
Figure 6.1 Classification of materials CB in coffee tree and options by-product..........c...ccceueeeee. 97
Figure 6.2 Scope of processing and aSSESSIMENT............uiiiiririierierie et 98
Figure 6.3 Classification of raw material SEIeCTION ..........cceviviiiiiiiiii e 99
Figure 6.4 Sketch of the fermentation reaCOr ..........cccuiiiiiieiiie e 101
Figure 6.5 The consumption of electricity per hour in the reactor...........cccoocevvreienienininieen, 101
Figure 6.6 On—off farm handling on coffee ProCessing .........ccccvvviiieiie i 103
Figure 6.7 Sensory diagram of Andungsari variety of coffee based on processing method......... 106

X



Figure 6.8 CO2 production during fermentation ............ccoceeieriiineninenineee e 107

Figure 6.9 CH4 production during fermentation ..o 107
Figure 6.10 N20O gas release during fermentation ...........c.cooeverinininieninee e 108
Figure 6.11 Chemical properties WaSIEWALET ...........ccocuiiiiiierieiesie e 108
Figure 6.12 Comparison of the contribution of anaerobic and inoculant................cc.coovnviienenn, 109
Figure 6.13 GMP contribution 0f MOSSt0 PrOCESSING.......c..crverviriiriirieiieriee e 110
Figure 7.1 The scope of the study is presented in the dash-line...........cccccooeieiiiiiiiiien, 113
Figure 7.2 The company's coffee roaster machine application .............cccocevviveiieiecce e 114
Figure 7.3 (a) Solar panel, (b) Coffee roaster machine, (c) AC power meter (black), DC power meter
L= USSR 114
Figure 7.4 ROASEING MIESIONES ........oivieieiii ittt re e anes 117
Figure 7.5 (a) Carbon Contribution of coffee roasting Arabica FW by LL energy source, (b) SB
BINEIGY SOUICE ... ettt et e ettt e se e s s et e e st e e R e e s e e R e e e s e e e Re e e r e e R e e esn e e nme e e e e ne e nnn e e nreennns 118
Figure 7.6 (a) Carbon Contribution coffee roasting Arabica Natural by LL energy source, (b) SB
BINEIGY SOUICE ... ettt etee st et e e s e s e et e et e e Rt e st e Rt e s e e s Rt e s r e e R e e e an e e nme e e e e s neennn e e nreennns 118
Figure 7.7 (a) Carbon contribution coffee roasting R FW by LL energy source, (b) SB energy source.
....................................................................................................................................................... 119
Figure 7.8 (a) Carbon contribution coffee roasting R Nat by LL energy source, (b) SB energy
SOUICE. ..ttt esteeeee e ekt e st e bt e e st e bt e e skt e s e e e ae £ e b e oAb £ e b e e oA e £ £ Re £ 4R R £ e b e e 2R R e e AR e e e AR e e R et e AR e e nR e e e R e e R e e e r e e nnreennes 119
Figure 7.9 GWP coffee roasting based 0N StAgES .........ccoverrerrerireriresieeee e 120
Figure 7.10 Scope of by-product CasCara STUY ............ccueeierereneninesieeeee e 122
Figure 7.11 Weight loss of sample during roasting............cccceeereririnininieieese e 123
Figure 7.12 Size distribution of sorted HS and manual sortation screens 7.5mm, 6.5mm, and 5.5mm
....................................................................................................................................................... 123
Figure 7.13 Raw HS (a) ; Sorted HS of size 7.5mm (b), 6.5mm (c), 5.5mm (d), and pixel (e)....124
Figure 7.14 CS R (a), CS raw(b), HS R (C), HS raw(d) ........coveieiieieee e 124
Figure 7.15 CS roasted ground (a), CS roasted (b), CS raw ground (c), CS raw (d) .........c.c....... 125
Figure 7.16 HS roasted ground (a), HS roasted (b), HS raw ground (c), HS raw (d) .................. 125
Figure 7.17 TDS 0f CaSCara SAMPIES .......cviiiiiieiiiiesic et 125
Figure 7.18 Taste and mouthfeel (a), and aroma attributes (D) .........ccooveiiiiniiin, 126
Figure 7.19 Sustainable novel food and potential fuel from by-products.............c.ccocevviiiinnnnns, 127
Figure 8.1 Industrial ecology coffee MOdEL...........ccoiiiiiiiii e 130
Figure 8.2 Scope of coffee processing and valorization of By-Products.............cccccceeevveiieennenne. 133
Figure 8.3 Andungsari Arabica coffee smallholder harvest by month (2021-2023)..................... 135
Figure 8.4 Potential BY-ProdUCH/Na...........c.coveiiiiiiicce e 143
Figure 8.5 Comparison of GWP coffee proCessing........cccccvevveieiieiiiie s 144
Figure 8.6 GWP contribution (a) Full wash, (b) Semi wash, (c) Natural, (d) Anaerobic............. 145
Figure 8.7 GWP contributions (a) CS, (D) HS ..o 146
Figure 8.8 Impact on all categories and coffee processing methods for CB to CP and by-products
(S 20 TSSOSO PSSRSO 147
Figure 8.9 Life cycle costs (LCC) of coffee production for different processes...........cccevvvennenn 148
Figure 8.10 Base scenario and modeled scenario of IEC..........ccceovvveiieiiieiie i 151
Figure 9. 1 Combined comparison of GWP in this study with previous research ........................ 153

Xi



List of Abbreviations

An
BOD
CM
COD
CP
CR
CS
CsSl
DO
FU
FW
GB
GWP
Hd
HS
ICCRI
IEC
IPCC

LCA
LCC
LPG
Nat
NTU
SCP
SNI
SW
TDS
TSS

Anerobic

Biological Oxygen Demand
Carbonic Maceration
Chemical Oxygen Demand
Coffee Powder

Coffee Roasted

Cherry Skin

Coffee Science Institute
Dissolved Oxygen

Functional Unit

Full wash

Green Beans

Global Warming Potential
Hydro honey

Husk Skin

Indonesian Coffee and Cocoa Research Institute
Industrial Ecology Coffee
Intergovernmental panel on climate change
Lactic

Life Cyle Assessment

Life Cycle Costing

Liquid Petroleum Gas

Natural

Nephelometric Turbidity Units
Sustainable Coffee Production
Standard National Indonesia
Semi Wash

Total Dissolved Solid

Total Suspended Solid

Xii



1 Introduction and Background

1.1 Background

Coffee is one of the major internationally traded commaodities, but is heavily reliant on small-scale
production, with around 70% of coffee grown by more than 25 million smallholder coffee farmers
worldwide [79]. The international coffee trade can therefore potentially be a significant source of
income for developing countries, particularly if they can produce high quality coffee. The current
study is based on primary data directly obtained from coffee producers in Indonesia, the fourth-
largest coffee-producing country in the world [80]. The production of coffee can have significant
socio-economic impacts [81], but also impacts the environment, with a total of 1.2 million ha of
land used (an average of 0.62 tons/ha) [82], in Indonesia, climate change emissions and the impact
that climate change may have on production [83], and other global environmental sustainability
impacts [84].

Coffee is grown in tropical and subtropical climates in more than 70 countries worldwide [1]. There
are three main types of coffee worldwide: Arabica, Robusta and Liberica. Smallholder coffee
farmers are pivotal in Indonesia's coffee industry, as in many of the world's leading coffee-
producing countries. With a history dating back centuries, Indonesia's coffee cultivation has been
predominantly driven by small-scale farmers who tend small plots of land, often intercropped with
other crops. Smallholder coffee farming, a practice deeply rooted in the diverse regions of Indonesia,
extends its impact far beyond its borders. These small-scale farmers, cultivating coffee from the
highlands of Sumatra to the volcanic slopes of Java and the rugged terrain of Sulawesi, are the spirit
of Indonesia’s status as one of the world's top coffee exporters [3]. Their contributions, which are
integral to the global coffee trade, connect them to coffee lovers and industry stakeholders
worldwide.

Smallholder coffee farming sustains rural livelihoods and contributes to national economic
development. In Indonesia, millions of families rely on coffee farming as their primary source of
income, providing livelihoods for farmers and their communities. Furthermore, the varied coffee
processing methods (wet-dry) present their own challenges for smallholders regarding energy
source utilizations, wastewater management, and environmental impacts, in addition to the critical
business of ensuring their livelihoods. A variety of options are available for reducing the carbon
footprint and other environmental impacts of coffee processing, including intercropping, by-product
optimization, organic farming, wastewater recycling, and renewable energy implementation as
solutions for Sustainable Coffee Production (SCP) towards Industrial Ecology Coffee (IEC).

Coffee prices can encourage farmers to prosper; notably, the Indonesian coffee export situation is
influenced by the price difference between local and international coffee prices, with Indonesian
coffee prices being strongly driven (76% of fluctuation) by changes in international prices in the
short term [3]. Proper handling of upstream (farming) and downstream coffee production is
important to produce specialty coffees of high quality that can compete internationally. Quality
coffee beans are the main reason coffee can be exported worldwide. Notably, the emergence of
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markets for socially and environmentally sustainable coffee offers a significant business
opportunity if farmer groups can appropriately manage production and access these emerging
specialty markets. Capacity building for farmers can be carried out through the influence of
government, companies, and across coffee business chains. Increasing farmers’ competence, and a
potential integrated plantation system with good manufacturing processes can further provide added
value that can promote better prices for coffee beans [3].

In this study, SCP refers to coffee production that minimizes environmental impacts while
maximizing socio-economic benefits to producers. IEC refers to the integration of waste
management and valorization within and across agricultural and other activities for the production
of low-waste and low environmental-impact coffee.

This study was conducted at Andungsari Coffee Group, Pakem village, Bondowoso Regency,
Indonesia. This group has implemented organic farming since 1992. The author conducted an
environmental impact assessment using Life Cycle Assessment (LCA), Life Cycle Costing (LCC),
and Quality Product Assessment (QPA) based on the current situation and improvements including
valorization of by-products as a pilot project towards Industrial Ecology Coffee (IEC) for
Sustainable Coffee Production (SCP).

1.2 Research question and aim

Coffee processing is divided into two main types; wet methods: Full Wash (FW) and Semi Wash
(SW); and, dry methods including: Natural (Nat), Anaerobic (An), Lactic (L), Hydro Honey (Hd),
Carbonic Maceration (CM), Wine, and some innovations in dry methods such as Inoculant, and
Mossto. The resulting coffee quality is determined by how the coffee process is managed, and
implementation of clean coffee production minimising or eliminating defects, and producing coffee
with good flavor. This processing generally has two categories. The on-farm category is the
managed processing of coffee plantations such as application of fertilizers, pruning, pesticides,
shade crops, irrigation, and cherry harvesting. Furthermore, coffee cherries are processed to produce
dried coffee beans (including skin) or into green beans (GB). The on-farm process extends to this
stage. The second category, off-farm, processes GB to Coffee Roasted (CR) or Coffee Powder (CP),
and is carried out outside the farm, often by the Small-Medium Industry to produce commercial CP,
cafes or coffee shops. Coffee processing is largely carried out by two processing groups:

1. Medium or large coffee industry: this coffee production is managed by medium or large
companies. These companies buy coffee cherry beans (CB) from farmers, traders, coffee
farmer groups, or coffee plantations owned by the companies themselves. These companies
certainly already have technologies for coffee processing. However, most of this industry
only processes coffee using a wet method (semi-wash). This method was considered because
of the short time needed to process the coffee. Generally, this sub-sector processes
commercial and premium-quality coffee. They typically process it into green beans (GB).
Most of those products are distributed domestically or exported overseas.

2. Coffee Industry smallholder coffee farms: coffee production from smallholder coffee farms
also processes coffee using wet and dry methods. The wet methods typically include FW
and SW, while the dry method is Natural. With limited information and resources on coffee
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processing accessible by smallholder farms, they typically produce commercial and
premium quality coffee. Generally, smallholders sell their coffee only as GB to larger
companies, or traders. Limited information and use of technology and processing is a
problem for smallholder coffee farms, as it hinders their development and access to better
production methods and more profitable products. However, smallholders have the potential
to produce Specialty Grade coffee. This is intended to increase the GB price value and
product quality. With this option for coffee production, smallholders can process CB to GB
or to CP.

It is rare to find previous studies discussing upstream and downstream coffee processing through
wet and dry methods, including by-product utilization. Valorization of wastewater to fuel and
fertiliser, and Industrial Ecology Coffee (IEC) practices towards Sustainable Coffee Production
(SCP) can be applied to smallholder coffee production and potentially improve the quality of coffee
and the variety of coffee flavors. IEC towards SCP for improving the quality of coffee, producing
specialty products, and environmentally friendly coffee products is crucial.

Based on this background, the main questions to be answered in this study were:

1. What is the environmental and economic impact on upstream to downstream coffee
production from wet and dry methods when evaluated using Life Cycle Assessment (LCA)
and Life Cycle Costing (LCC)?

2. To what extent does increasing the use of by-products in coffee processing also produce
quality coffee with lower environmental impact?

Three subsystems were identified as SCP achievement targets in IEC to solve this question. The
first subsystem in coffee production involves coffee plantations to produce upstream and
downstream coffee; smallholder coffee farms play an important role in this section. The second
subsystem, the coffee industry, with the target of quality coffee processing, includes the technology
for coffee processing. Smallholders typically have some access to this technology. The final
subsystem was non-coffee farming: coffee farmers often have cows or goats that are either their
own or managed livestock owned by others. This subsystem is often available on smallholder coffee
farms, the challenge is how this coffee processing can integrate all subsystems effectively to support
SCP in achieving IEC.

The aims of this study are therefore:

1. Evaluate coffee production environmental and economic impact by wet and dry methods
using LCA and LCC, where previous studies have not discussed complete upstream-
downstream coffee processing.

2. Integration between subsystems in the pilot plant to valorize wastewater and solid waste,
support coffee production, generate additional energy sources, and improve product quality
with lower environmental impacts.

To answer the objectives of this study, this work was conducted using surveys, informal interviews,
experiments, and sample test product approaches. Experimental data and observations were
conducted at the coffee group as a coffee pilot plant, on a combined cultivated area of approximately
10ha in Andungsari, Bondowoso. The research was relatively unique in using primary data from
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experiments as basis input to analyze and compile with a secondary database in SimaPro software.
The main point of novelty was that the evaluation covered multiple coffee processing routes, within
the genres of wet and dry methods, which previous research had not described in detail. The second
novelty was the coffee production evaluation, which used LCA and LCC methods to assess the
GWP at risk to the environment, as well as the economic impact. LCA and LCC were applied to
evaluate the GWP and economic aspects of the pilot plant. The improvement of economic value
associated with alternative processes was compared with environmental impact. Finally, the third
novelty of integrated farming was applied to SCP in coffee production to support IEC, contributing
to a lower GWP impact than before and even improving the quality of coffee production.

1.3 Overview of this work

This work aimed to fill the knowledge gaps on multiple coffee processing routes to evaluate the
environmental impact upstream and downstream through LCA, LCC, and Product Quality
evaluation. The ultimate contribution is a conceptual framework and its application to an in situ
pilot plant, bridging practical and theoretical approaches. This involved the evaluation of
environmental impact and economic analysis in coffee processing at Andungsari Coffee Group
using novel approaches, as outlined in Figure 1.1.

. . -
Coffee Production (Pilot Plant) Sustainability Coffee Production
§ § § .
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Figure 1.1: Structure of the research

This thesis comprises seven chapters. Chapter 1 provides an overview of the coffee smallholder
activities by introducing the concepts of coffee production. The research seeks to provide a
comprehensive understanding of the environmental footprint of coffee processing activities from
the initial stages of harvesting to the final stages of production. Additionally, the economic analysis
will shed light on the financial implications of implementing sustainable practices and technologies
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in coffee processing. Concluding this introductory chapter, the research question and aim will be
stated.

Chapter 2 Describes the coffee production process from the farm through to the various off-farm
processes. It explores upstream (on — farm) and downstream (off — farm) coffee processing and
introduces the various processing types.

Chapter 3 provides a Life Cycle Assessment (LCA) on coffee production through wet processing,
on the basis of testing in the pilot plant. The study outlines a comparison of the downstream and
upstream coffee production in the full wash (FW) and semi wash (SW) methods. Observations and
experiments were conducted to clarify the flows of production, energy, and waste in this work.
Coffee cherry beans (CB) were harvested and processed into green beans (GB), then coffee powder
(CP), to assess their Global Warming Potential (GWP). By conducting detailed assessments using
LCA, the study aims to identify key areas of environmental impact and opportunities for
improvement throughout the coffee supply chain in wet methods.

Chapter 4 presents the life cycle assessment (LCA) of coffee production using dry methods. This
study focuses on the natural (Nat), anaerobic (An), lactic (L), hydro-honey (H), and carbonic
maceration (CM) coffee processing routes. The work considers fermentation stages in the dry
methods of coffee production, specifically in anaerobic, lactic, hydro-honey, and carbonic
maceration. During the fermentation stages, gas production and wastewater were captured for
consideration of gas emission. Then, gas content is used as input data in the LCA for analysis.

Chapter 5 explores the use of wastewater for biogas production in the context of coffee processing.
The research examines the feasibility of using the wastewater from coffee processing, combined
with cow dung, as raw materials for biogas production. The study includes an economic impact
analysis comparing the use of biogas and fossil fuels in coffee production. It aims to support
smallholders in choosing an energy source by considering the economic aspects, even if they are
aiming for lower environmental impact through the use of biogas. Ultimately, we aim to facilitate
the transition towards more environmentally friendly and economically viable coffee production
methods, benefiting producers and the environment.

Chapter 6 elaborates on improving coffee quality using fermentation reactors. This reactor is
designed using stainless steel and connected to a measurement monitor to measure gas content
production; the measurement of wastewater during fermentation is also considered for
environmental impact evaluation. This study combines LCA and LCC with the coffee quality score
to understand the value of alternative processes holistically. Through this research, we aim to
contribute valuable insights that can inform decision-making processes in the coffee industry,
particularly at the smallholder level, through quality improvement.

Chapter 7 This chapter examines the production of alternative byproducts (coffee tea also known
as cascara), and the evaluation of the coffee roasting process. The LCA at the off-farm stage is
considered, discussing the potential impact on carbon of roasting milestones through the use of
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biogas or fossil energy sources. The final part of this chapter introduces the valorization of by-
product cherry skin and husk skin into cascara, and the final waste (dust skin) potential for briquettes.

Chapter 8 presents environmental assessment of IEC, an emerging concept that promotes
integrating industrial ecological principles into coffee production systems. By adopting an IEC
approach, we aim to minimize waste, utilize biogas energy sources, and enhance overall SCP. By
developing a robust conceptual framework and applying scenarios to the pilot plant at the
Andungsari Coffee Group, we seek to demonstrate the feasibility and benefits of adopting
sustainable coffee-processing practices.

Conclusion - this chapter addresses the needs of policy makers through clarifying IEC principles
to mitigate environmental impacts and foster synergies between coffee plantations, livestock, and
coffee industries in the coffee value chain towards SCP. This includes exploring opportunities for
co-locating coffee processing facilities with inter-cropping plants or industrial activities to improve
the resource knowledge of smallholders and minimize environmental footprint. Through our study
at Andungsari Coffee Group, we intend to showcase how implementing IEC principles can lead to
more efficient and environmentally friendly coffee production practices. By integrating
environmental considerations into decision-making processes, we can create a more sustainable
coffee industry that benefits producers, consumers, and the environment.
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2 Background on coffee processing

This chapter presents an overview of the major processes associated with the production of coffee.
It starts with the farming of the coffee itself, then moves through the on-farm and off-farm processes
used to convert coffee cherries into green beans, then finally to a variety of coffee products. It should
be noted that depending on the type of processing, sometimes the on-farm and off-farm processes
will not align across different processing types. The main stages are shown in Figure 2.1.

Multiple stages:

,—» Dry Processsing

Single stage:
- Drying

- Grade Sortation
- Roasting Coffee

- Dehulling

- Grinding Coffee

Multiple stages:
- Pulped Coffee Powder

- Fermentation
- Washing

- Drying
|—> Wet Processsing

On Farm (Primary Product)

Coffee Drink

Figure 2.1 Coffee processing and on-off farm categories

2.1 Harvesting and quality control of smallholders

The type of coffee, harvest quality, planting location, agronomic system, processing methods, and
sortation greatly influence the quality and taste of coffee products. Good coffee quality can only be
obtained from ripe coffee fruit (coffee cherries) with proper processing. Harvested coffee cherries
should be processed immediately because they are susceptible to chemical and biological damage.
Delays in processing can lead to the loss of the distinctive taste of coffee and the appearance of taste
defects. Internal changes in coffee fruit due to improper processing can result in taste defects such
as fermentation, and aromas resembling medicine. Additionally, changes in external conditions that
are unfavorable during the processing process can cause taste defects such as earthy and musty
flavors. In general, coffee processing is divided into two methods: the dry method and the wet
method.

The quality of commercial coffee is still unsatisfactory because it contains many defective coffee
beans mixed with non-coffee ingredients. Deformed coffee beans include black, brown, cracked,
and perforated beans. Quality improvement is essential, starting with improved handling before,
during, and after harvest. Quality improvement before harvest focuses on pest and disease control,
especially attacks from pests like Hypothenemus hampei that cause perforated seeds. During harvest,
attention is given to selective picking, harvesting only ripe cherries. After harvesting, quality
improvement should focus on using appropriate coffee processing equipment, such as good drying
and sorting.

2.2 Flower and fruit development

Coffee blossoms are formed in the axils of leaves on branches. Each axil usually has 4-5 clusters,
with each cluster consisting of 3-5 blossoms. Thus, each axil can produce 12-25 blossoms, and even
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up to 50 in a single cluster. In Arabica coffee, the number of clusters is usually smaller, resulting in
smaller cherry groups compared to Robusta. Under optimal conditions, a tree can produce between
6000 to 8000 blossoms, but only about 30 to 50% of them will develop into coffee cherries. The
coffee blossom is white, with the number of petals varying depending on the type of coffee. Arabica
typically has 5 petals, while Robusta and Liberica have 6-8. Pollination methods also differ between
coffee types: Arabica is self-pollinating, while Robusta and Liberica are cross-pollinated.

Generally, coffee begins to produce blossoms at the age of 3 years and bears fruit at the age of 4
years. However, today, many researchers are developing types of coffee that can produce blossoms
at the age of 1 year and begin to bear fruit at the age of 2 years. Coffee cherry beans reach maturity
within 9-12 months, depending on the type: Arabica ripens in 9-10 months, Robusta in 10-11
months, and Liberica in 11-12 months. In Indonesia, coffee cherries usually begin to ripen between
April/May and September/October. In wet areas, crop distribution is even greater than in arid ones.
Sometimes, the growth of cherry beans will experience abnormalities, such as turning them into
coffee peaberries or empty beans caused by polyembryony.

2.3 Handpick method

The main key to obtaining good coffee quality is harvesting coffee cherry beans. The quality of
coffee firstly depends mainly on how harvesting is done. There are two commonly used harvesting
methods: selective picking and mixed picking. Mixed picking involves harvesting all coffee berries,
even those with mixed colors, usually at the end of the harvest. Coffee cherries harvested in this
manner are generally left in sacks for two days before drying. Selective picking chooses only coffee
cherries with specific colors and levels of ripeness.

To achieve the best results during the coffee harvest, farmers need to make careful preparations.
The first step is to make sure that the coffee trees are in good condition. This involves regular
maintenance such as proper fertilization, pest and disease control, and appropriate pruning. Land
preparation is also vital. The land must be well-prepared to ensure good drainage and provide a
suitable environment for coffee growth. Apart from plant growth, farmers also need to prepare the
infrastructure and equipment for harvesting. This includes inspecting and preparing tools such as
hand collectors and containers for collecting coffee cherry beans. Additionally, preparing a
sufficient and trained workforce is necessary to carry out the harvest efficiently.

Farmers should create a proper harvest schedule to ensure efficient and high-quality coffee
production. This involves estimating the optimal time to harvest based on the estimated ripeness of
the coffee cherry beans and weather conditions that can affect crop quality and yield. Before starting
the harvest, farmers must also ensure that the post-harvest processing system is ready, including the
equipment for appropriate drying and processing of coffee cherry beans. With careful preparation
before starting the harvest, farmers can increase the yield and quality of coffee produced while
improving efficiency in the agricultural process.

It is best to pick coffee beans when they are fully ripe. This results in better quality coffee, as the
taste and aroma are more consistent. Picking the beans when they are red also helps farmers select
the best beans for harvesting, which produces more consistent and high-quality coffee. This method
also reduces the risk of physical damage to the beans during harvesting. By employing this method,
farmers can increase the value and competitiveness of the coffee they produce.
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Mixed harvesting is a commonly used method in coffee plantations all over the world. This method
involves harvesting the entire crop of coffee cherries, including both ripe and unripe cherries, in one
harvest cycle. Farmers prefer mixed harvesting as it allows them to pick a large number of coffee
cherries in a relatively short period of time, especially in the later stages of the harvest season.
However, there are some drawbacks that need to be noted. One disadvantage of mixed harvesting
Is that immature or even overripe coffee cherries will be picked together. This can result in coffee
that is uneven in terms of quality and taste, as immature beans tend to result in lower-quality coffee.
In addition, by picking all the coffee cherries at once, the risk of physical damage to the beans also
increases, because ripe beans may be injured by unripe ones. Despite this, mixed harvesting remains
a popular choice in some areas due to its greater time and labor efficiency. However, the challenge
for farmers is to maintain the quality of coffee and remain competitive in the global market.

2.4 Overview of coffee cherry beans

Based on the description provided, cherry bean picking significantly influences the resulting
product. The following table illustrates how cherry beans are categorized according to their color
level during survey and observation (Table 2.1).

Table 2.1 CB color level to be maintained during harvesting

Cherry beans (CB) color level Notes

- v§ - —
» S - ~ S

If cherry beans are unripe, they exhibit a green
color. If picked at this stage, the resulting
green beans are pale, with weak aroma and
taste. It is advisable not to pick cherries at this

stage.

Partially yellow, red, and green CB. Red
cherry beans can be selectively picked
without affecting the yellow or green cherry
beans. This period requires extra care during
picking due to the uneven distribution of red
CB at the start and end of the harvest season.
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When harvesting, the most appropriate CB is
full red, as it can give a good taste. Proper
processing is required for handling CB

correctly.

CB should be harvested immediately as some
are overripe and others have dried on the tree,

resulting in poor taste.

Mixed harvesting not only results in a poor

taste but also causes labor inefficiency.

At this stage, sorting is necessary to improve
the quality of coffee beans since overripe

harvest affects the taste.

Red picking of coffee is a challenging process, but it ensures that only ripe coffee CB are selected,
resulting in high-quality coffee beans. Selective picking requires additional time and effort, as the
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grower must manually choose those CB that have reached optimal maturity. However, it is well
worth the effort because coffee CB picked at the right maturity stage tends to have more complex
and delicious flavors. Moreover, red-picking coffee also provides economic incentives for farmers
because high-quality coffee beans usually have a higher price in the market. By prioritizing quality
picking, farmers can increase the selling value of their products and overall income. Despite the
difficulties, an approach that focuses on selectively picking ripe coffee CB is an essential step in
producing high-quality, sustainable coffee. Therefore, many coffee farmers are committed to
practicing this method despite the challenges.

2.5 Processing of upstream coffee products

Coffee processing typically involves two methods: the wet method and the dry method [4][5]. The
taste of coffee can vary depending on the processing and brewing method used, even if the quality
of the coffee remains the same [6]. There are two main groups of coffee processing methods: wet
and dry. Wet methods include Fullwash (FW) and Semiwash (SW), while dry methods include
Natural (Nat) and Anaerobic (An). These four processing methods are considered effective for
processing high-quality coffee production. Other methods like Carbonic Maceration (CM), Lactic,
and Honey have lower market acceptance. The wet and dry methods have some processing stages
in common, but there are some stages that are not included in the dry methods.

2.5.1 Full wash and semi wash processing

FW and SW processing are widely used processes carried out by the coffee industry, of course, this
processing requires more water than dry processing. Smallholders with the potential for abundant
water sources may find it easy to process coffee with these processes. On-farm coffee processing
include the following common stages :

1. Selective Harvest; During the coffee harvest, the CB are sorted by being picked when they
are red. This is done to minimize the impact of defects on the quality of the final coffee
product. Additionally, selecting only the red coffee beans is also beneficial for the
sustainability of the coffee tree branches during the next harvest period. If raw coffee beans
are picked, it can negatively affect the growth of the coffee tree twigs. To avoid this,
Indonesian coffee smallholders group the picking method and eventually need to trim the
coffee branches. One option to keep the coffee twigs productive is to use B0, B1, B2 pruning
methods. It is important to prune the twigs regularly to ensure their productivity [7], this
process occurs annually for the first three years until the B2 twig stage. B0 is a young twig
that hasn't yet produced any fruit. However, it will become the main twig and start bearing
fruit the next year. B1 refers to a branch that has borne fruit for the first time, while B2 refers
to a branch that has produced fruit for two consecutive years. To ensure optimal growth, the
pruning cycle is carried out on B2 after it has borne fruit twice. This allows B0 to develop
into B1, which will then develop into B2 after two years of fruiting (Figure 2.2). This cycle
continues to ensure the healthy growth and fruit production of the plant.

2. Flotation - After selecting the ripest red cherries, they were submerged in water to collect
floating coffee beans (Figure 2.2). Some of the floating coffee consists of beans with low
density, typically belonging to premium or even commercial-grade coffee. Conversely, the
sinking beans represent a higher quality, despite potentially having some defects in the final
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product. Extracting coffee in this wet manner necessitates water; therefore, this treatment
method is more suitable for high-altitude locations where water sources are abundant.

2t

Handpicked

Figure 2.2 BO, B1, B2 terminology, handpicking and defect selection of CB by floating

3. De-pulping is the process of peeling the skin of the coffee cherry to separate it from the
coffee beans (Figure 2.3). At this stage, two products are obtained: wet coffee beans, which
are the main product, and coffee cherry skin, which is a by-product. The skin of the coffee
cherry can be washed and dried in the sun to be processed into Cascara [8], whether roasted
or not, stripping the fruit skin is intended to control coffee acidity and achieve a complex
flavor profile [9].

Cherry Skin De-pulping Coffee Pulp

Figure 2.3 De-pulping process for separation cherry skin and coffee pulp
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4. Fermentation; Coffee fermentation is carried out on parchment-skinned coffee beans
(Figure 2.4). The process aims to facilitate the decomposition of mucilage from the
parchment skin [10]. Smallholders typically ferment the beans between 18 to 36 hours [11],
depending on the target taste required. At 18h the coffee generally has a low sour taste and
a relatively light body, while the 36h has high acidity and a strong body [12]. This method
Is used to improve the sour taste in coffee grown at elevations between 1,000 and 1,500 msal.
The treatment is only applied during the FW process and not during SW, but fermentation
is also used for some of the dry processes.

Fermentation Wet Fermentation CB

Figure 2.4 Plastic reactor fermentation and multi-variant method of coffee fermentation

5. Washing; During coffee processing, washing is a crucial step that aims to separate the
mucilage from the parchment coffee (Figure 2.5). If the mucilage is not washed properly, it
can result in honey-colored coffee that may also develop mold. Thorough washing is
important for producing FW and SW in quality coffee. In the SW method, the fruit skin is
peeled, and instead of being fermented, it is immediately washed clean. This helps to reduce
the sour taste in the coffee. The water used for washing the coffee is often reused for cow
dung mixtures as a raw material for biogas production [13][14]. Washing can be done
manually or with a coffee-washing machine. This is an important step in the coffee cleaning
process. It helps to prevent the natural fermentation process that can occur if the coffee beans
are left in the fermentation liquid for too long. By washing the coffee, farmers can better
control the fermentation process and produce coffee with the desired flavor profile.
Additionally, washing the coffee prepares the beans for the drying process and ensures that
they dry well. This also helps to prevent the growth of unwanted fungi or microorganisms.
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CB Washed Coffee Pulp Washed Washing Machine

Figure 2.5 CB in wash, coffee pulp, and washing machine

6. Drying; further drying is undertaken until the moisture content of parchment coffee reaches
10-12% in compliance with SNI dry quality standards [15]. Figure 2.6 shows coffee with
parchment skin that can be stored or sold directly after undergoing the dry FW processing
method. However, in the SW method, the moisture content is only reduced to 40%. This
moisture level is necessary to halt the drying process during the skin stripping phase. After
separating the GB from the parchment, the GB is dried again in the SW method to achieve
a moisture content of 10 — 12%. This double drying process aims to give Arabica a more
concentrated GB color compared to the FW method.

Drying of CB Drying of Coffee Pulp Mechanical Dryer Greenhouse Dryer

Figure 2.6 Traditional drying, mechanical, and greenhouse dryer

7. Dehulling and sorting; Dried coffee bean dehulling is done to separate GB and parchment,
or Husk Skin (Hs) in the case of the dry method (Figure 2.7), this solid waste is useful as
raw material for briquettes [16], for combustion for mechanical drying [17] or animal feed
[18]. Mechanical sorting is used to separate the coffee into determined sizes. SNI defines
three sizes 5.5; 6.5; and 7.5mm [15]. Manual sorting to select GB quality from cracked,
black, and hole seeds is then used to separate the quality of coffee beans. This stage is the
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last stage of On-Farm processing. GB is then stored in two-layer packaging (plastic and
sacks).

Dehulling Machine Green Beans Coffee Mechanical Sortation

2 o T oG

Manual Sortation

Figure 2.7 Dehulling process and mechanical or manual sortation

2.5.2 Natural processing

Natural processing is the most traditional processing method, and the Off-Farm processes and
technology are more important than On-Farm. After harvesting, the CB is directly sundried for 9-
12 days as described earlier, and goes through the On-farm (upstream) and Off-farm (downstream)
processing shown in Figure 2.8. Generally, smallholders sell directly without dehulling, storing
dried coffee with skin or Green Beans.

Mechanical Sortation

Red Picking Sun Drying Dehulling Manual Sortation

Figure 2.8 Natural processing

2.5.3 Hydro honey

The Hydro honey method is intended to meet market demand for coffee with the aroma of honey
[19]. The honey color emerges as a result of the pulp being retained within a parchment layer until
dried. Sharp aromas such as wine, fruity, and brown sugar can emerge from fermentation. However,
this method may not be widely used because the market segment is limited and only for specialty
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products. In this case, pulping is done before fermentation to separate the cherry skin from CB. CB
are dried, and the coffee pulp was then fermented and dried. The dried coffee bean with parchment
skin is further dehulled to obtain GB which goes through sorting, roasting and grinding to obtain
CP.

2.5.4 Lactic

Processors require lactic processing to create a robust sour aroma by adding bacteria [10]. During
fermentation, the mucilage in CB can increase acidity [20], while the expected flavors are fruit,
berry, chocolate, and complex flavors [21]. Lactate processing is not the main target of commercial
processors because it requires additional ingredients [22], which may impact wastewater, and pose
a risk to soil and water [23]. In this case, lactic acid bacteria from a local company was added to the
reactor before fermentation. After fermentation, further On-farm (upstream) and Off-farm
(downstream) processing were performed to obtain CP.

2.5.5 Anaerobic

Coffee processors often use this processing method, which is easy to undertake because the CB only
needs to be fermented with reduced or no oxygen [24] with the full tank of CB inside the reactor.
In this study, water or other inoculants, such as microorganisms or enzymes were not added to the
process (spontaneous fermentation). After fermentation, the CBs were dried, sorted, roasted and
ground to CP.

2.5.6 Carbonic maceration

During CM processing, some CO: is injected into the reactor tank [25]. Figure 2.9 shows CO>
injection, which aims to reduce the sour taste of coffee and reduce caffeine. This method requires
pressure control during processing, reactor leaks can result in the failed production of flavors [6].
A gas pressure indicator was used during fermentation to keep a stable pressure of 50-100milibars.
Some processors inject CO2 every day until the end of fermentation, but in this study, it was only
done once on the first day of fermentation.
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Figure 2.9 (a) Stainless reactor with injection of COz2, (b) Plastic reactor injection of CO2 at
lower pressure

2.6 Processing of downstream coffee products — coffee roasting

During the early stages, smallholder farmers start determining the flavor profile of their Green
Beans (GB). GB can be roasted to meet the demands of the market. However, it's important to keep
in mind that Roasted Beans (RB) can't be stored for as long as GB. Freshly roasted RB produces a
good aroma and taste, particularly when it comes to making Coffee Powder (CP). The market
demand determines the roasting profiles based on the type of brew that will be made for drinks. The
roast profile is what determines the color and character of RB [26]. Each smallholder has their own
way of producing RB based on market conditions. Finally, the beans are roasted to taste, which adds
a unique aroma to the coffee.
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3 A comparison of lifecycle assessment (LCA) towards lower

environmental impact

3.1 Chapter introduction

There have been a number of studies on the environmental impact of coffee production, and the
potential to improve this, while maintaining high quality production. Most studies have focused on
the farming component of the production system, sometimes considering alternative inputs (e.g.
organic versus inorganic fertilizer), or use of wastes (e.g. for bioenergy), or the impact of co-
production of other agricultural products. For example, a farming system integrating coffee and
livestock industry was examined to utilize coffee industry waste biomass as a sustainable energy
source [86]. Life Cycle Assessment (LCA) has been used to estimate the quantitative environmental
impacts and energy requirements in the roasted and ground coffee industry in Mexico, indicating
the potential to save up to 41% in a waste-to-energy scenario based on processing from coffee cherry,
with estimated emissions of 1.58 kg CO2.eq/ kg ground coffee compared to conventional processing
(2.9 kg CO2-¢q / kg ground coffee) [36]. Integrating the coffee-pepper garden system in the cities of
Kodagu and Chikkamagalur, India, was examined for environmental impact evaluation with
emphases on conventional agriculture, integration, and organic farming as a basis for calculating
the rate of energy demand and the carbon emitted. In this study per kg coffee cherry, organic
agriculture results in emissions of 0.76 kg CO2-eq, Which is better than conventional production at
0.82 kg CO2.¢q [87]. Many studies have focused on the difference between organic and conventional
production, focusing on the on-farm impacts through crop diversification systems and increase
productivity and economic performance [88].

LCA has also been used to measure the environmental impact of processing Aceh Gayo Arabica
coffee using wet processing, producing 2.56 CO2.¢q for 1 kg of green beans [89]. Using chemical
and organic fertilizers affects carbon emissions, 1kg of cherry beans coffee has between 0.26 — 0.67
kg CO2.eq with chemical fertilizers and 0.12 — 0.52 kg CO2.¢q with organic fertilizers [90]. The
impact of carbon emissions from the coffee roasting process was also assessed for two technologies
using different energy sources, solar energy and local electricity, in a case study in Peru. The results
indicate that the contribution of carbon emissions when using power from solar panels is 0.318 kg
CO2-q per kg of roasted coffee, while the standard grid electricity was 0.744 kg COz.q [35].
Ecological industry-based coffee processing requires the support of farmers in processing coffee
with the need to increase the ability of farmers in technical, social, cultural, and economic aspects
[91]. Coffee processing should consider the impact on the environment an ecological integration
system for coffee processing requires sub-systems combined from coffee plantations and livestock
and then the industry as a production unit.

LCA is a systematic methodology focused on identifying and quantifying the environmental impact
of products and processes, including the Global Warming Potential (GWP). Through LCA tools,
combined with appropriate input data, quantitative GWP can be obtained for evaluating agri-food
production process systems [92], There are four main components of an LCA: goal scope,
production inventory, impact assessment analysis, and interpretation. To evaluate the LCA in this
study, the authors used data from direct observations and measurements taken at the Andungsari
Kopi farmer group in Bondowoso Regency, East Java province in 2021.

30



§ ——————— [ Coffee Industry area [
| Coffee plantation area > Selectivci Harvest | 1
A | Pulping |
5 ! v 5
: | Organic . Fermentation | 5
i | Fertilizer 1 il o |
AR I D eees, . Washing n |
Q v 5 |

E | Drying | i

| v g

Livestock Area |  Soration

§ 5 |

Water > Ik

; . Coffee Powder | & |:

: v_ i

Energy ; | Packaging | l 5

(Fuel, Electricity) | 5

’ Rt Scope LCA------------ '

Figure 3.1 Scope of sustainable coffee production for pilot plant improvement

The design of this pilot project is targeted to produce food products and other potential products
such as feed, fertilizer, and fuel through industrial-ecology approaches to waste integration, which
will be evaluated in future work. In this system, the upstream (On — Farm) and downstream (Off —
Farm) processing processes will be studied to clarify the baseline initial conditions (and options to
mitigate potential GWP) before integration. The various configurations will then be evaluated. The
initial system boundaries for the current study are shown in Figure 3.1. High coffee quality is
categorized as coffee with grading scores above 85 [21]. Premium and commercial grade coffee are
considered to be lower quality, with subsequent lower prices [25], [15]. Part of the present research
is looking at processes that can enhance the quality of coffee (wet processing) to improve income
potential for smallholder farmers. Future work will then look to integrate various waste streams to
develop a long-term pilot project as an industrial ecology pilot project by utilizing waste for energy
towards SCP (including valorization of by-products for novel food, fuel, feed, and fertilizer). This
study primarily aims to evaluate the change in GWP associated with changing to the wet coffee
processing method to improve coffee quality. This work adds to the academic knowledge in the
field by examining the environmental impacts across multiple downstream processing methods to
produce high quality coffee products.

3.2 Methodology

This study uses primary data gathering of waste and energy flows and processes at the case study
location . The primary evaluation methodology this study used was LCA (1SO, 2006)[42]. In general,
the LCA stages include (i) Goal and Scope definition, (ii) Inventory analysis, (iii) Impact assessment,
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and (iv) Interpretation. LCA, as an environmental impact analysis has previously been used to assess
the carbon impact of ground coffee production [36], and also the environmental impact of the coffee
roasting process with different energy sources [35]. This study uses SimaPro 9.3.0.3 software for
LCA analysis. To determine GWP, data was taken from the production processes (farm through to
roasting and grinding) and experimental results from the analysis of waste streams and their
potential conversion to biogas. Currently, the IPCC emissions factors were used for calculating
livestock impacts and COD and BOD (chemical and biological oxygen demand, respectively) were
taken for wastewater [93][94] emissions. GWP is used as a measure for comparison of coffee
processing between Semi Wash (SW) and Full Wash (FW) processes. IPCC factors are used for
calculating wastewater (Ww) and livestock (Lv) emissions.

Livestock waste is an important source of anthropogenic (GHG): CHa, N2O and CO> [95][96].
Livestock contributes about 37% of global CH4 emissions [96]. A previous study in Cluj-Romania
showed that the decomposition of 60m?® of dung produced total methane emissions measured at
0.185t CH4 /year and carbon dioxide emission of 4.7 t CO; /year [96]. Based on site observations,
one ha average coffee plantation included 2,500 coffee plants, 300 macadamia as shade plants, 110
cinnamon, and 200 lamtoro plants (Table 3.1). In addition to shade plants, grass grown on the farm
was used for animal feed for two cows per ha. The cows in the Andungsari group are indeed not
sufficient for the amount of organic fertilizer needed for a total of 10ha, however, livestock waste
has the potential to be mixed with coffee waste and used as raw material for biogas [97][98][99].

Table 3.1 Average coffee plantation and coffee shade/ha

Coffee Plantation/ha Quantity Total Average Production Utilization
Mixed Variety

-Andungsari Variety 1,500

-Komasti Variety 550 2,500 3,000 cherry beans Food

-Lini S 450

Coffee shade tree/ha

-Macadamia 300 Food
-Cinnamon 110 Food
-Lamtoro 200 Feed

observed data at Andungsari Group.

3.3 Goal and scope of LCA

This study aimed to evaluate the environmental impact of the production of ground coffee (coffee
powder) via two alternative processes. The potential for reducing the environmental impacts by
substituting renewable energy and integrating industrial ecology solutions that utilise waste streams
(cherry skin, husk skin, pulp, and wastewater) across the supply chain or from co-located
agricultural activities will be considered in future work, with the LCA and basic mass-energy
balance guiding the identification of hotspots and opportunities.

Two alternatives of coffee processing (FW and SW) were considered for analysis [5]. Primary data
was obtained via experiments and surveys conducted with the assistance of the Andungsari coffee
farmer group, 1048m above sea level in the Bondowoso Regency, on a plot focused on growing
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Arabica coffee. 10ha of land area of the Andungsari group were used as a pilot plant aiming to
implement Industrial Ecology (IE). The Functional Unit (FU), was based on the pilot plant
production of 3,000kg CB (Cherry Beans) per ha which was then processed to 512kg CP (Coffee
Powder). This land area is part of the total coffee plantation area of the group, which was 66ha
according to the Directorate General of Plantations [100]. Results are reported in terms of impacts
per kg CP. The GWP produced from the alternative processes (FW and SW) were calculated and
compared as the primary indicator. Next, the data on production and processing were used to model
and design alternatives for pilot scale implementation of sustainable industrial ecology on the
system, with renewable energy being used for increasing production and economic value for the
coffee farmers group.

3.4 Inventory analysis

Inventory data was collected during 2021 through surveys and observations at the Andungsari
coffee farmers group. Data were collected from the beginning of harvest in April to October. Data
collected include: area of the plantation, total shade plants, head of cattle, fertilizer demand, forecast
animal feed, water used, energy input, total waste produced, and the potential waste for sustainable
industrial ecology to renewable energy. This farmer group produced coffee using two processes:
FW and SW including on-farm CB sorting as an initial determinant of quality, selective handpicking
(ripe red coffee cherries), packing in sacks and delivery to processing sites within 2 - 4km from the
plantation. Upstream and downstream technologies have been described in Figure 3.2, as well as
the handling of wastewater and coffee hull / skin waste. A number of potential by-products, air
emissions, soil pollution, and other aspects were identified through observations during coffee
production and processing. Supply chain inputs and outputs of the materials flow, and overall
energy input were identified and measured or estimated using available techniques.

Interviews were used to clarify and collect data during all stages of the processing. The survey was
conducted in a collaborative approach including discussion groups, and identified a variety of
qualitative supportive measures that could help the success of industrial ecology solutions,
including the social aspects of the working system of farmer groups; cultural aspects of the
processing and methodology of harvest; capacity of technology used, materials supply, waste, fuel
consumed, electrical used. Technology was disseminated to the group in 2020 through a community
service grant from Ristekdikti so that this research could be undertaken [14]. The major inventory
data is reported at the beginning of the results section.

3.5 Impact assessment

Based on the obtained primary data from the coffee production inputs and outputs, as well as
supplementary secondary information on emissions factors (for example), the inventory data were
compiled and used in the impact assessment in SimaPro software The ReCipe (2016) midpoint
level (ML) method was applied (Table 3.2) [44]. Fuel consumption was calculated using
characteristic factors [46]. Figure 3.2 shows the flow of coffee from cherry beans upstream to
packaged ground coffee downstream. For each of these stages, the waste generated will be described
and evaluated based on the function and benefits of the products. In consequence, engine capacity
and fuel consumed or energy input have been identified. Figure 3.2 illustrates FW (black line) and
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SW (blue line), showing that the SW involves drying twice and a huller stage used on the beans to
take them from 40% moisture after first drying to the target 12% moisture after the second drying.
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Table 3.2 Environmental impacts considered in the ReCiPe 2016 database at the Midpoint

Level (ML)
Impact Category Unit of the Results
Global warming (GWP) kg COz2 ¢q
Stratospheric ozone depletion (ODP) kg CFC! ¢
lonizing radiation (IRP) kBqg C0-60 q
Ozone formation, Human health (HOFP) kg NOX ¢q
Fine particulate matter formation (FPMF) kg PM2.5 ¢q
Ozone formation, Terrestrial ecosystems (EOFP) kg NOX ¢q
Terrestrial acidification (TAP) kg SO2 eq
Freshwater eutrophication (FEP) Kg P eq
Marine eutrophication (MEP) kg N eq
Terrestrial ecotoxicity (TETP) kg 1,4-DCB
Freshwater ecotoxicity (FETP) kg 1,4-DCB
Marine ecotoxicity (METP) kg 1,4-DCB
Human carcinogenic toxicity (HTPc) kg 1,4-DCB
Human non-carcinogenic toxicity (HTPnc) kg 1,4-DCB
Land use (LOP) m?2a Crop eq
Mineral resource scarcity (SOP) kg Cu ¢q
Fossil resource scarcity (FFP) kg il eq
Water consumption (WCP) m?

3.6 Interpretation

In the interpretation phase, we undertook a comparison of the two processing types - FW and SW.
As FW processing tends to produce a more acid-tasting product than SW [101][102] (the less-acid
SW coffee product is sold at a lower price than the FW coffee that has more complex characteristic
flavors). Processing coffee by fermentation produces a higher acidity (Figure 3.2) and makes the
mucilage easier to separate from the parchment; besides which, the microorganism content in
mucilage is vital for flavor, and can be related to changes in pH and temperature [103]. During
fermentation, the mucilage changes to a sour taste, affecting the coffee's taste. Mucilage will
produce various acid compounds, including lactic acid, butyric acid, propionate, and several alcohol
compounds, such as ethanol [104]. Moreover, FW and SW coffee production environmental
impacts should be identified and compared to clarify the relative merits. In addition, this phase
considers the energy supply of each of the stages, and the potential for waste recycling towards IE
solutions. We have focused on biogas solutions in this pilot plant [13], with this study providing an
initial analysis of utilization of by-product from coffee processing wastewater mixed with cow-
dung to produce biogas. In future research we will focus on a biogas digester as part of an IE solution
for utilization of by-products, including a consideration of the economics of the process
configurations.
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3.7 Coffee processing technologies towards lower environmental impact

3.7.1 Inventory data analysis

The material flows of coffee, from the input harvested cherry beans through to green beans, and the
flow of water in and waste (or potential by-products) is shown in Table 3.3. The average CB harvest
produce 3 tons per ha per year. The waste can potentially be used to produce feed, fuel, and fertilizer.
Only about 15-20% of the coffee cherry is used to produce ground coffee for consumption; more
than 80% is waste and has the potential to become a valuable product to increase the economic
value or reduce the energy used for coffee production [105].

Table 3.3 Materials flow coffee and benefit of waste as a by-product

Coffee Plant ha/year

. . Output )
Materials (ha/year) Arabica Input Proguct Waste Benefit
Cherry Beans, kg 3,000
Water, litres 6,375
Green Coffee Beans, kg 610 Food (Coffee Drink)
Parchment, kg 150 Feed, Fuel (Briquette)
Cherry Skin, kg 1,320 Food (Cascara)
Pulp, kg 132 Fuel (Biogas)
Wastewater, kg 7,163  Fertilizer

observed data 2021
Table 3.4 Wastewater

Parameter Average  Quality Std Unit

TSS 165 150 mg/Il
TDS 1,338.8 mg/Il
pH 4,2 6-9 -
Density 130.4 NTU
DO 137.36 mg O2/1
BODuwut 37.39 90 mg/I
COoD 1,906 200 mg/I

Data taken experimentally; TSS (Total Suspended Solid), TDS (Total Dissolved Solid), DO (Dissolved Oxygen),
BODwu (Biological Oxygen Demand wastewater untreated), COD (Chemical Oxygen Demand), DO (Dissolved
Oxygen), NTU (Nephelometric Turbidity Units)

Potential emissions from wastewater and organic fertilizer are calculated from experimental data

based on emission factors and correction factors [106][94]. Table 3.4 shows experimental data from

the analysis of wastewater, to which the IPCC impact factors and formulae were applied for
the LCA.

Table 3.5 illustrates the correction factors calculated for potential emissions from wastewater (pulp
and washing wastewater — Figure 3.2) to support the calculation of potential GWP [107].
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Table 3.5 Parameter correction factor

Parameter Factor [107] Unit
CFco2 1,375 mg
MCFuww 0
CFs 530 mg
CFc 375 mg
BG 0.65

A 0.65

To support for solving input database from wastewater calculate [107]:
CO, =10%x QuwXx COD X Effgop X CFco2 X [(1 = MCFuw X BG) X (1 - 1)/ eq 1.
Therefore :
CO. = Estimate CO2emission rate (mg/ha)
Qww = Wastewater demand (I/ha)
Effsoo = Oxygen demand removal efficiency
CFco2 = Conversion factor for maximum CO>

MCFuww = Correction factor wastewater treatment
BG = Fraction of carbon
A = Biomass yield (g C)

3.7.2 Animal husbandry and fertilizer operation

On the case study plantation livestock is also raised, offering potential for onsite production of
fertilizer (manure). An IE system for coffee plantations could produce feed for animal husbandry,
integrate livestock waste used as raw material for fuel and fertilizer, and coffee skin waste used as
feed and fuel. The organic fertilizer was used as much as 37.5 tons/ha/year for around 2,500 coffee
plants. The estimated fertilizer used on each coffee plant from livestock was 15kg on average per
coffee plant per year. Cows excrete between 20-25kg of manure per day, which means that the 8
cows in the case study area provide a potential 200 kg per day of dung, or an estimated 73 tons per
year. Thus, livestock waste is not currently able to supply sufficient fertilizer for the full 10 ha.
However, coffee cherry wet skin is also produced at a rate of 1.32 tons per ha, and leaf waste from
pruning coffee trees can also be used as fertilizer.

3.7.3 Mass balance for coffee processing

From an input of 3 tons of sorted coffee cherry produces 1.65 tons wet coffee beans and the rest is
cherry skin. After drying to a moisture content of 12%, the dry-skinned coffee beans are reduced to
a mass of only 25% of the raw coffee cherry beans. While ready-to-drink coffee powder is only
about 15 to 20%. Table 3.6 describes the mass balance at each stage of the process, from harvesting
to producing CP.
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Table 3.6 Mass Balance of Coffee Processing

W/ Input Output S_—
Stages Process™ FW Material Water Product - —
Specific  (kg) 0 (kq) Solid Liquid  Losses
(kg) 0 (kg)

Coffee Plant  Organic Fertilizer 37,500
Harvesting Selected Cherry 3,000 3,000
Submerged  Cherry Grading 3,000 6,375 2,970 30 6,375
Depulping Pulping Coffee Cherry 2,970 1,650 1,320

16-24  hour  (Get
Fermentation Flavor) 1,650 1,650
Washing Cleaning Pulp 1,650 2,475 1,560 132 2,433
Drying (FW) Dry Beans (FW) 12% FW 1,560 750 810
Drying (SW) Dry Beans (SW) 40% SW 1,560 950 610

Clean Parchment FW
Dehulling (FW) 750 610 140

Clean Parchment SW

(SW) 950 810 140
Drying Dry Beans (SW) 12% SW 810 610 200
Grading Grading Quality 610 600 10
Roasting Coffee Roasted 600 540 60
Grinding Ground Coffee 540 512 27
Packaging Ready to sell per kg 512 512
Total 512 1,632 8,808 897

*observed data 2021

3.7.4 Product system inventory

Table 3.7 displays the supply of energy for FW and SW processes. The SW process requires more
fuel due to the de-hulling process because coffee beans have a moisture content of 40%; the de-
hulling process requires more energy due to the high water content; this process generally shortens
the drying process to produce GB, reduces the acidity level, and makes the GB color more dark-
green. Inventory data is obtained during the coffee production process; the limit of production per
ha is the basis for calculation. This unit can be used as a practical model for farmer groups regarding
the production capability of managed land to produce final products. Data were collected during the
early coffee harvest from April to October 2021. The peak of the Andungsari Arabica coffee harvest
was in August. Figure 3.3 shows the trend of coffee harvesting from the beginning to the end of
harvest from a total of 10ha; the coffee harvest in that year was not optimal compared to the
Indonesian coffee and cocoa research institute guidelines [108]. Plantation processing, harvesting,
pruning management, and technology are problems farmers need to solve. Improvements in various
aspects are needed to increase the productivity of the coffee harvest. electricity in the current study
is assumed to come from the Indonesian electricity grid, while in future work, solar panels will be
considered for off farm activities (roasting and grinding).
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Table 3.7 Coffee processing energy supply processing per ha

. i . Total Energy Input
Materials Arabica Processing (kg) Tech Used AW SW_ Unit
Harvesting Transportation 3,000  Motorcycle, 100kg/batch 10.5 10.5  Litre
Cherry Beans, kg Depulping 3,000 Engine 5hp, 300kg/hr 6 6 Litre

Electric Light, 0.02kW,
Fermentation, kg Fermentation 1,650  16hr 128 128 kWh
Washing, kg Cleaning Pulp 1,650  Engine 5hp, 300kg/hr 3.3 3.3 Litre
Coffee Parchment, kg  Dehulling 750 Engine 5hp, 250kg/hr 1.8 3 Litre
Green Beans Coffee,
kg Sorted 610 Electric 0.75kW, 250kg/hr 1.8 1.8 kWh
Sgreen Beans Coffee, Roasting 600 Electric 0.75kW, 50kg/hr 8.1 8.1 KWh
Gas 0.75 L/hr 8.1 8.1 Litre
Coffee Roasted, kg Grinding 513 Electric 1kwW, 15kg/hr 342 342 KWh

512
Coffee Ground, kg Packaging Kg Electric 0.5kW, 40kg/hr 6.4 6.4 kWh

*observed data
Transport from the plantation to the industrial location is 3.5km, which is transport carry out 100kg
of CB, based on calculate the average fuel consumption is 100ml/km. Water demand for the
submerged process is 6,375 liters. Description of the specifications of the gasoline engine used for
each method is described in Table 3.7.

The plant data in Table 3.6 was used in the process flows input into SimaPro. The correction factor
value converts fuel use into emission equivalents [46]. Currently, the system still relies on energy
input from fossil fuel, but part of this study is to examine the potential for waste-based biogas and
alternative energy integration through IE. The researchers will further examine opportunities for
reducing emissions through the use of renewable energy, adding a bio-energy scenario for integrated
IE.

Coffee cherry, kg

L

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

0

Figure 3.3 Andungsari arabica coffee harvest for farmer groups by month (in 2021)
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3.7.5 Impact assessment for pilot plant incorporating industrial ecology

A simple IE system is being trialed through this pilot for reuse of waste across the operations. Flows
of waste that could be used as co-products such as feed, fuel, and fertilizer have been identified.
Figure 3.1 shows the scope of the IE model for sustainable coffee production utilizing waste. The
integration of waste flows between animal husbandry and coffee production may also lead to
improved environmental outcomes. Biomass waste-based renewable energy in coffee plantations
was considered to produce energy from CB skin and waste water as raw materials for biogas. These
waste streams are available during the coffee harvest and processing period of 6 months, while
livestock waste will be used continuously across the year to produce energy. Solar panels are also
considered for installation for electricity to support IE and farming households.

The results for supply chain energy usage in each stage are illustrated in Figure 3.4. Potential wastes
used as biogas include washing water, pulp, and cherry skin. Meanwhile, the potential for mixed
animal feed in the form of parchment and dried cherry skin was also observed. In the SW process,
there are two stages of drying, the first drying CB to a moisture content of 40%, producing 950kg
of coffee beans. The coffee beans are not completely dry, and this stage is followed by the huller
process, producing 810 kilograms of wet coffee beans. The final drying stage produces 610kg of
green coffee beans as per the FW process. Table 3.8 shows the total emission results from the SW
processing, including the contribution of indirect emissions from the power plant’s energy
production; there are also emissions generated from each stage of the coffee production process.

The total emissions produced for 512kg coffee powder using SW processing is 391.68 kg CO2-eq ;
in this case, the following stages contribute most significantly to the emissions (Figure 3.4);
production of coffee cherries (3,000kg in the case of both SW and FW) contributed 855 kg CO2.¢q
emissions. The emissions produced from the FW process from CB to CP is 379.39 kg CO2.eq, OF
0.741 kg CO2.¢q per kg CP (Table 3.8). The SW process is slightly different from the FW process;
there is an increase in fuel input from the use of the de-huller. De-hulling at a moisture content of
40% takes longer in order to ensure the coffee beans remain whole. The carbon footprint total for
SW is 391.68 kg COgz-q; 0r 0.765 kg CO2.¢q per kg CP. Based on Table 6, from 3,000kg cherry
beans per ha input both processes yield 512kg coffee powder from 610kg green beans. Furthermore,
if we look at coffee powder products from green beans, the potential GWP is 0.26 kg CO2.¢q per kg
CP. These emissions are predominantly from the roasting, and grinding processes. Total energy
used from fuel was 1,244 MJ (FW) and 1,315 MJ (SW).

No fuel energy is added in the drying stage, as the conventional drying process just uses solar drying.
Therefore the emission contribution was not able to be calculated, as the only emissions would be
from losses of volatiles and water vapors from drying. Direct emissions of these components from
roasting are not discussed in detail here. It is essential to emphasize the high environmental impact
in categories such as global warming, ionizing radiation, terrestrial ecotoxicity, human non-
carcinogenic toxicity, fossil resource scarcity, and water consumption. For this reason, to compare
the GWP of the two coffee processing to achieve IE through the utilization of waste into food, feed,
fuel, and fertilizer on an A —to — Z (Added value to Zero Waste) was considered.

Other environmental impacts for ionizing radiation, terrestrial ecotoxicity, human non-carcinogenic
toxicity, fossil resource scarcity, water consumption, etc. were predominately caused by the
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consumption of fossil fuels such as electricity, gas, and petrol. TETP impact is highest for
processing CB to CP in both FW and SW, 4.49 and 4.56 kg-1.4-DCB, respectively. Terrestrial
ecotoxicity is largely associated with wastewater emissions [109], utilization of wastewater to
biogas is a solution to IE option.

Table 3.8 shows a breakdown of emissions process stage. Even though the farmer groups used
organic fertilizer, coffee cherries are transported to processing using a motorcycle. Thus, causing
the relatively high contribution of emissions from CB. Transportation from the plantation to the
industry using a motorcycle with a petrol consumption of up to 10.51 for the total 3tons across a

distance of about 3.5km.
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Figure 3.4 The flow of energy inputs, outputs and CO:z-eq emissions by stage and fuel

Other impacts are shown in Figure 3.5 and Figure 3.6. The grinding stage contributes the highest
emissions, the electricity requirement per 15kg of CP is 1kWh. Furthermore, at the roasting stage
supply gas and electricity is important for this stages. The LCA indicates that much of the impact
is associated with the usage of fossil fuels. With the emissions from wastewater also a concern,
there is an apparent opportunity to attempt to produce biogas as one substitute energy source.
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Table 3.8 Life Cycle Impact Assessment (LCIA) of SW and FW processing

Impact Unit OF Harv-CB CBto GB CBto CP GBto CP
category SW/FW FW SW FW SW FW/SW
GWP kg CO2 ¢q 0.039 0.059 0.41 0.43 0.741 0.765 0.26
ODP kgCFC'e 19x10% 26x10% 1.7x107 1.8x107 246x107 25x107 3.5x10°8
IRP kBq Co-60¢ 85x10% 9.5x10* 0.0053 0.0054 0.00712 0.00727 0.00086
HOFP kg NOX eq 23x10* 3.1x10* 0.0019 0.00208  0.00267 0.00278 0.00035
FPMF kgPM25¢ 6.1x10° 84x10° 6.8x10% 65x10* 3.42x10°% 3.38x10° 2.62x10°
EOFP kg NOX ¢q 24x10% 3.2x10% 2.06x10° 216x10° 27x10° 28x10°® 35x10*
TAP kg SOz ¢q 1.4x10* 1.8x10* 1.14x10° 1.18x10° 1.8x10° 1.8x10°% 4.6x10*
FEP 8.52x 10" 1.01x10

Kg P eq 6 ° 24x10*% 24x10% 50x10° 49x10* 21x10*
MEP 6.43x 10" 6.63 x 10

Kg N eq ! ! 4.08x10° 3.8x10°% 17x10° 16x10° 1.2x10°
TETP kg1.4-DCB 0.64 0.68 3.7 3.75 4.49 4.56 0.157
FETP kg 1.4-DCB 8.1* 8.0 0.0047 0.0046 0.0135 0.0134 0.008
METP kg1.4-DCB 1.4x10° 15x10% 0.0082 0.008 0.02 0.02 0.01
HTPc kg1.4-DCB 23x10° 24x10° 0.0132 0.0131 0.026 0.026 0.0106
HTPnc  kg1.4-DCB 0.027 0.042 0.3 0.31 0.56 0.58 0.21
LOP m?acrope;  0.002 0.003 0.016 0.016 0.019 0.02 0.0008
SOP kg CU eq 1.1x10* 11x10* 57x10* 58x10% 7.4x10% 7.4x10* 6.6x10°
FFP kg oil ¢q 0.013 0.017 0.106 0.11 0.172 0.177 0.048
WCP 9.18x10° 9.58x10° -59x 100 -5.9 x 10°

m?® > > 3 3 -6.4x10° -6.4x10° 0.0005

OF: Organic Fertiliser
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3.8 Conceptual and strategic frameworks

A number of key strategies have been considered in previous studies that can be directly applied to
the current case to enhance sustainability performance of production. Through the LCA it was
indicated that fossil energy streams produce significant impacts in the pilot plant, and use of biogas
produced from the waste streams was identified as a potential option, as per previous studies [110]
[97]. In 2020, some coffee processing technology was implemented at the pilot plant to improve the
quality of coffee beans [14]. This included a huller, sortation equipment, coffee roaster machine,
and a biogas digester as a simple IE solution. Solar panels were also considered as a substitute
energy source for fossil gas and electricity. In future research the utilization of waste from coffee
processing, including waste water, pulp, husk skin, and parchment as raw material for biogas or
animal feed, will be considered, and it is anticipated that a significant proportion of the current
waste could be reduced through conversion to useful products. These products include coffee tea
(cascara) from cherry skin and husk skin and use of cow dung from cattle farms to produce biogas,
with slurry from the reactor to be used as raw material for organic fertilizer. The integration of these
solutions will be the focus of future work. Intercropping on plantations is another strategy that has
helped farmers to sustainably obtain animal feed, and improve the sustainable use of organic
fertilizers, and in LCA this could lead to allocation requirements, which are not currently considered.

Finally, Table 3.9 compares the results of this study with previous research, from which it is
apparent that there are a wide variety of estimates of GWP across different functional units from
ReCiPe 2016 database at the Midpoint Level (ML). In general there are 3 considered stages, ending
in roasted coffee or coffee powder: (Coffee Cherry Bean) CB production; CB to GB (Green Coffee
Bean); GB to CR (Roasted Coffee); or GB to CP (Coffee Powder). Sometimes all of these have
been examined and specified, sometimes only one or a sub-set of stages have been considered. In
this study, we express the GWP at each stage, as well as the overall (CB to CP). These previous
studies also highlight some useful alternatives for reduction of emissions.

Firstly, considering the studies that report results for the production from harvest to CB, a coffee
Agro-Industry experiment in Costa Rica and Nicaragua identified emissions from two management
systems, with the conventional management system 1kg CB contributes emissions of about 0.26 -
0.67kg CO:2 eq while for organic management this is reduced to 0.12 - 0.52kg CO: eq [90]. An
assessment of emissions from organic management in India 0.16kg CO eq/kg CB [87], compared
with 0.5 kg CO2 eq/kg CB for integrated and 0.74kg CO2 eq/kg CB for conventional farming.
Another study expressed the impact only in terms of the final GB product, with 1.89 — 2.82 kg CO>
eq/kg GB [36]; using their conversion factors, this would equate to 0.34 — 0.51 kg CO2 eq/kg CB.
Similarly, using the aforementioned study's conversion factors, the 0.05 — 1.04 kg CO2 eq/kg GB
reported for CB growing by [111] would equate to 0.009 — 0.19 kg CO- eqg/kg CB for sustainable or
conventional farming. These were mostly higher than the current study (0.039 kg CO: eq/kg CB),
which is likely due to the use of onsite organic fertilizers, and a significant manual component in
the harvesting, and no consideration of raising seedlings, among other assumptions, with Noponen
noting that the emissions factor and assumptions around pruning were important.

The next stage — from CB to GB was reported as 0.482kg CO: eq/kg GB [112] and 1.50 - 2.82 kg
CO: eq/kg GB [36]. The latter of these two studies is a higher outlier in the literature examined. The
emissions for on-farm processing reported as “milling” were 0.08 — 0.18 kg COz eq/kg GB in the
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study by [111], which is assumed to equate to the CB to GB stage in the current study. This
compares to 0.568 CO: eq/kg GB from SW and 0.473 CO: eq/kg GB from FW processes in this
study.

Regarding the next stage, from GB to CR, the carbon impact of roasting coffee 0.318kg CO: eqg/kg
CR with alternative energy from solar panels was reported compared with grid electricity 0.744kg
CO2 eqg/kg CR [35]. Most other studies found did not report the GB to CR, but typically ended at
CP, while some extended to coffee drinks - e.g. in Finland brewing coffee produces a carbon impact
of about 0.7kg CO- eq/ L Coffee Drink [113].

A number of strategies have been implemented for reducing emissions and waste. Although a higher
impact estimate for emissions, the potential for using waste to produce energy in the Mexican coffee
Agro-Industry showed significant potential to reduce emissions [36]. Integrated farming has also
been implemented for the sustainable management of coffee plantations when compared with using
conventional methods, including integration with other crops. While a number of similar studies
were concerned about GWP from coffee processing, there was typically no detail about which
process was used (wet or dry method). For future studies, it is recommended that more work be
done on LCA on dry methods (Natural, anaerobic, Lactic, Hydro honey, Carbonic Maceration, and
so on), which are essential for estimating GWP for SCP of higher value products, and particularly
focusing on IE solutions and valorization of by-products.

45



Table 3.9 Comparison of results of this study with previous research

Reference Farming On-Farm Off-Farm Distribution  /kg LCA
Cultivation/kg CB  Harvesting/kg CB  Primary/kg GB Secondary GB Method
NA 0,67kg CO2eq NA NA NA
(Noponen et al., 2012) Conventional Farming to Harvest CB
NA 0,52kg CO2eq NA NA NA Calculated
Organic Farming to Harvest CB
0.102 kg CO2eq 0.482 kg CO2eq 0.305 kg CO2eq/kg CP 0.27 kg CO2eq
(Rican et al., 2013) Harvesting CB Process CB to GB Process GB to CP Export to Europe Calculated
2.82 kg CO2eq 2.82 kg CO2eq 2.90 kg CO2eq/kg CP NA
(Giraldi et al., 2018) Conventional Farming to Harvest CB Process CB to GB Process GB to CP
1.89kg CO2eq 1.50 kg CO2eq 1.58 kg CO2eq/kg CP NA Calculated
Organic Farming to Harvest CB Process CB to GB Process GB to CP
NA NA NA 0,318 kg COzeq/kg CR NA
Process GB to CP (Solar Panel) LCA Sima
(Franco & Bartl, 2018) NA NA NA 0,744 kg CO2eq/kg CR NA Pro
Process GB to CP (Local Hdyro Electricity)
NA NA NA 0,27 to 0,70 kg COzeq/ 1 CD
(Usva et al., 2020) Coffee Consumed in Finland Calculated
NA NA 16.04 kg CO2eq NA NA
(Nab & Maslin, 2020) Conventional Farming in Vietnam Harvest CB to Process GB Calculated
NA NA 14.61kg CO2¢q NA NA
Integrated Farming in Brazil from Harvest CB to Process GB
Basavalingaiah, et.al 0.74kg CO2eq NA NA NA
(2022) Conventional Farming to Harvest CB
0.5kg CO2eq NA NA NA
Integrated Farming to Harvest CB Calculated
0.16kg CO2eq NA NA NA
Organic Farming to Harvest CB
This Study Cultivation/kg CB  Harvest CB/kg CB  Process CB to GB/kg GB  Process CB to CP/kg CP
SW 0.568 kg CO2eq 0.765 kg CO2eq .
FW 0.039 kg kg CO2eq 0.275 kg CO2eq 0.473 kg COseq 0.741 kg COseq FL)CA Sima
Process GB to CP o
FW or SW 0.26 kg CO2eq/kg CP

CB : Cherry Beans; GB : Green Beans; CR : Coffee Roasted; CP : Coffee Powder; CD : Coffee Drink



3.9 Conclusions

In this study, the authors obtained data through experiments and direct observations during the
harvest season for Andungsari Arabica coffee in Bondowoso Regency. The stages of the coffee
production process using the SW and FW methods were observed from picking CB through to CP.
The results of carbon emissions for one kg CP from SW was 0.765 kg of CO2.¢q While for the FW
method it was 0.741 kg of CO2-eq. Based on this study, the author will continue this research project
based on IE integration across the production chain through the use of waste to reduce the use of
external input energy. In future research we will continue to further-consider valorization of by-
products for food (cascara) from cherry skin, husk skin, fuel (mixed or dust husk skin), and some
potential for feed, and fertiliser.
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4 A comparation of lifecycle assessment for specialty coffee towards

sustainable coffee production

4.1 Chapter introduction

Coffee is a globally significant commodity, influencing economies, cultures, and livelihoods.
Specialty coffee, which emphasizes quality and sustainability, emerged in the 1960s-70s [114],
driving the establishment of specialty coffee shops. Distinguished by its superior quality and limited
production, specialty coffee plays a crucial economic role [116]. Producers benefit from higher
incomes [117], while specialty coffee establishments stimulate economic activity [118]. Ethical
sourcing practices also attract consumers, enhancing the industry's economic value [80][119][120].
4" wave coffee culture further emphasizes sustainability and ethical practices. Environmental
impact and sustainability are key concerns across these coffee movements. In this context, Life
Cycle Assessment (LCA) is useful for assessing and monitoring Sustainable Coffee Production
(SCP). LCA is a methodology that focuses on identifying and quantifying product impacts through
the appropriate combination of input data for analysis. LCA results greatly depend on the location.

Indonesia is the fourth largest coffee producer in the world and plays a significant role in the
specialty coffee industry due to its unique coffee varieties, ideal growing conditions, and
commitment to quality and sustainability. Coffee plantations in Indonesia have become a significant
source of income for farmers [121], owing to the widespread popularity of the beverage worldwide
[20]. Despite variations in plantation quality affecting coffee production, the growing demand for
coffee remains steadfast [122]. Consequently, emphasis on quality and flavor has become pivotal,
especially in specialty coffee produced by smallholders, even though the quantity may be relatively
low [123]. The supply of specialty quality coffee plays a crucial role in enabling smallholders to
bypass lengthy sales chains, directly selling to customers and augmenting their income despite
financial constraints [118]. In regions like Bondowoso, Indonesia, coffee smallholders have adopted
approaches such as the Product Life Cycle (PLC) method to bolster their income by shortening the
sales chain [124]. Furthermore, innovations in coffee processing offer alternative avenues for
smallholders to derive income from Specialty Coffee Grade [6]. However, to align with the
requirements of specialty coffee, mindful consideration of environmental impacts is essential. The
concept encompasses environmentally friendly and socially responsible coffee cultivation practices
that prioritize fair treatment of workers, biodiversity and conservation towards Sustainable Coffee
Production (SCP) [125][28].

The primary coffee bean processing configurations include the Wet and Dry Methods (DMs). While
the Wet Methods (WMs) are generally used, DMs have become a focus for processors aiming to
produce Specialty Coffee with high Cup of Excellence (COE) scores [123]. DMs yield coffee with
complex flavors and aromas [126][6]. However, meeting market demands of 4™ wave coffee culture
[127] poses a challenge for DM coffee production. Investing in technological infrastructure to
enhance quality and enable the production of derivative coffee products is a key component of SCP.
Additionally, there is the option of implementing Industrial Ecology Coffee (IEC), an approach to
coffee production that integrates principles of industrial ecology to optimize sustainability by
minimizing waste and environmental impacts. To tailor these investments effectively, LCA is
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necessary. It analyzes environmental impacts, identifies improvement areas, aids decision-making,
fosters continuous improvement, helps in market positioning, and guides policy development. Thus,
this study delves into the environmental impact assessment of DMs: Natural, Hydro honey,
Anaerobic, Lactic, and Carbonic Maceration, an aspect not previously explored in the literature.

The most relevant previous works in environmental impact analyses of coffee production discuss
separate processing chains to evaluate GWP. For instance, a study conducted in Vietnam compared
Fine-Robusta or “Robusta Specialty” coffee production, from planting, plant care, and fertilizer to
products through natural processes. It revealed a GWP impact of 0.64 kg CO2.¢q per kg of Green
Beans (GB) for organic treatment, and 0.93 kg CO2.eq for non-organic [128]. Chemical fertilizers,
especially as a source of N2O, were identified as major contributors to emissions [89]. In another
study in Jember-Indonesia, the use of organic fertilizer in full-washed coffee processing resulted in
1.2 kg CO2.eq per kg of Arabica Coffee Powder (CP) [27]. However, the impact of wastewater
contribution was not addressed. Similarly, Gayo Arabica coffee processing using the full-wash
method produced a GWP impact of about 1.48kg CO2-¢q [129]. Other studies explored GWP impact
of cherries production per kg of 0.76kg COz.q [87] and 0.26kg COz-eq [90]. While most studies
focus on specific processing chains for GWP measurement, integrating organic practices into
Industrial Ecology (IE) for SCP proves challenging. The authors previously conducted LCA on
coffee roasting, comparing biogas and fossil use, resulting in GWP impacts of 0.68kg CO2.¢q and
0.82kg CO..¢q per kg Coffee Roasted (CR) respectively [13].
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Figure 4.1 Limitations of the LCA study for the IEC pilot plant improvement

To evaluate the LCA in this study, the authors used data from direct observations and measurements
taken at a smallholder coffee farm at the Andungsari Kopi in Bondowoso Regency, East Java
province, in 2022. Since 1992, this smallholder coffee farmers™ group has implemented organic
fertilizer use on a 10-ha plantation as a Pilot Plant towards IEC. This study aims to evaluate the
changes in GWP and in other impact categories such as Stratospheric ozone depletion (ODP),
lonizing radiation (IRP), Ozone formation, Human health (HOFP) etc., related to the DM to improve
coffee quality [15][21]. First, it compares input, output, and yields, along with gas produced during
fermentation across the different DMs. GWP can be obtained quantitatively to evaluate agri-food
production systems [92]. In this system, the upstream (On — Farm) and downstream (Off — Farm)
processes are studied to clarify the baseline initial conditions in the DMs, and the options for
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potential GWP mitigation before integration of IEC. The various parameters are then evaluated. The
initial system boundaries for the current study are illustrated in Figure 4.1. Future work will integrate
all waste streams to develop a long-term pilot plan IEC towards SCP (including utilizing by-products
for novel food, feed, fertilizer, and fuel). This work adds to academic knowledge in the field by
mitigating the environmental impacts of On — Off Farm for “Specialty Coffee” products.

4.2 Boundary and methodologies

4.2.1 Study area and boundary system

This research was conducted within the Andungsari Bondowoso coffee farming collective, situated
in the East Java Province of Indonesia. The coffee plantations of 10ha span across 3 locations in
Pakis Village, ranging in elevation from 1,048 to 1,400m above sea level (with coordinates Latitude:
-7.9231361, Longitude: 113.708889). Coffee production in 2022 averaged 580kg of GB/ha per year,
a decrease compared to 2021. Smallholders implemented both wet and dry processing methods to
cater to the demands of the local coffee market. However, this paper specifically delves into the
DMs, with wet processing discussed elsewhere [130]. This study used a mixed variety (Komasti,
Andungsari, and Lini S) to compare the different DMs.

4.2.2 Coffee processing through dry methods

Dry processing methods are often used in countries with arid climates, such as Ethiopia, Brazil, and
some parts of Indonesia, providing unique coffee flavors depending on the environmental conditions
of the drying location and the coffee variety used [32]. DMs offer the advantage of requiring less
water. This paper studies the following DMs: Natural, Hydro honey, Lactic, Anaerobic, and
Carbonic Maceration (CM). Figure 4.2 shows the flowchart of coffee processing using the DMs.
Red-picked CB that were carefully selected during harvest were transported to the production site
by a motorcycle over a distance of approximately 3.5km.

After harvesting, the processing methods differed depending on of the selected processing route.
The Natural method did not require fermentation, while the other methods did. The differences in
fermentation procedures for each DM are detailed in their respective descriptions.
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Figure 4.2 Coffee flow process and LCA scope

Figure 4.3 illustrates the anatomy of coffee with detailed processing steps and the corresponding
product and by-products. When CB are picked red, and left unprocessed, they will become coffee
seedlings. When the CBs were treated, they first go through on-farm processing. The Hd process
differed from the other DMs as it required depulping, which involved separation of the cherry skin
and pulp (CB-p) from the coffee beans. Afterward, the coffee beans which still have mucilage and
parchment skin were dried and dehulled to produce GB and parchment skin. However, in the case
of the other DMs, the CB were directly dried, and dehulled to produce GB and coffee husks as by-
products. The GB, then went through off farms process where they were roasted. From that step,
roasted coffee and silver skin were obtained.
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Figure 4.3 Anatomy of CB, processing steps and corresponding product as well as by-
product
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(b) Gas release

Figure 4.4 (a) Reactor tank with gas capture observation, (b) gas produced during
fermentation

In more detail about the processing steps, fermentation was performed in a one-batch process
configuration inside full reactor tanks for three days [120][131] at room temperature, without stirring.
A plastic reactor with a CB capacity of 150kg/batch was used under oxygen-deprived conditions
[132]. The reactor had dimensions of 60 cm in diameter and 115 cm in height, with a capacity to
hold 150 kg of CB. Figure 4.4 shows the production of gas coming out of the reactor. As additional
parameters for the input data in the LCA, we collected the gas during fermentation and tested for
the CO2, CH4 and N2O content Figure 4.4 (a). To capture the gas, the plastic sample bag (capacity
2 Litres) is replaced every 24 hours and sample measurements were carried out daily. For this
purpose, we installed an S-shaped airlock Figure 4.4 (b). Additionally, the pH, Brix, Total Dissolve
Solid (TDS), and Total Suspended Solid (TSS) were measured in the fermentation wastewater [133].

After fermentation, the CBs went through the drying process. Smallholders rely on sun drying, while
larger operations may use mechanical drying. According to SNI, proper drying is crucial for
consistent quality, with a variety of mechanical dryers offering efficiency improvements [134]. If it
rains, sun drying may take longer. Drying untreated coffee takes longer than drying fermented cherry
beans because the cherry skin on the untreated coffee is still fresh and the pulp has not decomposed
yet, making it harder for the surface of the fruit to release water vapor. Even though it is relatively
easy, drying is an important step. Mold can develop if the drying process takes too long. In this case
study, the GBs were sun-dried for 9 to 12 days. The drying bed had dimensions of 1m x 6m, and a
capacity to hold 150 kg cherries in layers between 2 and 4cm thick. The target moisture content was
12%, which is within the standard target range between 11 to 14% [131][135][136].

Then, On-Farm DMs continued with the dehulling stage to separate the husk skin or parchment skin,
followed by sorting to ensure good quality GBs. Defects in the coffee beans were manually sorted
to remove cracked beans, black beans, beans with holes, and others [15], Cracks can be caused by
technology or raw materials [137], and optical detection technology is one option for sorting
defective coffee [138], although not employed here.
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Next, the beans were roasted using a rotary roaster with heating from an LPG burner, for 10-12
minutes to reach a medium roasting temperature between 205 and 210° C. This roasting machine
had a vacuum blower to separate the Silver skin and the CR [13]. Finally, the coffee was ground to
a coffee powder state, ready to produce coffee drinks at the Off-farm stage.

Two types of products are described based on On-Off farm processing. On-farm processing
transforms the CB to the GB, while Off-farm is the processing from the GB to the Coffee Powder
(CP). The quality sensor shall determine the coffee product category. Specialty coffees have grades
over 80.

4.3 Environmental impact analysis

For impact analysis, this work used SimaPro v9.3.0.3, and the ReciPe 2016 midpoint level (ML)
method was applied [44][13]. Through direct observation and measurement, coffee production and
fuel consumption data were obtained and used for LCA. The study considered contributions of >1%,
outlining the sources from each stage of the process, in accordance with typical cut-off requirements
[139]. The following steps were then performed to complete the LCA.

1. Goal and Scope
In this study, we have meticulously collected and analyzed harvest data from 2022. The
average Yield per hectare reached 2,950 kg/ha/year of cherry beans, resulting in an average
of 580 kg/ha/year of GB. For dry processing, this group uses a 150 kg/batch capacity reactor
for fermentation. The DM was chosen as the harvest capacity increased and in response to
market demand. The functional unit (FU) is based on a 10-hectare pilot plant. Results were
reported on the impacts per kilogram of CP. The GWP from the DMs was calculated and
compared as the primary indicator. Production and processing data were used to model and
design alternatives for the pilot-scale implementation of sustainable specialty coffee bean
production.

2. Inventory analysis
The harvest data inventory for the year 2022 was conducted through observation and
experimentation in the Andungsari Coffee Group, Bondowoso, East Java, Indonesia. Harvest
data from March to September were utilized. The average number of coffee plants and coffee
shade trees was the same as in the previous year's study [130]. However, this research
focused on dry processing, considering CB transportation handling, fermentation, dehulling,
roasting, and grinding. Fuel consumption during coffee processing was measured as part of
the inventory process. Table 4.1 displays petrol, LPG, and electricity consumption at each
stage.
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Table 4.1 Parameters to quantity fuel consumption at each stage

Stages Process Tools Specification N HD A L CM
Harvesting Motorcycle (100kg/batch), MJ 31.40 31.40 3140 3140 31.40
Pulping Petrol Engine 5Hp, 200kg/h, MJ 20.41
Fermentation CO: injection, kg 1.5
Dehulling Petrol Engine 5Hp, 200kg/h, MJ 1413 7.20 1424 1426 14.44
Grading Size Electric 0.5kW, 50kg/h, kWh 0.28 0.28 028 0.28 0.29
Roasting Coffee  Electric 1kW, 10kg/h, kWh 1.17 118 1.18 119 1.26
LPG 0.75 kg/h 196 1.97 196 198 210
Grinder Coffee Electric 0.5kW, 40kg/h, kWh 0.33 0.33 033 0.33 0.35

N=Natural; HD=Hydro honey; A=Anaerobic; L=Lactic; CM=Carbonic Maceration
Data measured

3.

Impact assessment

Based on primary data on coffee production inputs and outputs, and with the application of
emission factors (for example) where necessary, and secondary data for impact analysis, the
data inventory was compiled and used for impact assessment in the SimaPro software. The
ReCipe (2016) midpoint level (ML) method was applied. Fuel consumption was calculated
with characteristic factors. Furthermore, fermentation was carried out for dry processing,
during which fermentation gas products such as CO,, CHas, and N20O is captured. Gas
captured during fermentation was stored in plastic gas storage and tested at the Agricultural
Laboratory, Pati Agricultural Laboratory Centre, Central Java, Indonesia. Fermentation is
carried out for three days, and every day, the gas is collected to assess gas production for
impact analysis considerations. Wastewater from fermentation was also tested for Chemical
Oxygen Demand (COD) and Biological Oxygen Demand (BOD), TSS, and pH at the
Agricultural Technology Laboratory, Jember University. While many other studies do not
consider wastewater in their impact assessments, this work found a significant impact of
biogenic CO; from wastewater with the following correction factors in Table 4.2.

Table 4.2 Factor correction to calculate CO2 from wastewater

Parameter Factor [107]  Unit
MCFww 0

A 0.65

CFco2 1375 mg
BG 0.65

To support for solving input database from wastewater calculate [107]:

CO2, =10%x QuwXx COD X Effgop X CFeo2 X [(1 = MCFuw X BG) X (1 — )] (1)
Therefore:

CO; = Estimated CO2 emission rate (mg/batch)

Qww = Wastewater produce (mg/batch)
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Effsop = Oxygen demand removal efficiency

CFco2 = Conversion factor for maximum CO>
MCFww = Correction factor wastewater treatment
BG = Fraction of carbon

A = Biomass yield

4. Interpretation

In this phase, we compared five processes: Natural, Hd, Anaerobic, Lactic, and CM. The
fermentation stage contributes to wastewater and gas. Although the fermentation stage is
categorized as biogenic waste [140], the threshold for wastewater needs to be considered.
Therefore, as a part of coffee production, dry processing methods need to identify their
environmental impact. Through this study, we also consider the valorization of waste skin
that can be utilized to add-value to waste as a by-product and potential step towards zero-
waste [8].

4.4 Comparison mass balance from dry methods coffee processing

4.4.1 Yield from different dry processing

Yields from various DM processing are important for input-output in the LCA data inventory. The
mass balance is used for the GWP analysis of each of the treatment stages. Table 4.3 compares the
input and output during the different coffee processing. In terms of input, Hd differs from the other
DM s because 50L of water were added during fermentation.

In terms of efficiency and by-products, the Natural method appears to be efficient with high yields
of dried beans (67.5 kg) and fewer process steps involving less water and chemicals. It produces a
significant amount of coffee husk (39.8 kg) during dehulling.

The Hd method involves significant water use during fermentation, producing considerable
wastewater (47.0 kg). It has the lowest output of dried beans (34.4 kg) but results in a substantial
amount of de-pulped coffee (70.2 kg) and cherry skin (79.8 kg).

Anaerobic and Lactic methods are similar in outputs, producing high amounts of wet fermented
coffee (137.5 kg and 136.5 kg, respectively) and significant amounts of coffee husk (40.1 kg and
40.4 kg). The Lactic method uses lactic acid bacteria, introducing an additional biological
component, which may explain the fact that wastewater from the Lactic method (15.5 kg) is higher
than that from the Anaerobic method (12.5 kg).

CM involves CO: and has a slightly higher output of grade beans (28.0 kg) and roasted beans (22.9
kg) compared to others. It generates the least defective beans (0.8 kg) and the highest yield of dried
beans (69.0 kg), making it efficient but slightly more complex due to the use of CO.. Overall, the
outputs for the studied DMs differed up until the drying step due to variations in fermentation
conditions and inputs across the different DM processes. However, after drying and sorting, the
outputs of final CP were similar across all methods, ranging between 22.4 and 22.8kg.
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Table 4.3 Comparison of the dry methods in input and output during coffee processing

Amount (kg)

Steps Input - Output N Hq A 3 cM
Input

Handpicking Cherry Coffee 150.0 150.0 150.0 150.0 150.0
CO2 - - - - 1.5
Lactic Acid Bacteria - - - 2.0 -
Water
(Fermentation) - 50.0 - - -
Output

Pulping De-pulping - 70.2 - - -
Cherry skin - 79.8

Fermentation Wet Fermented - 73.2 137.5 136.5 134
Wastewater 47.0 12.5 15.5 16.0

Drying Dried beans 67.5 34.4 68.0 68.1 69.0

Dehulling Dehulled beans 27.8 27.8 27.9 27.8 28.8
Coffee skin - 31.0 - - -
Coffee husk 39.8 - 40.1 40.4 40.2
Parchment - 6.6 - - -

Sortation Grade beans 26.1 26.2 26.2 26.4 28.0
Defect GB 1.6 1.5 1.1 1.4 0.8

Roasting Roasted beans 22.8 22.8 22.8 23.4 22.9
Silver skin 1.0 1.1 1.1 1.1 1.2

Grinding Coffee powder 22.7 22.7 22.7 22.8 22.4

N=Natural; Hd=Hydro honey; A=Anaerobic; L=Lactic; CM=Carbonic Maceration

*Data were measured

4.5 Coffee fermentation, gas release and wastewater

Quantifying gas release during fermentation is essential to evaluate the environmental impact of the
processes. The natural processing method, which does not involve fermentation, was not included
in this section. Table 4.4 shows the total gas produced during three days of fermentation for the
different coffee processing methods that required fermentation, focusing on CO2, CHa4, and N2O
emissions. The Anaerobic method produced the least CO: at 8.6 mg, while Hd, Lactic, and CM

methods produced 150.3 mg, 566.2 mg, and 934.5 mg of CO-, respectively.

Methane emissions were fairly consistent among the methods, except for Lactic, which emitted
0.0155 mg. For the other DMs, Anaerobic released 0.0087 mg, Hd emitted 0.0083 mg and CM
emitted 0.0090 mg. In contrast, nitrous oxide emissions varied more significantly. Anaerobic
emitted 5.7 mg, Hd emitted 6.4 mg, Lactic emitted 13.9 mg, and CM emitted 28.6 mg.
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Table 4.4 Total gas produce during fermentation

Gas released (mg)

Process

CO2 CHas N2O
Anaerobic 8.6 0.0087 5.7
Hd 150.3 0.0083 6.4
Lactic 566.2 0.0155 13.9
CM 9345 0.0090 28.6

*Data measured

To undertake the LCA, the gas concentrations were converted to mass of emissions. To do this, the
gas pressure was assumed to be atmospheric pressure (unfortunately the gas pressure was not
measured in all processes for this specific experiment, but the pressure of CM was taken as indicative,
with a range of 50-100 mbar (gauge), and it was therefore estimated to be a reasonable assumption).
In terms of environmental impact, the CM method has the highest emissions of both CO: and N-O,
indicating a considerable environmental impact. The Lactic method also shows high emissions,
particularly of CO2 and N2O. The Hd method produces moderate CO: and N2O emissions with low
CHa4 emissions. The Anaerobic method is the most environmentally friendly, with the lowest levels
of all gases.

In more detail, Figure 4.5 illustrates the release of (a) CO2, (b) CHa and (c) N2O gases during
fermentation across different coffee processing methods: Anaerobic, Hd, Lactic, and Carbonic
Maceration (CM).

In the (a) CO- graph, the CM method exhibits the highest emissions, followed by the Lactic method,
the Hd, and the Anaerobic method. This indicates that CM and Lactic methods, which were more
intensive in terms of fermentation, resulted in significantly higher CO: emissions. The Anaerobic
method, with the lowest CO2 emissions, suggests a more controlled and less oxidative fermentation
process.

For CH4 emissions (b), the differences among the methods are less pronounced compared to COx.
The Lactic method shows slightly higher CHa emissions than the other methods, while the Hd and
CM methods have similar lower levels, and the Anaerobic method is slightly higher than Hd and
CM but lower than Lactic. This suggests that methane production is not as heavily influenced by the
type of fermentation process as CO..

In the N2O graph (c), the CM method again shows the highest emissions, followed by the Lactic,
Hd, and Anaerobic methods. This pattern highlights the intensive nature of CM and Lactic
fermentations, which produce significantly more nitrous oxide. The relatively low N2O emissions
from the Anaerobic method further reinforce its environmental advantages.
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Figure 4.5 (a) COz2, (b) CH4, and (c) N20O gas released during fermentation

Table 4.5 compares the properties of wastewater produced during the fermentation stage of different
dry coffee processing methods: Anaerobic, CM, Lactic, and Hd. The Lactic method produces
wastewater with the highest levels of COD, BOD, and TSS, indicating significant environmental
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impact due to the high organic load and particulate matter. Its low pH further suggests a more acidic
wastewater, which can be harmful to aquatic life.

Table 4.5 Comparison of wastewater properties during fermentation in dry methods

Properties* Units A CM L Hd

Chemical Oxygen Demand (COD) mg/L 9,850 10,400 11,950 6,700
Biologycal Oxygen Demand (BOD) mg/L 5,642 6,444 7,248 4,844
Total Suspended Solid (TSS) mg/L 145 151 257 134
pH 4.1 3.9 3.8 4.2

N=Natural; Hd=Hydro honey; A=Anaerobic; L=Lactic; CM=Carbonic Maceration
*Data measured

The CM method, while slightly better than Lactic in terms of COD and BOD, still produces high
levels of organic pollutants and suspended solids, and also results in acidic wastewater. The
Anaerobic method shows moderate levels of COD, BOD, and TSS, with a slightly acidic pH. This
suggests a relatively lower environmental impact compared to CM and Lactic methods.

The Hd method has the lowest levels of COD, BOD, and TSS, and the highest pH, making it the
most environmentally friendly option among the methods studied. Its wastewater is less polluted
with organic matter and particulates and is less acidic, posing a lower risk to the environment.

Overall, the Hd method has the lowest levels of COD, BOD, and TSS, and the highest pH, making
it the most environmentally friendly option among the DMs involving fermentation. Its wastewater
is less polluted with organic matter and particulates and is less acidic, posing a lower risk to the
environment.

4.6 Life cycle impact characterization

Table 4.6 provides a comparative analysis of the environmental impact categories for different dry
coffee processing methods, from CB to CP. The methods assessed are Natural, Anaerobic, Lactic,
Hd, and CM. Each method's impact is measured across several categories, including GWP, ODP,
and other key environmental indicators. (Values indicated per kilogram of CP).

Global Warming Potential (GWP)

The GWP measures the potential of greenhouse gases to trap heat in the atmosphere. The Lactic
method has the highest GWP at 1.168 kg CO..¢q, indicating a significant contribution to climate
change. The Natural method has the lowest GWP at 0.676 kg CO2.¢q, making it the most climate-
friendly option.

Stratospheric Ozone Depletion Potential (ODP)

ODP indicates the potential for substances to deplete the ozone layer. The Lactic method shows the
highest ODP at 3.34 x 10" kg CFC%q, while the Natural method has the lowest ODP at 2.1 x 10”7
kg CFC!q. The differences among the methods are relatively small but still noteworthy.
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lonizing Radiation Potential (IRP)

IRP measures the potential impact of ionizing radiation on human health and the environment. The
Lactic method has the highest IRP at 0.027 kBq Co-60eq, Whereas the Natural, Anaerobic, and Hd
methods all have an IRP of 0.008 kBq C0-60¢q, sShowing less impact.

Ozone Formation, Human Health (HOFP) and Terrestrial Ecosystems (EOFP)

Both HOFP and EOFP assess the potential of precursor emissions to form ground-level ozone,
which affects human health and ecosystems. The Lactic and Hd methods have higher values (0.002
kg NOxeq) for HOFP and EOFP compared to Natural and Anaerobic methods, indicating more
significant impacts on human health and terrestrial ecosystems.

Fine Particulate Matter Formation (FPMF)

FPMF measures the impact of fine particulate matter on air quality and human health. The Lactic
method shows the highest FPMF at 0.002 kg PM2.5¢q, while other methods are at 0.001 kg PM2.5¢q,
indicating less pollution.

Terrestrial Acidification Potential (TAP)

TAP evaluates the potential of acidifying pollutants to affect soil and water bodies. The Lactic
method has the highest TAP at 0.002 kg SO2¢q, while other methods have a TAP of 0.001 kg SOz,
indicating a lower impact.

Eutrophication Potentials (FEP and MEP)

Eutrophication potentials assess nutrient enrichment in freshwater (FEP) and marine environments
(MEP). The Lactic method has the highest FEP (5.3 x 10 kg Peq) and MEP (1.9 x 10 kg Neg),
suggesting significant contributions to water pollution.

Ecotoxicity Potentials (TETP, FETP, METP)

Ecotoxicity potentials measure the impact of toxic substances on terrestrial (TETP), freshwater
(FETP), and marine environments (METP). The Lactic method exhibits the highest values in all
three categories, indicating greater potential for environmental harm.

Human Toxicity Potentials (HTPc and HTPnc)

Human toxicity potentials evaluate the potential impact of toxic substances on human health, both
carcinogenic (HTPc) and non-carcinogenic (HTPnc). The Lactic method again shows the highest
impacts, particularly for HTPnc at 0.562 kg 1,4-DCB.

Land Use (LOP)

LOP measures the potential impact on land use. The Lactic method has the highest LOP at 0.014 m?
a crop eq, indicating a higher impact on land resources.

Mineral and Fossil Resource Scarcity (SOP and FFP)

SOP assesses the scarcity of mineral resources, and FFP measures fossil resource depletion. The
Lactic method has the highest SOP (5.6 x 10 kg Cueq) and FFP (0.344 kg oileg), showing greater
resource consumption.
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Water Consumption Potential (WCP)

WCP evaluates the amount of water used in the process. The Lactic method has the highest water
consumption at 0.0063 m3, indicating a significant use of water resources.

Altogether, the Lactic method consistently showed higher environmental impacts across almost all
categories, indicating that it is the least sustainable option among the methods assessed. Its high
values in GWP, ODP, and other categories highlight significant contributions to climate change,
ozone depletion, and resource depletion. In contrast, the Natural method generally shows the lowest
impacts, making it the most environmentally friendly option. The Anaerobic and CM methods fall
in between, with moderate impacts across most categories.

Table 4.6 Impact category through dry method for CB to CP

Processing CB to CP

Impact category unit Natural Anaerobic  Lactic Hd CM
GWP kg CO2 eq 0.676 0.702 1.168 0.788 0.713
ODP kg CFCYyq 2.1x107 219x107 3.34x107 24x107 22x107
kBg Co-
IRP 60eq 0.008 0.008 0.027 0.008 0.009
HOFP kg NOXeq 0.001 0.001 0.002 0.002 0.001
FPMF kg PM2.5¢q 0.001 0.001 0.002 0.001 0.001
EOFP kg NOXeq 0.001 0.002 0.002 0.002 0.002
TAP kg SO2¢q 0.001 0.001 0.002 0.001 0.001
FEP kg Peq 1.1x10* 31x10* 53x10% 46x10* 3.9x10™
MEO kg Neq 35x10% 3.7x10% 19x10° 3.6x10°% 3.8x10°
TETP kg 1,4-DCB 0.952 1.004 2.570 1.161 0.988
FETP kg 1,4-DCB 0.003 0.003 0.015 0.003 0.003
METP kg 1,4-DCB 0.005 0.005 0.021 0.005 0.005
HTPc kg 1,4-DCB 0.003 0.003 0.018 0.003 0.003
HTPnc kg 1,4-DCB 0.284 0.296 0.562 0.348 0.294
LOP m2acrope 0.008 0.009 0.014 0.009 0.009
SOP kg Cueq 23x10* 25x10* 56x10% 26x10% 24x10*
FFP kg Oileq 0.176 0.182 0.344 0.192 0.187
WCP m? 0.0003 0.0003 0.0063 0.0025 0.0003

GWP=Global warming potential;

MEP=Marine

eutrophication

ODP=Stratospheric ozone depletion; IRP=lonizing radiation;
HOFP=0zone formation, Human health; FPMF=Fine particulate matter formation; EOFP=0zone
formation, Terrestrial ecosystems; TAP=Terrestrial acidification; FEP=Freshwater eutrophication;

TETP=Terrestrial

ecotoxicity;

FETP=Freshwater

ecotoxicity;

METP=Marine ecotoxicity; HTPc=Human carcinogenic toxicity; HTPnc=Human non-carcinogenic
toxicity; LOP=Land use; SOP=Mineral resource scarcity; FFP=Fossil resource scarcity; WCP=Water

consumption.
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Figure 4.6 shows the impact categories in percentage of the highest impact. It confirms that Lactic
contributes with the highest impact in all categories. Aside from the Lactic method, the other dry
coffee processing methods—Natural, Anaerobic, Hd, and CM-—show varying degrees of
environmental impact across different categories. Comparatively, the Natural method consistently
presents the lowest values across many environmental impact categories. This suggests that the
Natural method has the least environmental impact among the dry coffee processing methods
assessed. For example, in categories like GWP, HOFP and EOFP, the Natural method typically
exhibits the lowest values, indicating lower emissions of greenhouse gases and reduced potential for
ground-level ozone formation compared to other methods.

The Anaerobic and CM methods generally fall in between the Natural and Lactic methods,
displaying moderate environmental impacts across most categories. While they may not have as low
an environmental impact as the Natural method, they also do not exhibit the consistently high values
seen with the Lactic method. The Hd method often shows values closer to the Natural method,
indicating relatively lower environmental impacts compared to Lactic, Anaerobic, and CM methods,
but not as low as the Natural method.

These findings suggest that while the Lactic method tends to have the highest environmental impact
among the dry coffee processing methods assessed, the Natural method tends to be the lowest impact,
while the other methods—Anaerobic, Hd, and CM—offer varying degrees of environmental
friendliness. Producers can use this information to make informed decisions about which processing
methods to adopt, considering factors such as environmental sustainability, flavor profile, and
processing efficiency.

For further details on the impact source, the pie chart in Figure 4.7 illustrates the Global Warming
Potential (GWP) impact of various steps in Natural process. Roasting has the highest impact at
0.293kg CO2-q/kg, followed by petrol usage at 0.015kg CO..eq/kg. CB, a specific material or
chemical, contributes 0.072kg CO2-eq/kg, While electricity usage accounts for 0.041kg CO2-eq/kg.
The "Rest" category, including minor steps, contributes 0.046kg CO2-¢q/kg. Dehulling and LPG use
contribute 0.032kg CO2-eq/kg and 0.027kg COz-eq/kg, respectively. Grinding and sortation have
minimal impacts at 0.007kg CO2-e/kg and 0.006 kg CO2-e/kg. The main contributors to GWP are
roasting and petrol usage, indicating a focus area for reducing the environmental footprint of Natural.

Figure 4.8 illustrates the GWP impact of various steps in four processes: Hydro honey (a), Anaerobic
(b), Lactic (c), and CM Processing (d). The Hd, Anerobic, and CM showed similar tendency than
for Natural, with roasting contributions the most and varying from 0.293 — 0.317 kg COz.q/kg CP.
The second area of contributions for Hd, Anerobic, and CM was petrol varying from 0.139 — 0.195
kg CO2-q/kg CP. The following areas of contribution for all methods were CB and electricity, and
their value were comparable thought the DMs. The pattern for Lactic is different from the other
process as the lactic acid produce during fermentation contributes to 0.285 kg CO2-eq/kg CP. This
might be another reason why overall environmental impact from lactic was so high.

4.7 Comparison between GWP and total energy consumption

The energy resources used by this group of smallholders were fuel (petrol and LPG), and local
electricity. Table 4.7 compares various dry coffee processing methods in terms of their GWP On —
Off Farm, as well as their total energy consumption from CB to CP. The methods evaluated include
Natural, Anaerobic, Hydro honey, Lactic, and CM processing.
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For the Natural process, the on-farm GWP is 0.302 kg CO»-e¢/kg GB, the off-farm GWP is 0.676 kg
CO2-e¢/kg CP, and the total energy consumption is 147.79 MJ. This process has a relatively low on-
farm GWP and moderate off-farm GWP, with the lowest total energy consumption among the
methods.

For the Anaerobic process, the on-farm GWP is 0.306 kg CO2-eq/kg GB, but it has a slightly higher
off-farm GWP than Natural, at 0.702 kg COz.e¢/lkg CP, and similar total energy consumption at
148.23 MJ. The Hydro honey process shows an increase in both on-farm and off-farm GWP, with
values of 0.407 kg CO2.eq/kg GB and 0.788 kg COz.eq /kg CP, respectively. It also has the highest
total energy consumption at 161.81 MJ, indicating more energy-intensive processing steps. The
Lactic process has the highest GWP with 0.577 kg CO2-¢q /kg GB on-farm and 1.168 kg CO2.eq /kg
CP off-farm, but its total energy consumption is 149.00 MJ. This suggests that the fermentation
process produces significant greenhouse gases. The CM process, with an on-farm GWP of 0.310 kg
CO2¢q /kg GB, and off-farm GWP is 0.713 kg CO2.eq/kg CP, and its total energy consumption is
155.58 MJ, indicating that later stages of processing or transportation are more emission-intensive.

Overall, the Natural, Anaerobic and CM processes have the lowest on-farm GWP, indicating less
energy-intensive initial processing. The Hd process has higher GWP and energy consumption, likely
due to more intensive processing. The Lactic process, despite moderate energy usage, has the highest
GWP due to significant emissions and by-products from fermentation. The CM process, while
efficient on-farm, shows higher off-farm emissions. Optimizing these methods should focus on
reducing emissions and energy use, especially in the more impactful stages.

Table 4.7 Comparison of the dry methods in their Global Warming Potential (GWP) On—
and off-farm, as well as in their total energy consumption

On-farm Off-farm Total Energy
(kg CO2.¢q ’kg GB) (kg CO2-e¢/kg CP) CBto CP

No Coffee Process CBto GB CBto CP (MJ)

1 Natural 0.302 0.676 147.79

2 Anaerobic 0.306 0.702 148.23

3 Hydro honey 0.407 0.788 161.81

4 Lactic 0.577 1.168 149.00

5 CM 0.310 0.713 155.58

CB=Cherry Beans, GB=Green Beans, CP=Coffee Powder, MJ=Mega Joule.
*Data calculation

4.8 Conceptual frameworks

This study has identified several key elements that can be directly applied to enhance the
sustainability performance of specialty coffee production. The LCA findings presented in Table 4.68
reveal that the Lactic method had the highest environmental impact among the assessed dry coffee
processing methods. In contrast, the Natural, Anaerobic, Hd, and CM methods offer varying degrees
of environmental friendliness. While the Lactic method may offer certain benefits in terms of flavor
or processing efficiency, it comes with a trade-off of higher environmental costs. This highlights the
importance of considering sustainability factors when selecting coffee processing methods and
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emphasizes the need for producers to strike a balance between quality, flavor enhancement, and
environmental responsibility.

The visual in Figure 4.6 visually represents the environmental trade-offs inherent in different coffee
processing methods. While certain methods may offer unique flavors, their environmental costs
must be carefully considered. The Natural method emerged as a more sustainable choice for coffee
production due to its lower environmental footprint.

In terms of gas produced during fermentation, Anaerobic method is the most sustainable, with
significantly lower emissions compared to the other methods. In contrast, the CM and Lactic
methods, while producing unique flavors, resulted in higher greenhouse gas emissions, confirming
the need for balancing quality and environmental impact in coffee processing. While previous
studies did not measure and account in the LCA the gas produced during fermentation [40], this
work considers these parameters to be part of the LCA analysis. This increases the novelty as well
as the reliability of the results from this work.

The environmental impact of wastewater from fermentation varies significantly across coffee
processing methods. The Lactic method has the most considerable impact, while the Hd method is
the least harmful. These differences underscore the importance of selecting appropriate processing
methods to minimize environmental damage, particularly in terms of wastewater management.
When wastewater is discharged into the environment, it can potentially reduce water availability
and generate groundwater pollution [94], due to COD and BOD content in wastewater [141], TSS
and pH. The limitation standard in Indonesia for COD, BOD, TSS and pH of wastewater from coffee
processing are 200mg/L, 90mg/L, 150mg/L, and 6 — 9, respectively [142]. The values obtained for
Anaerobic, CM, Lactic and Hd did not fall into these standards, and thus, their wastewater shall be
diluted and corrected in pH before being discarded. Interestingly, wastewater from coffee by-
products can be used as raw material for biogas [13], although gas can also be released in the
fermentation stages. Therefore, instead of throwing away the wastewater, it can be reused for energy
production. Another opportunity is to produce alcoholic beverage or bioethanol from the wastewater.

Each processing method varies in its environmental impact. The Natural and Anaerobic processes
demonstrated the lowest on-farm Global Warming Potential (GWP), indicating less energy-
intensive initial processing. In contrast, the Hd process exhibits higher GWP and energy
consumption, likely due to more intensive processing. Despite moderate energy usage, the Lactic
process has the highest GWP, primarily due to significant emissions from fermentation, and by-
production of lactic acid. The CM process, while efficient on-farm, shows higher off-farm emissions.
Optimizing these methods should focus on reducing emissions and energy use, especially in the
more impactful stages identified.

All methods considered, the processing elements with the most significant impact on GWP are
roasting and petrol usage, indicating that energy-intensive processes and fossil fuel consumption are
major contributors to the environmental footprint. Efforts to reduce GWP could focus on improving
energy efficiency, utilizing renewable energy sources, and optimizing processes to minimize fossil
fuel dependence. The use of biogas produced from waste streams was identified as a potential option,
according to previous research [97]. In 2020, several coffee processing technologies were applied
in pilot plants to improve the quality of coffee beans [13]. These include skin peeling machines,
sorting equipment, coffee roasting machines, and biogas digesters as simple IE solutions. Solar
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panels are also considered as a substitute energy source for fossil gas and electricity. The waste
product of coffee skin has been applied into coffee tea (cascara) from cherry skin and husk skin, the
remaining waste (husk powder) potentially as briquettes [8]. In future studies, the utilization of
wastewater from wet and dry methods for raw material to produce biogas, with slurry from reactors
to be used for organic fertilizer, solid waste as fertilizer or animal feed, will be considered, and it is
anticipated that most of the waste that exists today can be reduced through conversion into useful
products. The integration of these solutions will be the focus of future work. Intercropping in
plantations is another strategy that has helped farmers to increase the use of organic fertilizers
sustainably, obtain animal feed sustainably, and in LCA this can lead to allocation requirements,
which are not currently considered. Another solution to reduce the total annual emissions would be
to rotate the DM procedures throughout the year.

Finally, Table 4.8 compares the results of this study with previous studies, where it appears that
there are various GWP estimates in various functional units that are different from the ReCiPe
(2016) database at the Midpoint Level (ML) level. In general, there are 3 stages considered, which
end in roasted coffee or coffee powder: CB production; CB to GB; GB to CR to CP. Sometimes all
these stages have been examined and determined, sometimes only one or a few stages are considered.
In this study, we reveal GWP at each stage, as well as overall (CB to CP). Previous studies have
also highlighted some useful alternatives to reducing emissions, revealing various GWP estimates
across different functional units, diverging from the ReCiPe (2016) database at the ML.

In a previous investigation on coffee production [143], emissions from CB harvest in an
experimental agro-industrial coffee in Jember were analyzed. Organic Arabica plantations were
found to emit 0.29 kg CO2.¢q /kg CB during CB harvest, approximately 0.336 kg CO2./kg GB
during CB to GB conversion, and about 2.794 kg CO2.eq/kg CP during CB processing to CP [143].
Conversely, conventional plantations in Ijen were found to emit 1.8 kg CO2.¢q /kg GB during CB to
GB conversion [16]. Comparation two different energy source in coffee processed from GB to CP
was reported as 0.318 kg CO»-eq/kg CP with solar panel energy source, 0.744 kg CO2-eq/kg CP Using
local hydro energy sources [35]. Similarly, coffee processing from CB to GB in Vietnam resulted
in emissions ranging from 16.04 to 14.1 kg CO2.e/lkg GB in conventional and integrated farming,
respectively [111], higher than the findings in the current study (0.302 — 0.670 kg CO2.¢q /kg GB)
using the dry methods, and previous study between 0.473 and 0.568 kg CO2-es/kg GB using wet
methods [130].

Comparison with previous research highlights disparities in methodologies, geographical locations,
and farming practices, impacting reported carbon emission values. Variability in data collection
methods, boundary definitions, and the inclusion of different life cycle stages further contribute to
discrepancies.

The use of different LCA methodologies, including calculated values and software like SimaPro,
introduces further variability in reported results. Understanding these variations is crucial for
accurately assessing and addressing the environmental impact of coffee production. Geographical
and farming practice variations significantly influence carbon emissions, with factors such as
climate, soil conditions, agricultural inputs, and regional regulations shaping the environmental
impact of coffee production across different regions and farming systems.
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Various approaches have been proposed to reduce emissions and waste in coffee production,
including using processing wastewater as biogas and repurposing by-products like coffee tea
(cascara). Future research should consider integration (Coffee Plantation-Industry-Livestock) as an
IEC solution for smallholders in coffee production. This integrated approach could utilize waste
streams for food products, wastewater fermentation, and biogas production, offering long-term
sustainability solutions. Additionally, future studies should evaluate the potential of IEC for wet and
dry methods through solar panels and biogas energy, turning by-products into novel food and fuel.
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Table 4.8 Comparison of the results of this study with previous research

Farming On-Farm Off-Farm
Reference Cultivation/kg CB Harvesting/kg CB Primary/kg GB Secondary LCA Method
2.82 kg CO2-eq/kg CB 2.82 kg CO2-eq/kg GB 2.9 kg CO2-¢q/kg CP
[36] Conventional Farming to Harvest CB Process CB to GB Process GB to CP Calculated
1.89 kg CO2-eq/kg CB 1.5 kg CO2-¢/kg GB 1.58 kg CO2-eq/kg CP
Organic Farming to Harvest CB Process CB to GB Process GB to CP
[35] NA NA NA 0.318 kg CO2-e¢/kg CR
Process GB to CP (Solar Panel) .
NA NA NA 0.744 kg CO2.¢/kg CR LCA Sima Pro
Process GB to CP (Local Hydro Electricity)
[113] NA NA NA 0.27 10 0.70 kg CO2.¢¢/ | CD
Coffee Consumed in ?:inland Calculated
[111] NA NA 16.04 kg CO2-¢q NA
Conventional Farming in Vietnam Harvest CB to Process GB
Calculated
NA NA 14.61kg CO2-¢q NA
Integrated Farming in Brazil from Harvest CB to Process GB
[16] NA NA 1.8 kg CO2eq/kg GB NA Calculated
Conventional Farming in ljen Raung, Bondowoso Process CB to GB
[144] NA NA NA 1.31 kg COgz.¢q/kg CP Calculated
Conventional Farming in Lampung Process CB to CP (Fossil Fuel and Local Electricity)/kg CP
[143] NA 0.29 kg CO2-¢q 0.336 kg CO 2.794 kg CO2.¢q /kg CP Calculated
Semi Organic Farming in Sukorambi, Jember Process CB to CP (Fossil Fuel and Local Electricity)/kg CP
0.74 kg COZ-eq NA NA
Conventional Farming to Harvest CB
145 0.5 kg CO2-¢ NA NA
el Integrated Farming to Harves? CB q Calculated
0.16 kg CO2-¢q NA NA
Organic Farming to Harvest CB
[130] SwW 0.039 kg kg CO2.eq  0.275 kg CO2.¢q 0.568 kg CO2-¢q 0.765 kg CO2-¢q LCA Sima Pro
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FW

0.473 kg CO2z-q

0.741 kg COz.q

Cultivation/kg CB Harvest CB/kg CB Process CB to GB/kg GB  Process CB to CP/kg CP
This Study Cultivation/kg CB Harvest CB/kg CB Process CB to GB/kg GB  Process CB to CP/kg CP
Nat 0.302 kg CO2-¢q 0.676 kg CO2-¢q
An 0.306 kg CO2-¢ 0.702 kg CO2-e :
Hd 0.072kg kg COzeq  0.276 kg COzeq 0,407 kg COper 0.788 kg COper LCA Sima Pro
L 0.577 kg CO2-¢q 1.168 kg CO2.¢q
CM 0.310 kg CO2-¢q 0.713 kg CO2z-¢q

CB : Cherry Beans; GB : Green Beans; CR : Coffee Roasted; CP : Coffee Powder; CD : Coffee Drink
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4.9 Conclusions

The author collected data through experimentation and direct observation during Arabica coffee
processing in Bondowoso Regency as basis of the life cycle assessment. This study stands out for
its comprehensive examination of the three critical stages in coffee production: CB production, CB
to GB conversion, and GB to CP processing. While previous studies often focus on select stages,
this research delves into each phase, disclosing the GWP at every step and providing an overall
assessment from CB to CP. Five DM procedures were investigated: Natural, Hd, Anaerobic, Lactic,
and CM. The Lactic process had the highest environmental impact, with a GWP contribution of
1.170 kg CO2e/kg CP. In contrast, the natural process had the lowest environmental impact,
approximately 0.676 kg CO2-eq/kg CP. Furthermore, Anaerobic, Hd, and CM emitted approximately
0.702 kg CO2.¢q, 0.788 CO2.¢q, and 0.713 COz-q, respectively, per kg CP. Among the DMs that
involved fermentation, the Anaerobic process released the least gas, while the Hd process showed
to be the most environmentally friendly in terms of wastewater. The findings of this study highlight
the importance of valorizing coffee by-products, not only for financial reasons, but also to lower
environmental impacts. These points will be addressed in future studies where wastewater and by-
products will be explored for fuel, potential feed, and fertilizer through IEC integration.
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5 Biogas as a path towards industrial ecology coffee

5.1 Chapter introduction

Sustainable Development Goal (SDG) 17 focuses on strengthening partnerships for sustainable
development, aiming to revitalize and implement global partnerships to support the fulfillment of
the other sixteen goals. Coffee may not be the most obvious target for such partnerships, but as one
of the most traded commodities globally, and a product that is heavily dependent on smallholder
producers, the advancement of sustainable practices make it highly relevant.

The move towards sustainability standards in various sectors, including coffee, requires producers
to direct their business strategies towards sustainable production [146]. There are a number of
voluntary mechanisms or frameworks for reporting, recognizing, evaluating and rewarding
sustainable coffee production practices, which producers from major coffee producing countries
such as Indonesia are implementing. For example, the Common Code for the Coffee Community
(4C) [147] or organic coffee practices [147]. Such initiatives encourage farmers to cultivate coffee
sustainably through coffee farmer groups, ultimately contributing to supporting SDG 17. World
coffee consumption is predicted to continue to increase [148] but the production process currently
leads to a variety of waste streams that impact on the environment — notably wastewater [141]. On
the other hand, there is increasing competition and consumer demand for high quality coffee. Quality
coffee is defined on the basis of a variety of desired characteristics such as clean coffee beans,
showing an attractive roast, distinctive aroma, and good taste, which are also determined by the type
of seed, processing, and handling on the plantation [149]. Three broad grades of coffee are defined:
commercial, premium and specialty coffee; typically increasing in the price that can be obtained by
the seller. Specialty coffee can be determined by various conditions such as plantation location,
primary defects, processing, and taste [150], while there is also increasing demand for coffee that is
produced in ways that are environmentally lower impact and socially responsible.

This study aimed to obtain data experimentally from alternative processing methods to produce
higher grade specialty coffee, and to evaluate the economic potential, as well as the specific
opportunity for the production of biogas from waste, and its integration in the process.

5.2 Coffee production process

Broadly, there are two stages of coffee processing: on-farm and off-farm [151][152][120]. About
48% of coffee products in Indonesia are processed on-farm, which is exported, while the remaining
52% is processed off-farm to become ground coffee [100]. 99.3% of production capacity is from
smallholder plantations, and the rest are government and private [100]. The quality of the coffee is
critical as a determinant of price and taste, with various coffee processing methods used by the
industry, generally categorized as wet processing and dry processing [153][154]. Dry processing
can potentially be used to upgrade coffee to specialty coffee grade. Wet processing produce
wastewater more than dry processing, wastewater for pulping and washing, and this wastewater is
categorized as Coffee Washing Waste (CWW), Coffee Pulp Waste (CPW), Coffee Mucilage Waste
(CMW), and Coffee Fermentation Waste (CFW) [154]. If coffee wastewater is released, it becomes
a pollutant with high COD and BOD concentrations [155][156]. Mitigation of coffee waste and

wastewater disposal is important for reducing the environmental impact, but can also be an
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opportunity to generate additional income for farmers as a food, pharmaceutical or cosmetic
ingredients, or potential energy recovery [154]. This potential for energy recovery has been
demonstrated elsewhere [110][157], with the use of coffee pulp (skin and mesocarp cherry beans)
and dairy cow dung has been demonstrated across various mixes for the production of biogas [158].
This integrated utilization of the waste streams of a number of industries (dairy farming and coffee
production) is a small-scale example of industrial ecology, which is the focus of the current study.
The coffee supply chain lends itself to such waste-recovery and integration efforts, because the
primary product (extracted coffee) is a relatively small flow comparative to the primary coffee
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Figure 5.2 Coffee processing routes and coffee by-products

5.3 Case study

A pilot operation towards Coffee Industrial Ecology in the Andungsari coffee farmer group,
Bondowoso Regency, East Java Province, Indonesia, is the basis for primary data collection and
experiment in the current study. The research location is at 7°55°16.9”S 113°42°32.0” E. The head
of the group has experience processing coffee since 1992. The total area of the group’s land is 10ha,
with an average of 2500 trees per ha and an average cherry production capacity of 3t/ha. The
Andungsari coffee group also collaborates with Argopuro Walida in raw materials and coffee
processing; the Argopuro Walida group, based on direct interview observations in 2021 and 2022,
produced 450 and 507 tons of coffee cherry (respectively) with a plantation area of around 140-
150ha.

Coffee cherries are harvested at the farm, then the pilot plant processes coffee via a number of
alternative routes (as shown in Figure 5.1): wet (Full wash and Semi wash); and dry processing
(Natural, hydro honey, Anaerobic/Lactic, Wine! and Carbonic Maceration). The processing flow for
the On-farm and Off-farm categories is also defined in Figure 5.1, with on-farm processing leading
to green bean coffee product, which then enters the roasting stage to produce the desired taste and

! The “wine” process is a method of fermentation of coffee.
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aroma off-farm [26]. Coffee processing wastewater and other by-products can potentially be used
for producing biogas. Currently, the Andungsari farmer group has been using biodigesters for
farmers™ cookstoves, but only to a small extent, while biogas has been tested here as fuel for coffee
roasting. Figure 5.2 shows the overall flow for coffee production, as well as images of each stage
and the main waste products. The biogas is then used as a fuel to provide heat for several operations,
such as roasting machines, and also for residential use by the farmers™ group in their cooking stoves.

In the present study, biogas was experimentally produced from different waste and wastewater
streams arising from different processing routes. The biogas production volume and main gaseous
components were analyzed, and a balance of the main mass and energy flows for the coffee
production chains was developed. These were then used for economic analysis.

5.4 Materials and methodologies

The research consists of a number of distinct parts. Experimental work was undertaken to produce
biogas from various waste flows from the coffee production process and from cow dung produced
at or near the coffee plantation. Biogas was produced using a small batch reactor system [110] to
estimate biogas potential, with analysis of the CO2, CH4, and N2 content using Gas chromatography.
Solar panels were also installed for testing as a source of electrical energy in coffee production [159],
mainly in 5kg/batch roasting machines. The entire material balance, energy consumption, were
measured or calculated, along with economic value for two scenarios, on the basis of the derived
biogas and solar potential: (1) the use of biogas energy and (2) the continued use of fossil energy.
The comparison of these scenarios will provide initial recommendations for further development of
a sustainable coffee pilot project towards industrial ecology in the coffee production group.

In both cases the functional unit under consideration was the processing of 1000kg of Arabica coffee
cherries to green bean coffee. The economic aspects of: Net Present Value (NPV), Benefit Cost
Ratio (BCR), and Pay Back Period (PBP) were calculated based on the conditions and production
capacity of the Andungsari farmer group. For consideration of practical scale plants, biogas reactors
with a capacity of around 16m? were evaluated.

5.5 Preliminary studies on biogas sampling

To gain indicative data for modelling of scaled-up biogas generation, small-scale batch reactors were
used. Biogas was made using a 20L capacity reactor, with 15L gas storage containers. The
alternative waste material mixtures used for biogas production are provided in Table 5.1. The
categories of wastewater used correspond to different methods of processing coffee: coffee
wastewater from fermentation (CWwf), coffee wastewater from anaerobic fermentation (CwwAf),
coffee wastewater from hydro honey fermentation (CWwh), coffee wastewater from wine
fermentation (CWw), coffee wastewater from carbonic maceration fermentation (CWcm), and
initial base condition water (Wt). The wastewater is mixed with Cow dung (CD) as in previous
studies, to enhance biogas production and utilise an available waste material [160][161].
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Figure 5.3 (a) Small 20L reactor, (b) 15L gas storage containers, () gas pressure gauge on
storage, (d) biogas burning
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Figure 5.4 Biogas production during the 45 day test period

The biogas was produced in a batch reactor, with measurements taken daily for 45 days. Figure 5.3
shows the primary experimental equipment. No additional materials were added after the initial
feedstock mixture. The biogas reactor pressure was measured daily, with the gas collected and stored
in 15L vessels as shown in Figure 5.3 (b), to be analyzed later, notably for the content of CHs, CO2,
and N20 [97]. The biogas production volume was calculated from the gas pressure. The composition
of the gas was expected to vary based on the type of raw feedstock materials and the type of reactor
used, with a range of the major gas contributions from approximately 50% CH4 and 50% COg, up
to 75% CHs and 25% CO, as well as a variety of other possible other elements such as water vapor
(H20), hydrogen sulfide (H2S), and ammonia (NH3)[97][162]. As shown in Figure 5.4, the CD-Wt
reactor resulted in increased production from day 2 (14mbar) until day 42 (260mbar), but with
unstable pressure from day 18 to 37. CD-Wwf, CD-Wwh, CD-CWw, and CD-CWcm resulted in
pressure between 20-30mbar, while CD-WwATf was 60mbar on day 2.

By comparison, the use of CWW from coffee processing in Minas Gerais-Brazil was used in the
manufacture of biogas on a sample scale to estimate the biomethane potential (BMP), with
measurements carried out for 40 days, and the average methane gas measured on days 10, 17, 31
and the 38 producing a pressure of 92 — 94 pa (0.92-0.94 mbar) [110].
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Table 5.1 Biogas materials

Sample Materials Quantity Unit Variables Measured Ref
Cow Dung 1.5 kg Untreated cow dung na

CD-CWwf  Coffee wastewater fermentation (Washing) 6 L Untreated Wwf pH :5.2 pH: 4.2-4.4
Effective microorganisms-4 (em-4) 0.2 L na

CD- Cow Dung 1.5 kg Untreated cow dung na

CwwAf Coffee wastewater (Anaerobic Fermentation) 6 L Untreated WwAf pH: 4.3 pH: 4.6
Effective microorganisms-4 (em-4) 0.2 L na
Cow Dung 1.5 kg Untreated cow dung na

CD-CWwh  Coffee wastewater (Hydro honey Fermentation) 6 L Untreated Wwh pH: 4.2 pH: 3.8-4.0
Effective microorganisms-4 (em-4) 0.2 L na
Cow Dung 1.5 kg Untreated cow dung na

CD-CWw  Coffee wastewater (Wine Fermentation) 6 L Untreated Ww pH : 4.1
Effective microorganisms-4 (em-4) 0.2 L na

CD-CWcm Cow Dung 1.5 kg Untreated cow dung na
Coffee wastewater (Carbonic Maceration Fermentation) 6 L Untreated Wcm pH : 4.1
Effective microorganisms-4 (em-4) 0.2 L na

CD-Wt Cow Dung 1.5 kg Untreated cow dung na
Water 6 L Dug well water pH : 6 pH: 6-7.9
Effective microorganisms-4 (em-4) 0.2 L na

untreated, na= undefined, [97][163][164]
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5.6 Preliminary study on the solar electricity generation

While biogas could potentially be utilized for generating electricity, it was expected that the
generated quantity of biogas would be more appropriately used for thermal purposes such as coffee
roasting and domestic cooking. In the case study location, solar photovoltaic (PV) electricity
generation was considered a potential option for producing zero-carbon electricity (unlike the highly
coal-based electricity of the Indonesian electricity grid). A small-scale test plant was therefore
implemented at the case study site. The solar system applied in this study included 400Wp PV panels,
with series and parallel circuit arrangements considered. Measurements were not carried out
continuously at the study location; the tests were only carried out from 7 am to 5 pm on both
configurations (series and parallel) for a week in Mid-August 2022. The measured temperature at
the study location was between 21 — 28° C, and clouds shaded the panels for an average 1 to 2 hours
each day.

Table 5.2 Parameters of the solar system

Table 5.2 shows the system characteristics. Figure 5.5 shows potential power from measurements
of voltage and current, the voltage range over seven days was between 57.6 volts to 82.3 volts, and
the current ranged between 0.1 — 4.3 Ampere. In this case, a 100A battery with a 1000W cosine
wave-type inverter was used as energy storage. This system was too small to provide electricity for
the farmers’ houses, but provided power for some tools used in coffee processing, such as coffee
roasters and packaging equipment.

Table 5.2 Parameters of the solar system

PV System Power-plant* Voltage (V) Current (I)
Series @100Wp x 4 57.6-823 0.1-43
Parallel @100Wp x 4 159-208 0.3-13
Battery (Pb) 12 100
Inverter (DC-AC) Cosine wave 1000 W

*Data were taken from equipment specifications
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Figure 5.5 Observation of average power at each hour taken across one week (Mid-August
2022), for series and parallel configurations

While the observed power generation in Figure 5.5 cannot be considered strictly representative of a
whole year, the conditions are considered to be representative of the harvest season, allowing a
rough empirical estimation of the potential power from such as system for the critical time of the
year.

5.7 Economic analysis

This study’s approach to the economic analysis of coffee production differentiates between the two
scenarios. In order to implement the industrial ecology solutions, there is a required technological
investment for alternative processing technology, the biodigester, and solar panel installation. This
is incorporated in the first scenario. The second scenario of the economic analysis uses fossil energy
sources in coffee production (without digester investment). When on-farm coffee production is not
operating the liquid waste biogas must be substituted with alternatives. Hence, in this case cow dung
is utilized as biogas material for farmers’ houses outside of on-farm production periods.

Economic analysis is calculated based on cash flow, the net present value (NPV) equation (1),
benefit-cost ratio (BCR), and payback period (PBP) criteria were used to evaluate both scenarios for
the financial viability of the investment. This study uses a discount rate of 6% per year [165], and
assumes that the technology implementation is for 15 years.

N Rt
NPV=Z(1+i)t—CO ey
t=1

Where Co is the total cost of investment, Rt of cash flows over a period of time, i discount rate or
return on investment and t time . The criterion, if the NPV is positive is said to be economically
feasible in the scenario, whereas if NPV is negative the business is typically not feasible. The
benefit-cost ratio (BCR) is the ratio between the relative costs and benefits in the second scenario
applied in the industrial ecology pilot project; if the BCR is significantly above 1.0 the project is
expected to have a positive impact. The PBP refers to the years an investment takes to recover its
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initial costs through an annual net return of cash income generated. The detailed NPV assumptions
on cash flows are given by:

NPV = =1+ ABx (P/A,i,n) + S x (P/F,i,n) - AC x (P/A,i,n) - Oh x (P/F,i,n) @)
PWB = AB x (P/A,i,n) +S x (P/F,i,n) (3)
PWC = AC x (P/A,i,n) - Ohx (P/F,i,n) 4)
BCR = PWB/PWC ()

Where:

PWB = Present Worth Benefit (Revenue)

PWC = Present Worth Cost (Expenditure)

AB = Annual Benefit (Income)

AC = Annual Cost (Fixed and variable costs)

S = Salvage Value (Residual value of technology)
Oh = Overhaul (Technology service operation)
PIA, i, n = Present worth (Uniform series)

P/F,i,n = Present worth (Single payment)

In the NPV calculation, the discrete compounding calculation of Uniform Present worth (P/A, i, n)
was 9.71, assuming a project lifetime of 15 years and an interest rate of 6%. Likewise, the Single
Payment Present worth (P/F, i, n) for calculating the Salvage Value at n=15 is 0.42; while it is
assumed that there is extensive overhaul (Oh) maintenance on the technology in year 8, where n=8
is 0.63. AB income comes from two products (GB and CP), while AC is the operational cost from
electricity, gas, raw materials, and labor.

5.8 Biogas frameworks and economic analysis

5.8.1 Biogas concentration

Table 5.3 shows the biogas testing data according to the type of waste water material used to produce
biogas. Testing of biogas samples using gas chromatography (GC) was carried out at the
Agricultural Environmental Research Center, PATI — Agricultural Environmental Research Center
Laboratory in Central Java, Indonesia. Cow dung and wastewater mixture ratio of 1:4 was applied
in this study [166], some GC results were not available for CD-CWwh, CD-CWw, and CD-CWcm
because biogas production decreased from the fifth day. The CHas, CO2, and N2O of the biogas from
the CD-Wt mixture produced the highest concentrations compared to the others, followed by CD-
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CWwf and CD-CwwATf. However, the CO; value for CD-CwwATf was even higher than CD-CWwf.
GC testing helped to estimate the impact of liquid waste producing gaseous emissions if it was
directly released, in addition to the potential for biogas. This biogas capacity can potentially be
expanded to match with the total waste flows or total demand, but effectiveness and efficiency need
to be considered in conjunction with the economic factors. Currently, the Andungsari farmer group
has used liquid waste to produce biogas for the heating system in coffee roasters; the Andungsari
farmer group has established a model for this system by piloting the integration with livestock,
plantation, and coffee processing. This system can enable sustainable utilization of coffee
production waste and reducing the use of energy from outside the system to mitigate emissions from
waste and reduce the use of fossil energy sources.

Table 5.3 Gas chromatography results for biogas from wastewater

Limit of Result of Analysis

Sample Code* Ratio Parameters Method of Analysis  Detection (LoD)  (ppm)
CD-CWwf 65,951
CD-CwwAf 16,465
CD-CWwh IKM NA
CD-CWw 1:4 CHa LAB.BALINGTAN 0.1 NA

7.2.2.2.36 (GC-2014)
CD-CWcm NA
CD-Wt 352,674
CD-CwWwf 2,710
CD-CwwAf 9,406
CD-CWwh IKM NA
CD-CWuy 1:4 CO: LAB.BALINGTAN  48.58 NA

7.2.2.2.38 (GC-2014)
CD-CWcm NA
CD-Wt 98,779
CD-CWwf 348
CD-CwwAf 363
CD-CWwh IKM NA
CD-CWw 1:4 N0 LAB.BALINGTAN  36.72 NA

7.2.2.2.37 (GC-2014)
CD-CWcm NA
CD-Wt 786

*data were measured

5.8.2 Coffee production

Processing coffee with different forms of fermentation aims to improve the taste of coffee [25]. For
example, coffee processing using carbonic maceration fermentation with different fermentation
times was demonstrated to affect the coffee flavor score for Robusta with a fermentation time of
120h scoring 83.25 points, while 24h was only 78.64 points [167]. Very long (up to 20 days)
fermentation times have also been tested [168]. Coffee processing in this study consisted of two
groups: wet and dry processing. Wet processing was further divided into two processes: full wash
(Fw) and semi wash (Sw). While dry processing was done by the following five processes: natural
(N), hydro honey (Hd), anaerobic/lactic (A/L), wine (W), and carbonic maceration (CM). Fw, Sw,
and N processes are the coffee processes most commonly carried out by coffee producers and
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farmers [153]. The seven processes all involved selecting cherry beans and flotation / submersion
before being used to produce specialty coffee.

Typically, coffee cherries are picked when ripe and red in color, but the use of specialty coffee
processing has potential to use non-red cherries for producing quality coffee. The condition of the
red picks in the Andungsari Group was adjusted for the level of ripeness of the cherry with the
estimated harvest schedule shown in Figure 5.6.
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Figure 5.6 Timetable of coffee harvest for Andungsari group
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Table 5.4 illustrates the data and timetable of the coffee harvest in this farmers group, in March-
April some cherries are ready to be picked and overripe but still predominantly orange, yellow, and
dark green. So, black cherries (overripe) and red (ripe) cherries are selected and picked. The months
of May-August are the peak of the harvest; when production capacity increases, so coffee farmer
groups use the dry processing method to process coffee by fermentation without pulping, with less
time consumed in processing. While in September-October for the rest of the harvest generally, the
farmers take all of the remaining cherries, then undertake pruning, fertilization and maintenance
during flowering periods. Based on the harvest pattern, this group produces three green bean
products: Specialty, Premium, and Commercial. Advanced stages of processing require submersion
/ flotation of cherries to be made into a premium or commercial products. Cherry coffee is pulped
in Fw, Sw, and Hd processing. The natural processing goes directly to the drying process while the
remaining three processes go through the cherry fermentation stage (Figure 5.1 and Figure 5.2)
before the drying stage. For Sw, a second drying phase occurs after hulling, whereas for other
processes there is only one drying stage. All processed green beans are sorted by size, then roasted
to color and flavor profiles. Every coffee processing route produces waste (Figure 5.2), starting
from cherry skin waste which is waste from the pulping process, wastewater from washing and
fermentation, husk skin (HS) waste from dry processing from the hulling stages; parchment, which
is also waste from the hulling stages in the full wash process, silver skin is waste from the coffee
roasting stages, and the last is Spent Coffee Grounds that comes from coffee brewing.
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Table 5.4 Coffee harvest at Andungsari Group 2022

Harvesting*

Production (kg)

Month % kg Specialty ~ Premium Commercial
January - - - - -
February - - - - -
March 38 1,200 50 280 870
April 14.7 4,700 770 2,950 980
May 18 5,750 2,850 2,305 595
June 21 6,750 3,100 3,650 -
July 20.3 6,500 5,120 1,380 -
August 17.8 5,700 4,050 365 1,285
September 44 1400 60 270 1,070
October - - - - -
November - - - - -
December - - - - -
Total 100 32,000 16,000 11,200 4,800

*data were measured
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Table 5.5 Mass balance for coffee processing (Part 1 — Wet processes)

Waste
Input Output Benefit
* W
Stages process Material ~ Water  Product Solid aStEiqui q Losses
(kg) (L) (ka) (kg)
(kg) (L)
Selective
Pickling 1000
Submerged - 2500 970 30 2500 Fuel
: Feed,
Pulping 970 - 534 437 - Fuel
~ [Fermentation 534 - 512 - 21
8 . Fuel,
= Washing 512 750 502 - 760
= Fert
Y- Drying (HS) 502 - 246 - - 256
. Fuel,
Dehulling 246 - 202 44 - Feed
Grading Size 202 - 192 10 -
Roasting
192 - 172 - 14 Fuel
Coffee o > ue
Selective
Pickling 1000
Submerged - 2500 960 40 2500 Fuel
. Feed,
Pulping 960 - 528 432 - Fuel
= Washing 528 750 517 i 761 Fuel,
§ Fert
" Drying
= (Parch) 517 - 414 - - 103
@ Feed
Dehulling 414 - 298 116 - ’
Fuel
Drying (GB) 298 - 203 - - 95
Grading Size 203 - 191 12 -
Roasting
Coffee 191 - 171 4.5 - 15 Fuel
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Table 5.5 Mass balance for coffee processing (Part 2 — Dry processes)

Input Output
Stages process* Material ~ Water  Product . Wast(? —— Losses Wast(_a
(kg) L (kg) Solid  Liquid (kg) Benefit
kg) (L)
Selective Pickling 1000
_ Submerged - 2500 965 35 2500 Fuel
£ Drying (HS) 965 - 483 - - 483
§ Dehulling 483 - 207 275 Feed, Fuel
Grading Size 207 - 191 17
Roasting Coffee 191 - 172 5 14 Fuel
Selective Pickling 1000
Submerged - 2500 968 32 2500 Fuel
o Pulping 968 - 532 436 - Feed, Fuel
@ Fermentation 532 - 506 - 27 Fuel
2 Drying (Parc) 506 - 248 - - 258
£ Dehulling 248 - 203 45 - Feed, Fuel
e Grading Size 203 - 195 8 -
Roasting Coffee 195 - 176 6 - 14 Fuel
o Selective Pickling 1000
B Submerged - 2500 976 24 2500 Fuel
3 Fermentation 976 - 927 - 49 Fuel
= Drying (HS) 927 - 482 - - 445
S Dehulling 482 - 207 275 - Feed, Fuel
§ Grading Size 207 - 199 8 -
Roasting Coffee 199 - 179 5 - 15 Fuel
Selective Pickling 1000
Submerged - 2500 970 30 2500
Fermentation 970 - 931 - 39 Fuel
e Pulping 931 - 512 419 - Feed, Fuel
< Drying (Parchment) 512 - 251 - - 261
Dehulling 251 - 211 40 - Feed, Fuel
Grading Size 211 - 200 11 -
Roasting Coffee 200 - 180 4.5 - 16 Fuel
- Selective Pickling 1000
2 Submerged - 2500 975 25 2500 Fuel
£ Fermentation + CO. 975 - 917 - 59 Fuel
3 Drying (HS) 917 - 477 - - 440
E Dehulling 477 - 219 257 - Feed, Fuel
§ Grading Size 219 - 208 11 -
S Roasting Coffee 208 - 187 5 - 16 Fuel

Sol = Solid; Liq = Liquid; Fert = Fertilizer; HS = Husk Skin; GB = Green Beans; Parch = Parchment.
*data were measured harvest 2022.
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Figure 5.5 describes the technology used and the material balance of the entire coffee production
process based on 1000kg of cherry coffee, with data taken from processing in the 2022 harvest
season. The lower quality coffee products are premium or commercial products. Andungsari coffee
processing in 2022 increased compared to 2021, ranging from 32 tons of cherry coffee producing
50% (3.2 tons) of specialty green beans, 35% (2.24 tons) of premium and 15% (0.96 tons) of
commercial coffee.

5.8.3 Energetic application

Coffee processing water waste was used as the main substrate mixture in the digester unit (Figure
7). Cow dung is used in some mixtures at a ratio of 1:2 (0.5t of cow manure with 1t of water). The
material filling system continues when the biogas pressure decreases below 60 mbar, the stable
pressure on the gas collector in this digester is between 55 and 65 mbar and can be used for the
coffee roasting process for 3 hours without stopping from the initial gas pressure of 65 to 50 mbar.
Below this pressure of 50 mbar, the gas can be used for cooking for around 1-2 hours until reaching
a final lower pressure of 30 mbar: Figure 5.7 digester application, pressure measurement, and unit
design. The capacity of the substrate digester is around 16m?, with a range of 1-1.5 tons of substrate.

Figure 5.7 (a) Unit digester, (b) gas pressure, and (c) sketch of unit

Table 5.6 Waste type basis 1000kg cherry beans on processing

Stages Process* Fw Sw N Hd A/L w CM
Wastewater, | 3,250 3,250 2,500 2,500 2,500 2,500 2,500
Mucilage/Pulp, | 32 11 - 27 49 39 59
Cherry Skin, kg 437 432 - 436 - 419 -
Husk Skin, kg - - 275 - 275 - 257
Parchment Skin, kg 44 116 - 45 - 40 -
Silver Skin, kg 5 4,5 5 6 5 4,5 16
Total Wastewater, | 3,282 3,261 2,500 2,527 2,549 2,539 2,559
Total Solid Waste, kg 486 552 280 486 280 464 273

*Data measured.

Biogas is produced to pressures ranging from 60 to 65 mbar for 15 days from 1.5t batches. This
group adds about one cubic meter of incoming material up to 4 times per month. Assuming that 1t
equals 1000 liters, the liquid waste produced on a 1000kg basis of cherry for processing from Fw to
CM ranges from 2.5t to 3.2t, while solid waste is 0.27t to 0.48t (Table 5.6).
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Table 5.7 Outputs from production of 1000kg cherry beans (wet basis)

Output Product,

1000kg wet Fw Sw N Hd A/L W CM
basis*

Green Beans 20% 20% 21% 20% 21% 21% 22%
Mucilage/Pulp 3% 1% - 3% 5% 4% 6%
Cherry Skin 44% 43% 44% - 42% -
Husk Skin - - 28% - 27% - 26%
Parchment Skin 4% 12% - 4% - 4% -
Silver skin 1% 1% 1% 1% 1% 1% 2%
Water vapor 28% 23% 51% 28% 46% 28%  45%

*data measured
The total waste for one year of production, from 32t of input cherry material, reaches 96t of liquid
waste and 14t of solid waste (Table 5.10). However, the production processes are not all undertaken
at the same time, and the waste is currently anticipated to be partly disposed of in plantations and
partially used as raw material for biogas.

Table 5.8 Process stages and the energy consumed

Stages Process* Equipment Specification ~ Units  Fw Sw N Hd AL W CM
Harvesting Motorcycle (100kg/trip) I 3.5 35 35 3.5 3.5 3.5 35
Pulping Gas Engine 5Hp, 300kg/h | 2 2 - 2 - 2 -
Washing Gas Engine 5Hp, 300kg/h | 1 1 - - - - -
Dehulling Gas Engine 5Hp, 250kg/h | 0.6 1 1.2 0.6 1.2 0.6 1.1
Grading Size Electric 0.75Kw, 250kg/h | 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Roasting Coffee Electric 1Kw, 20kg/h kWh 6.8 6.8 7 6.9 7 7.1 7.4
Gas 0.75 kg/h Kg 6.8 6.8 7 6.9 7 7.1 7.4
Total, Gasoline Fuel I 7.1 7.5 4.7 6.1 4.7 6.1 4.6
1000kg/batch Electricity Consumption kWh 0.6 0.6 0.6 0.6 0.6 0.6 0.6
process CB-GB
Total, Gasoline Fuel I 7.1 7.5 4.7 6.1 4.7 6.1 4.6
1000kg/batch Electricity Consumption kWh 7.4 7.4 7.6 7.5 7.6 7.7 8.0
process CB-CP Gas Consumption Kg 6.8 6.8 7 6.9 7 7.1 7.4

*data measured

The Andungsari coffee group produces specialty coffee from around 16t of cherry beans, of which
40% is processed via the Fw method, 20% Sw, and the remaining 40% N. Premium and commercial
products are produced from around 11.2t and 4.8t of cherry beans respectively, through Fw, Sw, and
N routes. The potential for more waste is successively generated from specialty, premium, and
commercial products (liquid and solid waste). Table 5.7 shows the product and waste potential on a

1000Kkg basis of wet cherries. For specialty products green bean yields range from 20-22% by weight.

Cherry skin waste is 42-44%, and HS 26-28%. 1000kg of cherry coffee requires between 8-10
fermentation drums, with each drum containing 100-120kg of coffee. During the fermentation, the
reaction produces wastewater (Table 5.6). Fermentation time depends on the type of processing, Fw
24-36hr, Hd 36-48hr, A/L 48-96hr, W 48-96hr, CM 24-36hr. This liquid waste has the potential to

87



be used as biogas material and can also be used for bioethanol feedstock material [169] and drinks
[170]. Energy use during the production process on a 1000kg of cherry basis is described in Table
5.8, with estimates of the use of fuel, electricity, and gas in various processing methods. The location
of the plantation from the production house is around 3.5km which can be reached by motorbike to
transport the cherries at a rate of 100kg per trip, fossil fuel consumption was calculated round trip
(Table 5.8). Gasoline is used in the motors of the pulper, huller, and washer engines, while electricity
is used in sorting and roasting machines.

5.9 Economic aspect

Coffee production carried out at Andungsari coffee production in 2022 produced several products,
including specialty, premium, and commercial grade coffee. Specialty products are sold in the
Jakarta, West Java, and Medan areas, while premium products are sold in the island of Java and
commercial are only for the local market. Table 5.10 describes the raw materials for cherry coffee,
with each type of processing and product. The Specialty GB produced from 16t of cherry is 3,289Kkg,
while Premium GB from 11.2t of cherry is 2,275kg, and Commercial grade GB from the remainder
is 983kg. The selling price of green beans varies according to grade and processing type, as shown
in Table 5.12. Note that, aside from Specialty grade coffee, there are only three types of processing:
Fw, Sw, and N, found in premium and commercial varieties.

Total revenue is calculated from the total production of GB in each category:

Total Income (IDR) = Y, Total production by grade and route X
Price per grade and route (6)

Labor operational costs are divided into two categories lower skill and high skill, 80,000 IDR, and
100,000 IDR respectively, depending on the position of stages processing. Mostly, high skills are
required for processing stages with specialized skills, such as fermentation, and roasting. Gasoline
and electricity operating costs are allocated by process. Table 5.12 shows the selling price of GB
and other estimated operational costs. 32t of Cherry coffee is assumed to be purchased from farmers,
at approximately 10,000 IDR /kg. Investment in processing technology and other equipment in both
scenarios is determined based on the use of technology in the production process. Not all production
routes require all pieces of equipment, as shown in Table 5.11. Equipment prices are described in
Table 5.9 based on the results of direct observation and interviews. The total investment in other
processing is also calculated based on the price and use of technology from the Indonesian Coffee
and Cocoa Research Institute (ICCRI)[171], products sold are green beans or coffee powder. The
Andungsari group currently sells specialty coffee as green beans, premium coffee (half green beans,
the rest is powder), and commercial coffee powder.
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Table 5.9 Equipment investment cost

No Equipment specifications* Quantity  Investment cost, IDR
1  De-pulping, 300kg/batch 1 Unit 25,000,000
2 Washing, 300kg/batch 1 Unit 24,500,000
3 Drum Fermentation, 120kg/batch 20 Pcs 3,500,000

4  Coffee Drying Beds, 50kg/tray 100 Pcs 32,500,000
5  Hulling, 250kg/batch 1 Unit 24,500,000
6  Sortation, 250kg/batch 1 Unit 20,000,000
7  Other Tools, Coffee sack, etc, Set 15,000,000
8  Reactor CM, 2000kg/batch 1 Unit 35,500,000
9  Coffee Roaster, 20kg/h 1 Unit 20,000,000
10 Sealer Packaging, 10kg/h 1 Unit 1,250,000
11  Grinder, 15kg/h 1 Unit 12,000,000
12 Reactor Digester 16m3 Set 17,500,000
13 PV, 4panel @100WP Set 7,500,000
Total Investment Cost (Excluding Digester), IDR 213,750,000
Total Investment Cost (Including Digester), IDR 238,750,000

*Qbserved ICCRI

Table 5.10 Process mass flows in Andungsari group (harvest year 2022)

Inputs (wet basis) *

Process Route

Processed Cherry Beans Total Fw Sw Nat Hd A/L Wine CM
- Specialty (kg) 16,000 | 6,400 3,200 1,600 320 1,600 1,280 1,600
é Premium (kg) 11,200 | 5,600 3,360 2,240 - - - -
o
o Commercial (kg) 4,800 | 1,200 1,200 2,400 - - - -
Total Processed Cherry 1320
Beans 32,000 0 7,760 6,240 320 1,600 1,280 1,600
(kg)
Waste Streams
. 43,31
2 Wastewater, liter 96,450 7 25,302 15,600 809 4,078 3,250 4,094
(3]
= Solid waste (kg) 14,080 | 6,412 4,287 1,747 156 448 594 437
Products
Output (dry basis)
- Specialty (kg) 3,289 | 1,291 649 332 65 332 270 351
é Premium (kg) 2,275 | 1,129 681 465 - - - -
o
o Commercial (kg) 983 242 243 498 - - - -

The three raw material streams (cherry beans) converted into green beans in each product grade are
described in Table 5.10, as well as the potential for wastewater and solid waste. But not all

*Data were measured
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processing routes require every piece of equipment — for example, to produce green beans with Fw,
investment needs only up to point 7 (Table 5.9). As for other processing routes, the equipment used
is described in Table 5.11, which is used as a model for calculating the NPV amount based on the
investment value and the type of processing.

Table 5.11 Equipment used in coffee processing

Equipment for coffee processing Fw Sw N Hd AL  Wine CM

Depulping, 300kg/batch v v v v
Washing, 300kg/batch v v
Drum Fermentation, 120kg/batch v v v
Coffee Drying Beds, 50kg/tray v v v v v v v
Hulling, 250kg/batch v v v v v v v
Sortation, 250kg/batch v v v v v v v
Other Tools, Coffee Bag, etc. v v v v v v v
Reactor CM, 2000kg/batch v v
Coffee Roaster, 20kg/h* v v v v v v v
Sealer Packaging, 10kg/h* v v v v v v v
Grinder, 15kg/h* v v v v v v v
Digester Biogas, 7m3 v v v v v v v
PV, 4panel @100WP v v v v v v v
Inv CB to GB, IDR (x 1000) 1450,00 14%),50 92.000 12(3),50 122,50 12(()),50 122,50
Inv CB to CP, IDR (x 1000) 17&(3),25 174(1),75 12&;,25 15?6,75 16%,75 153(‘),75 16%,75
Inv CB to CP, Digester IDR (x 203,25 199,75 150,25 178,75 185,75 178,75 185,75
1000) 0 0 0 0 0 0 0

*This equipment is considered in the NPV calculations to produce CB to CP.
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Table 5.12 Coffee price for green beans or coffee powder, cost of production, and coffee income by grade and processing route

Coffee Price in GB per kg*

Specialty, IDR 115,000 105,000 110,000 120,000 125,000 135,000 145,000
Premium, IDR 95,000 90,000 95,000 - - - -
Commercial, IDR 65,000 60,000 65,000 - - - -
Coffee Price in CP per kg

Premium, IDR 140,000 135,000 140,000 - - - -
Commercial, IDR 95,000 90,000 95,000 - - - -
Income in GB (x 1000), (AB for GB)

Specialty, IDR 148,672 68,208 36,608 7,795 41,400 36,461 50,808
Premium, IDR 53,732 30,694 22,131

Total Income in GB, IDR 496,509 202,404 98,902 58,739 7,795 41,400 36,461 50,808
Income in CP (x 1000), (AB for CP)

Premium, IDR 71,266 41,436 29,353 - - - -
Commercial, IDR 20,725 19,732 42,682 - - - -
Total Income in CP, IDR 225,193 91,991 61,168 72,035

Energy Cost in GB (x1000), (AC for Energy GB production)

Specialty, IDR 661.5 347.0 119.0 29.5 119.9 118 120.5
Premium, IDR 239.5 151.5 62.5 - - - -
Total Energy Cost in GB, IDR 1,968.9 901.0 498.5 181.5 29.5 119.9 118 120.5
Energy Cost in CP (x1000), (AC Energy CP production)

Premium, IDR 1,089.5 664.5 412.6 - - - -
Commercial, IDR 467.5 474.5 884.5 - - - -
Total Energy Cost in CP, IDR 1,557 1,139 1,297.1

Variable Cost in GB (x1000), (AC Labor for GB)

Specialty, IDR 80,640 38,656 19,712 4,045 20,672 16,179 20,480
Premium, IDR 35,280 20,294 13,798 - - - -
Total Variable Cost in GB, AC 115,920 58,950 33,510 4,045 20,672 16,179 20,480
Variable Cost in CP (x1000), (AC Labor for CP)

Premium, IDR 36,120 20,798 14,134 - - - -
Commercial, IDR 15,480 14,856 30,288 - - - -
Total Variable Cost in GB, AC 51,600 35,654 44,422

*Data were calculated
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The NPV, BCR, and PBP values of the Andungsari farmer group are evaluated for a total coffee
cherry production capacity of 32 tons per year of specialty, premium, and commercial production,
comparing two energy provision scenarios and two economic cases. The first energy scenario uses
biogas in production, and the second uses fossil fuels only. The production mix of specialty,
premium and commercial for the base case follows the existing practices of the farming group, while
the alternative economic case seeks to enhance income for the group.

Table 5.13 shows the price, cost, and energy costs of the current conditions based on the two
scenarios according to the current product output with the condition that 50% of coffee is sold as
specialty products in the form of GB, 35% are Premium GB and CP, while the remaining 15% was
commercial CP. The calculation of the NPV for each process route, scenario and output used the
following NPV estimates based on the amount of production capacity per processing route:

TICp = %x Total Invesment Cost @)
TICp = Total Investment Cost per process route (IDR)

CPp = Capacity of processing route (kg)

Tp = Total processing (kg)

e.g. to find the allocated investment Scenario 1 calculated by:

For Fw processing except equipment no 8 (Table 5.9) to produce from CB to CP, taking the data

from (%)x 203,250,000 IDR . The investment for Fw to process CB 13,200kg was

83,849,625 IDR.
Hence, the NPV is calculated from Table 5.12 following this estimation

NPV for Fw processing CB to GB, and CB to CP: (—83,849,625) + (294,394,800 x 9.71) +
(18,382,031 x 0.42) — (167,520,000 x 9.71) — (7,352,813 x 0.63) = 1,151,201,864 IDR
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Table 5.13 Economic assessment — current production case

Potential in CB (kg) Total Process Fw Sw N Hd A/L Wine CM
50%, Specialty 16,000 6,400 3,200 1,600 320 1,600 1,280 1,600
35%, Premium 11,200 5,600 3,360 2,240 - - - -
15%, Commercial 4,800 1,200 1,200 2,400 - - - -
Total Processing (TP) 32,000 13,200 7,760 6,240 320 1,600 1,280 1,600
Economic Assessment
Indicator Scenario All Products Fw Sw N Hd A/L Wine CM
NPV 1. Biogas 2,877,949 1,151,202 589,003 484,813 34,693 192,319 190,043 285,535
(x1000 IDR) 2. Fossil fuel 2,845,058 1,137,647 579,166 475,331 34,657 192,405 189,897 285,615

] 1. Biogas 1.80 1.76 1.69 1.68 1.93 2.00 2.25 2.48
Benefit Cost-
Ratio (BCR) 2. Fossil fuel 1.77 1.73 1.66 1.65 1.91 1.99 2.24 2.46

1. Biogas 0.33 0.28 0.30 0.22 0.23 0.22 0.20 0.18

Payback
Period (PBP) 2. Fossil fuel 0.30 0.25 0.26 0.19 0.20 0.19 0.17 0.16

*Data were calculated
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Table 5.14 Simulation of Andungsari Coffee’s processing model

Potential in CB, kg Total Process Fw Sw N Hd A/L Wine CM
75%, Specialty 24,000 7,200 4,800 2,400 2,400 2,400 2,400 2,400
12.5%, Premium 4,000 2,000 1,200 800 - - - -
12.5%, Commercial 4,000 400 400 3,200 - - - -
Total Processing (TP), kg 32,000 9,600 6,400 6,400 2,400 2,400 2,400 2,400

Economic Assessment

Indicator Scenario All Products  Fw Sw N Hd A/L Wine CM
NPV 1. Biogas 3,142,070 887,281 515,356 459,221 260,201 288,478 356,330 428,302
(x1000 IDR) 2. Fossil fuel 3,109,179 870,914 504,456 449,864 261,789 289,189 357,059 429,007
1. Biogas 1.87 1.80 1.73 1.63 1.93 2.00 2.25 2.48
Benefit Cost Ratio (BCR) 2. Fossil fuel 1.84 1.77 1.70 1.60 1.92 1.99 2.24 2.47
1. Biogas 0.32 0.28 0.30 0.23 0.23 0.22 0.20 0.18
Payback Period (PBP) 2. Fossil fuel 0.29 0.24 0.26 0.19 0.20 0.19 0.17 0.16

*Data were calculated
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To improve the income of the group, the fraction of coffee sent to specialty processing was assumed
to increase, and the use of biogas has been applied to both the coffee roasting process, and cooking
stoves for the group. The coffee processing assumption was modeled as 3:1, which means 3 for the
specialty type, and the rest for premium-commercial, or 75% specialty and 25% the rest (Table 5.14).
This condition is determined based on observations and surveys; some of the CB from handpicking
can be selectively processed into specialty types (Fw and Sw) after submersion for selecting
premium types. Premium and commercial grade beans were chosen for processing using the natural
method optimum. The economic assessment is shown in Table 5.13, along with the assumed
processing routes. Table 5.14 shows the NPV values are more feasible than the current conditions.

Finally, this simulation model encourages farmers to consider processing coffee on the basis of the
raw material potential and product quality using specialty processing. The sustainability of coffee
processing is determined by the balance of selection of specialty, premium and commercial
processing methods.

5.10 Conclusions

This study conducted biogas experiments from different wastewater and sources from different
processing routes at Andungsari Coffee Group, Bondowoso, Indonesia. This coffee group processes
coffee into specialty, premium, and commercial grades. Mass-balances for coffee processing and
energy flows were used as parameters for economic analysis. Two scenarios were applied to
compare economic feasibility: the biogas scenario investing in biogas utilization as a renewable
energy source and the fossil fuel scenario as a comparison. Through these two scenarios, the biogas
scenario was concluded to have a greater impact on economic feasibility than the fossil fuel scenario.
We simulated and modelled the optimization of coffee processing by increasing specialty production
higher than premium or commercial processing. Finally, simulation modelling showed that
increasing specialty processing coffee production was more economically feasible compared to the
premium-commercial and fossil fuel scenarios at the Andungsari Coffee Group, Bondowoso.
Through this study, the application of digesters was determined to be a useful tool for the future of
Industrial Ecology Coffee (IEC), certainly, with the management of coffee production, and using
renewable energy including biogas for coffee farmer group households.
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6 Exploring the unique approach of evaluating the physical and

sensory quality of coffee

6.1 Chapter introduction

Coffee plantations are vital for coffee farmers, particularly smallholders, and are the primary choice
for producing high-quality export goods [6]. There are at least 25 types of Indonesian Arabica
coffee; some can be grown as low as 700 meters above sea level (masl), including the Andungsari
variety [172]. In Indonesia, approximately 28.5% of coffee plantations are Arabica, while the
remaining majority is Robusta [173][174]. Robusta coffee is prevalent in commercial products,
while high-quality Arabica varieties are sought after in specialty items and are recognized by the
Specialty Coffee Association (SCA) as a standard for Cup of Excellence (COE) export opportunities
[175]. The challenge smallholder coffee farms face is producing coffee quality that is of COE quality
as a form of sustainable coffee production (SCP) [176][177].

The specialty coffee market is constantly expanding. Currently, smallholder coffee farms can only
produce nano lots, which refers to the minimum quantity for export, approximately 100 kg of green
beans (GB), through a small-scale process. These quantities are mainly produced for international
contests, resulting in high profits, but the quantity is small compared to micro lots (600 kg) or
commodity-scale production (above 20,000 kg). The benefit of improving the quality of coffee for
smallholders is that it allows them to access the global coffee market [178]. In the coffee processing
stages, fermentation is a key step that enhances the flavor of the coffee [132], such as the anaerobic
method, which applies fermentation to cherry beans (CB). In the food industry, bioreactors are
mainly used for producing alcoholic beverages, vinegar, yeast biomass, enzymes, yoghurt, aroma
compounds, other lactic beverages, and pigments [179]. Changes in the aroma and flavor of coffee
occur during the fermentation period, which is typically up to 96 hours. Beyond that, it will result
in defective flavors, similar to wine [167]. Improving the quality of coffee beans is crucial for
smallholder supply chains, particularly when coffee with different sensory profiles is in high demand.

Even as coffee quality is improved, the risk of environmental impact needs to be mitigated. In the
fermentation stages, wastewater is generated. So it is essential to consider the impact of wastewater-
based emissions and environmental risks [5], by utilizing wastewater as an alternative feed into the
fermentation stages [104], and final wastewater can be used for biogas [180]. Wastewater, if not
properly reused or recycled, contributes to the impact of Global Warming Potential (GWP) [53]. In
the previous research, fermentation was monitored for the temperature, time, and stirring [168],
without any gas monitoring.

This work conducted coffee processing to improve quality using anaerobic, inoculant, and mossto
methods. The fermentation stages are applied in these methods to evaluate the quality, flavors, and
GWP impact. This work designed a novel stainless steel fermentation, with measurement and
monitoring of the following parameters: gas release during fermentation, pH, Chemical Oxygen
Demand (COD), Biological Oxygen Demand (BOD), and Total Suspended Solid (TSS). Wastewater
parameter content was considered for GWP [181]. The small reactor was used to observe
performance during fermentation in order to assess the quality of GB and compare the GWP. For
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the assessment of GWP, Life Cycle Assessment (LCA) was used to evaluate the environmental
impact.

In our experiment, we developed a small reactor with a 25kg capacity to assess the Anaerobic,
Inoculant, and Mossto processes. In a previous study, we produced cascara from coffee skin and
coffee husk as a by-products of fermentation [8]. This study evaluates coffee flavors, bean quality,
and the use of by-products (Cascara) in Industrial Ecology Coffee (IEC) for SCP, including GWP
impact.

Figure 6.1 illustrates the classification of CB from the coffee tree and by-product options for
improve bean quality, and valorization of by-products respectively. Harvesting with selective
picking is a key factor determining the quality of specialty coffee. The IEC approach was used to
implement the reactor fermentation concept, starting from smallholder coffee production and
extending to the pilot plant at Andungsari Coffee Group. This study aimed to evaluate the quality of
coffee and assessthe environmental impact due the implementation of fermentation methods. This
serves as a model for other coffee farmers to adopt the Added Value to Zero Waste (A to Z) approach,
aiming to move towards SCP.
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Figure 6.1 Classification of materials CB in coffee tree and options by-product

6.2 Material and methodology
6.2.1 Study area and boundary of coffee processing

The study was conducted at the Pilot Plant Andungsari Coffee Group, Bondowoso Regency, Pakis

Village, East Java Province, Indonesia. Andungsari variety coffee (single variety) was chosen for

specialty coffee from the plantation between 1,048 and 1,400 meter above sea level (masl) (Latitude:

-7.9231361, Longitude: 113.708889). Coffee processing routes chosen were anaerobic (An),
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inoculant (In), and mossto (Mos). The anaerobic method was simple: cherry beans (CB) were
fermented in a reactor for four days. For the inoculant method, we added pineapple fruit, sugar,
yeast, and coffee blossom to change the flavors. In mossto processing, CB were de-pulped to
separate the Cherry skin (Cs) from GB. The GB were then fermented without the skin, and the
wastewater from inoculant was added to the reactor tank. Figure 6.2 demonstrates the type of coffee
processing methods applied in this study. This work also considered the conversion of by-products
to novel food (cascara) by roasting. Cascara is a fruit-tea product that is typically produced from
cherry skin (CS) dried without roasting [28].
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Figure 6.2 Scope of processing and assessment

6.3 Biological material

Red cherries were chosen to identify the quality and flavor. CB were taken during the Arabica coffee
harvest season from April to July 2023. From observation, the CB sugar concentration was between
11% and 17% Brix,. This was measured with an ATC optical refractometer. Figure 6.3 shows the
appearance of CB when it was overripe, ripe, unripe, and raw CB. For Arabica coffee varieties, we
needed to harvest according to the ripeness, selectively; unripe harvesting would reduce productivity
in the next harvest season. Most of the Robusta did not follow the schedule. The harvested Robusta
was usually mixed and chosen for producing commercial grade coffee. Even though there were also
types of Robusta coffee processed as fine Robusta (Premium Grade), Robusta could not be said to
be a specialty product under the COE classifications [182].
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Figure 6.3 Classification of raw material selection

6.4 Physical and sensory quality

Standard National Indonesian (SNI) was chosen as the method for determining the grade of coffee.
SNI has six standards based on defect scores [15]. Table 6.1 shows the grade reference for GB. The
score assessment was based on the quantity of seeds with various defect score parameters. For
example, first grade (highest quality) has a maximum defect value of 11. The quantity of sampled
beans in the SNI test was approximately 300g, taken after the bean sorting stage. Next, the samples
were tested at the Coffee Science Institute (CSI) laboratory and Indonesian Coffee and Cocoa
Research Institute (ICCRI), Jember, East Java, Indonesia. The laboratory provided flavor scores as
a comparative control [172]. Using the SCA method, they tested the coffee flavor using panelists
who were certified Q Arabica Graders [182]. The cup taste was evaluated under the international
Coffee Quality Institute (CQI) certificate, which considered 10 attributes (fragrance, flavor,
aftertaste, acidity, body, uniformity, balance, clean cup, sweetness, overall, taint/defect) and the total
score.

Table 6.1 Defect parameter score SNI

Grade Quality Defect Parameters Score

Grade 1 11

Grade 2 12-25
Grade 3 26 - 44
Grade 4 45 - 80
Grade 5 81 -150
Grade 6 151 - 225

The Q-Graders from the ICCRI and CSI provided assessment on bean quality. Then, we combined
the scores for comparation of the results. Under these tests they serve the coffee in 8 minutes for
scoring, the first score was fragrance to evaluate freshly ground coffee powder, then hot water was
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poured over it with the water temperature from 95°C to 98°C. The extraction time was about 3
minutes, flavors and aftertaste were checked on the liquid coffee over approximate intervals of 1-2
minutes. Next, scoring on the attributes of aftertaste, acidity, body, uniformity, balance sweetness
was made during 2-6 minutes. Lastly, scoring at around 6-8 minutes was done for clean cup, overall,
taint or defect scores.

6.5 Design and description of the stainless steel reactor

The bioreactor has a volume of 0.0626 m® and was made of stainless steel to ensure hygienic
conditions for food production. Figure 6.4 provides a detailed explanation of the bioreactor. The
stainless steel tank was designed in a cylindrical shape with a total capacity of 25 kg CB. The
bioreactor has an inner diameter (d0) of 400 mm, an outer diameter (d1) of 480 mm, an outlet
diameter (d2) of 100 mm, and a height (hd) of 600 mm.

This reactor was equipped with a hot water tank, with diameter (dw) of 150 mm, and height (hw) of
350 mm. Hot water was supplied to the water jacket when the temperature in the water jacket was
below the set temperature of 30°C to 35°C to maintain the desired temperature. The gate valve opens
automatically when the temperature increases or decreases. Cold water or hot water circulated
through the inner and outer flow channels, and the radiator fan motor ran when hot water flow
circulated. Digital temperature indicators on fermentation drums, hot water tanks, and water jackets
were displayed during fermentation. The reactor had a stirrer motor to mix (25 Rpm) the CB, and
an anchor motor for the final process.

The monitors in this fermentation reactor were used to measure gas release every two hours during
fermentation (only CO2, CH4 auto monitoring), and N2O by test using Gas Chromatography (GC).
Meanwhile, in wastewater, measurements of Total Suspended Solids (TSS), Chemical Oxygen
Demand (COD), and Biological Oxygen Demand (BOD). Both gas and wastewater were considered
for Life Cycle Assessment (LCA) analysis. Figure 6.5 shows the hourly power usage of the reactor
for the heater, motor, stirrer, fan, pump, and module controller.
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Figure 6.5 The consumption of electricity per hour in the reactor

6.6 Environmental impact analysis

This study presents assessments for global warming potential corresponding with anaerobic coffee
processing, inoculants, and mossto, respectively; based on one kg CP as well as one kg Cascara (by
— product). Comparative greenhouse gas emissions for various methods adopted in coffee
production were calculated from direct observation and experimentation data, in addition to
secondary used to LCA assessment purposes. The ReciPe 2016 midpoint level (ML) method was
applied using SimaPro v9.3.0.3 [44] [13]. In this study, energy consumed was from local electricity.
The electricity demand required to operate the reactor for an hour is illustrated in Figure 6.5. Energy
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demand attributed to the relevant stages and activities are shown in Table 6.2 for the impact of dry
processes, and the mass balance shown in Table 6.3.

Table 6.2 Energy demand every stage

Materials Arabica Energy Input

Processing Flow Unit  Anaerobic Inoculant Mossto
Motor Cycle (Petrol) L 0.25 0.25 0.25
Washing CB (Water) L 20.0 20.0 20.0
Depulping kWh - - 0.06
Reactor Fermentation kwh 2.13 2.13 2.13
Dehulling kWh 0.04 0.04 0.03
Roasting Coffee kwh 0.44 0.45 0.46
Roasting Coffee Skin kwh - 0.65 0.63
Grinding Coffee kwh 0.19 0.20 0.20

*Data were measured.

Table 6.3 Mass balance by processing method for Andungsari coffee

Processing flow (kg)

Stages process Anaerobic Inoculant Mossto
Cherry Beans (CB) 25.0 25.0 25.0
Depulping - - 12.5
Inject Inoculant - 1.25 -
Inject Raw Mossto - - 2.3
Fermentation 25.0 26.3 14.8
Drying CB/Coffee Pulp 11.0 11.3 7.5
Drying Cherry Skin - 6.5 6.25
Dehulling 4.8 4.8 4.9
Hand Sorting 4.4 4.5 4.6
Roasting GB 3.8 3.9 3.95
Roasting HS 5.2 55 -
Roasting CS - - 5
Grinding 3.8 3.9 3.95

*Data were measured.

6.7 Results and discussion

6.7.1 Physical coffee quality

In the coffee processing, approximately 25kg of cherry beans (CB) were involved per batch reactor.
The motor stirrer equipment automatically rotated clockwise for five minutes every hour,
maintaining a set rotation speed of 25 Rpm for mixing the CB. The anchor motor function was
employed to release the CB when fermentation was complete. The water heater in this reactor was
activated when the temperature of the CB during fermentation decreased; a gate valve would
automatically open to allow the flow of hot water as needed. The temperature set point was
maintained at 30°C to 35°C for the fermentation in this study [183][184][163]. The radiator was
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used for a water cooling system with the water jacket temperature set point. This reactor also
measured COD, BOD, and TSS as considerations during fermentation [132]. The default energy
demand per hour in the reactor is displayed in Figure 6.5, while Figure 6.4 illustrates a study aimed
at enhancing the quality of GB and the flavors of the coffee.

Smallholder coffee farms can manage the coffee processing depending on the targeted product. In
on-farm production, smallholders need to manage the coffee plantation, including fertilization, pest
control, proper periodic harvesting, and technological support for processing from cherry beans to
green beans. Due to poor management, defects in green beans can occur in the plant due to insects,
technology, or unpredictable seasons [185]: partial black seeds cause by heavy rain during harvest,
whole black seeds from overripe CB or insects, and spotted black caused by moisture content in
storage of GB. All types of CB can be attacked by insects, including Hypothenenus hampei, which
causes holes in the ostioles. Remaining CB will rot, the CB will become low density, or will fall due
to saprophytic microorganisms. Furthermore, GB defects due to processing are cracked seeds, seeds
mixed with parchment skin, freckles, and husk skin (Figure 6.6) by processing. Storage also affects
seed defects, such as more than one hole in the seeds due to insects and brown seeds because they
were stored with a moisture content of >12%. Defects of GB caused by insects can be avoided by
selecting appropriately ripe CB, but this does not mean that unripe or overripe CB cannot be
harvested. Still, arranging a picking schedule for each tree branch is necessary.

SNI-based scoring points range from 0.2 which marks minimum rank to a maximum rank of 1 [15] .
In order to determine this grade, beans which had defects were counted and multiplied by the
respective score for the type of defect. Score ranges for grades between 1 and 6 are shown in Table
6.1. These are the result of multiplying the scores in Table 6.4 by the count of defective beans in a
3009 sample. Defect scores for anaerobic, inoculant and mossto were evaluated at ICCRI laboratory
located in Jember, East Java Province, Indonesia [172].

® On — farm handlin : Off — arm andling—o

Figure 6.6 On-off farm handling on coffee processing

The final score was first grade, if GB defects are left and not sorted, this will affect the taste of the
coffee. The final defect score in this study was between 5.5 and 6 (Table 6.4). GB defects affect the
flavor because the aroma and flavor resulting from on-farm problems will cause greater bitterness.
Furthermore, it was crucial to handle coffee carefully both on and off the farm to maintain the first
grade with scores less than 11.
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Table 6.4 Defect score analysis

No Type of Defect (Seed) Defectscore QSAn SV An QSIn SVIn QS Mos SV Mos

1 1 Black seed 1 0 0 0 0 0 0

2 1 Half seed 0.5 0 0 0 0 0 0
3 1 Cracked black 0.5 0 0 0 0 0 0
4 1 Dried cherry 1 0 0 1 1 0 0
5 1 Dark brown 0.25 0 0 0 0 0 0
6  1HS big-sized 1 0 0 0 0 0 0
7 1 HS medium-sized 0.5 0 0 0 0 0 0
8 1 HS small-sized 0.2 0 0 0 0 0 0
9 1 Parch skin seed 0.5 0 0 0 0 0 0
10 1 Parch big-sized 0.5 2 1 1 0.5 3 1.5
11 1 Parch medium-sized 0.2 0 0 0 0 0 0
12 1 Parch small-sized 0.1 0 0 0 0 0 0
13 1 Cracked seed 0.2 15 3 15 3 14 2.8
14 1 Pale seed 0.2 0 0 0 0 0 0
15 1 Hole seed 0.1 5 0.5 5 0.5 5 0.5
16 1 Hole (more than 1) 0.2 0 0 0 0 0 0
17 1 Freckles seed 0.1 10 1 10 1 10 1
18 1 Branch big-sized 5 0 0 0 0 0 0
19 1 Branch medium-sized 2 0 0 0 0 0 0
20 1 Branch small sized 1 0 0 0 0 0 0
Final defect score 5.5 6 5.8
Quantity seeds = QS; Score value = SV; Anaerobic = An; Inoculant = In;

Mossto = Mos.

6.8 Sensory coffee quality

Sensory analysis gave a score to coffee beans depending on their sensory attributes. All Q graders
had distinct organoleptic reference ranges, but professionals followed a precise, uniform technique
during rating, and have calibration regularly. The material being tested was anonymous. The
medium roasted coffee beans were evaluated under an SCA protocol [182], for aroma profiles in
laboratory-based studies done at CSI and ICCRI. Table 6.5 presents the test results, which are used
to validate the observations from the fermentation reactor. We combined the overall scores and
presented the combined flavor notes from the panelists in Table 6.6. We detailed the taste
observations during the cup-test when evaluating the inoculant. The mango flavor is present due to
the effective extraction of cherry skin during fermentation, resulting in a tropical fruit aftertaste in
the cup. The lemon flavor is typically attributed to mucilage during fermentation, contributing to
good acidity.
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Table 6.5 Sensory quality attributes for Andungsari coffee by processing method

Cup test Panelist CSI Panelist ICCRI

Attributes *  Anaerobic  Inoculant Mossto  Anaerobic Inoculant  Mossto
Fragrance 7.75 8.25 8.25 8.25 8.38 8.38
Flavor 8 8.25 8 7.75 8.38 8
Aftertaste 8 8 8 7.75 7.75 7.75
Acidity 8 8 8.25 7.75 7.5 7.75
Body 8 8.25 8.25 7.75 7.88 7.75
Uniformity 10 10 10 10 10 10
Balance 8 8.25 8 7.75 8 7.88
Clean Cup 10 10 10 10 10 10
Sweetness 10 10 10 10 10 10
Overall 8 8.25 8 7.75 8 7.88
Total Score  85.75 87.25 86.75  84.75 85.89 85.39

*Data were measured from panelist CSl and ICCRI

Table 6.6 Total score, classification, and description by processing method

Processing Compile Quality Notes
Method*  Score Classification Description
Fruit, berry, clean, dry fruit, molasses,
. Excellent- ..
Anaerobic  85.25 . grape, juicy, floral, chocolate, complex,
Specialty . .
brown-sugar, spicy-chili-like
Brown sugar, fruit, berry, clean, citrus,
Excellent- caramel, tropical fruit, chocolate, coffee
Inoculant  86.57 .
Specialty blossom, sweet, balanced, mango

aroma, rose tea, star fruit.
Brown sugar, fruit, berry, clean, citrus,
Excellent-
Mossto 86.07 ) caramel, chocolate, balanced, molasses,
Specialty i
black tea, lemony, greenish, honeyed
*Data were measured from panelist CSI and ICCRI

Another study on flavor scores in anaerobic processes gave flavor notes for dried fruits, red fruits,
and acetic acidity with scores above 80 [21]. Fermentation using inoculants has an impact on the
quality of sensory characteristics. This is interesting, especially in the last few years; specialty coffee
has become a demand segment, moving from regular to particular products, especially using
technology [116]. In this study, farmers can improve the quality of GB up to Excellent-Specialty
through the use of a reactor by controlling the temperature with a stirrer system. The inoculant for
each attribute averages above point 8 (Figure 6.7). The impact of fermenting CB was identified in
the note description, product of GB has the advantage of tropical fruit and sweet and balanced
aromas (inoculant and mossto). On the other hand, others got points below 8 in several attributes. A
score below 85 means GB is considered a Very Good-Specialty coffee, highly-valued but not of the
highest quality [182][6].

105



Fragrance

10.00
Overall .00 Flavor
/ 6.00
Sweetness¢” 4.00 Aftertaste
2.00
0.00 1
Clean Cup&\_ / . Acidity
Balance \ //Body —eo— Anarobic
. ’ Inoculant
uUni it
niformity Mosto

Figure 6.7 Sensory diagram of Andungsari variety of coffee based on processing method

The notes were described by the panelists for each processing method. Brown sugar flavours were
caused by the perfect roasting time, with the color of a medium roast (Agtron 55) [20], fruity,
tropical fruit, citrus, and coffee blossom (flower and fruit groups) were caused by the cherry skin
and mucilage being properly fermented. Chocolate, caramel, and molasses flavors were balanced
and juicy due to proper extraction and medium roasting. Meanwhile, the black tea note tastes like
dry leaves tea but is also greenish (like tea extract).

6.9 Impact assessment

The LCA included data from the mass balance, wastewater, and gas production during fermentation
(Table 6.2 and Table 6.3). We decided on four days of fermentation based on the results of physical
tests; one day of fermentation did not leave any traces on the physical and sensory CB. If
fermentation is carried out for two days or three days, this is commonly done in full wash processing,
and the score value during this fermentation time is still below 82. Five-day fermentation causes an
unfavorable acid (sour) taste for the panelists. Fermentation of five to more than ten days can cause
the taste of wine in GB. The description of the wine taste does not match COE requirements.
However, gas production and wastewater characteristics such as COD, BOD, and TSS are essential
in this LCA. Figure 6.8 to Figure 6.10 provide illustration of the gases produced during fermentation.
Meanwhile, Figure 6.11 shows the observed values of COD, BOD, and TSS.
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Figure 6.8 CO2 production during fermentation

Production gas from the reactor was measured automatically in the reactor, but also this work still
captured and measured it using Gas Chromatography (GC) for comparison; we tested the gas at the
Politeknik Negeri Jember. Figure 6.8 illustrates the highest average of gas from inoculant processing,
approximately 44,341 ppm CO:z on the second day; a decrease in inoculant fermentation CO> gas
occurred on the fourth day, was about 18,575 ppm. We analyzed this as caused by a mixture of
pineapple, sugar, and yeast, causing increased CO> production. Including anaerobic, on the second
day, it reached 34,550 ppm CO,. The CO> production with the Mossto method is lower compared
to other methods, despite using wastewater from inoculants as fermentation material. The CO-
production during the Mossto fermentation ranged from 791 ppm to 896 ppm, starting from the
beginning of the fermentation to the end.
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Figure 6.9 CH4 production during fermentation

On the other hand, during fermentation gas CH4 was produced. Figure 6.9 illustrates the CH4 gas
levels during anaerobic fermentation. At the beginning of fermentation, CH4 concentration was 1.96
ppm, which increased to 3.2 ppm on the third day of fermentation and then decreased to
approximately 2.08 ppm at the end of the process. In contrast to the inoculant method, approximately
3.64 ppm of gas was produced on the second day, gradually decreasing towards the end of
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fermentation. While in mossto fermentation the production of CH4 was between 2.14 ppm and 2.34
ppm.

Furthermore, Figure 6.10 illustrates the release of N.O gas during fermentation. The inoculant
methods still result in higher levels than anaerobic and mossto, with about 2.94 ppm of N20 gas at
the beginning, although the levels decrease sharply. This work was considered of the gas production
to accumulated for calculations to the secondary database in ReciPe 2016 for evaluate of LCA.
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Figure 6.10 N2O gas release during fermentation

This study also considered fermentation wastewater by measuring COD, BOD, and TSS
concentration [5]. Mossto processing provides a higher wastewater contribution than anaerobic and
inoculant, the utilizing anaerobic wastewater increases wastewater concentration in mossto process
[170], but when wastewater was final flow, it is potential for ingredient cascara syrup [55].
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Figure 6.11 Chemical properties wastewater

The mass balance for calculation of the LCA was described in Table 6.3. The anaerobic method
does not remove the cherry skin (Cs), so after fermentation, it is dried, and the husk skin is peeled,
producing GB and Husk skin (HS). From these three methods, the potential for by-product novel
food to become coffee tea was between 5 and 5.5kg, producing approximately 4.8 - 4.9kg GB.

Across all fermentation stages, 25kg raw CB and 12.5kg Pulp Beans (PB) produce wastewater of
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1kg (anaerobic), 2.25kg (inoculant), and 1.95kg (mossto). This study was also conducted on Hs and
Cs roasted as a by-product of Cascara.

The GWP contribution caused by using electricity during four days in the reactor contributes to
higher potential GWP than other contributors (Figure 6.12). Energy consumption was 2.13kWh,
which is the cause of the main contribution compared to de-pulping, dehulling, roasting, and
grinding stages. The GWP contribution during processing, anaerobic processing from CB to CP was
1.39kg CO2-¢q per one kg CP; contribution for operating the reactor from local electricity was 0.67
kg CO2-¢q and 0.72 kg CO».¢q for the remaining processes. Meanwhile, in the inoculant processing
(fruit injection) contributes a GWP of 0.03 kg CO.q. Furthermore, in mossto processing,
wastewater from inoculant fermentation (raw — mossto) contributes a GWP of 0.02 kg CO2-¢q.

Table 6.7 Results of this study compared with other processes and by-products

Coffee processing* Stages By-Product
CBto GB CBto CP Coffee Tea
Anaerobic 0.9 kg CO2-¢q 1.39 kg CO2-¢q 0.17 kg CO2-¢q
Inoculant 0.98 kg CO2-¢q 1.47kg CO2-¢q 0.19 kg CO2-¢q
Mossto 0.99 kg CO2-¢q 1.5kg COz-¢q 0.2 kg CO2-¢q

*Data were calculated
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Figure 6.12 Comparison of the contribution of anaerobic and inoculant

The impact of GWP on anaerobic processing per kg GB from CB to GB was 0.9kg CO2.¢q, and from
CB to CP was 1.39kg CO2.¢q (Table 6.7). This anaerobic process also produces Husk Skin (HS),
which was 7.5kg dried, and from roasted HS was 5.2kg cascara (by-product coffee tea). The GWP
contribution of roasted HS was 0.17kg CO2.¢q per kg HS roasted. Inoculant processing contributes
1.47kg CO..¢q for one kg CP, stages from CB to CP. Furthermore, producing GB has emissions of
0.98kg CO2.¢q per kg GB. Another impact of GWP from roasted inoculant HS was 0.19kg per kg
roasted inoculant HS from 6.5kg dried HS to 5.5kg roasted HS. Finally, from wet CS 12.5kg to
6.5kg CS dried, this product is generally called cascara and can be consumed as tea [186]. From
dried CS to CS roasted, approximately 5kg contributed GWP was 0.2kg CO2.¢q for one kg roasted
CS. Meanwhile, CB to CP mossto processing is the highest; it was 1.5kg CO2-eq per kg CP and
0.99 kg CO2.¢q per kg GB (Figure 6.13).
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Figure 6.13 GMP contribution of mossto processing

This study compares the GWP of the dry methods of coffee processing (anaerobic, inoculant, and
mossto). The mass balance of raw materials influences the GWP contribution from each process,
meaning that a good coffee bean yield (without defects) can provide quality GB and low GWP. It
would be best for farmers to implement a regular red-picking schedule, primarily if they focus on
specialty processing. Furthermore, the capacity of this reactor is relatively tiny, with a CB of 25kg
and yield of dried GB between 4.4 and 4.9kg. The total power of 335 watts in the reactor has the
potential for a reactor capacity of between 70 and 100kg/batch. Arabica by-products, such as cascara
from wet processed cherry skins, are generally only dried in the sun and not roasted, but cascara
roasted reduced fatty acids [52]. Other case, during the fermentation process with inoculant from
lactic acid bacteria, an increase in the flavor compounds aldehyde, furan, and acid would increase
sour and nutty odor. However, if over-fermented it will produce over-acidity and become sour; it is
a flavor defect and has the potential to score below 7.5 [187].

6.10 Conclusion

The novel stainless steel fermentation reactors were designed and approved for producing high-
quality and specialty coffee. Monitoring temperature control, gas production, water jacket systems,
and wastewater concentration measurements support the reactor by providing primary data for
evaluating environmental impact. High quality coffee was achieved through controlled hand
pickling, fermentation control, and processing. The coffee high-grade classification was obtained
based on sensory perception. The sensory perception indicated that the inoculant modified the
flavour attributes, enhanced the quality, and increased their SCA scores. The utilisation of
wastewater for mossto methods was the solution to obtain optimalization of beans quality and
increase SCA scores, even lower than inoculants. The anaerobic SCA score was lower than that of
the inoculants and mossto, caused by anaerobic fermentation without the addition of materials. The
GWP of Anaerobic coffee and the subsequent use of the by-product (cascara) was also lower than
that of Inoculant and Mossto. Different studies on fermentation with other tools may produce
different results. However, the fermentation reactor, with the ability to provide key indicators, is a
valuable tool for smallholder coffee producers in conducting environmental impact evaluations and
enhancing coffee quality.
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7 Roasting impacts and by-products

7.1 Chapter introduction

This chapter presents two significant aspects of coffee production that can be important for industrial
ecology approaches — the roasting stage and the production of salable by-products from otherwise
disposed waste streams. The roasting of coffee is one of the main processes to finalise the flavor of
the coffee product, but it uses energy for heating, which can potentially be a sink for waste energy
produced in other stages of the coffee production cycle. In order to understand the amount of energy
required and what chemical processes it drives, this chapter investigated the roasting profile and,
energy consumption and emissions. The chapter also looks at the production of “coffee tea” —
referred to as cascara — as an upgrade product from the husk skin, cherry or coffee flowers.

7.2 Downstream coffee production (coffee roasting)

While coffee production can be impacted by climate change, it is also important for the sector to
consider how it can improve its own performance environmentally. Mitigation of emissions from
all processes in the coffee processing chain using alternative energy should be a priority as a
contribution to mitigating the impacts that threaten the industry. Utilizing wastewater from coffee
processing into biogas is a further step towards Sustainable Coffee Production (SCP) [27].

Arabica coffee is often processed for different markets relative to Robusta. Robusta products are
commercial products (lower price and lower quality requirement), so they are handled on the
plantation [28], with the specific processing methods being important for the impact on
sustainability. Almost all Robusta processing is carried out using the dry process, which currently
benefits farmers most [29]. Coffee processing produces around 0.42kg COgzeq per kg cherry
emissions from transportation and 0.08kg CO2¢q per kg Coffee roasted from LPG Sources and Local
Grid electricity [30]. Generally, coffee processing is divided into two types - wet processing and dry
processing [31][32][5]. Figure 2.1 describes the wet and dry coffee processing processes, divided
into on-farm and off-farm categories. It should be noted that the on-farm processes in each
processing type are not segregated at the same point, so it is not a simple matter to separate the flows
and processes. Primary products (On-Farm) can be sold directly to coffee processors, while
secondary products (Off-Farm) are segmented by smallholders, and Small-Medium Enterprise
(SMEs).

Coffee roasting is part of the off-farm processes; small producers can roast coffee by buying Green
Beans (GB) from suppliers, determining the roast profile and aiming to develop the best aroma,
color, and taste [33]. The roasting method can be fast, medium, or slow roast [34]. Moreover, all
stages in the coffee process contribute to Global Warming Potential (GWP), with most coffee
processing using fossil fuel sources. Replacing LPG with biogas is one potential method for
mitigation of the emissions produced in the coffee roasting stages. For example, coffee process by
smallholders in Jember contributed emissions of around 1.2kg COzeq per kg Coffee Powder (CP)
with scenario fossil fuels, and biogas this was reduced to 0.42kg CO2eq per kg CP [27].

LCA is used to calculate the potential emissions from coffee roasting, with the use of energy sources
such as solar panels and the local electric grid compared. A previous study has demonstrated solar
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panels and local grid electricity leading to 0.318 CO2¢q, 0.744 CO2¢q per kg CR [35]. The scenario
of biomass as energy in the coffee processing process in Mexico was previously shown to produce
lower emissions than fossil energy [36]. Economically, CR has been shown to provide a beneficial
impact compared to GB products in the Robusta Bromo Mountain coffee farmer group [37], but the
importance of selective processing during the production process and considering the use of
alternative energy as a supporting energy source needs further investigation — from direct economic,
environmental and potential marketing perspectives. Smallholders in coffee processing are essential
to sustainable coffee production [23]; through collaboration with smallholders, the industry will be
strong and sustainable with quality GB [38].

In the case of coffee, it is important to define the functional unit for evaluation. Roasters use the
color profile to indicate various levels of roast. In this case, the roast color profile tested is based on
codes #95 very light, and #25 very dark [39].As roasting progresses, changes can be seen physically
occurring with time and changes in temperature during the roasting process, with coffee from a
water weight content of 12% to around 5% [40] The changing color during coffee roasting also has
a relation with the coffee taste [39]. There has not been any previous detailed explanation of the
emissions arising at each stage of the roasting process. The novelty of this research is to explain the
potential emissions from the coffee roasting process explicitly by dividing it into three roasting
stages: first, the Dehydration stage; second, the Maillard reaction stage; and third, the Development
stage. A coffee roasting curve was formed at each stage, which became a reference for smallholders
to determine the roast profile.

In this study, we discuss the potential emissions generated by the roasting stage of coffee with
Arabica and Robusta from two different types of processing. Potential emissions reduction analysis
has been undertaken with LCA, using SimaPro software and the ReCipe 2016 method. Two different
energy sources: solar panels-biogas and local grid electric-LPG, are used for comparison.

7.3 Case study and methodology

This study used raw dry coffee materials, Arabica and Robusta, from the Processing Group at the
Indonesian Coffee and Cocoa Research Institute (ICCRI). The coffee roasting was done at a
company in Jember Regency, East Java. LCA is used for the analysis of Global Warming Potential
(GWP) [41][42] in SimaPro V9.3, with the ReCipe 2016 midpoint level method as an impact
assessment [43][44]. The Eco-Invent database was used to calculate the GWP of production using
Local electricity — LPG (LL), and Solar Panels-Biogas (SB). Consumption of LPG and electricity
was measured experimentally. Figure 7.1 shows the flowsheet of coffee roasting assessment
boundaries. Data were collected during August and September 2022, using direct observation and
experimentation at the Gusto Coffee Company, Jember, East Java-Indonesia.

112



Energy Source

| |
| |
: LPG Biogas :
|
Ly v
I . !
Dry Coffee . | Roasting || Coffee
Beans | 7 Dehulling ! Coffee | Roasted
I I
S B :
A \ J
Husk Skin ‘ ‘ Silver Skin

Figure 7.1 The scope of the study is presented in the dash-line

The functional unit defined for this study is one kilogram of coffee roasted at a medium level (Agtron
55). This study uses a roasting application and monitoring to display graphs during the process,
including temperature, time, and gas consumption (Figure 7.2). The monitoring system is
connected via a USB cable to a microcontroller coffee roaster machine. Drum speed control
ranges from 60 to 75 rpm as a variable for control motor rotation, airflow control for heat
power, and heat losses; it also detects bean temperature and drum temperature in real-time,
and the gas pressure indicator is read during the roasting process—gas pressure is converted
to gas consumption in this monitoring system. The monitoring system readings are presented
as a roasting curve and can be saved in the form of images and exported to Excel files. At the
same time, observations record the amount of electricity demand using a digital power meter
(Figure 7.2) during the roasting process. We completed the analysis by comparing the GWP
of the two energy sources and separating it into the three contributing stages of the coffee
roasting process; Dehydration, Maillard, and Pyrolysis [45]. The real-time monitoring
system records temperature increases or decreases and time during the roasting process.
These temperature changes help to identify the changing processes in roasting the coffee.
These three stages can be read through the monitoring system, divided in time ranges from 0
to 4 minutes, 4 to 8 minutes, and 8 to 10 minutes. Data is stored as a reference for the
roastery for the roasting stage with the same type of coffee beans. This study used coffee
roaster samples, in a roaster machine with a capacity of 200g.

Table 7.1 shows the specific tools utilised. These tools were connected to software for the
monitoring system on temperature, time, and gas pressure. Solar panels are used during the dehulling
and roasting processes, with four monocrystalline type panels and 100A batteries (Table 7.2).
However, this study does not detail the GWP impact due to the dehulling process, because it is
focused on the three stages of the roasting process, which should eventually be able to determine
the relative impact of alternative roast levels, taste profiles and beans. Figure 7.3 shows a roaster
machine, solar panels, and AC-DC power meters.
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Table 7.1 Roaster machine specifications

No Materials*

Parameters

1 Drum Stainless 304 125mm; tick 2mm, L 120mm

2 Tray Stainless 304 L x W x H: 220 x 65 x 40 mm

3  Body Stainless 304 2mm thick, L x W x H: 380 x 270 x 270 mm
4 Gas Indicator 0 - 100 millibar

5  Temperature Digital Beans, Monitoring Connections
6  Capacity 100-200g per batch

Specification* Power (Watt)

7 Motor Drum 15

8  AirFlow Fan 10

9  Cooling Fan 10

Total power (Watt) 35

*Data taken observation roaster machine
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Table 7.2 Installation specifications

No Type Panel* Monocrystalline Energy DC DCto AC
1 Maximum Power (P max) 100 W - -

2 Maximum Power Current (I max) 5.62 A - -

3 Maximum Power Voltage (V max) 17.8 VDC - -

4 Open Circuit Voltage (V) 21.8VDC - -

5 Battery (Gel) - 100 Ah, 12V -

6  Inverter Cosine Wave - - 1000 W

7 Power Meter Indicator - - 100 A

*Data taken installation

The coffee roasting mass balance inventory is presented in Table 7.3. Roasting milestone parameters
were measured respectively; raw material, bulk density in GB, bulk density in CR, apparent swelling,
turning point, first crack, and second crack. Next, the emissions factor was applied to calculate LCA
[46]. The amount of energy and electricity consumption is explained in Table 7.4. Observation of
gas consumption with a flow meter and pressure, for each phase of the roasting process, from
minutes 0-4 (dehydrate), 4-8 (Maillard), and 8-10 (develop). The gas consumption was recorded on
the monitoring system and using a gas pressure indicator and gas flow meter indicator for gas flow
measurement. Gas consumption is based on the three stages of the roasting process. The gas cylinder
is placed on the scale and connected to the monitor system. The initial to final gas weight at each
stage is recorded and described in Table 7.4. The LCA input data for the LL Scenario selected low
voltage electricity Indonesia (ID), with electricity voltage transformation from medium to low
voltage, Cut-off-S was selected as the database for electrical energy input. Low voltage electricity
ID, photovoltaic, 3kWp slanted-roof installation, Cut-off-S was used for the SB Scenario.
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Table 7.3 Roasting parameters

Bulk Bulk

Roast ' Beans Roast glensity glensity Apparent Charge Tu.rning First Second End
No type* Coffee Moisture, % mass, mass, in in swelling, % Temp, °C point Crack Crack Temp, °C
g g beans,  roasting, ’ ’ temp, °C  temp, °C  temp, °C ’
g/ml g/ml
1 R55 AFW 12%+05 100 86.6 0.714 0421 46.87 180 92+1 194+1 205+1 210%1
2 R55 ANat 12%+05 100 86.2 0.64 0.383 44.04 180 92+1 196+1 205+1 210%1
3 R55 RFW 12%+05 100 87.7 0.73 0.391 63.74 180 92+1 194+1 205+1 210%1
4 R55 RNat 12%+05 100 86.7 0.684  0.398 49.00 180 94+1 193+1 204+1 2091
*Data were measured
Table 7.4 Fuel consumption parameters
o Roast Coffe Gas Consumption LPG, g Electric
type* Pre heat, 0-5min  Dehydration, 0-4min Maillard, 4-8min Develop, 8-10min Consumption, kWh
1 R55 AFW 4 6 2.3 1.2 0.02
2 R55 A Nat 4 6.3 1.5 1.4 0.02
3 R55 RFW 4 4.5 2.3 2 0.02
4 R55 R Nat 4 35 3.4 2.5 0.02

*Data were measured
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7.4 Environmental impact analysis

This study used a 100g GB coffee sample. The input temperature is fixed the same; 180° C. This
temperature is used as a reference when inputting GB at the start of roasting [47]. Furthermore, the
water content was set at 12% uniformly based on National Standard Indonesia for coffee dried.
However, each GB has a different density depending on the variety of beans and the meter above
sea level of the plantation. This results in a difference in temperature for each sample at the turning
point, where for a moment, the temperature of the coffee beans is lowest and then starts to rise. In
the coffee roasting process, the beans change color and size, which is affected by high temperatures;
these changes occur between 160° C — 300° C [48]. The initial turning point temperature of coffee
beans can vary due to processing and physical characteristics of GB such as; size and variety of raw
material. Table 7.4 describes the electricity consumption as a total of 0.2 kWh, with an estimate of
0.08 kWh between dehydration and maillard, and 0.04 kWh for development phase.
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Figure 7.4 Roasting milestones

Figure 7.4 describes the turning point range between 2-3 minutes; if the turning point is at 3-5
minutes, the heat power is low. In 3-4 minutes, the temperature of the beans reaches 130° C — 150°
C, and the color changes due to the low GB moisture content (dehydration-drying phase).
Furthermore, in the period between 4-8 minutes, the temperature will rise to the point where the
coffee beans begin to show apparent swelling between 180 — 195 temperatures (Maillard reaction
phase); the “first crack” is heard in this phase. Finally, in the 8th-10th minutes which make-up the
development phase, the temperature rises between 195-230 and the formation of the final profile is
achieved. In this phase, there is a second “crack” sound. It is important to monitor the target coffee
color, because at this stage the determination of coffee caramelization and flavor is achieved. The
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results of the analysis show that the contribution of emissions from the development phase is lower
than the maillard and dehydration phases. This is due to a decrease in gas consumption during this
phase.
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Figure 7.5 (a) Carbon Contribution of coffee roasting Arabica FW by LL energy source, (b)
SB energy source
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Figure 7.6 (a) Carbon Contribution coffee roasting Arabica Natural by LL energy source,
(b) SB energy source

Figure 7.5 compares the two LL and SB scenarios for the FW Arabica roasting, the contribution of
GWHP per one kg CR of LL energy sources at the dehydration stage were 0.299kg CO2¢q, Maillard
0.166kg CO2¢q, and development 0.084kg COo¢q. For the LL scenario, the use of Local Electricity
and LPG contribute GWP 30% and 8%. When compared with the SB scenarios for the FW Arabica,
dehydration was only 0.025kg COzeq, Maillard 0.021 COzeq, and development 0.019kg CO2eq, these
scenarios are obviously lower than the LL scenarios. The use of biogas is a clearly preferable option
that can utilize liquid and solid waste converted into energy towards SCP [13].

The main contributor to energy and emissions for coffee roasting in the SB scenario is the biogas,
between 73 — 74% of the total, with a GWP contribution of 0.2kg COzeq— 0.22kg CO2¢q per kilogram
CR. In the LL scenario, the GWP of the LPG system contributes 0.063kg COzeq — 0.068kg CO2¢q
per kg CR. As seen in Figure 7.6b, the scenario of SB contributing to GWP is dominated by
dehydration, Maillard, and development at 0.025kg CO2¢q, 0.020kg CO2eq, and 0.018kg COazeq,

118



respectively. Meanwhile, in Figure 7.6a, GWP for 1kg CR from the LL scenario is 0.27kg COzeq,
0.1856kg CO2¢q, and 0.0855kg COzeq from the main phases respectively.
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Figure 7.7 (a) Carbon contribution coffee roasting R FW by LL energy source, (b) SB energy
source.

R FW
Mai]ard,i_
0.021,7%

R FW
Dehydration,
0.023, 8%

On the other hand, for robusta CR, Figure 7.7 illustrates the GWP for the Robusta type FW
processing. The GWP contributor is higher in the dehydration phase than in the other two steps.
Included in Figure 7.8 was the same type of coffee but using Natural processing. In this study,
robusta has a higher density than arabica. Coffee with different densities may require additional
power and heat, and produces a different taste depending on the roast profile [49]. Figure 7.9
describes each stage of coffee roasting with a total GWP for one kg of roasted coffee from both
types of coffee with a two energy sources; LL energy source from 0.85kg CO2eq t0 0.89kg COxzeq;
and SB 0.28kg CO2eq— 0.3kg CO2eq.
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Figure 7.8 (a) Carbon contribution coffee roasting R Nat by LL energy source, (b) SB
energy source
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Figure 7.9 GWP coffee roasting based on stages

7.5 Summary of environmental assessment of coffee roasting

In the current study, the GWP contribution of one kg of roasted coffee under the LL scenario for
Arabica and Robusta coffee with fullwash and natural processing is undoubtedly higher than the SB
scenarios. The potential for reduction in emissions is not just beneficial environmentally, but could
also provide a marketing advantage for coffee roasters. But to obtain the advantage of utilising
biogas (specifically from coffee waste streams) it is important for the roasting to be done close to
the coffee plantation. This is acceptable for domestic consumption, but much international coffee
trade is currently at the green bean stage — rather than roasted beans. There are some limitations to
this study. For example, there can be differences in each roasting process at the coffee roasting stage,
especially on a home production scale. In this research, the roasting time is limited to 10 minutes,
and the monitoring system on the roasting machine means that in household production with
different capacities, gas and electricity consumption will be different. Non-uniform raw materials
characteristics such as density, moisture content, and quality of raw materials, are challenges for
coffee roasteries. A coffee roastery has a very important role in maintaining the consistency of
roasted coffee product for sustainability in coffee production [50]. The use of renewable energy can
be implemented using solar PV (SB-Scenario) which leads to lower GWP than Local electricity-
LPG at the roasting stage from the dehydration phase. Research studies like this are possible as
initiatives towards reducing environmental impacts in the off-farm sector as a mitigation strategy to
overcome the effects of climate change. Future studies will aim to further classify the emissions
associated with different levels of coffee roast, and different coffee bean types.

7.6 Valorization of coffee by-products

The coffee plant offers more than just a drink made from roasted coffee beans; various by-products
are produced during cultivation and production [51]. Cherry skin and silver skin coffee by-products
have the potential to produce cascara [52], but the coffee husk is also a type of waste that arises from
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dry method coffee production. Cascara has become an important opportunity to reduce
environmental impact [53]. Cascara produced from Arabica or Robusta coffee has different taste
and aroma profiles. Samples with a sour taste and fruity aroma were most dominant in the Arabica
cascara samples. In contrast, bitter flavors and aromas (such as floral, black tea, and hay-like)
dominated the Robusta cascara samples [4] (cascara was not roasted in this case). Cascara contains
polyphenols [54] and antioxidants, and has a low caffeine content [55].

The typical cascara process only consists of drying the raw material in the sun until the water content
is between 10-12%, then it can be brewed [56]. Cascara as a by-product is currently a relatively
novel food; with various methods of brewing [57]. Cascara can be drunk by adding lemon and honey
[58], and especially by adding coffee blossom. Coffee husk skin is rarely used for cascara production
because of dust particles in the feed. So, size sorting and dust cleaning need to be done for this waste.
Meanwhile, the tannin content of Arabica cascara tea is superior in yield, pH, ash content,
antioxidant activity, and caffeine content. Regarding organoleptic scores, Arabica cascara tea
produced from fresh cherry skin was most preferred by panelists [59]. Total dissolved solids (TDS)
and pH are used for solubility levels, especially in tea investigations [60] , which also use TDS and
pH as references for flavor and volatile compound [61]. Even though this study does not yet examine
volatiles, it provides an basis for the author's further research, to outline the impacts and
opportunities for processing by-products from coffee skins.

CS and HS coffee by-products were used to produce novel food (cascara) and fuel (briquettes).In
previous research, Cascara processing did not go to the roasting stage to process this waste; therefore
the novelty of this study is that the authors identified by-products, carried out roasting with the
observation of parameters of time, temperature, and level of cascara roasted towards Sustainable
Novel Food (mainly) and the rest Fuel. This study aims to analyse the potential to develop a product
from coffee waste skin by considering roasted by-products (CS and HS), which are scored on the
parameters cup-test, taste-mouthfeel attributes, and aroma attributes. The remainder of the material
is potential fuel (briquettes).

7.7 Observation and experimental method

Experimental and observational methods were applied in this study. This study used two types of
coffee skin waste: Cherry Skin, produced from the wet method of coffee processing and Husk Skin
produced from the dry method. The raw material is from the Andungsari Arabica variety. CS is
obtained after pulping (separating the skin and pulp of the beans), while HS is obtained after hulling.
HS has mixed particles (fine (dust), medium, and coarse). Sorting is selected for the advanced stage
of HS. Next, the roasting stage is chosen to determine the profile; we refer to SCA profiling
[62][11][63]and apply it to cascara as a color profiling consideration. The roasting stage uses
medium roasting. The roasting temperature applied here is the typical tea roasting temperature of 80
—120° C [64][65][66]. We conducted the cup test for aroma attribute parameters: floral, sweet, and
roasted; and taste and mouthfeel attributes: bitterness, astringency, and sweet aftertaste [66]. The
water content of the material is around 7% = 0.5, then it is roasted like tea until the maximum water
content is between 2 and 5% [65][67]. The panel for sensory evaluation was composed of 10
panelists (six men and four women, 30 — 38 years old), all of whom were from the Coffee Science
Institute (CSI) and Vilos Laboratory, Jember, Indonesia. Figure 7.10 shows the flow of processing
by-products into coffee tea (cascara). The sample is 1,000g CS, and sorted HS. We evaluate cascara
brewing with TDS and pH of Cherry Skin Roasted Ground (CS R G), Cherry Skin Roasted (CS R),
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Husk Skin Roasted Ground (HS R G), Husk Skin Roasted (HS R), Husk Skin Raw (HS Raw), Husk
Skin Raw Ground (HS Raw G), CS Raw Ground (CS Raw G), and CS Raw. A ten-point scale was
used for grading the six flavors in which 0 — 2 was “very weak,” 3-4 was “weak,” 5-6 was “neutral,”
7-8 was “strong,” and 9-10 was “very strong” [68].
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Figure 7.10 Scope of by-product cascara study

Wet and dry coffee methods are adjusted to market or commodity demand and conditions of excess
raw materials and specialty coffee requests. There are two ways of wet processing: full-wash and
semi-wash. Both require large quantities of water. Full-wash and semi-wash, through the de-pulping
stage, produce CS by-products and water, while full-wash from fermentation produces wastewater
(potential biofuel feedstock). There are various dry processing methods, with the most common
being the “natural” process. This method is environmentally friendly, but the taste of this process is
difficult to control. Alternatives include the Anaerobic methods, with options including: anaerobic
without the addition of other ingredients; anaerobic with an injection of fruit material (Inoculant);
anaerobic with an injection of lactic acid bacteria (LACTIC); anaerobic with CO: injection
(Carbonic Maceration) and, anaerobic with pulp injection of wastewater inoculant (Mosto). The
choice of method is adjusted to demand, but generally, the dry methods, such as anaerobic and
natural, are chosen.

This study used anaerobic HS and full-wash CS samples. We set the roasting temperature between
90 and 100° C for 10 minutes. Samples were taken from each stage and weighed to calculate the
roast yield distributions cascara. Figure 7.11 shows the weight loss during roasting. Various products
are roasted in addition to coffee, including tea, and tartary buckwheat. Weight loss during roasting
can be used as a reference for roasted coffee color, taste, aroma and quality [69], and when brewing
as an antioxidant reference [70]. Similarly, roasting is used to change the content of volatile
compounds, chemical content, profiling, etc [71][72], even tarty buckwheat can be roasted to
improve its antioxidant profile [73]. The authors’ have not found any references about roasted
cascara, although several varieties of cascara in Aceh have the same characteristics as tea [74],
cascara in the European market is sold as a novel alternative beverage [75].

Through this study, the author applies husk-skin sorting to separate alternative streams for co-
products. HS selection is determined by sorting into sizes of 7.5mm, 6.5mm, and 5.5mm. Figure
7.12 shows HS raw materials sorted by size. We use sizes 7.5 and 6.5 for the HS roasts so, the
potential fraction of raw HS for use in cascara is 40.6%. Pixel is a small type of coffee used for
commercial ground coffee. Meanwhile, the remaining fraction (33.2%) has the potential to be used
as fuel in the form of briquettes which can be used as alternatives for wood used in traditional
roasting of coffee. The energy potential in HS is calculated based on the resulting combustion
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treatment, with a calorific value of 30.54Kcal/kg [76]/ The overall heat potential is calculated using
equation(1).

Heat potential HS:
Hp HS = Cap Hs x HHV HS (D
Where :
Hp HS = Heat Potential HS (kWh/kg).
Cap HS = Husk Skin quantity (kg)
HHV = Higher Heating Value, 30.54 (Kcal/kg)
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Figure 7.11 Weight loss of sample during roasting
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Figure 7.12 Size distribution of sorted HS and manual sortation screens 7.5mm, 6.5mm, and
5.5mm

Figure 7.13 illustrates the physical differences of raw HS, 1,000g of raw HS is sorted to produce
2529 of 7.5mm HS; 6.5mm size 154g, 5.5mm size 214g, dust 332g, and pixel 48g. Cascara
production via HS requires more ingredients than CS, as in the latter 1,000 g can be roasted directly
without sorting to produce 780g CS R medium. In contrast, around 2 or 3kg of HS material is
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required to get around 1 kilogram of roasted HS, as only sizes 7.5mm and 6.5mm are utilized. HS
5.5mm can be used as cascara, but we must adjust the roasting temperature and time to avoid
producing a dark roast.
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Figure 7.14 CS R (a), CS raw(b), HS R (c), HS raw(d)

Figure 7.14 shows the difference between roasted CS (a) and raw CS (b), roasted HS (c), and raw
HS (d). Raw CS and HS are soft (without roasting), and have a water content between 8-10%.
Meanwhile, CS and HS harden after roasting. Figure 7.15 shows the extraction results for each
cascara from CS. CS R G samples were ground and brewed at a temperature of 98° C, and TDS and
pH measurements were carried out from one minute to eight minutes on multiple samples. We use
this parameter as a measurement of solution extraction. The mineral water we use is TDS 152. We
can see the difference in Figure 7.15 and Figure 7.16; the TDS of cascara from CS differs from HS.
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Figure 7.15 CS roasted ground (a), CS roasted (b), CS raw ground (c), CS raw (d)

Figure 7.16 HS roasted ground (a), HS roasted (b), HS raw ground (c), HS raw (d)
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Figure 7.17 TDS of cascara samples
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Figure 2. 1 pH Cascara sample

Figure 7.17 shows the TDS of cascara. The extraction groups are different for each CS and HS type;
even though HS consists of parchment and cherry skin, the TDS is still lower than CS. TDS tends
to increase from one to eight minutes, showing that extraction progresses across the period time.
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Figure 7.18 Taste and mouthfeel (a), and aroma attributes (b)

Based on a cup test, panelists evaluated the taste, mouthfeel, and aroma. We brewed cascara with a
ratio of 1:15 (cascara: water), with the time of extraction to serving being up to 8 minutes. TDS for
CS R was found to be higher than the others. The floral and sweet attributes also represent the
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panelists' preferences; the scores ranged between 7 and 8. CS R aroma is strong (7-8) showing that
the medium roast is suitable for cascara (Figure 7.18). In contrast, light roast tastes astringent, while
dark roast tastes like smoke (roasted). 1kg CS produces 785g of roasted CS, while 2.5kg raw HS
produces around 1,015g of 7.5mm and 6.5mm (HS Sized). 1kg HS (7.5mm and 6.5mm) becomes
7509 HS roasted. So, 2.5kg of raw HS can produce 830g of dust, 535g of HS 5.5mm, and 120g of
GB pixels. The remaining HS sorting dust reaches 33.2% and can be used for combustion in a
mechanical dryer. However, if dust and HS 5.5mm are used as fuel, dust + HS 5.5mm reaches 54.6%,
or as much as 1.365g from 2.5kg raw HS. By making HS pellets from these materials, the HS
calorific value reaches 16,898 kJ/kg [18] and has been reported up to 18.98 MJ/kg in Ethiopia [77].
Making charcoal requires 2.5kg HS to produce 1kg char, with a density of 970kg/m® and a higher
heating value (HHV) of around 30.54 Kcal/kg [76]. If dust and HS 5.5mm are used as raw pellets,
raw HS of around 4.5kg is required to produce 1kg of charcoal. About 1.8kg is the feedstock for
cascara (HS 7.5mm and 6.5mm), and 216g GB pixel for commercial coffee. The Indonesian
National Standard (SNI) briquette was 5,000 kcal/g, mixing 75% HS + 25% coconut shell. The
calorific value was 2.57 x 107 ki/kg [78]. Utilization of this was from HS is a solution for
implementing renewable energy (biomass waste), and reducing CO2 emissions.

Figure 7.19 illustrates the mass flows of by-products from two processing methods: full-wash and
anaerobic. The estimated CB requirement is between 4.8 and 5kg to produce 2.4 — 2.5kg CB wet or
around 1.2kg CB dried. Through the medium roasting method, around 1kg of roasted CS is produced.
Meanwhile, in the anaerobic method, 1kg roasted HS, requires around 2.5kg raw HS and 9 — 10 kg
CB. The potential fuel from this process is 0.5kg char [76].
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Figure 7.19 Sustainable novel food and potential fuel from by-products

7.8 Summary of novel food and potential fuel from coffee by-products

This study describes the potential use of CS waste as a food product for sustainable coffee
production (SCP). From cherry beans (CB) we can produce roasted CS 18% -20 % and roasted
coffee (CR) between 15% -16 %. So, in total this reaches 36% as food products, when CS or HS
Cascara are used for novel sustainable foods. One kg CS produces 7859 of roasted CS, one kg HS
produces 4069 of 7.5mm and 6.5mm sizes, 214g of 5.5mm sized material, 3329 of dust, and 489 of
Green beans Pixle (for commercial coffee powder). One kg of HS is mixed (7.5mm and 6.5mm) to
produce 750g of roasted HS. To get 1kg HS (7.5mm and 6.5mm) requires at least 2.5kg raw HS,
raw HS 5.5mm + dust of 1,365¢g potentially for fuel. The wet and dry coffee processing methods
produce solid and liquid waste which can be turned into by-products to provide novel sustainable
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food from CS and HS, while an additional fuel (briquette potential) stream is produced from HS
dust or HS sized 5.5mm.
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8 Pilot plant industrial ecology coffee framework and by-products

8.1 Chapter introduction

Indonesia is one of the largest coffee producers in the world, 54.6% of Indonesia's coffee production
is exported to more than 10 countries [188]. The long-term challenge facing Indonesian Standard
Coffee (IS Coffee) [189]is to elevate the standard of commercial coffee to specialty coffee that can
compete on a global scale [190]. Coffee has become a lifestyle beverage for various age groups,
both old and young [192]. Certainly, the sustainability of coffee production needs to be maintained.
Climate change has impacted coffee production [81], with impacts on rainfall fluctuations in Java
and Sumatra, the dominant coffee production regions. Flowering failure in 2023 decreased Robusta
production by 18% and Arabica by 7% [193].

Smallholders, in their crucial role, are ensuring the long-term sustainability of coffee production,
even in the face of climate change [194][100]. Culturing Arabica varieties, nurtured under the shade
of trees, is a testament to their commitment to the environment. These smallholders, who rely on
coffee plantations as their primary source of income, show us that sustainability is not just a concept
but a way of life [195]. The sustainability of coffee production is further fortified by effective farm
management practices [196], such as the use of organic fertilisers [197], pruning, and regenerative
farming techniques [88]. Moreover, their efforts to mitigate the production of 3F products (Food,
Fuel, and Feed) in crop-livestock systems [198], and integrating wastewater management practices
are significant steps towards reducing the environmental impact of coffee production [199] instilling
confidence in a sustainable future.

During our observations in the Besuki Residency, which encompasses four Regencies: Banyuwangi,
Situbondo, Bondowoso, and Jember, we discovered that farming integration has not been
implemented in the coffee production centers of the region. However, we found that the coffee-
livestock farming integration system has not only effectively enhanced the economy for smallholder
farmers, but also significantly improved their livelihoods [200], Furthermore, integrating coffee and
pepper cultivation has been shown to reduce GWP contributions [87] and improve production
quality by addressing waste issues. Although all members of the group have similar tasks and
contributions, the relationships between them are mutually beneficial and form a sense of group
solidarity.

Coffee farmers face various challenges due to the difference in farm conditions. For instance,
implementing crop-industry-livestock integration and analyzing environmental impacts and
economic sustainability can be difficult in community forests (CF) and community forests managed
by organisations (CF-O). However, the fact that coffee production is entirely processed by
smallholder farmers provides an opportunity for the implementation of Information, Education,
Communication, and the utilisation of by-products such as biogas and organic fertilizers for export-
quality coffee production [201][119]. Unfortunately, there are very few comprehensive studies on
the 4Fs (Food, Feed, Fuel, Fertilizer) and GWP in coffee production towards Sustainable Coffee
Production (SCP) in Brazil and Vietnam [111].

Moreover, the potential of Food (Cascara) presents an opportunity for waste utilization [186][8].

Multiple studies on the utilization of wastewater as a raw material for biogas production have been
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conducted [13][202][203]. This certainly presents an opportunity in the integration towards
Industrial Ecology Coffee (IEC), where smallholders play a crucial role as gatekeepers of coffee
production sustainability [204] through coffee plantation integration. Importantly, this waste
utilization also contributes significantly to reducing waste discharged into the environment, thereby
positively impacting GWP.

We have conducted studies on smallholder groups regarding GWP in the wet processing of coffee
using fossil energy sources [130], evaluating the use of waste for biogas production [13], utilizing
coffee husks to produce cascara [8], as well as testing organic fertilizers, implementing organic
pesticides, and conducting pesticide content tests in Green Beans (GB). Furthermore, under these
conditions, we have integrated digester technology to produce biogas, implemented solar panels in
coffee production through technology dissemination funding from BRIN [14], and utilized Matching
Fund (MF) for flavor quality enhancement technology [205] in smallholder coffee groups.

Finally, in-situ studies were conducted in the Andungsari Coffee Smallholder Group in Bondowoso,
East Java, Indonesia, as a pilot site for IEC. This serves as an IEC application solution to produce
4F (Food, Feed, Fuel, Fertilizer), improve production quality, reduce emissions, and utilize by-
products as efforts for economic sustainability and environmental impact reduction.

| Fertilizer |

Coffee industry area «Raw—] Coffee plantation
area
Wet and dry
method Feed
A
Product Y
Household By-Product
Livestock area
Cow dung

Figure 8.1 Industrial ecology coffee model.

Life Cycle Assessment (LCA) [17], and Life Cycle Costing (LCC) were applied to coffee production
[36]. The aim of this study is to examine the environmental impact and economic sustainability of
4F through reducing fossil energy use and utilizing solid and liquid waste in coffee production. The
authors conducted environmental impact analyses on coffee processing from cherry beans (CB) to
green beans (GB), and from GB to Coffee Powder (CP) using the LCA method [87][89],
Additionally, scenarios for energy supply from biogas and solar panels [13], and LCC analysis were
also outlined in the implementation of IEC. Some of the by-products are utilized as animal feed,
while the remainder is used as fertilizer. Figure 8.1 illustrates the integration of IEC at the pilot site,
involving Arabica coffee farms with various varieties, as well as shade trees such as Lamtoro
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(Leucaena leucocephala), macadamia, avocado, and cinnamon. The industry groups at the location
process coffee using both wet and dry methods, while utilizing by-products. Livestock is used as a
source of biogas, with additional liquid waste from coffee production, feed from shade trees, and
organic fertilizer from digester residue (slurry). This study represents the implementation of IEC in
the field towards Sustainable Coffee Production (SCP), as an effort to maintain coffee production
sustainability by smallholders and produce sustainable 4F coffee.

8.2 Materials and methodologies

8.2.1 Profile of case study area

"Smallholder" is often used to describe rural producers, primarily in developing country regions,
who rely on family labor and sometimes share finances [117]. Furthermore, smallholders are often
characterised as farmers with low-technology production systems and limited capacity for
independent marketing, performing administrative tasks, and storing and processing their products
with limited land. However, Arabica coffee farmers choose intercropping patterns with shade trees
[206], which are more productive than robusta, considered an annual crop with limited intercropping
models. We conducted observations on more than ten processing groups in each district located in
three districts: Bondowoso, Banyuwangi, and Jember (referred to as the "Besuki Residency"),
specifically focusing on the processing of Arabica varieties. Certainly, there are processors in
Banyuwangi who have successfully won the Cup of Excellence [207], but unfortunately, the raw
materials come from Bondowoso. With this condition, on-site studies have become an opportunity
to implement IEC.

On-site studies were located in Andungsari, Bondowoso, serving as a pilot for IEC implementation,
situated in three locations in Pakis Village, at an altitude ranging from 1,048 to 1,400 meters above
sea level (Latitude: -7.9231361, Longitude: 113.708889), with a total of 10 hectares of smallholder
gardens. Since 2020, the authors have been providing assistance and monitoring. Based on
observations around the "Besuki Residency," we conclude the status of smallholders as presented in
Table 8.1.

131



Table 8.1 Possible status of Indonesian smallholder coffee farmers

Status Independent Organized Organic Certified Coffee Certified Uncertified Legal Illegal CF-O CF Arabica
Independent v v v v v v v
Organized v v v v v v v
Organic Certified v v v v
Coffee Certified v v v v v v
Uncertified v v v v v v
Legal v v v v v v v
lllegal v v v v v v v
CF-O v v v v v
CF v v v v v v v

Arabica v v v v v v v v Y

Source: Compiled by the author from interviews and observation.
CF-O = community forests by organization, CF = community forests
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8.2.2 Scope of coffee processing and valorization of by-products

Coffee processing typically involves two methods: the wet method and the dry method [4][5]. The
taste of coffee can vary depending on the process of production and the brewing method used, even
if the quality of the coffee remains the same [6]. The scope of this research is two selected coffee
processing methods: wet and dry. Wet methods include Fullwash (FW) and Semiwash (SW), while
dry methods include Natural (Nat) and Anaerobic (An). In addition, coffee production waste was
recycled for food products. To do this, wet coffee husks are dried and roasted, then ground into
powder. However, it is important to sort the husk skin (HS) by size, with pieces ranging from 5.5
mm to 7.5 mm. The remaining dust from the HS is composted as fertilizer. Tests have been
conducted on the C/N ratio, organic C content, and N content. The liquid waste from the process is
mixed in with biogas production. Although the waste husks have not yet been used as livestock feed,
the Andungsari group uses feed from the plantation to manage and feed their livestock.
Economically, the reuse of waste has many benefits such as reducing fuel costs for cooking,
increasing the supply of organic fertilizer, and closing the operational cost cycle with a closed loop.
For instance, energy costs for digester maintenance can be reduced by producing biogas as a
substitute for LPG.
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Figure 8.2 Scope of coffee processing and valorization of By-Products

8.3 Environmental impact assessment

LCA is a methodology that evaluates the potential environmental impact of a product's production
process. This assessment relies on analyzing resource consumption and the emissions released into
the environment [208]. LCA also helps in identifying opportunities to improve environmental
performance, which can assist industries that produce and process coffee in implementing more
environmentally efficient practices. The assessment covers the processing of coffee from Cherry
Beans (CB) to Green Beans (GB), Cherry Beans (CB) to Coffee Powder (CP), as well as By-
Products Cs and Hs into Cascara. The stages of LCA include defining goals and scope, inventory
analysis, impact assessment, and interpretation of results, according to ISO standard procedures
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[209][210]. The author used SimaPro 9.3.03 software and chose ReCipe (2016) midpoint level to
consider GWP.

8.4 Goal and scope

This study explores the use of wet processing methods, such as FW and SW, followed by dry
processing methods, such as natural and anaerobic, as well as wastewater substitute for biogas
energy [13], the use of shade plants to produce animal feed, and the use of digester residues as
fertiliser. The identification of per hectare of smallholder coffee farms in Andungsari Coffee,
Bondowoso, Indonesia was conducted. The study focused on Arabica coffee mix varieties
(Andungsari, Komasti, and Lini S) and shade plants such as Macadamia, Cinnamon, Lamotoro, and
others (Table 8.2). The Functional Unit (FU) represents qualitative and quantitative function aspects
proposed to be met by a product or process. In this LCA, the authors outline the production per
hectare in 2023 to produce each kg of Green Beans (GB), Coffee Powder (CP), Cascara Cherry skin
(Cs), and Cascara Husk skin (Hs). The authors then elaborate on energy substitution, potential
animal feed availability, and fertiliser production. For this purpose, an evaluation using LCA
[209][210], and LCC is applied, which provides a reference basis to the inventoried input and output
data.

8.5 Inventory analysis

Inventory data was collected during the 2023 harvest season in Andungsari smallholder farms
through observation and experiments. The collected data included coffee harvest details ranging
from April to September, such as the number of coffee plants, livestock, energy requirements, input
and output production, waste production, biogas production, and by-product fertiliser production.
This information was essential for the study. Smallholder farmers used wet and dry methods such
as Full Wash, Semi Wash, Natural, and Anaerobic to produce coffee. Figure 8.2 depicts the upstream
and downstream coffee production process in smallholder farms. The cherry skins were harvested
from the plantation and transported to the production site using a motorcycle, which was about 3-4
km away. In comparison to previous years, the coffee production in smallholder farms experienced
a decline due to unpredictable rainy conditions. Some coffee plants failed to flower, which resulted
in lower production compared to 2021 and 2022. Figure 8.3 shows the average harvest per hectare
in Andungsari farms. In the year 2023, harvest experienced a shift in schedule with the peak harvest
occurring from June to July. Unlike 2021, there was no harvesting in February and November in
2023. This shift provided a more stable production time for the entire year.
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Figure 8.3 Andungsari Arabica coffee smallholder harvest by month (2021-2023)

The study involved conducting surveys, group discussions, and collecting data from small-scale
farmers regarding the inputs and outputs of production materials in the supply chain. The
observation also focused on managing waste disposal and identifying social aspects, production
culture, technology, and processing control. The collected data was used to support cost analysis.
However, the study's limitation was that it only used data from the 2023 harvest. Table 8.5 presents
the inventory of material flow per hectare for both wet and dry processing methods in different
harvest years.

Table 8.2 Average coffee plantation and coffee shade/ha/year

Coffee Plantation/ha Total Average Production, kg Benefit

-Mixed variety [130] 2,500 2,850 Cherry Beans Food (Coffee)
Coffee shade/ha*

-Macadamia 300 150 Food (Like peanuts)
-Cinnamon 30 5 Food (Powder)
-Avocado 80 450 Food (Fruit)
-Lamtoro 200 109,500 Feed (Livestock)

*Observed data from the Andungsari group.

Andungsari Smallholder Group applied organic fertiliser obtained from the remaining slurry from
the digester, mixed with cow dung. Based on observations in farming, cows produce about 25kg of
manure per head per day, a total of 200kg of cow manure from eight cows. Coffee plantations require
fertiliser of around 37.5 tons/ha with a population of 2,500 coffee trees, so the average per coffee
tree is 15 kg/year. In addition, in the Andungsari Group, pruning is done up to 4 times per year;
pruning is done on coffee trees that already have more than 12 main branches. Pruning each tree can
remove five to six large branches. Twigs are buried in the soil as compost, and this pruning helps as
an additional fertiliser and reduces unproductive branches. Biogas supporting data, smallholders fill
digesters once per week, and biogas production is around 7m?®/day, with a digester volume of 16.5m?.
The slurry of the digester is about 1,095kg/year. Thus, this study identifies fuel parameters as
gasoline used in transportation, de-pulping, and dehulling. Electrical energy is obtained from a
400wp Solar panel with a 200Ah, 12VDC battery, and 2.4 kWh electricity potential. APOS U
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database parameters in software were selected for energy sources: petrol, biogas, and solar panel
slanted roofs. Table 8.3 shows the inventory of technology used in the processing process and the
energy sources used through IEC.

Table 8.3 Technological parameters used

Energy Source

Stages Tech Used Non-IECIEC
Material transportation Motorcycle, 100kg/batch Petrol -
Depulping CB Engine 5hp, 300kg/h Petrol -
Fermentation area Electric Light, 0.02kWh - Solar Panel
Washing Engine 5hp, 300kg/h Petrol -

Dehulling Electric Motor 1.5kWh 150kg/h - Solar Panel
Sortation Sized Electric Motor 0.37kWh 150kg/h - Solar Panel
Roasting Electric Motor 0.08kWh 6kg/h - Solar Panel

Gas Stove 0.22m3/h - Biogas

Grinding Electric Motor 0.75kWh 20kg/h - Solar Panel
Packing Electric Motor 0.25kWh 20kg/h - Solar Panel

IEC=Industrial Ecology Coffee
*Qbserved data from the Andungsari group.

8.6 Impact assessment

Inventory data are collected and used in impact assessments on SimaPro software, based on primary
data obtained from coffee production inputs and outputs, along with additional information on
emission factors. The ReCipe (2016) Midpoint Level (ML) is applied in these assessments [44][79],
fuel consumption is calculated using characteristic factors [46]. Also, the calculation of biogenic
impact factors on the environment needs to be considered [211]. The investigated impact categories
were as follows: Global warming potential (GWP); Stratospheric ozone depletion (ODP); lonizing
radiation (IRP), Ozone formation, Human health (HOFP), Fine particulate matter formation (FPMF),
Ozone formation, Terrestrial ecosystems (EOFP), Terrestrial acidification (TAP), Freshwater
eutrophication (FEP), Marine eutrophication (MEP), Terrestrial ecotoxicity (TETP), Freshwater
ecotoxicity (FETP), Marine ecotoxicity (METP), Human carcinogenic toxicity (HTPc), Human non-
carcinogenic toxicity (HTPnc), Land use (LOP), Fossil resource scarcity (FFP), Water consumption
(WCP).

8.7 Lifecycle costing (LCC)

The social aspect of smallholders is a crucial factor to consider for sustainable coffee production.
To evaluate the total economic costs associated with the life cycle of the analyzed system, a
methodology called Life Cycle Costing (LCC) is used. While smallholders typically determine
production costs, other expenses must be taken into account when considering the size of coffee
production. For instance, biogas and solar panels can serve as energy substitutes [212][213].
Furthermore, to reduce environmental impact, the application of IEC scenarios is considered through
the valorization of by-products. The cost of managing wastewater into biogas, by-products, and new
food products is factored into the LCC. The author divides several cost criteria: (i) CB raw materials,
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(i) energy, (iii) labor, and (iv) other materials using spreadsheet tools, with consideration of the
Discount Rate [214], and Single Present Value (SPV) [215][216]. The LCC formula is described
below [217]:

LCC: =Cr+ Op OnF + Op OfF + Ec + Cy 1)
Where:
LCC. = Life Cycle Costing of Coffee (IDR/KQ)
Lc OnF = Labor Cost On-Farm (IDR/Kkg)
Lc OfF = Labor Cost Off-Farm (IDR/KQ)
Ec = Energy Cost (IDR/kg)
Cu = Cost of Utility (IDR/kg)
LCCgp = Op OfF + Ec + Cy 2)
LCCgp = Life Cycle Costing of By-Product (IDR/Kg)

LLC helps smallholder coffee farms by providing economic indicators for the cost of coffee products
and derivatives. These indicators help farmers improve their production efficiency, cost-
effectiveness, projections, and production plans. This can lead to fair trade, organic certification,
and geographical indication (GI) solutions [218][38]. The author presents several LCC scenarios,
including the Biogas scenario, where cow dung is used to produce biogas, animal feed is made from
shade plants, and coffee processing waste is transformed into coffee husk and pulp. Other scenarios
include the potential use of by-products like cherry skins and husk skins to make fertilizer and
animal feed.

8.8 Coffee production assessment

8.8.1 Mass balance for coffee processing

Andungsari Coffee Group, a smallholder, has been employing unique agricultural practices for a
significant period. They have been using organic fertilizers, applying about 15kg per tree annually,
splitinto two applications. The first application is at the onset of the rainy season, around November,
and the second is at the end of the rainy season, approximately January. This results in each tree
receiving approximately 7.5kg of fertilizer per period. The group also utilizes organic pesticides
derived from local plants like Caliandra and Aloe Vera. They prune unproductive twigs, which are
then stockpiled in the soil and mixed with Dust Hs to create compost, serving as a natural fertilizer.
The results of the organic fertilizer testing are presented in Table 8.4. Additionally, the smallholders
prune their coffee trees in March-April and June-July, coinciding with the peak of the red-picking
season. The trimmed twigs aid the branches and young cherries in absorbing nutrients more
efficiently.

The processing of FW and SW coffee beans takes longer than natural or anaerobic coffee processing.
In a batch of 2,850 kg of coffee beans (CB), approximately 45% is cherry skin (Cs), and the
remaining 55% is wet parchment coffee (Wet-GB). Table 8.5 shows that 1,583 kg of Wet-GB is
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obtained from raw CB, with 735 kg of Cs FW-SW used as coffee tea (Cascara). FW processing
requires 36 hours of fermentation, while SW does not require fermentation. After fermentation, Wet-
GB is washed, and SW is washed immediately. Wastewater from washing is used as an input for the
digester, mixed with cow dung to produce biogas. In wet processing, the wastewater produced from
washing is 1,951 kg, and the pulp is 128 kg. The Cs waste, which is dried and has a moisture content
of 10-12%, weighs 604.4 kg after peeling the parchment skin.

In the study, a red pick produced into GB for specialty coffee has a maximum of 3% defect (crack),
brown, black, hole [15][219]. Furthermore, if GB is cracked during processing, it is called Pixel
Beans (Pb). The impact of using organic pesticides on GB is also discussed. The GB was tested at
the Center for Seed and Plantation Plant Protection in Surabaya-Indonesia, and no parameters for
Isoprocarb, Profenofos, and others were detected (Table 8.6). This is important for maintaining the
quality of GB, which is a determinant of export quality. In the past, there have been cases (between
2008-2012) where Isoprocarb content exceeded 0.03ppm and Carbaryl was between 0.02-0.03 when
exporting GB to Japan, resulting in the beans being shipped-back [119].

Finally, both types of GB are roasted, resulting in different products. Roasted Beans (RB) are
specialty coffee, while RB commercial is made from Pixel beans (Pb). The CS in FW and SW are
also roasted to create a roasted aroma and reduce the astringent taste [8]. The coffee powder
produced from FW and SW processing weighs 508.3 kg and 508.5 kg, respectively.

Table 8.4 Organic fertilizer test

SNI
Parameters* Test Method Result Unit Source requirement[220]
N-Total SNI 19-7030-2004 2.42 % own Max 6
N-Total NA 1.15-2.23 % [201] -
K-0 SNI 2803-2010 2.37 % own -
C-Organic  Furnace 550°C 48.53 % own Min 15
C/N Ratio  Conversion 20.02 % own 15-25
C/N Ratio  NA 10.22-2268 % [201]
pH SNI 2803-2010 10.13 own 4-9
pH NA 5.54 - 7.17 [201] -

*QObserved data and compiled from ref.
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Table 8.5 Mass balance of coffee processing

Input-Output (kg)

Processing method, and costing

Steps™ Activity cost FWkg Lc,IDR SW Lc,IDR N Lc,IDR An Lc,IDR
Input
Fertilizing Organic fertilizer Pruning, Fertilizing 37,500 1.2 37,500 1.2 37,500 1.2 37,500 1.2
Harvesting Cherry coffee Selective Harvest 2,850 2.85 2,850 2.85 2,850 2.85 2,850 2.85
Water 2,000 - 2,000 - - - - -
Output
Pulping Depulp beans Separate Skin 1583 0.2 1583 0.2 - - - -
Cherry skin (Cs) 1,267 - 1,267 - - - - -
Fermentation Wet coffee beans Beans Fermentation 1,583 0.4 - - - - 2594 04
Wastewater - - - - - - 257 -
Washing Coffee beans washed Cleaning pulp 1,504 0.2 1,504 0.2 - - - -
Pulp 128 - 128 - - - - -
Wastewater 1,951 - 1,951 - - - - -
Drying Dried beans Mc 40% Beans Drying - - 916 0.5 - - - -
Dried beans Mc 12% 737 1.0 - 1,368 1.0 1,369.4 1.0
Cs dried Skin Drying 735 0.5 735 0.5 - 0.5 - 0.5
Dehulling Dehulled beans Mc 12% Separate Dried Skin  604.4 0.2 - - 609 0.2 609.4 0.2
Dehulled beans Mc 40% Separate Dried Skin - - 783 0.2 - - - -
Husk skin (Hs) Separate Dried Skin - - - - 759 0.3 760 0.3
Parchment skin (Ps) Separate Dried Skin 133 - 133 - - - - -
Drying Dried beans Sw Beans Drying - - 604.6 0.5 - - - -
Sortation Grade beans Grading Defect 5945 0.3 594.7 0.3 599 0.3 599.6 0.3
Pixel beans (Pb) 9.9 - 9.9 - 9.7 10
Hs Sorted Sized 5.5-7.5mm Sizing Hs - - - - 494 0.3 498 0.3
Dust Hs - - - - 265.7 262.2

FW=Fullwash, SW=Semiwash, Nat=Natural, An=Anerobic, Mc = Moisture content; Lc=Labor Cost, IDR x10°
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Table 8.5 (continued)

P i h '
Input-Output (kg) rocessing method and costing

Steps Activity cost FWkg LcIDR SW  LcIDR N Lc,IDR An Lc,IDR
Output

Roasting Roasted beans Roasting Coffee 535 0.5 535 05 539 05 539.7 0.5
Pb roasted Roasting Coffee 8.9 - 8.9 - 8.8 - 8.8 -
Cs roasted Roasting Cs 573.0 05 573.0 0.5 - - -
Hs roasted Roasting Hs - - - - 3849 0.5 388.3 0.5
Silver skin (Ss) 13.4 - 134 - 135 135

Grinding Coffee powder (Cp) Grinding Cp 508.3 04 508.5 0.4 512.2 04 512.7 0.4
Pb powder Grinding Cp 8.5 - 8.5 - 8.3 - 8.3 -
Cs powder Grinding Cs 5444 0.4 544.4 0.4 - - - -
Hs powder Grinding Hs - - - - 365.7 0.4 368.9 0.4

Packing Cp packing Packing Cp 508.3 0.4 508.5 0.4 512.2 0.4 512.7 0.4
Pb packing Packing Cp 8.5 - 8.5 - 8.3 - 8.3 -
Cs packing Packing Cs 5444 04 5444 0.4 - - -
Hs packing Packing Hs - - - - 365.7 04 368.9 04

FW=Fullwash, SW=Semiwash, Nat=Natural, An=Anerobic, Mc = Moisture content
Lc=Labor Cost, IDR x10°

*QObserved data
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Table 8.6 Pesticide analysis

Parameters Test Method Result LmQ Unit  Source
Ametryin UPLC-MS Not Detected 0.05 ppm own
Diphenylamine UPLC-MS Not Detected 0.03 ppm own
Profenofos UPLC-MS Not Detected 0.03 ppm own
Tebuconazole  UPLC-MS Not Detected 0.06 ppm  own
Isoprocarb UPLC-MS Not Detected 0.03 ppm  own, [119]
Carbaryl NA NA 0.01 ppm [119]

NA=Not Available, UPLC-MS= Ultra-performance liquid chromatography-mass spectrometry,
LQ=Level Maximum Quantity

Dry processing using the natural method is simpler for coffee processing. After peeling and
separating them from their husk skin, the coffee beans are selectively dried to a moisture content of
about 12%. Approximately 2,850 kg of coffee beans are sun-dried, resulting in 1,368 kg of dried
beans. These dried beans are then peeled to obtain 609 kg of green beans and 759-760 kg of husk
skin. The husk skin is sorted into mixed sizes of 5.5, 6.5, and 7.5mm, producing 494-498 kg of husk
skin that can be roasted and 262.2-265.7 kg of dust skin. The roasted husk skin is then used to
produce 384.9-388.3 kg of roasted Cascara product after being coarsely ground. This Cascara
product can be further ground to make 335.7-368.9 kg of Cascara powder. The dust skin is
composted and used for organic fertiliser mixtures. Composting takes over 30 days, but the resulting
C/N ratio can be used as organic fertiliser [221].

Anaerobic processing requires fermentation for 96 hours, after which the coffee beans are dried. The
wastewater produced during this stage is used for biogas manufacturing mixtures, resulting in 257
kg of wastewater from raw 2,850kg of CB. Sun-drying in anaerobic processing is faster than natural
processing, and decay in coffee pulp accelerates drying. The next steps are the same as in the natural
method, which includes dehulling, sorting, roasting, grinding, and packing. Anaerobic processing
produces a composition similar to the natural method (Table 8.5).

8.8.2 Energy supply in industrial ecology coffee

Wet and dry processing cannot be separated from technology, energy and emissions of course. Table
8.3 outlines technologies in fuel use. 5hp engine usage, 300kg/h capacity for Cs stripping and
washing process. Gasoline fuel is needed in the use of a 5hp engine with a capacity of 300kg/h.
Transportation also uses motorcycles, and other technological needs have also been outlined.
Furthermore, after the CB dried approximately 12% of moisture content, it can be stored for the next
6 months in a coffee plastic bag. The process of dehulling of parchment and husk skin can be done
gradually; this depends on the market demands.
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Table 8.7 Coffee processing energy consumption

Material Arabica* Processing Energy FW SW N An
Harvesting Motor Vehicle Petrol,| 2.9 2.9 2.9 2.9
Cherry Beans (CB)  Depulping Petrol,| 5.7 5.7 - -
Get Flavor Fermentation Solar Panel,kwWh 0.5 - - 1.4
Washing Cleaning Pulp Petrol,| 3.2 3.2 - -
Cleaning skin Dehulling Solar Panel,kwWh 7.4 17.2 13.7 13.7
Green Beans (GB) Sorted GB Solar Panel,kWh 1.5 1.5 1.5 1.5
Husk skin (Hs) Sorted Hs Solar Panel,kwWh - - 3.8 3.8
GB Grade Roasting Coffee Solar Panel,kwWh 7.4 7.4 7.5 7.5
Biogas,m? 87.2 87.2 87.9 87.9
GB Pixel (Pb) Roasting Coffee Solar Panel,kwh 0.1 0.1 0.1 0.1
Biogas,m3 15 15 14 14
Cherry skin (Cs) Roasting Skin Solar Panel,kwh 9.2 9.2 - -
Biogas,m3 107.8 107.8 - -
Hs Roasting Skin Solar Panel,kwh - - 6.2 6.2
Biogas,m3 - - 72.4 73.0
Coffee Roasted (CR) Grinding Solar Panel,kwh  20.1 20.1 20.2 20.2
Pb Roasted defect Grinding Solar Panel,kwh 0.3 0.3 0.3 0.3
Cs Roasted Grinding Solar Panel,kwh  10.7 10.7 - -
Hs Roasted Grinding Solar Panel,kWh - - 14.4 14.6
Coffee Powder (CP) Packing Solar Panel,kwWh 3.2 3.2 3.2 3.2
Pb R defect Packing Solar Panel,kwh 0.1 0.1 0.1 0.1
Cascara Cs Packing Solar Panel,kwh 3.4 3.4 - -
Cascara Hs Packing Solar Panel,kwh - - 2.3 2.3

FW=Fullwash, SW=Semiwash, N=Natural, An=Anerobic
*observed data

Table 8.7 describes the use of energy at each stage of the process, harvesting using motorcycles.
2,850kg CB is transported with a carrying capacity of 100kg/batch. The distance from the garden to
the processing site is recorded at an average of 3.5km for one trip, requiring an average of 2.9 litres
of petrol for a round trip. FW and SW require 5.7 litres of petrol for CB peeling and washing 3.2
litres. Electricity in this process uses solar panels and biogas is used for energy. The author converts
LPG needs to biogas, although the use of biogas is partial because the capacity of biogas per day is
around 7m3. Accumulation per ha in Table 8.5 as a reference for data input in SimaPro software for
LCA calculations. Biogas, solar panels, and petrol emission factors are used for input data LCA
[211][46]. In this study, the author also involved the roasting stage on Cascara from CS and HS.
Based on scenarios on IEC applied of biogas-solar panel energy sources. 400WP solar panel
installation, 200Ah, 12V battery storage, 3kW pure sinus wave inverter. In Table 8.7, biogas
consumption at the GB roast stage reaches 87.2m* with a total of GB 594.5 kg (Table 8.5). In
addition to the coffee production period, biogas can be used for stoves in smallholders.
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8.9 Environmental impact analysis

The production of coffee has a significant impact on the environment, particularly with regard to
GWP. The process involves both upstream and downstream production, and it's important to
consider the impacts of GWP at every stage of the process. The use of industrial ecology principles
can help smallholder coffee farmers to produce coffee in a more sustainable and environmentally-
friendly way. This approach involves utilizing waste to create product-added value, implementing
energy-efficient practices, and reducing the impact of GWP.

Figure 8.1 demonstrates the interconnectedness of three different aspects of coffee production - the
coffee plantation, the industry, and livestock - in the context of SCP A to Z solutions. It shows how
coffee beans from plantations can be seamlessly integrated into the coffee industry as input materials,
which then process the coffee. The resulting wastewater can be recycled and mixed with cow dung
to create biogas, illustrating the holistic approach of SCP A to Z solutions.

The authors monitored a three-year harvest cycle for smallholder coffee farmers between 2021 and
2023. It is important to utilize the liquid and solid waste cycle to prevent environmental risks. Figure
8.4 outlines the production of waste and potential by-products including wastewater (Ww) between
946-1798 kg/ha and 223 kg CS at peak harvest between May and August from the wet processes,
while dry methods produce 231 kg Hs/ha.
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Figure 8.4 Potential By-Product/ha
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Figure 8.5 Comparison of GWP coffee processing

CP = Coffee Powder, SW= Semiwash, FW= Fullwash, N=Natural, An = Anaerobic, GB=Green
Beans, CB = Cherry Beans.

In Figure 8.5, Cherry Beans (CB) produce a GWP impact of 0.046kg CO2-eq/kg CB; This is due to
transportation from the plantation to the processing site. In addition, organic fertilizers also
contribute to producing CO2 even though it is low. The process of processing CB to produce Coffee
Powder (CP), FW and SW wet processing methods contribute 0.488kg CO2-¢q, and 0.491kg COz-¢q
consecutively per 1kg CP. While in dry method from CB to CP on natural achieves 0.401kg CO».
eq/kg CP. Next, wet and dry processing from CB to GB on FW, SW, and N was 0.301kg CO2-q,
0.304kg CO2.¢q, 0.227kg CO2-¢q, respectively, and 0.228kg CO2-¢q for An process. The contribution
of each of these treatments has been outlined in Figure 8.6.
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Figure 8.6 GWP contribution (a) Full wash, (b) Semi wash, (c) Natural, (d) Anaerobic

This study chose the Cut Off-U database as an input for fertiliser and biogas, and APPOS-U on
gasoline. In Figure 8.6a and Figure 8.6b, illustrations of GWP contributors to the wet processing
process (FW-SW), organic fertiliser contributes 0.232 kg of COz.¢q; this impact is caused by the use
of cow manure as an energy source (biogas and organic fertiliser). This contribution reaches 48% in
FW and 47% in SW. In addition, the impact of GWP on dehulling is seen Figure 8.6 (b) as 1%
higher than FW or 0.055 kg CO2.¢q in SW and 0.048 kg CO2.¢q FW. In contrast to the dry method of
raw manure as a GWP contributor of 0.230 kg CO-¢q, this percentage is higher than the wet method,
which is 57%. It can be seen that, dry processing is shorter processing stage than wet process.

The author also elaborates on the impact of GWP on wet and dry coffee skin processing through
roasting stages for coffee skin [8]. Although, without roasting the skin, coffee can be made as a tea
ingredient, it has the disadvantage of having an astringent taste and a dry skin aroma. Furthermore,
Figure 8.7 shows the impact of GWP because roasting Cs and Hs produce the same impact of 0.106
kg CO..eq. However, Cascara Hs has a sorting stage of 5.5 — 7.5mm size to produce Cascara, or
GWP contribution of 0.014 kg CO2-eq.
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Figure 8.7 GWP contributions (a) CS, (b) HS

Figure 8.8 describes the impact category of coffee processing from CB to CP and By-Product CS
and HS. HTPnc has the highest impact from this processing; FW was 309.36 x10 kg 1,4-DCB, and
SW was 313.64 x102 kg 1,4-DCB. Some impacts due to the processing of By-Product CS and HS
are lower than those of CB, such as HOFP, EOFP, and TETP. HOFP is a respiratory and long-term
health risk [44][43]. The long-term impact of EOFP and TETP is a risk to biodiversity when
discharged directly into water and soil [222]. Although CS and HS treatment contributes to the
environment, reprocessing can add value to smallholders and reduce the impact of direct discharge.
The water use impact category is higher for FW and SW, between 7.25 and 8.81 x10° m¥kg coffee.

Meanwhile, N and An are between 0.53 and 0.91 x102 m%/kg coffee.
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Figure 8.8 Impact on all categories and coffee processing methods for CB to CP and by-products (BP).
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8.10 Life cycle cost analysis

This study examines the impact of alternatives of CS and HS and concludes that Cascara has a higher
selling value than CS and dry HS. Even though dry HS cannot be consumed directly due to dust, HS
dust reaches up to 35%. The utility cost is meant to cover biogas and solar panel maintenance. Through
the smallholder empowerment stage, alternative CS drying and HS sorting are applied to reduce direct
disposal in the garden, which poses a risk to soil and water. The author outlines alternative value-added
products, mainly using coffee processing by-products. Figure 8.9 illustrates that the CS and HS
alternative produces cascara compared to direct disposal, or HS sold at IDR 300/kg, even if wet CS is
not sold directly.
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Figure 8.9 Life cycle costs (LCC) of coffee production for different processes

The cost of producing 1kg of Cherry Beans (CB) is approximately IDR 2,764.4, which includes expenses
such as fertilizer application, pruning, and coffee plant maintenance per year. The highest estimated cost
per 1kg of Green Beans (GB) is contributed by FW at IDR 17,122.4, as FW processing has a longer
process chain compared to other processing methods. The cost of processing Coffee Powder (CP) ranges
from IDR 20,755.2 - 22,409.4 per kg of CP. By-product utilization is assumed to be 100%, and it is used
to produce Novel Food (Cascara) at the cost of IDR 3,637.1 and IDR 6,235 per kg Cascara, CS and HS,
respectively.

8.11 Sustainable coffee production incorporating IEC

Sustainable coffee production is a multifaceted concept that encompasses a wide range of environmental,
social, and economic considerations. The principles of industrial ecology can play an important role in
improving the sustainability of coffee production by minimizing waste, optimizing resource use, and
encouraging a circular economy approach in the coffee supply chain. In this study, we have applied IEC
to the Andungsari smallholder group to incorporate the principles of industrial ecology through various
initiatives:

1. Energy Resource Efficiency: In coffee production, this involves reducing direct water discharge
by at least 1,951 kg/ha/year (as shown in Table 8.5) to produce biogas. Additionally, energy



consumption during processing is optimized through the periodic use of solar panels for
production and the implementation of organic fertilisers. Technologies such as coffee skin
recycling systems are utilized to produce Cascara, yielding approximately 544.4kg of CS
material and 365.7 to 368.9 Cascara from HS. These IEC practices applied to the Andungsari
Group help achieve Sustainable Coffee Production (SCP) through the Smallholder Gatekeeper
role in Coffee Production. Final waste from Dust skin is managed through strategies such as
composting to fertilize the soil.

2. Closed-Loop System Implementation: This study's IEC implements a closed-loop system where
waste from one process becomes a resource for another. In coffee production, this could involve
recycling coffee processing by-products to produce biogas or dry fuel for traditional stove
burning.

3. Life Cycle Assessment: LCA evaluates the environmental impact of a product or process
throughout its life cycle. Applying LCA to coffee production can help identify environmental
impact points, such as energy-intensive processing or transportation emissions, and guide
decision-making to reduce these impacts through measures such as switching to renewable
energy sources or optimizing transportation logistics.

4. Life Cycle Costing: LCC evaluates the total cost per kg of product throughout the production
cycle, including operational costs (plants maintenance, fertiliser, and harvest), production
operations, energy costs, and technology maintenance costs for each batch process.

By integrating IEC principles through LCA and LCC into coffee production, stakeholders can improve
the sustainability of the coffee supply chain, reduce environmental impacts, improve resource efficiency,
and contribute to the long-term survival of coffee farming communities as Smallholder Gatekeepers of
Coffee Production.

8.12 IEC and environmental aspects

Agroecological farming practices, a key component of industrial ecology, offer significant benefits to
the coffee industry. By modelling industrial systems on natural ecosystems, these practices aim to
minimize waste and maximize resource efficiency. For coffee production, this means reducing the use
of synthetic inputs like pesticides and fertilizers, thereby lowering the ecological footprint. Techniques
such as agroforestry, composting, and natural pest control [223], are instrumental in this approach.

The Andungsari smallholder group has implemented various practices to promote sustainability. They
use organic fertilizers (as listed in Table 8.4) and pesticides (as listed in Table 8.6) to ensure the safety
of their produce. To conserve water, they opt for dry coffee production methods like Natural and
Anaerobic. To further reduce water consumption and pollution, they have implemented water-saving
technologies like optimizing wet milling and wastewater treatment systems. Lastly, they also use the
fermentation of Cherry Beans to utilize overripe raw materials.

The industrial ecology principles highlight the significance of waste reduction and recycling. In line with
this, coffee production produces different waste products such as coffee husks and wastewater. However,
these waste by-products can be transformed into valuable resources through composting, animal feed,
or bioenergy generation. This group has effectively implemented the use of by-products to create
Cascara [8]. Improving energy efficiency is an important step in reducing greenhouse gas emissions and
decreasing reliance on fossil fuels. Coffee processing facilities can achieve this by adopting renewable
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energy sources, such as solar panels and digesters [13], biomass boilers, or energy-efficient equipment.
Investing in these technologies can make a significant difference in reducing the carbon footprint of
coffee production.

Supply chain transparency and fair trade practices are crucial for ensuring that smallholders are fairly
compensated for their labor and for promoting sustainable practices. Certification schemes, such as those
for organic fertilizers, help to meet environmental and social standards. Biodiversity conservation
through maintaining healthy ecosystems and robust coffee production systems is also important. Shade-
grown coffee practices, which mimic natural forest habitats, create habitat for wildlife and improve soil
health, as shown in Table 8.2.

Carbon offsetting initiatives, such as reforestation projects that plant avocado and other fruit trees for
shade crops, or carbon sequestration efforts, can help reduce the environmental impact of coffee
production. Investing in climate-resistant coffee varieties and farming practices can also aid coffee
farmers in adapting to changing environmental conditions, as evidenced by the mix-varietal Arabica
plants (as shown in Table 8.2) [130].

Finally, certification labels provide information that supports ethical brands and reduces waste through
the use of reusable coffee cups. By integrating the principles of industrial ecology into the coffee
production process, stakeholders can work towards a more sustainable and resilient coffee industry that
minimizes environmental impacts while supporting smallholder livelihoods and preserving natural
ecosystems

8.13 Socio-economics of smallholder coffee production

As explained in the previous discussions, the smallholder farmer’s group in Andungsari have been able
to conduct coffee cultivation and production using Industrial Ecology approach, where their agricultural
practices can be observed to be very sustainable, not only from the environmental perspectives but also
for their livelihood. While the economic gains from coffee cultivation and production acts as their main
source of income, the byproducts from the coffee production process have provide further economic
gains in the form of cost reduction from energy consumption as well as fertilizer cost. Furthermore, with
the coffee cascara further processed as an agricultural product, farmers can capitalize this product as
their secondary income, complementing their strong economic foundation.

Currently, not all members of the farmer’s group can conduct this approach as some of the limiting
factors include base capital and resources of an individual farmer. Concerning this challenge, the
farmer’s group will need to develop a resource and benefit sharing scheme in order to ensure that all of
the members can received the full benefit of Industrial Ecology application in coffee cultivation and
production.

8.14 1EC scenario

Small-scale coffee farmers use sustainable methods to grow coffee. They either grow it under existing
tree canopies or plant new shade trees around the plantation. This enhances soil quality and coffee plant
health and provides a habitat for biodiversity. Farmers living near Community Forests (CF) collaborate
with other farmers to manage coffee waste, such as coffee husks and wastewater. They turn them into
organic compost, which they reuse as fertilizer in coffee plantations, creating a closed loop in the supply
chain.
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Smallholders also install solar panels on rooftops and use biogas as an energy source. They work closely
with local coffee farmer cooperatives and food companies to develop coffee by-products, such as cascara
or coffee snacks. This helps in utilizing every part of the coffee plant and creating added value for the
local community. Additionally, they provide customers with information about coffee sources, varieties,
and processing methods. This promotes awareness of the importance of choosing environmentally
friendly products.

Meanwhile, the Community Forests Organization (CF-O) collaborates with smallholders to provide
training on sustainable farming practices, waste management, and income source diversification. This
helps improve farmer welfare and strengthens economic resilience.

Through scenario-based and scenario models, collaboration among stakeholders in the coffee industry
can create a more ecologically, economically, and socially sustainable system in coffee production.

| Based | l | Modeled |
i
594.5 — 594.7 kg GB (FOOD) | i | 594.5 - 594.7 kg GB (FOOD) |
—= Wet Processed : =
544 4kg Cascara (FOOD) | I 272 kg Cascara (FOOD); 210kg (FEED) |

599 — 599.6 kg GB (FOOD) | ! | 599 — 599.6 kg GB (FOOD) |
= Dry Processed i
365.7 — 368.9kg Cascara (FOOD) : | 182 kg Cascara (FOOD); 180kg (FEED) |
. : I
Interc i . . B
cgffgcc[l : r:fgﬁcg, 450kg Fruit (FOOD) : 450kg Fruit (FOOD)
—N‘['l::‘i]d-alll::'l 150kg peanuts (FOOD) l 150kg peanuts (FOOD)
- : IEC 5kg Cinnamon (FOOD) 5kg Cinnamon (FOOD)
-Cinnamon .
—i\'ocado 76.800kg Lamtoro leaf (FEED) | ' | 76,800kg Lamtoro leaf (FEED)
-Lamtoro Others
1,095kg Slurry (FERTILIZER) 1,095kg Slurry (FERTILIZER)

|

|

|
=36,500kg rest cowdung (FERTILIZER) l =36,500kg rest cowdung (FERTILIZER)
262.2 - 265.7kg Dust Hs (FERTILIZER) | | |262.2 — 265.7kg Dust Hs (FERTILIZER)
[
|
I

<2.555 M’ Biogas (FUEL)
2.4kWh Solar Panel (FUEL)

<2.555 M’ Biogas (FUEL)
2.4kWh Solar Panel (FUEL)

Figure 8.10 Base scenario and modeled scenario of IEC

In the presented scenario (Figure 8.10), the primary product, which is food, yields around 594.5 — 599.6
kg of GB using the wet-dry method. Cascara from CS produces 544.4 kg, while HS produces 368.9 kg.
The main products obtained from shade trees per hectare per year are 459 kg of avocados, 150 kg of
macadamia nuts, and 5 kg of cinnamon. Shade trees also contribute to livestock feed production,
producing around 76.8 tons/ha/year, with fertiliser amounting to 37.86 tons/ha/year. Additionally,
smallholders can obtain biogas with an annual accumulation of 2.555 m3 and 2.4 kWh from solar panels.

However, in the modelled scenario, some Cascara products are allocated for livestock feed, with a total
potential of 7.719 tons/ha/year, with Cascara from CS and HS producing 454 kg/ha/year. Unfortunately,
producing livestock feed from coffee husks poses challenges as it requires chemical additives such as
Urea, NpK, HCL, and others [224]. The Andungsari coffee group manages a 10-hectare coffee plantation,
which has a fertiliser potential of 36.7 tons/ha/year, covering 98% of the fertiliser requirement, with the
remaining 2% sourced from composted pruning leaves. Livestock feed potential is substantial, reaching
76.8 tons/halyear, while the feed requirement for eight animals totals 73 tons/year. Meanwhile, the
potential availability of livestock feed for 10 hectares amounts to 768 tons/year. Additionally, biogas
production amounts to 2,555 m®year, sufficient for household cooking needs within the group,
averaging 1,095 m®/year.
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However, for off-farm processing of the 10 hectares, the requirement is 1,950 m3/year, covering
approximately 74.8%. Through the implementation of IEC at Andungsari Kopi, significant social and
economic impacts are realised through the supply of Feed, Fuel, and Fertilizer from within, albeit not
entirely.

8.15 Conclusions of the case study

The Andungsari Coffee smallholder group has implemented the IEC scenario using a scenario-based
approach. The production per ha coffee plantation in the harvesting period of 2023 produced CB about
2,850kg, which resulted in Green Beans (GB) (Food) between 594.5kg and 599.6kg, for wet and dry
processing methods. Additionally, Cascara products (Food) from wet and dry methods produced
between 365.7 and 544.4 kg, then Dust Skin from Hs about 265.7kg. The generated wastewater,
approximately 2,079 kg/ha/year, was used as raw for biogas. The current biogas energy potential (Fuel)
contributes to 74.8% of a 10-ha coffee plantation, and it can supply fertiliser up to 98% of the entire
plantation in situ.

In contrast to animal feed, which is widely available, only about 5% is used from the total potential of
animal feed in Andungsari Group. However, only 5% of the total availability of Feed in the plantation
is required. By applying the IEC condition in situ, the GWP contribution for FW and SW was 0.488kg
CO2-e¢/kg CP and 0.491kg CO2.e/lkg CP. Meanwhile, the GWP contribution for Natural and Anaerobic
was 0.401kg COz.eq/kg CP and 0.402kg CO2.e¢/kg CP. For by-products, it contributes to a GWP of
0.147kg CO2-¢q/kg Cascara from Cs and 0.156kg CO2-eq /kg Cascara from Hs. LCC for CP between Wet
and Dry Methods was from IDR 20,755.2 to 22,409.4, and LCC for Cascara from Cs was approximately
IDR 3,637.1, For Hs was IDR 6,235. It can be concluded that educating and raising awareness among
smallholders and consumers about the environmental impact of coffee consumption can motivate them
to make more sustainable choices. Thus, implementing IEC impacts Sustainable Coffee Production
(SCP) for smallholders, especially for gatekeepers in smallholder coffee production in the long term.
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9 Conclusions and further work

9.1 Summary and novelty of this work

On the basis of the various sub-studies in this thesis, full wash and semi wash processing are the best
methods to make it easier to sell coffee. In addition, if the utilization of by-products is sustainable,
cascara can create a beneficial income stream. Natural processing is the most common choice when
smallholders don’t have other technology, even if it takes longer in the drying process. Natural
processing has a lower cost than the full wash and semi wash processes. Anaerobic processing without
additional fermentation is an option during peak harvests, as a substitute for natural processing. However,
there are limitations in the use of fermentation as a step determine quality and flavor. Other processes
such as CM, Lactic, and Hd are not a priority, as they are niche processes that do not fit the dominant
market, so there is limited demand. Figure 9. 1 combines the LCA results of this study and compares
with previous studies. From an environmental perspective, the natural processing method has the lowest
carbon footprint — particularly with the integration of industrial ecology solutions utilizing biogas. From
a quality perspective, the anaerobic process can be used to produce high quality coffee, but is more
expensive than natural, and has a slightly higher footprint. The reuse of wastewater for biogas can
dramatically lower the emissions though.
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Figure 9. 1 Combined comparison of GWP in this study with previous research

9.2 Conclusions

This research explored different aspects of sustainable coffee production, including industrial ecology
coffee, life cycle assessment, life cycle cost analysis, and the use of pilot plants on coffee plantations.
The main objective was to develop sustainable coffee production and provide valuable insights into how
the coffee industry can achieve sustainability. The model pilot plant as a means to implement IEC, LCA,
and the sustainability of coffee plantations and production, shows great potential to enhance the overall

153



sustainability of the coffee industry. By applying IEC principles, coffee plantations can reduce their
environmental impact, improve resource efficiency, and create a more sustainable environment for
farmers and surrounding communities.

Some of the key points of novelty in this work include:

1. This study used a combination of methods to evaluate environmental impacts and economic
potential of 10 different coffee processing methods. Typical studies only evaluate one or two
processes at most. Here the study considered standard wet processes (Full Wash and Semi-
Wash); and dry processes used where water is more scarce (Natural process), as well as more-
novel dry processes that could be used to upgrade coffee quality (Anaerobic, Lactic Acid, Hydro-
Honey, Carbonic Maceration, Inoculant, Mossto, Wine).

2. Industrial Ecology principles were applied to reduce environmental impacts by waste
valorization in the form of biogas production from wastewater and processing of coffee husk or
coffee cherry skin to produce coffee tea “cascara” as a by-product. In particular, the consideration
of cascara is quite unique in literature.

3. Inthis study the quality of the coffee product was assessed, in addition to the environmental and
economic considerations — which is very rare in the literature.

By combining scientific knowledge, technological innovation, and commitment to sustainability, we can
create an efficient, eco-friendly, and inclusive coffee industry for all stakeholders. Sustainable Coffee
Production goals can be achieved by considering environmental, economic, and social factors that
benefit all parties involved. Therefore, all stakeholders must encourage and support continuous efforts
towards sustainability in coffee production.

9.3 Further work

This study highlights the significant advantages of implementing the IEC concept in coffee production.
This approach not only reduces the environmental impact of coffee production but also enhances
resource efficiency, minimizes waste, and improves the welfare of coffee farmers. The use of LCA and
LCA methods has proven to be a valuable tool in evaluating the environmental and economic impacts
of various coffee production processes, helping stakeholders make more sustainable decisions.

Future research is planned to further-develop on the findings:

1. Production process optimization: Conduct further research to optimise the coffee production
process using the principles of industrial ecology. These include increased energy use efficiency,
more effective waste management, and applying environmentally friendly technologies.

2. Pilot plant development: To test and implement new technologies that support SCP and build
pilot plants on coffee farms. These pilot plants can test various innovations in coffee processing,
renewable energy use, and waste management.

3. Morein-depth LCA and LCC studies: Conduct a more in-depth study of the life cycle of coffee
products and analysis of total production costs, with further detail on alternative applications of
waste and control of production processes. This will help identify areas where improvements can
be made to improve the sustainability of coffee production.
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4. Education and training: A crucial component of this research plan is the implementation of

education and training programs for coffee farmers. These programs will focus on sustainable
agricultural practices, the implementation of IE, and the use of new technologies. By increasing
their awareness and understanding of the importance of sustainability in coffee production, we
can significantly contribute to the long-term goals of this research.

Collaboration and partnership: Building partnerships with research institutions, government,
and private companies to support the development of Sustainable Coffee Production (SCP).
These collaborations can include the exchange of knowledge and resources, as well as financial
support for innovative projects.

Implementing this research plan is expected to achieve long-term goals to produce more environmentally
sustainable, economic, and social coffee, improve the welfare of coffee farmers and strengthen the
resilience of the global coffee industry.
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