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Abstract: Nutrient depletion in Tanzanian sisal production has led to yield de-
creases over time. We use nutrient mass balances embedded within a life cycle
assessment to quantify the extent of nutrient depletion for different production
systems, then used circular economy principles to identify potential cosubstrates
from within the Tanzanian economy to anaerobically digest with sisal wastes. The
biogas produced is then used to generate bioelectricity and the digestate residual
can be used as a fertilizer to address the nutrient depletion. If no current beneficial
use of the cosubstrate was assumed, then beef manure and marine fish processing
waste were the best cosubstrates. If agricultural wastes were assumed to have a
current beneficial use as fertilizer, then marine fish processing waste and human
urine were the best cosubstrates. The largest reduction in environmental impacts
resulted from bioelectricity replacing electricity from fossil fuels in the national
electricity grid and improved onsite waste management practices. There is signif-
icant potential to revitalize Tanzanian sisal production by applying circular econ-
omy principles to sisal waste management and bioenergy production.

Keywords: life cycle assessment; sisal production; circular economy; nutrient de-
pletion; anaerobic digestion; waste management; bioenergy; biogas.

1. Introduction

Sisal (Agave sisalana) was imported from Mexico’s Yucatan Penin-
sula into Tanzania during the late 1800’s [1]. Tanzania was the world’s
second-largest producer of sisal in 2019, producing 15% of the world’s
220,363 tonnes of sisal fibre [2] behind Brazil, which produced 39% of the
world’s production. The three key factors determine the export sisal fibre
yield per hectare are: the mass of sisal leaves produced per hectare, the
total fibre fraction of the sisal leaf, and the export fibre fraction of the total
fibre fraction. The fibre fraction in each sisal leaf ranges from 2.7 to 7.3%
[3] and the average Tanzanian value is 4%, meaning each tonne of sisal
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47 fibre generates 24 tonnes of solid waste material (dry weight) [4]. At most
48 sisal processing sites in Tanzanian, this waste composts in retention areas
49 in an uncontrolled fashion, leading to both anaerobic and aerobic decom-
50 position.

51 As far back as the 1970’s, researchers had found that successive cy-
52 cles of sisal cultivation without the use of fertilisers or recycled, com-
53 posted sisal waste material depleted nutrient levels in the soil [5], [6]. Sub-
54 sequent research has consistently confirmed this effect and the adverse
55 effect that the depletion of nutrients has on sisal yields [7]-[15]. Land use
56 and yields for non-food crops will become increasingly significant in Af-
57 rica, as a 70% increase in food production will be required globally by
58 2050 [16] and Africa currently has the highest rate of population growth
59 and between 2015 and 2050 more than half of the global population
60 growth will occur in Africa [17]. Comprehensive details on sisal (Tanza-
61 nian production methods, historical consumption and uses of sisal fibre,
62 historical data on global sisal yield and production, and sisal composi-
63 tion) are provided in Appendix A.

64 The national electrification rate in Tanzania was 37% in 2018 [18] and
65 electricity generation is sourced from 48% natural gas, 31% hydro, 18%
66 oil and 1% for both solar PV and biofuels [19]. Researchers have estimated
67 that using sisal waste to produce biogas which is then used for electricity
68 production could provide 102 GWh, which equates to 18.6 MW of in-
69 stalled capacity or 3% of Tanzania’s electricity production in 2009 [20].
70 Researchers in the late 1990s [21], [22] found that sisal pulp and
71 wastewater provided 400 m? methane per ton of volatile solids. They also
72 highlighting the adverse environmental effects of current sisal waste dis-
73 posal practices, such as the release of offensive odours, disease vector
74 propagation, uncontrolled methane emissions leading to climate change
75 impacts and ground and surface water pollution. The issues of declining
76 yields, increasing pressure on land use, soil nutrient depletion and waste
77 management as therefore currently impacting the Tanzanian sisal supply
78 chain.

79 The circular economy concept involves changing from the current
80 linear (take-make-use-dispose) economic model to the recycling and re-
81 use of technical and biological nutrients between life cycle stages, both
82 within a supply chain and between supply chains, so that overall raw
83 material use, losses and waste generation are minimised [23]. The concept
84 is inspired by and seeks to mimic natural cycles, such as the carbon, water
85 or nitrogen cycles [24]. There are three fundamental principles: 1) pre-
86 serving and enhancing natural capital by controlling stocks which are fi-
87 nite, by using flows from renewable resources to balance the system; 2)
88 optimising resource yields, by designing for the highest utility and effi-
89 ciency of inputs, components and products at all times; and 3) fostering
90 system effectiveness, by identifying and eliminating negative externali-
91 ties such as land use, pollution (noise, water, air, land), climate change
92 and the release of toxins. The characteristics include: designing out waste;
93 building resilience by incorporating diversity in the system design; tran-
%4 sitioning to renewable sources for all inputs, such as energy and fertilis-
95 ers; applying systems thinking which includes feedback loops and inter-
9% connections between supply chains; and thinking in terms of cascading
97 links within and between systems (adapted from [25]).

98 The aims of this work were to: undertake a circular economy assess-

99 ment in Tanzania, to identify which waste streams would be suitable
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100 cosubstrates for anaerobic digestion with sisal waste from a nutrient per-
101 spective; use mass balances within a life cycle assessment (LCA) of sisal
102 production in Tanzania to calculate the extent of nutrient depletion dur-
103 ing sisal production; and use life cycle assessment to investigate how an-
104 aerobic digestion of sisal wastes and cosubstrates could contribute to im-
105 proving the sustainability of and addressing nutrient depletion in sisal
106 production in Tanzania, while contributing to renewable energy produc-
107 tion.

108 The principal conclusions were that using existing wastes from
109 within the Tanzanian economy as co-digestates with sisal wastes could
110 largely correct the issue of nutrient depletion, and the biogas generated
111 and used in a generation plant could contribute to improved environ-
112 mental outcomes by replacing electricity generated using fossil fuels.

113 2. Materials and Methods

114 The Hale and Mkumbara estates were visited to obtain primary data
115 representative of Tanzanian conditions and the complete inventories are
116 provided in Tables B.1 and B.2 in Appendix B.

117 2.1 Circular economy in Tanzania — identifying potential cosubstrates and nu-
118 trient balances

119 Potential cosubstrate sources from within the Tanzanian economy
120 were identified using FAO data [26] and published literature. Two sites
121 were modelled, and to accentuate the impact created by differences in
122 yield, different assumptions for the three key parameters relating to yield
123 were derived from secondary data [4], complete details are provided in
124 Appendix B, Table B.3. The best practice site (BPS) uses yield data from
125 estate 1 (Hale) and represents industry best practice, whereas the indus-
126 try average site (IAS) (Mkumbara) uses the average yield of three other
127 estates and represents current industry practice. The differences in sisal
128 yield were used to calculate the different amounts of waste sisal material
129 available for codigestion. Both waste streams from sisal production, the
130 sisal pulp and sisal wastewater, were used for the assessment, to address
131 the issue of reducing the adverse impacts from uncontrolled discharge of
132 untreated wastewaters to local surface water bodies. Values for the com-
133 position and mass of these streams were taken from literature, as detailed
134 in Appendix B, Table B.4.

135 A maximum C:N ratio of 25 for a sisal: fish anaerobic batch codiges-
136 tion system using fish processing waste comprised of offal, gills, scales
137 and wash water from Dar es Salaam was found by [27], so this value was
138 used as the required C:N ratio to calculate the mass of cosubstrates
139 needed for the combined sisal and cosubstrate stream (refer to section 3
140 of the detailed Life Cycle Inventory in Appendix B, Tables B.1 and B.3 for
141 complete details).

142 2.2 LCA of sisal production, including mass balances to assess nutrient deple-
143 tion

144 The LCA study was conducted in accordance with the International
145 Reference Life Cycle Data System (ILCD) Handbook for LCA [28], using
146 an attributional approach, system expansion was used for handling by-
147 products and all impacts were allocated to the primary product, sisal ex-

148 port fibre. The functional unit was “1 metric ton of sisal export fibre de-
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149 livered to the port in Tanzania”, as shown in the system boundary dia-
150 gram (Figure 1), so includes all production stages up to the export of
151 baled fibre by sea from Tanzania. Further details are included in Appen-
152 dix B, Table B.5. The system was modelled in openLCA software v 1.5.0
153 using openLCA LCIA methods 1.5.2 and background data from the
154 Ecoinvent database v 3.2 was used. The life cycle impact assessment
155 (LCIA) method used was ReCiPe 8 Midpoint (H) and 17 midpoint impact
156 categories (MICs) were assessed, namely agricultural land occupation,
157 climate change, fossil depletion, freshwater ecotoxicity, freshwater eu-
158 trophication, human toxicity, ionising radiation, marine ecotoxicity, ma-
159 rine eutrophication, metal depletion, natural land transformation, ozone
160 depletion, particulate matter formation, photochemical ozone formation,
161 terrestrial acidification, terrestrial ecotoxicity, and water depletion. ReC-
162 iPe was selected as it is a relatively recent, global LCIA method and co-
163 vers a wide range of mid and endpoint impact categories. Special consid-
164 eration is given to the MICs that relate to planetary boundaries, as these
165 three variable have already exceeded the safe operating space, namely:
166 natural land transformation and agricultural land occupation as indica-
167 tors for the biodiversity loss variable; marine eutrophication as an indica-
168 tor for the nitrogen cycle variable; and climate change for the climate
169 change variable [29], [30].
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172 Figure 1: System boundary for LCA study of sisal supply chain in Tanza-
173 nia
174
175 The off-spec sisal fibre fraction of the total fibre yield (ie the non-
176 export quality fibre, referred to in [4] as “off-grade fibre”) was handled
177 by system expansion and was credited as an equivalent mass of jute fibre.
178 Similarly, it was assumed that methane generated for the recycling cases
179 was captured and combusted in an engine with an efficiency of 30% and
180 was credited as an equivalent saving of electricity consumption from the
181 Tanzanian grid.
182 The models of the nursery, plantation and biodigester/generator
183 stages were parameterised to enable a mass balance for each of the five
184 major nutrients (calcium, magnesium, nitrogen, phosphorus and potas-
185 sium). This quantified the extent of nutrient removal from the soil during
186 sisal production and the potential nutrient available from recycling of si-

187 sal wastes [31]. In the base case it was assumed that all the nitrogen and
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188 phosphorus in the sisal wastewater are discharged to surface waters [32],
189 which is conservative, and the same ratio of sisal solid to liquid waste
190 (11% pulp and 89% wastewater) was used [4]. It was assumed that sisal
191 waste had the same composition as leaf material [11] and that 33% of the
192 total nitrogen entering the digester was lost in the anaerobic digestion
193 and land application processes [33]. Information used in the nutrient bal-
194 ances was taken from literature [11], [31], [34]-[37].

195 Reported values for methane generation from anaerobic digestion of
196 sisal waste vary [20], [21], [27], [32], [38]-[44], so a conservative value of
197 0.01 t methane per t combined waste was used for all cases [4]. The calcu-
198 lated mass of substrates required to achieve the required C:N ratio of 25
199 were then used in the modelling to determine the amount of nutrients
200 which could be returned to the soil, and the amount of methane which
201 could be generated in the biodigester and used for electricity generation.
202 The LCA then focussed on the waste treatment stage. Some waste
203 cosubstrates, such as marine fish processing wastewater (MFPW), do not
204 currently have a beneficial use and are known to cause environmental
205 problems when emitted untreated [41], [45], while other waste cosub-
206 strates, such as beef manure (BM), dairy manure (DM) and chicken ma-
207 nure (CM), may have an existing beneficial reuse. Given the paucity of
208 information regarding current usage, two cases were modelled for each
209 cosubstrate - one case assumed that there is currently a beneficial reuse
210 (so an input of an equivalent amount of fertiliser was included) and one
211 case assumed that there is no current beneficial reuse, so the nitrogen and
212 phosphorus were assumed to be discharged to freshwater. To be con-
213 servative, it was assumed that all wastes degraded aerobically if there was
214 no current beneficial reuse, so no avoided emissions of methane were as-
215 sumed. Given the number of people employed at sisal estates, the relative
216 proximity to major urban centres and the presence of rail and road infra-
217 structure, use of human faeces (HF) and human urine (HU) as cosub-
218 strates were included as scenarios. A nominal value of 300 km was as-
219 sumed for transport of the cosubstrate to the site and the subsequent
220 transport of the digestate to the farm. For calculating replacement fertilis-
221 ers in the case when the cosubstrate was assumed to currently have a ben-
222 eficial reuse, an estimated 1:1 replacement was used, corrected for the
223 composition of the replacement, so that calcium was replaced by crushed
224 limestone (40% calcium), nitrogen by the market for nitrogen fertiliser
225 (100% nitrogen), phosphorus by the market for phosphate fertiliser as
226 P20s (43.7% phosphorus) and potassium by potassium fertiliser as K2O
227 (83% potassium).

228 3. Results and Discussion

229 3.1 Circular economy in Tanzania — potential cosubstrates and nutrient

230 balances

231 3.1.1 Potential nutrient sources from within the Tanzanian economy

232 As part of the circular economy assessment, crop, livestock and meat
233 production data for Tanzania was assessed (refer to Appendix C) and the
234 C:N ratios for identified wastes were calculated, as indicated in Table 1.
235 The assessment indicated that most wastes from plants (such as maize
236 cobs, maize straw, cassava pulp, rice hulls and rice straw) were not suit-
237 able, as they had a C:N ratio above 25, but that wastes from livestock pro-
238 duction, sugar cane trash, cowpea residues and grass clippings were suit-

239 able, as they had C:N ratios of less than 25. Data for freshwater fish (Nile
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240 perch from [45]) indicated that the C:N ratio was higher than 25 due to
241 fat deposits in the viscera, so it was not included in the assessment. It was
242 assumed that sugar cane waste, cowpea residues and grass clippings
243 would already have a beneficial reuse, so these were excluded from fur-
244 ther assessment.
245
246 Table 1: C:N ratios for wastes available in Tanzania
247 (shading and bold indicates that waste has a suitable C:N ratio)
TN TKN® TOC Non-lignin TOCTN TOCTKN nlTOC:TKN'!
% % % TOC%

Maize cobs @ 1.99 48.77 25

Maize straw ® 0.86 42 49

Cassava pulp © 0.45 51.5 118

Rice hulls ¢ 0.69 329 22.5 48 33

Rice straw ¢ 0.39 33.6 28.9 86 74

Sugar cane trash © 2.52 49.15 15.5

Cowpea residue f 2.7 43.1 16.0

Grass clippings ¢ 3.25 40.8 38.4 12.6 11.8

Dairy manure (DM)4 2.14  Table 29.6 19.1 13.8

Beef manure (BM)4 21 38.5 30 18 14

Chicken manure (CM)4 6.87 31.7 30.3 4.6 4.4

Pig manure ¢ 3.67 44.3 39.7 121 10.8

Pig manure © 247 26.16 10.6

Milk proc sludge © 5.68 37.9 5.06

Marine fish  waste

(MFPW)s 5.85 51 9
248 Notes - a — [46], b - [47], c - [48], d - [49], e — [50], f - cowpea residues
249 from [51], g - [27], h — Total Kjeldahl Nitrogen, i - non-lignin TOC
250
251 3.1.2 Nutrient balances of cosubstrates
252 Using the required C:N ratio of 25 and the background information
253 on each of the cosubstrates, the mass of each cosubstrate required, the
254 equivalent number of animal/day and the available nutrients were calcu-
255 lated for both sites, as presented in Tables 2 and 3. As expected, given the
256 larger volume of sisal waste, the IAS required larger amounts of each
257 cosubstrate. BM and DM required relatively small numbers of animals
258 (349 and 886 beef cattle, and 161 and 407 for dairy cattle for the BPS and
259 IAS respectively) but they are still relatively large herd numbers in the
260 Tanzanian context. Although a small mass of CM is required, this equates
261 to a larger number of animals compared to beef or dairy production
262 (27,134 and 69,150 chickens for the BPS and IAS respectively). The use of
263 HU required significantly fewer people per day (3,808 and 9,613 for the
264 BPS and IAS respectively) than HF (27,366 and 69,342 for the BPS and IAS
265 respectively), and MFPW required a relatively small mass (2.5 and 6.3
266 tonnes of marine fish for the BPS and IAS respectively).
267
268 Table 2: Estimate of mass and equivalent units of organic waste required to achieve C:N ratio of 25
269 for codigestion with total sisal waste stream at IAS for 1 t sisal export fibre

unit DM BM= CM: MFPWr  HEFe HUed
Mass required kg 22,500 19,700 8,150 2,220 16,850 13,650
Equivalent animals or people/day 407 886 69,150 6,343« 69,342 9,613

Nutrient input from cosubstrates
Calcium kg 44 43 167 34 77 2
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270
271
272
273
274
275

276
277

278
279

280
281
282
283
284
285
286
287
288

289

290
291

292
293
294
295

296
297

unit DM-= BM= CMa2  MFPW?b HEFe HUed

Magnesium kg 19 17 18 1.0 15 1.9
Nitrogen kg 113 132 110 130 118 87
Phosphorus kg 25 31 37 12 56 8

Potassium kg 77 73 41 4 64 17

Notes: a — [49] b- fish waste assumed to be 35% of total fish mass [45],
[52] ¢ - TOC was assumed to be 47.9% of COD [53], C and N are average
of values reported in [54], d - [55], e - for fish waste, the “equivalent ani-
mals” refers to the mass of marine fish required to produce the mass of
waste, given that 35% of live fish ends up as waste.

Table 3: Estimate of mass and equivalent units of organic waste required to achieve C:N of 25 for

codigestion with total sisal waste stream at BPS for 1 t sisal export fibre.

unit DM BM CM MFPW HF HU
C:N ratio 6.2 8.9 5.8 8.7 7.1 0.8
Mass required kg 8,900 7,750 3,200 875 6,650 5,400
Equivalent animals or people/day 161 349 27,134 2,500 27,366 3,808

Nutrient input from cosubstrates

Calcium kg 17 17 65 13 30 0.7
Magnesium kg 8 7 7 0.4 6 0.8
Nitrogen kg 45 52 43 51 47 35
Phosphorus kg 10 12 15 5 22 3
Potassium kg 30 29 16 2 25 7

3.2 LCA results
3.2.1 Nutrient balances of current operation

The results of the mass balance of the five nutrients within two pro-
cesses (nursery and plantation) per tonne of sisal export are provided in
Table 4. The BPS, which uses lime, muriate of potash and triple super
phosphate on their plantations and represents industry best practice,
has a calcium surplus and a slight phosphorus deficit. At the IAS, which
represents current industry practice and recycles 300 kg of “rotten” sisal
residues per hectare to the plantation but does not use any fertiliser, all
nutrients were in deficit, indicating that soil nutrient level are being de-
pleted.

Table 4: Nutrient balances per tonne of export sisal fibre from nursery and plantation, BPS and IAS

(negative values indicate depletion).

Best practice site (BPS) Industry average site (IAS)

Nutrient unit  Nursery Plantation  Total Nursery Plantation  Total
Calcium kg -0.74 56 55 7.1 -276 -283
Magnesium kg -0.18 -29 -30 -0.38 -68 -68
Nitrogen kg -0.52 -19 -19 -1.3 -36 -37
Phosphorus kg -0.26 -1.6 -19 -0.83 -7.3 -8.1
Potassium kg -0.80 -35 -36 -3.0 -84 -87

3.2.2 Nutrient balances of current operation with cosubstrates added

Cosubstrates that meet the current deficit were identified by com-
paring mass balance data for the cosubstrates and the nutrient depletion
per tonne of sisal fibre for both sites. For the IAS, as indicated in Table 5,
all cosubstrates provide the nitrogen and phosphorus requirement, none

doi:10.20944/preprints202107.0276.v1
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298 of the cosubstrates provide the total calcium or magnesium requirement
299 and only DM, BM and HF provide the required potassium levels. This
300 indicates a need for supplementary calcium sources, such as limestone, a
301 combined calcium/magnesium source such as dolomite, as well as a po-
302 tassium source such as Muriate of potash or potassium sulphate for the
303 CM, MFPW and HU scenarios.
304 Table 5: Nutrients available from recycled waste compared to initial depletion for the IAS per tonne of sisal
305 export fibre (bold text indicates that recycled waste provides nutrients in excess of initial depletion)
unit DM BM CM MFPW HF HU Initial
Depletion
Calcium kg 128 128 252 118 161 86 -283
Magnesium kg 50 48 49 32 46 33 -68
Total Nitrogen (TN) kg 137 157 135 154 142 112 -37
Phosphorus kg 29 35 41 15 60 12 -8
Potassium kg 113 109 77 40 100 53 -87
306
307 For the BPS, as indicated in Table 6, all cosubstrates would supply
308 more than the required nutrients. The current use of triple superphos-
309 phate fertiliser (a source of potassium and calcium), agricultural lime (a
310 source of calcium) and Muriate of potash (a source of potassium) could
311 be reduced once the existing soil nutrient depletion of magnesium, nitro-
312 gen, phosphorus and potassium has been corrected.
313
314 Table 6: Nutrient available from recycled waste compared to initial depletion for the BPS per tonne of sisal
315 export fibre (bold text indicates that recycled waste provides nutrients in excess of initial depletion)
unit DM BM CM MFPW HF HU Initial
Depletion
Calcium kg 102 102 150 98 115 85 55
Magnesium kg 39 38 38 32 37 32 -30
Nitrogen kg 69 79 68 76 71 59 -19
Phosphorus kg 14 16 18 8.3 26 6.9 -1.9
Potassium kg 67 65 52 38 62 43 -36
316
317 3.2.3 LCA results of current base case
318 The LCA results reported only look at the waste management stage,
319 not the other production stages (nursery, plantation or processing), as the
320 latter stages remain the same for all compared scenarios. This is known
321 as a comparative gate-to-gate LCA, and results in some MICs appearing
322 as emission sinks, rather than emissions sources.
323 The IAS current base case, shown in column 3 of Table 7, represents
324 average sisal production in Tanzania and has six sources (climate change,
325 freshwater eutrophication, marine eutrophication, particulate matter for-
326 mation, photochemical oxidant formation and terrestrial acidification)
327 but no sinks. The six sources relate to methane emissions from the anaer-
328 obic decomposition of the sisal waste and emission of liquid waste from
329 the waste treatment. There are 11 MICs where the base case has no emis-
330 sions, as the analysis focuses on the onsite waste treatment process.

331
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332 Table 7: Detailed LCA results for the IAS biodigester/generator scenarios, with and without beneficial reuse of cosubstrates, per tonne of export fibre
IAS Reference Current Cosubstrate with no current beneficial reuse Current Cosubstrate with current beneficial reuse
Impact category (17) unit base case DM BM ™M MFPW HF HU base case DM BM ™M MFPW HF HU
Agricultural land occupation m?**a -61 -63 -59 -60 33
Climate Change kg COzeq -4376 -4458 -4256 -4300 -2807 -3005 -3013 -2703
Fossil depletion kg oil eq -1515 -1548 -1468 -1485 -1229 -1297 -1344 -1207 -1347
Freshwater ecotoxicity kg 1,4-DB eq -10 -7.9 -8.8 6.1 7.9
Freshwater eutrophication kg P eq 4.0 4.1 29 35 41
Human toxicity kg 1,4-DB eq -226 -122 -160 133 226
lonising radiation kg U235 eq -126 -139 -106 -113 -28 -56
Marine ecotoxicity kg 1,4-DB eq -6.4 -2.8 -4.1 8.5 11 7.2
Marine eutrophication kgNeq -107 -114 -84 4.2 4.8 4.2 4.7
Metal depletion kg Fe eq -20 -9.0 -13 93 78 80 67
Natural land transformation m? =12 -1.2 =ilil -1.1 -0.86 -0.98 -1.0 -0.86 -1.0
Ozone depletion kg CFC-11 eq -0.00035 -0.00042 -0.00045 -0.00038 -0.00040 -0.00027 -0.00033 -0.00037 -0.00028 -0.00034
Particulate matter formation kg PM10 eq 8.8 12 11
Photochemical oxidant formation kg NMVOC -10 -7.8 -8.6 -3.03 -6.6
Terrestrial acidification kg SOz eq 87 94 69 91 95
Terrestrial ecotoxicity kg 1,4-DB eq -0.19 0.00 -0.07 0.65 0.58
Water depletion m? -19380 -18877 -20118 -19847 -17458 -17385
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The BPS current base case includes an existing biodigester and generation plant pro- 336
cessing a portion of the total sisal waste and offsetting grid electricity consumption, so 11 337
of the 17 MICs are sinks, only six are sources (the same as the IAS case) and the sources 338
are smaller than the BPS case due to the smaller mass of sisal waste degrading anaerobi- 339
cally. The sinks are agricultural land occupation, fossil depletion, freshwater ecotoxicity, 340
human toxicity, ionising radiation, marine ecotoxicity, metal depletion, natural land trans- 341
formation, ozone depletion, terrestrial ecotoxicity, and water depletion, all of which relate 342
to the avoided production of electricity. Table 7 only represents the IAS site, the details 343
for the BPS are contained in Appendix D, Tables D.1 and D.2. 344

When comparing the BPS and IAS base cases, the BPS has a higher number of sinks, 345
although they both have the same number and type of sources. This is due to the existing 346
onsite biogas capture and generation at the BPS, which offsets grid electricity in the base 347
case. 348

3.2.4 Results for the IAS biodigester/generator scenarios 349

Table 7 presents the IAS results, with and without existing beneficial uses of the 350
cosubstrate, in columns 4-9 and 11-16 respectively. 351

In addition to identifying the MICs as sources or sinks, the data within each MIC has 352
been internally normalised, as shown in Figures 2 (IAS sink MICs) and 3 (all other MICs) 353
respectively, where 1 represents the best case scenario and 0 the worst. If no beneficial 354
reuse of the cosubstrates is assumed at the IAS site, then the current base case represents 355
the worst case scenario for 14 MICs and the best case for 2 MICs (particulate matter for- 356
mation and terrestrial acidification). The latter two MICs relate to the emissions from the 357
biogas produced in the biodigester and combusted in a generator onsite to produce elec- 358
tricity, and the emissions from the onsite processes are larger than the credit provided by 359

the offset grid electricity. 360
361
Base . .
case - Agricultural land occupation
1.00
Fossil depletion
0.80

HU Freshwater ecotoxicity

Human toxicity

lonising radiation

Marine ecotoxicity
HF
Metal depletion

Natural land transformation

Ozone depletion

MFPW c™M

—— Water depletion
362
Figure 2: IAS sink MICs - relative scoring of biodigester/generator scenarios compared to 363

base case with no current beneficial reuse of cosubstrate (1 represents the best case, 0 the worst) 364

Three of the six MICs (climate change, marine eutrophication and photochemical 365
ozone formation) are sources in the base case and become sinks in all the biodigester/gen- 366
erator scenarios. For climate change, this relates both to the capture and use of methane 367
generated in the waste process and the credit from the offset grid electricity. For marine 368
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eutrophication, this relates to the biodigester reducing the loss of nitrogen to the aquatic 369
environment. 370
Base
case

Climate Change

Freshwater eutrophication

- Marine eutrophication

Particulate matter formation

——— Photochemical oxidant
formation

Terrestrial acidification

Terrestrial ecotoxicity

371
Figure 3: IAS source and sources-to-sink MICs - relative scoring of biodigester/generator 372

scenarios compared to base case with no current beneficial reuse of cosubstrate (1 represents the 373
best case, 0 the worst) 374

Freshwater eutrophication decreases from the base case to all scenarios, but is stilla 375
source due to the land application of the residual phosphorus content of the codigested 376
material. All of the other MICs that change from no emissions in the current base case to 377
sinks in the biodigester/generator scenarios, relate to the credit provided by the offset grid 378
electricity. For the 4 priority indicators relating to planetary boundaries, the base case sce- 379
nario is the worst performing option, by a significant margin for climate change and ma- 380
rine eutrophication. 381

When cosubstrates were assumed to have no current beneficial reuse, BM is the best 382
cosubstrate and MFPW is the second best, and the base case is the worst for all MICs as it 383
has a zero value and biodigester/generator scenarios are sinks. Freshwater eutrophication = 384
is best in the MFPW scenario, as MFPW has the lowest phosphorus levels as seen in Table 385
3. For the climate change, marine eutrophication and photochemical oxidant formation 386
MICs, the largest sink is the BM scenario, followed by the MFPW scenario, with the sisal =~ 387
base case providing the worst performance. Terrestrial ecotoxicity is best in the BM and 388
MFPW scenarios and worst in the DM scenario where it is a source. 389

When cosubstrates were assumed to have a current beneficial reuse, their codiges- 390
tion means that the nutrients removed must be substituted by an equivalent mass of nu- 391
trients from manufactured sources. As outlined in columns 10-16 in Table 7 and Figures 4 392
(IAS sink MICs) and 5 (IAS other all MICs), the base case becomes the best case in 9 MICs 393
(agricultural land occupation, freshwater ecotoxicity, freshwater eutrophication, human 394
toxicity, marine ecotoxicity, metal depletion, particulate matter formation, terrestrial acid- 395
ification and terrestrial ecotoxicity) and the worst case in the remaining 8 MICs (climate 39
change, fossil depletion, ionising radiation, marine eutrophication, natural land transfor- 397
mation, ozone depletion, photochemical oxidant formation and water depletion). This re- 398
flects the balance between the benefit of the offset grid electricity compared to the adverse 399
impacts of fertiliser manufacturing. For climate change and fossil depletion, the current 400
base case is still the worst case due to the methane emissions from anaerobic degradation 401
of the waste and the benefit provided by offset electricity production in all the biodi- 402
gester/generator scenarios. For the 4 priority indicators relating to planetary boundaries, 403
the base case scenario is the worst performing option for 2 (climate change, marine and 404
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eutrophication, both by significant margins) and the best for 2 (agricultural land occupa- 405
tion and freshwater eutrophication). BM is again the best performing cosubstrate, with 406
the best value in 7 MICs but the worst in terrestrial acidification. HU is the next best cosub- 407
strate, followed by MFPW, and HF is the worst. The differences between the different 408
cosubstrates relates to their different composition as indicated in Table 3, which then de- 409
termines the amount of manufactured fertilised required. Phosphorus fertiliser has the 410
most significant impact of all the fertiliser replacements, which is why the HF is ranked 411
the worst. 412

Base

case

Fossil depletion

lonising radiation

Natural land transformation

Ozone depletion

Water depletion

413
Figure 4: IAS sink MICs - relative scoring of biodigester/generator scenarios compared to 414

base case with_current beneficial reuse of cosubstrate (1 represents the best case, 0 the worst) 415

Base case
1.0

Climate Change

Freshwater ecotoxicity

Freshwater eutrophication

Human toxicity

Marine ecotoxicity

Marine eutrophication

HE Metal depletion

Particulate matter formation

Terrestrial acidification

Terrestrial ecotoxicity

Urban land occupation

416
Figure 5: IAS non-sink MICs - relative scoring of biodigester/generator scenarios compared 417

to base case with_current beneficial reuse of cosubstrate (1 represents the best case, 0 the worst) 418

419

3.2.5 Results for the IAS with current beneficial reuse of agricultural cosubstrate and no 420
current beneficial reuse for non-agricultural waste cosubstrate 421
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Given the results from the previous sections, the data for beneficial use of agricultural 422
wastes was assessed against no current beneficial reuse of non-agricultural wastes (HF, 423
HU and MFPW) for the IAS. It is known that the non-agricultural wastes are currently not = 424
being treated or used for their nutrient content in a systematic way in Tanzania, so this 425
represents a realistic scenario. 426

Unsurprisingly, the MFPW and HU are the best and second best cosubstrate recy- 427
cling scenarios, with MFPW ranking the best in 14 MICs (including those relating to plan- 428
etary boundaries), and HU second in 12 MICs, as indicated in Figures 6 and 7. The base 429
case scenario is the worst performing option in 8 MIC including all sinks (Figure 6), by a 430
significant margin in the case of climate change and marine eutrophication which relates 431
to two of the planetary boundaries. Background data is provided in Table D.3, Appendix 432
D. 433

——— Climate Change

Fossil depletion

lonising radiation

Natural land transformation

Ozone depletion

Photochemical oxidant formation

—— Water depletion

434
Figure 6: IAS sink MICs - Relative scoring of biodigester/generator scenarios compared to 435

base case with_current beneficial reuse of agricultural cosubstrates and no current beneficial re- 436
use of non-agricultural cosubstrates (1 represents the best case, 0 the worst) 437

. —— Agricultural land occupation
Sisal only

1.00

Freshwater ecotoxicity

Freshwater eutrophication

Human toxicity

- Marine ecotoxicity

—— Marine eutrophication

Metal depletion

Particulate matter formation

Terrestrial ecotoxicity

Terrestrial acidification
438
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Figure 7: IAS non-sink MICs - Relative scoring of biodigester/generator scenarios compared 439
to base case with_current beneficial reuse of agricultural cosubstrates and with no current bene- 440

ficial reuse of non-agricultural cosubstrates (1 represents the best case, 0 the worst) 441
This highlights the importance of using cosubstrates that do not currently have a 442
beneficial reuse within the Tanzanian economy. 443
444

3.2.6 Significant processes contributing to MIC for the IAS. 445

For the IAS, the contribution of individual processes to the various MIC was analysed 446
for the MFPW cosubstrate with no beneficial reuse scenarios and details are provided in 447
Appendix E. This indicated that for all MICs excluding freshwater eutrophication, marine 448
eutrophication and terrestrial acidification, the saving in electricity production provided 449
basically all the benefit. For those remaining three categories and particulate matter for- 450
mation, the direct emission from the site process itself contributed most of the impacts. 451
This indicated that for most of the impact categories, climate change and fossil depletion 452
could be an adequate proxy for the other impact categories but that freshwater eutrophi- 453
cation, marine eutrophication and terrestrial acidification should be assessed separately. 454
Full details are provided in Table D.4, Appendix D. 455

3.3 Limitations to the analysis and further work 456

There are several areas were primary data would be useful, such as detailed analysis 457
of the link between soil nutrient levels, sisal leaf mass production, total fibre yield and 458
export fibre yield for sisal in Tanzanian conditions. This would build on the most recent 459
results for the Tanzanian Sisal Board, who have been investigating coplanting with leg- 460
umes. Analysis of the partitioning of nutrients between the sisal solid and liquid waste 461
streams, and the loss of nutrients from both streams would be useful. Laboratory testing 462
of the scenarios proposed could provide data on the actual methane generation rates for 463
the different systems, as well as related factors such as nitrogen loss during anaerobic 464
digestion. The impact of digestate from the anaerobic digestion process, in terms of how 465
the sisal leaf mass, fibre yield or sisal export fibre yield will be improved by more water 466
and the mulch/ compost/ organic carbon effect of the digestate on the soil, such as reduc- 467
ing the rate of soil moisture evaporation, could be investigated further. The same mass 468
balance of the sisal leaf material and nutrients was used for the sisal waste streams for the 469
base case (11% to the sisal fibre waste and 89% to the sisal wastewater stream), but the 470
actual partitioning of nutrients into the water and solid waste streams may be different, 471
meaning the eutrophication potential from the current base case may contain a high de- 472
gree of uncertainty. Lack of suitable local data has been identified as a constraint to LCA 473
studies in Tanzania [56]. 474

Data for nutrient values of each stream was taken from literature, which, in the case 475
of beef and dairy, was from a North American source. Data from sources in Tanzania may 476
be different, as most grazing in Tanzania uses extensive grass based systems, whereas 477
north American system are often intensive, grain based systems. 478

The parameters used in the nutrient mass balances were based on European and 479
North American farming systems, where nutrients are often in surplus. This assumes that 480
the soil nutrients are in equilibrium, so that a certain percentage of the nitrogen and phos- 481
phorus applied will be released to ground or surface waters. However, in soils in low 482
rainfall areas where the nutrient levels, and probably also the soil carbon, have been de- 483
pleted, these assumptions may be invalid. It may be the case that nutrient in excess of 484
plant uptake requirements can be applied until the nutrient levels in the soil have reached 485
a natural equilibrium. As such, the freshwater and marine eutrophication results for the 486
waste recycling options may be overstated. At some stage, it may be possible to recycle 487
codigested waste from the sisal industry to other agricultural industries once the nutrient 488
deficiency issue has been corrected, to address nutrient depletion and yield issues in other 489
agribusiness supply chains. 490
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Most of the environmental improvements observed in the LCA results were a result 491
of electricity savings, which is based on the mix of electricity provided by the Ecoinvent 492
database, with 30% from hydroelectricity generation. Given the recent discovery and ex- 493
ploitation of oil and gas reserves in Tanzania and the climate change impact of reduced 494
rainfall, the proportion provided by hydroelectricity relative to fossil fuels may decrease 495
over time, which would mean that the results are conservative and the actual values may 496
be higher. The marginal electricity generation is non-renewable, so a consequential ap- 497
proach would have increased the estimated savings from this source. It was assumed that = 498
excess electricity can be exported to the Tanzanian grid, but this may not be technically = 499
feasible. For example, the existing biogas plant at Hale has had trouble exporting electric- 500
ity due to the repeated theft of above ground copper electricity lines. 501

The modelling adopted a conservative approach and assumed that the cosubstrate 502
wastes were currently degrading aerobically, so that no methane emissions were occur- 503
ring. If the cosubstrate wastes that do not currently have a beneficial reuse are degrading 504
anaerobically, then additional benefits would accrue from reducing methane emissionsin 505
all the waste recycling scenarios. 506

The current use status of the cosubstrates could be further investigated, to identify if 507
they do have a current beneficial reuse. There may be constraints on the supply of DM or 508
BM, due to the use of smallholder systems for livestock production in Tanzania. A man- 509
aged grazing scheme on sisal estates, where grazing livestock is used to control weeds 510
and manure bags are used to collect the manure on a daily basis, may be one possible 511
alternative. 512

Fresh water fish was not included in the analysis due to the high lipid content of Nile 513
perch, which produced an unfavourable C:N ratio. However, there is potential for the 514
lipids to be used for biodiesel production, which may improve the C:N ratio of the resid- 515
ual material available for recycling to the sisal supply chain. In that case, the MFPW mod- 516

elled in this project may be indicative. 517
518
4. Conclusions 519

The circular economy potential of recycled wastes in the sisal supply chain appears 520
to have significant potential to improve yield and reduce environmental impacts, and 521
should be investigated further. The circular economy assessment found a number of sub- 522
strates from within the Tanzanian economy which had the required C:N ratio for codiges- 523
tion with sisal waste, namely dairy, beef and chicken manure (DM, BM, CM), marine fish 524
processing waste (MFPW), human urine (HU) and faeces (HF). 525

From the LCA analysis it was found that in terms of nutrient depletion, the Industry 526
Average Site (IAS) is currently being depleted of all five nutrients assessed (nitrogen, 527
phosphorus, calcium, magnesium and potassium) and the Best Practice Site (BPS) was 528
being depleted of all nutrients except calcium, which was accumulating in the plantation 529
fields. Once the cosubstrates for digestion were added, the IAS was still being depleted of 530
magnesium and calcium, but nitrogen, phosphorus and potassium were no longer being 531
depleted. If the cosubstrates have no current beneficial use, the beef manure (BM) appears 532
to be the best cosubstrate, closely followed by the marine fish processing waste (MFPW) 533
cosubstrate. If all the cosubstrates currently have a beneficial reuse, then the potential ben- 534
efits of cosubstrate digestion with sisal waste in most impact categories is marginal, with 535
the exception of climate change and fossil depletion, where the benefits are substantial. If ~ 536
the cosubstrates from agriculture already have a beneficial reuse but the non-agricultural 537
cosubstrates do not, then the marine fish processing waste (MFPW) and human urine 538
(HU) cosubstrates appear to provide the most significant benefits. Electricity generated 539
from the biodigester/generator provided most of the environmental benefits for each of 540
the MIC, except for freshwater eutrophication, marine eutrophication and terrestrial acid- 541
ification. 542
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This project provides an insight into the nexus between the food, fibre and fuel sup-
ply chains, and how applying circular economy principles to nutrient management can
potentially benefit multiple stakeholders within the Tanzanian economy.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1:
title, Table S1: title. — currently everything is included in the Appendices, but could shift to SM if
required.
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Appendix A - Background information on sisal 727
Appendix A.1 - Sisal production methods in Tanzania 728

In Tanzania, most sisal is grown on large estates. Planting materials are either obtained from bulbils or, less fre- 729

quently, from suckers removed from mature sisal plants. Bulbils grow on the lateral branches of the poles that sisal 730

plants produce at the end of their life, and the bulbils are grown into seedlings in nursery fields. It takes up to 2 years 731

in the nursery for seedlings to grow to the required size (0.25 kg) and planting densities in the nursery range from 732
50,000 to 100,000 bulbils per hectare. Losses of 10% occur in the nursery and if sisal waste is used as fertiliser in the 733
nursery, monitoring and control of pests such as sisal weevil and eelworms is required [3], [57]. Nursery operators 734
may add agricultural lime and potash in addition to or instead of composted sisal waste. 735
Once they have grown to the required size, seedlings are transplanted into plantation fields, which have been pre- 736
pared after a period of fallowing. Field preparation involves three main stages: brush cutters are used to remove and 737
comminute vegetation, including old sisal boles; vegetation is dried and burnt; and the burnt organic matter is 738
ploughed into the soil. Young sisal plants normally grow for two to three years before the first harvest of leaves and 739
the total life span of plants is 10 years on average (i.e. from planting to poling) but can range from 8-15 years [11]. 740
Planting densities range from 3,500 to 6,000 seedlings per hectare and most of the roots of sisal plants concentrate in 741
the upper 30 cm of the soil [14]. Weed control during a crop cycle is mostly done manually within and between nar- 742
row rows, with some rotary mowing along broad lanes. Sisal leaves are cut manually, sorted by length, tied in bun- 743

dles and stacked into piles before being loaded onto vehicles and transported to a centralised processing plant on the 744

estate. Plantation operators may add sisal waste, agricultural lime or fertiliser to plantation fields to replace nutrients 745
incorporated into sisal leaves and removed during harvest. 746
At the processing plant, there are four main production stages. The first stage is decortication, where a machine 747
crushes the leaves and removes the leaf tissue to reveal the fibres. This must be done as soon as possible after harvest- 748
ing to minimise fibre deterioration and for ease of processing [1]. Water is used to wash the fibres and remove waste 749
material and it must be clean, to prevent discolouration of the fibre. Additional water is used to transport the waste 750

sisal material (flume) to the waste retention area and the total water use is approximately 100 tonnes per tonne of sisal 751
fibre. The second stage involves sun drying, where the wet fibres are moved manually from the decortication process 752
to a drying area and water evaporates, reducing the water content from the 60% to 13-15%. The fibre must be dried as 753
quickly as possible after decortication to ensure that the quality does not deteriorate and this normally takes 7-8 hours 754
in dry weather. In the third stage, fibres are brushed by a machine in hand-held bundles. The machine separates the 755
export quality fibre from the short (tow) fibre, straightens the fibres and imparts sheen. In the final processing stage, 756

fibre types are graded and baled into 200 or 250 kg bales for transport. The fibre fraction of sisal leaves is about 4%, so 757

each tonne of sisal fibre generates 24 tonnes of waste material [4]. 758
The wastes from sisal fibre processing include a liquid stream, which contains soluble sugars and chlorophyll, and a 759
solid steam, which contains short fibres (tow) and leaf pulp (cuticle and parenchymal tissue) [2], [59]. The wastes 760

gravity flow in channels to large shallow retention areas, where the solid material is retained and the wastewater then 761
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flows into nearby surface water bodies. The solid material then composts in an uncontrolled fashion, leading to both 762
aerobic and anaerobic decomposition. Once the waste material has been in the waste retention area for a period of 763
time, it may then be manually recycled to the plantations were it is used as soil conditioner. The wastewater from the 764
retention areas which enters local surface water bodies contains dissolved organic matter and so creates an organic 765
load on the receiving water body, leading to a decrease in dissolved oxygen levels and subsequent adverse environ- 766
mental impacts [32]. 767

At the end of the growing cycle, the remaining sisal ball (20 kg) and pole are either left on the field until the end of the 768

fallow period or burnt and ploughed into the soil to reduce the risk of sisal weevil infestations. Most growers use a 769
rotational system, whereby 10-20 years of fallow are used each growing cycle, although pressure for land is making 770
fallow periods less common. 771

Appendix A.2 - Historical sisal fibre use 772
The main applications for the hard natural fibre produced from sisal leaves are yarn, twines, ropes, sacks, home fur- 773

nishings, cloths, paper and carpets [60] but during the 1950s sisal fibre was gradually replaced by cheaper, synthetic 774

fibres [2], [61]. Production in the global sisal market peaked in 1974 at over 866,122 tons, but has subsequently 775
dropped to below 400,000 tons per year[2]. 776
Building on work from as early as 1978 into the use of sisal fibre in composite materials, research projects during the 777
2000’s were undertaken by the United Nations Industrial Development Organization (UNIDO) and the Common 778
Fund for Commodities (CFC) to investigate potential future use scenarios for sisal fibre and sisal coproducts [1], [33], 779

[58], [62]-[66]. There has been increasing interest from industry into the use of sisal fibre for new applications such as 780

composites in the automotive and construction industries. 781
Appendix A.3 - Historical global sisal production rates and yield from FAO data 782
During the 1960s, Tanzania was the world’s largest producer of sisal and export earnings from sisal contributed 33% 783

of the country’s foreign exchange income [61]. Tanzanian production peaked in 1964 with 233,540 tons produced from 784
226,620 hectares, which equates to approximately 26% of total world production [67] as indicated in Figure A.1. Brazil 785
has been the largest sisal producer since it overtook Tanzania in the 1970s, and now contributes 56% of global produc- 786
tion. During 2019, Tanzania was the second largest producer, with 29,563 tonnes produced from 38,108 hectares, 787

which equates to 12% of global production while Kenya produced 9% of global production. 788
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Figure A.1: Global Sisal Production from 1961 until 2019, showing decrease in 1970s [2]
Research efforts from the 1940s and 1950s produced a hybrid variety of sisal in the 1960s, known as Hybrid 11648,

which produced nearly twice as much fibre per hectare as Agave sisalana [68] but was more susceptible to diseases
and pests, particularly if there are deficiencies in nutrients such as calcium, phosphorus and potassium [60]. Initially,
annual fibre yields were >1.5 tonnes per hectare for Agave sisalana and 2-3 tonnes per hectare for Hybrid 11648 [11],

[12], but gradually over time the yields decreased as indicated in
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Figure A.2. FAO sisal yield records started in 1961, by which time sisal had been produced in some areas of Tanzania
for 60 years. During 2019, the average global yield was 0.88 tonnes per hectare, Tanzanian production averaged 0.76

tonnes per hectare and Brazilian production averaged 0.88 tonnes per hectare, as shown in Figure A.2.
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Figure A.2: Sisal yields from start of record keeping in 1961 until 2019, showing Brazilian, Tanzanian and average worldwide 801
variation [2] 802
Appendix A.4 - Sisal composition 803

Data published on the estimated nutrient composition of sisal leaves varies [3], [69], [70] and has been based on nutri- 804
ent removal from soil relative to fibre production, which does not actually indicate the mass composition of sisal 805
leaves, given that the total fibre fraction can vary. Table 1 provides data on the nutrient content of sisal leaves based 806
on the weight of seedlings produced in a nursery and indicates that calcium is found in the highest concentration, but 807

potassium, nitrogen, magnesium and phosphorus are also important. 808

Table A.1: Sisal fibre leaf nutrient composition calculated from nutrient removal from soil for seedlings in nursery and sisal 809

in plantations 810
Nutrient Nursery leaves? Plantation leaves®
Weight % Ratiovs N Weight % Ratiovs N

Calcium 0.44 2.7 0.32 3.5

Magnesium 0.06 0.4 0.09 13

Nitrogen 0.16 1 0.12 1

Phosphorus 0.05 0.3 0.01 0.15

Potassium 0.18 1.1 0.14 1.5
Notes: a - estimate from nutrient decrease in nursery soil [14], b - estimate from nutrient decrease in soil from plantation after third 811
cultivation cycle [11] 812
There are some differences between the nutrient composition of Agave sisalana and Hybrid 11648, as indicated by the 813
ratio relative to nitrogen shown in Table A.2. This indicates that Hybrid 11648 uses more calcium, significantly less 814
potassium, and less phosphorus, but that the nitrogen requirement is relatively similar. 815

Table A.2: Nutrient removal and ratio relative to nitrogen (N) for Agave sisalana vs Hybrid 11648, adapted from 816
[14] 817
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Nutrient Agave sisalana Hybrid 11648
kg removed/ha.t fibre  Relativeto N kg removed/ha.t fibre = Relative to N

Calcium 70 2.6 82 3.2

Magnesium 34 1.3 31 1.2

Nitrogen 27 1.00 26 1.0

Phosphorus 7 0.26 3.5 0.13

Potassium 69 2.6 44 1.7

818
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Process

Flow

1. Nursery and seedling preparation inventory

Appendix B

Table B.1 - Life Cycle Inventory

Ecoinvent process used/ reference

Growing time (years) 15
Bulbil planting density (#/ha) 100,000 80,000
Weight of bulbil (kg) 0.06 Estimated from seedling size (9 cm vs 35 cm)
Bulbil loss rate 10% [1]
Glyphosate use (kg/ha) 28 0
Glyphosate in Roundup (g/L) 360 n/a glyphosate | market for glyphosate
# applications of Roundup (#/ growing cycle) 1 0 application of plant protection product, by field
sprayer | application of plant protection product, by
field sprayer
Fraction of glyphosate to soil 75% [71]
Fraction of glyphosate to air 25% [71]
Ploughing: wheel tractor — diesel L/ha 10 8-10 modified Ecoinvent process - tillage, harrowing, by
rotary harrow | tillage, harrowing, by rotary harrow
| APOS, U (TZ 1)
Levelling: wheel tractor, harrow — diesel L/ha 10 8-10 modified Ecoinvent process - tillage, ploughing |
tillage, ploughing [APOS, U (TZ1) - RoW]
Occupation, arable, non-irrigated Reusing existing land, not clearing new land
Agricultural lime use (kg/ha) 100 0 limestone, crushed, washed | market for limestone,
crushed, washed
Calcium mass % in agricultural limestone 40% n/a
# applications of agricultural lime (#/ growing cycle) 1 0 done at same time as Muriate of potash
Muriate of potash use (kg/ha) 5-9 0 potassium chloride, as K2O | market for potassium
chloride, as K2O
# applications of muriate of potash (#/ growing cycle) 1 0 fertilising, by broadcaster | fertilising, by broad-
caster
Potassium mass % in muriate of potash 50%
Potassium mass % in K2O 83%
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Process Flow Ecoinvent process used/ reference
Distance — Dar es Salem port to nursery for inputs (km) 300 356
Transport inputs — road - (glyphosate, lime, potash) (tkm) 32.85 0 transport, freight, lorry 16-32 metric ton, EURO3 |
market for transport, freight, lorry 16-32 metric ton,
EURO3
Out- Weight of seedling ready for planting (kg) 0.25
put
Seedlings produced per hectare 90,000 72,000

2. Plantation

Land preparation

Brush cutting (L diesel used/hectare) - clearing 44 25 Modified Ecoinvent process - mowing, by rotary
mower | mowing, by rotary mower (TZ 2 clear)
Burning of biomass material (25 t biomass/hectare, 10.4 GJ/t, Data from Table 2.2.2, p80, carbon dioxide not
green and air dried wood) - N20 emissions 0.004 kg N20 re- counted [72]

leased/G]J biomass burnt, methane emission 0.028 kg methane
released /GJ biomass burnt

Ploughing of burnt biomass material into soil, caterpillar with 36 0 Modified Ecoinvent process: tillage, ploughing | till-
plough — diesel use (L) per hectare age, ploughing | APOS, U (TZ 2) - RoW
Levelling: Caterpillar with harrowing - 33 0 Modified Ecoinvent process: tillage, harrowing, by
rotary harrow | tillage, harrowing, by rotary harrow
I APOS, U (TZ 2)
Levelling: Wheel tractor 0 18 Modified Ecoinvent process: tillage, harrowing, by
rotary harrow | tillage, harrowing, by rotary harrow
I APOS, U (TZ 2)
Distance, nursery to plantation (km) 7 5 transport, tractor and trailer, agricultural | market

for transport, tractor and trailer, agricultural

Distance, plantation to fibre processing (km) 10 7 transport, freight, lorry, all sizes, EURO3 to generic
market for transport, freight, lorry, unspecified |
transport, freight, lorry, unspecified | APOS, S -
RoW

Seedling planting density (#/ha) 5,000 4,000

Growing cycle (years) 10-12 10-12
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Process

Flow

Ecoinvent process used/ reference

Year of first harvest 3-4 3
Years of harvesting per growing cycle 8-10 8-10
Agricultural lime use (kg/ha) 5000 0 limestone, crushed, washed | market for limestone,
crushed, washed
Calcium mass % in agricultural limestone 40%
# applications of agricultural lime (#/ growing cycle) 1 0
Triple Superphosphate (TSP) use (kg/ha) 100-125 0 phosphate fertiliser, as P-Os | triple superphosphate
production
Phosphorus mass % in TSP 20%
Calcium mass % in TSP 15.5%
# applications of TSP (#/ growing cycle) 2 0 fertilising, by broadcaster | fertilising, by broad-
caster
Composted sisal residue use (kg/ha) 300 0
# applications of composted sisal residues (#/ growing cycle) 2 0
Weeding — times, years 0-3 6 6 Modified Ecoinvent process - tillage, harrowing, by
spring tine harrow | tillage, harrowing, by spring
tine harrow | APOS, U (TZ 2) - RoW
Weeding — times, years 4-6 4 6 Modified Ecoinvent process - mowing, by rotary

Carbon dioxide uptake by plant material

mower | mowing, by rotary mower (TZ 2 mow)

Calculation based on 42% C in fibre [73]

Mass of sisal ball at end of growing cycle (kg) 20 20 Included in biomass material burnt as part of field
prep

Distance — to Dar es Salaam from South Africa for TSP (km) 3100 n/a

Distance — Port to plantation (km) 70 356 Note - different port to fibre export for BPS

Occupation, arable, non-irrigated (ha.a)

3. Fibre processing (both plants) & biogas plant (for BPS plant only)

Yield, total fibre per hectare for year (t/year)

Total fibre fraction in sisal leaves

Export fibre percent of total fibre

Net export fibre yield (t/ha.year)

Off-spec fibre yield (t/ha.year) — included as a negative input

1x growing cycle

1.6 0.6

4% 2.5%
92% 59%
1.5 0.35
0.1 0.25

Reusing existing land, not clearing new land

- [4]

— assumed value
- [4]

= A*C

A
B
C
D
A-D - entered as jute fibre | market for jute fibre
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Process

Flow Ecoinvent process used/ reference
Sisal leaf production (t/ha.year) 40 24 E=A/B
Sisal leaf production (t/ha.growing cycle) 340 204 F = E * years of harvesting
Export fibre yield (t/ha.growing cycle) 12.5 3.0 G =D * years of harvesting
Water usage, L/ton dry fibre 112,000 100,000
Electricity use (kWh/t fibre) 615 343 BPS based on metered data, includes biogas plant, in
(refer to Appendix 3.2 for details on BPS) theory should only be 30% higher than ordinary
plant.

IAS based on diesel genset (200L diesel to process
2.5 t fibre, assume 40% electrical efficiency)
Note that estates will measure the tonnes of final product and estimate the weight of sisal leaves, so this is an area of potential data improvement

Water content of total fibre entering drying process 60%

Water content of total fibre leaving drying process 10-15%

Ratio of sisal fibre residue to sisal export fibre 19 19
Distance to port for sisal export grade fibre (km) 300 356

4. Sisal residue management

Depth of ponds 1.5-3m

Engine electrical efficiency, biogas use 35% -

821
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Table B.2 — Supplementary information for Life Cycle Inventory relating to electricity consumption at BPS
(detailed information on electricity system based on installed capacity and running hours)

PLACE # kW h/day kWh/day  Subto- % of % of to-
(calcu- tal Aor tal
lated) B
A+B BPS + biogas plant Total 2896.0
A BPS Subtotal 2047.2 71%
Al CORONA Corona Motor 1 90 10 900
Rope System 1 7.5 10 75
motor
Feed table 1 3.75 10 37.5
motor
Lamps 5 0.085 12 5.1
1,018 50% 35%
A2 BRUSHING  Brushing 3 7.5 12 270
ROOM machine mo-
tor
Brushing 2 8 12 198
machine mo-
tor
Lamp 7 0.085 12 7.14
475 23% 16%
A3 BALING Press pump 1 12 8 96
motor
Lamp 4 0.085 8 2.72
99 5% 3%
A4 WORKSHOP Motors 2 7.5 12 180
Motor 1 5 12 60
Lamp 2 0.085 2 0.34
240 12% 8%
A5 PUMPSTA-  Pump motor 1 15.5 12 186
TION Lamp 3 0.085 12 3.1
189 9% 7%
A.6  OFFICE Lamp 18 0.085 2 3.1
A7 SECURITY 4 0.085 12 41
LAMP

Sustainability 2021, 13, x. https://doi.org/10.3390/xxxxx
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PLACE # kW h/day kWh/day Subto-  %of % of to-
(calcu- tal Aor tal
lated) B
A8 Workers Room Lamps 120 0.02 4 9.6
Houses Security Lamp 40 0.02 12 9.6
B BIOGAS PLANT Subtotal 849 29%
B.1  CONVEY- Conveyor Mo- 3 1.5 10 45
ORS tor
Conveyor Mo- 1 55 10 55
tor
Lamp 2 0.085 12 2.0
B.2 SQUEEZER  Squeezer mo- 1 18.5 10 185
tor
B.3 CAGE Cage motor 1 7.5 10 75
B4  COLLEC- Collection 1 5.5 10 55
TION TANK  tank stirrer
motor
Feed Pump 1 5 10 50
B.5 HYDROLY-  Stirrer motor 1 4 6 24
SIS Feed Pump 1 15 6 90
B.6 DIGESTER Stirrer motor 1 15 6 90
B.7  FERTILIZER  Stirrer motor 1 15 6 90
TANK
B.8 H:5 Water pump 1 1.5 1 1.5
CLEANER
B9 CHP Water circula- 2 3 10 60
tion pump
B.10 COOLING Blower motor 1 1.5 10 15
TOWER
B.11 MeS Office Lamp 12 0.038 2 0.9
B.12 MeS Security Lamp 11 0.038 12 5.0
lamp
Computers Computers 2 0.02 6 0.2
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PLACE # kW h/day kWh/day Subto-  %of % of to-
(calcu- tal Aor tal
lated) B
Refrigerator =~ Refrigerator 1 0.3 12 3.6
Oven Oven 1 0.3 5 1.5
824
Table B.3: Assumption used to accentuate differences in yield in sisal production (not actual plant data), derived from [4] 825
Assumptions unit BPS IAS
Harvest years per growing cycle years 8.5 8.5
Total fibre fraction of the leaves % 4 25
Total fibre yield (export + offspec)  t/ha/year 1.6 0.6
Export fibre yield % total fibre yield 92 59
Calculated values
Total weight leaves grown t/ha/year 40 24
t/ha/growing cycle 340 204
Total export fibre t/ha/growing cycle 12.5 3.0
Total off-spec fibre t/ha/growing cycle 1.1 21
826
Table B.4: C:N ratio of total sisal waste stream 827
unit Sisal pulp 2 Sisal wastewater ®  Combined sisal waste
Mass per t sisal fibre kg 15,490 121,472 136,962
% of total mass 11% 89%
Total solids (TS) % of M 9% 1.6% 2.4%
Mass of TS kg 1,394 1,944 3,338
Volatile solids (VS) % of TS 87.5% 47.7% 64%
Mass of VS kg 1,220 927 2,147
Organic carbon (OC) % 49% 39.3% 40%
Mass of OC kg 683 364 1,047
Total Nitrogen (TN) % of TS 1.08% 2.60% 1.97%
Mass of TN kg 15.1 50.5 65.6
N partitioning © % 23% 77%
Mass of TN kg From mass balance of sisal leaves 24.5
C:N ratio 59
Notes: a - [27] b - [40], same mass ratio between pulp & wastewater as in [4], ¢ — this indicates that more of the nitrogen seems to 828

partition into the solid waste stream (23%) compared to the value used on a mass basis (11%) 829
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Table B.5 - Life Cycle Assessment overview as per International Reference Life Cycle Data System (ILCD) Handbook for LCA 830
[28] 831

Goal e Intended application is to assist with greening the sisal supply chain, step required are

1) develop a blueprint for applying circular economy principles to agribusiness supply chains, using
LCA as a screening tool

2) assess the extent of nutrient depletion in current sisal production by undertaking mass balances on 5
key nutrients using parameters within an LCA model

3) calculate how much land could be made available if sisal yields are increased

4) assist with identifying data required for a more comprehensive assessment

e Limitations due to the method, assumption and impact coverage —

- assumptions such as sisal composition under varying soil nutrient levels, link between nutrient
levels and yields, composition of cosubstrates in Tanzanian economy, current use of cosub-
strates (including whether current degradation is occurring anaerobically and whether nutri-
ents are currently being discharged to environment), exact C:N required for anaerobic diges-
tion of each cosubstrate with sisal residue, actual wet and dry deposition of key nutrients (par-
ticularly if this will change with climate change),

- methodological issues such as behaviour of nutrients (particularly nitrogen) in nutrient de-
pleted soils within LCA modelling, given that LCA models were developed based on Euro-
pean and North American agricultural systems where nutrients are most often in surplus)

e Reasons for carrying out the study

1) assess potential for LCA to contribute to greening agribusiness supply chains, through using LCA as
a screening tool for various future development scenarios,

2) use LCA to assess nutrient depletion in agricultural system by using a mass balance within the LCA
software

3) as part of a larger PhD project on using LCA in SMEs in agribusiness supply chains

4) address a key industry within the Tanzanian economy

e Decision content — Situation A, “micro-level decision support” — greening the supply chain (at-
tributional) but with substitution rather than allocation

e Target audience of the deliverables / results —

1) for blueprint — policy makers, possibly other researchers in agribusiness fields, particularly
those researching nutrient depletion and yield

2) for LCIA results — researchers who will do further work based on primary data (once it is
available)

e Comparative studies — not required, as not being used to make disclosure to public or consum-
ers

e Commissioner of the study and other influential actors — PhD student at DTU and colleague

from Sokoine University in Tanzania
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Scope - Type of deliverables — nutrient balances, LCI and LCIA results, presented in a journal article

- Functional unit — 1 metric t sisal export fibre

- System boundaries — sisal nursery, plantation, fibre processing, waste management and
transport to export port in Tanzania. Cosubstrate transport to site, anaerobic digestion of sisal
waste and cosubstrate.

- Coproducts handled by substitution eg sisal off spec fibre substituted with jute, nutrients in
cosubstrates substituted with equivalent amount of manufacturer fertiliser

- LCIA impact categories — 17 midpoint impact categories — agricultural land occupation, climate
change, fossil depletion, freshwater ecotoxicity, freshwater eutrophication, human toxicity,
ionising radiation, marine ecotoxicity, marine eutrophication, metal depletion, natural land
transformation, ozone depletion, particulate matter formation, photochemical ozone for-
mation, terrestrial acidification, terrestrial ecotoxicity, and water depletion

- Software — openLCA v 1.5.0, open LCA LCIA methods 1.5.2

- Database — Ecoinvent v3.2

- Primary data - site visits to Hale (BPS) and Mkumbara (IAS) provided most Life Cycle Inven-
tory data on foreground system.

- Secondary data - data on yield taken from recent article [4], highest yield relates to BPS, lower

yield used for IAS to accentuate difference, data on sisal and cosubstrate composition taken

from literature, other background data taken from Ecoinvent database

832

Appendix C - Circular economy in Tanzania - identification of potential cosubstrates 833
The top ten agricultural products in Tanzanian during 2019 in terms of tonnes produced (out of a national crop pro- 834
duction total of 39,824,519 tonnes) are presented in Figure C.1 and were cassava (21%), maize (14%), sweet potatoes 835

(10%), sugar cane (9%), paddy rice (9%),bananas (9%), and vegetables (6%) [26]. 836
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Figure C.1: Crop Production in Tanzania in 2019, showing the total production, largest tonnage crops and yield for each crop [26] 838

In terms of livestock production in Tanzania that may have organic residues that could be recycled to the sisal supply 839

chain, the cow milk (77%) and beef meat (13%) sectors are by far the most significant, as indicated in Figure C.2. 840
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841

Figure C.2: Livestock Production in Tanzania in 2019 [26] 842
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In addition to livestock production from farms, 843
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Figure C.3 provides data on total meat production in Tanzania during 2018 and this indicates that freshwater and ma- 845
rine fish are significant meat sources. 846
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Figure C.3: Meat production in Tanzania in 2018 [26] 848
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Appendix D - Life Cycle Impact Assessment results (Note — red indicates highest value (worst), green lowest (best), blue is the second lowest (second best) 849

Table D.1: Detailed LCIA results for BPS, no current beneficial reuse of cosubstrate, raw data 850
BPS Cosubstrate with no current beneficial reuse Sink  Source
Impact category (17) Reference unit  Current DM DM CM MFPW HF HU
Agricultural land occupation m**a -46 -46 -45 -45 7 0
Climate Change kg COz-eq -3277 -3309 -3229 -3246 6 1
Fossil depletion kg oil eq -1136 -1149 -1118 -1124 7 0
Freshwater ecotoxicity kg 1,4-DB eq -8.4 9.1 75 -7.8 7 0
Freshwater eutrophication kg Peq 3.6 3.6 3.6 3.6 0 7
Human toxicity kg 1,4-DB eq -201 -160 -175 7 0
Ionising radiation kg U235 eq -99 -105 91 -94 7 0
Marine ecotoxicity kg 1,4-DB eq -5.9 -4.5 -5.0 7 0
Marine eutrophication kg N eq -42 -45 -33 6 1
Metal depletion kg Fe eq -19 -14 -16 7 0
Natural land transformation m? -0.90 -0.92 -0.87 -0.89 7 0
Ozone depletion kg CFC-11 eq -0.00033 -0.00034 -0.00031 -0.00032 7 0
Particulate matter formation kg PM10 eq 29 _ 0 7
Photochemical oxidant formation kg NMVOC -8.1 -8.7 -7.2 -7.6 6 1
Terrestrial acidification kg SOz eq 39 42 32 0 7
Terrestrial ecotoxicity kg 1,4-DB eq -0.21 -0.13 -0.16 7 0
Water depletion m? -14097 -13900 -14390 -14284 7 0
Worst 0 2 0 0
Best 3 0 14 0 0 0 0
Sink 11 14 14 14 14 14 14 95
Source 6 3 3 3 3 3 3 24

851
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Table D.2: Detailed LCIA results for BPS, with current beneficial reuse of cosubstrate as fertiliser 852
BPS Cosubstrate with current beneficial reuse Sink  Source
Impact category (17) Reference unit  Current DM BM CM MFPW HF HU
Agricultural land occupation m**a -6.0 22 -3.1 -8.9 -16 6 1
Climate Change kg COz-eq -2656 -2738 -2739 -2616 6 1
Fossil depletion kg oil eq -1023 -1051 -1069 -1015 -1070 7 0
Freshwater ecotoxicity kg 1,4-DB eq -1.2 -0.03 -2.0 -1.3 -2.6 6 1
Freshwater eutrophication kg Peq 16 18 8.4 0 7
Human toxicity kg 1,4-DB eq 23 5 2
Ionising radiation kg U235 eq -72 7 0
Marine ecotoxicity kg 1,4-DB eq 0.98 4 3
Marine eutrophication kg N eq 1.8 2o 1.9 2.1 0 7
Metal depletion kg Fe eq 26 20 21 16 9.8 1 6
Natural land transformation m? -0.77 -0.82 -0.85 -0.77 -0.83 7 0
Ozone depletion kg CFC-11 eq -0.00027 -0.00029 -0.00030 -0.00027 -0.00029 7 0
Particulate matter formation kg PM10 eq 3.6 44 3.9 44 _ 2.8 0 7
Photochemical oxidant formation kg NMVOC -5.4 -6.8 -7.4 -5.7 -6.7 6 1
Terrestrial acidification kg SOz eq 37 42 45 34 0 7
Terrestrial ecotoxicity kg 1,4-DB eq 0.10 0.02 2 5
Water depletion m? -13342 -13312 -13426 7 0
Worst 1 0 0 7
Best 0 7 0 2 0
Sink 11 9 11 10 12 7 11 71
Source 6 8 6 7 5 10 6 48

853
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Table D.3: Detailed LCIA results for IAS, with no current beneficial reuse of non-agricultural cosubstrates and current beneficial reuse of agricultural cosubstrates (manure) 855
IAS - fusion Cosubs with no current bene. reuse Cosubs with current bene. reuse Sink  Source

Impact category Reference unit Current MFPW HF HU DM BM CM

Agricultural land occupation m**a 0 3 3
Climate Change kg COz2eq -2807 -3005 6 1
Fossil depletion kg oil eq -1485 -1229 -1297 6 1
Freshwater ecotoxicity kg 1,4-DB eq 3 3
Freshwater eutrophication kg Peq 0 7
Human toxicity kg 1,4-DB eq 3 3
Ionising radiation kg U235 eq 6 0
Marine ecotoxicity kg 1,4-DB eq 3 3
Marine eutrophication kg N eq 3 4
Metal depletion kg Fe eq 3 3
Natural land transformation m? -0.98 6 0
Ozone depletion kg CFC-11 eq 0.00 6 0
Particulate matter formation kg PM10 eq 11 0 7
Photochemical oxidant formation kg NMVOC -6.6 6 1
Terrestrial acidification kg SOz eq 95 0 7
Terrestrial ecotoxicity kg 1,4-DB eq 0.58 2 3
Water depletion m? -18883 -18899 -17458 6 0
Worst 8 0 0 6 2 1

Best 2 14 0 0 0

Sink 0 14 13 14 7 7 7 62

Source 6 3 4 3 10 10 10 46

856
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Table D.4: Process contribution for IAS, MFPW cosubstrate, no current beneficial use (2% cut-off) 857
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Impact Category
Agricultural land
occupation m?*a -47
% -101%
Climate change kg CO:zeq -33452
% -101%
Fossil depletion kg oil eq -1162
% -101%
Freshwater kg 1,4-DB
ecotoxicity eq -9.4
% -103%
Freshwater
eutrophication kg Peq 3.7
% 102%
kg 1,4-DB
Human toxicity eq -2417 5.1
% -105% 2.2%
kg U235
Ionising radiation eq -108
% -103%
kg 1,4-DB
Marine ecotoxicity eq -7.4 0.1
% -106% 2.0%
Marine
eutrophication kg N eq -49
% -99%
Metal depletion kg Fe eq -23
% -106%
Natural land
transformation m? -0.94
% -102%
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1t sisal

Process unit >

treatment of scrap steel, municipal
incineration | scrap steel | APOS, U
- RoW
4. SRM - fish waste (RF
export fibre]
lorry | brake wear emissions, lorry |
APOS, U - RoW

electricity, high voltage, production
mix | electricity, high voltage | APO
S-T
treatment of brake wear emissions,

kg CFC-
Ozone depletion 11 eq -0.00035
% -102%
Particulate matter kg PM10
formation eq -4.5 8.0
% -127% 224%
Photochemical kg
oxidant NMVOC -9.0
formation % -103%
Terrestrial
acidification kg SO2eq -16. 61
% -37% 136%
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