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Abstract: An attributional life cycle analysis has been carried out to evaluate the integration in the circular
economy and sustainability of digestate from anaerobic digestion (AD) in its use as an organic fertiliser (or
biofertilizer), as well as comparing the obtained environmental impacts with those of the inorganic fertilisers
which are currently used. To this end, a life cycle analysis of the biofertilizer that could be obtained after the
anaerobic digestion of organic waste from the 23 largest food markets in Spain has been carried out. For this
purpose, the biofertilizer production process was modelled for each of the 23 markets in the LCA software
Simapro. The obtained results were then analysed to find out the difference in environmental impacts ac-
cording to waste quantity and quality, for which it was established that the mix of meat, fish or vegetable
quantity does not impact the results obtained for the 11 impact categories that were studied. Additionally,
the obtained impacts were compared to those of inorganic (NPK) fertilisers of the same composition to de-
termine the environmental impact reduction that would happen if the biofertilizers were to replace their
inorganic competitor. An average 55% reduction of overall environmental impact was achieved across the
23 food markets thus, concluding that digestate biofertilizers are a more sustainable option for soil fertiliza-
tion.

Keywords: Organic fertilisers; LCA; Circular Economy; Mercasa; Sustainability; Anaerobic digestion; organic
waste

1. Introduction

The European Union is currently in the midst of searching for and developing renewable
energy sources to replace the fossil resources used to date, as well as struggling with the increas-
ing amount of waste generated by its population. In this context, anaerobic digestion (AD) pre-
sents an opportunity not only for energy transition, but also for the development of local econo-
mies and progress in the implementation of the concept of circular economy in society. Another
advantage of AD is that it produces a waste product called digestate, an organic sludge rich in
nutrients. This digestate contains the same nutrients that enter the digester, making it a very rich
organic fertiliser, the use of which reduces the need for chemical fertilisers and promotes soil
sustainability.

It is precisely this last aspect of DA that motivates this study: the use of digestate as a vector
of circular economy through its application as a biofertilizer. This concept is not new, however,
few studies have focused on the comparison of environmental impacts between common (inor-
ganic) fertilisers and those derived from digestate, as well as the savings in raw materials and
fossil resources that replacing fertilisers with digestate entails. Throughout this study, the produc-
tion process of the biofertilizer derived from digestate will be analysed in depth to carry out a Life
Cycle Assessment (LCA) of the same and compare it with LCAs of NPK type inorganic fertilisers
(those used in most current crops). As the properties and environmental impacts of digestate
depend mainly on the type of waste treated in the AD, and to be able to use relevant data for the
Spanish industry, separate LCAs will be carried out for the specific quantity and composition of
the different organic wastes generated in each food market in Spain.

2. State of the Art

In a global context where the search for sustainable solutions has become a priority, life cycle
assessment and circular economy emerge as fundamental approaches to assess the environmen-
tal impact of production systems in a standardized way [1-3]. LCA methodology has already been
applied to anaerobic digestion and biogas generation. For instance, [4] studies the environmental
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impacts of the AD of the organic fraction of municipal solid waste, and [5] compares the environ- 51
mental impact variation depending on the type of organic waste entering the digester, concluding 52
on a better environmental efficiency for smaller manure digesters over large, energy crop digest- 53
ers. However, most LCAs concentrate on evaluating the environmental impacts of biogas produc- 54
tion, but very few contemplate digestate as a potential subproduct for biofertilizer manufacture 55
by adding the necessary posttreatment processes [6]. Therefore, in light of the growing im- 56
portance of sustainable solutions and the current focus on life cycle assessment and circular econ- 57
omy principles, this study aims to address the significant research gap by specifically exploring the 58
potential of digestate from food waste as a valuable subproduct for biofertilizer production 59
through appropriate posttreatment processes. 60

3. Objectives 61

The final objective of this project is to quantify the level of integration in the circular econ- 62
omy of the use of digestate as a biofertilizer for agricultural crops, thus replacing the fertilizers 63
currently used. In order to quantify it, a Life Cycle Analysis (LCA) of the digestate as a biofertilizer 64
is carried out from the organic waste generated at the biggest food markets of the country. To 65
achieve this objective, certain previous steps must be fulfilled according to the following order: 66

. Establish scope and goal LCA to be carried out: system boundaries, functional unit and im- 67
pacts to be analysed. These are the fundamental parameters that limit the scope of the study 68
both upstream and downstream of organic fertilizer production, as well as the magnitude 69
and unit to which all the results of the study will refer. It is also very important to define 70
what environmental impacts are going to be analysed, to ensure that the correct information 71
is provided to the LCI (life cycle inventory). 72

. Elaboration of the LCI: consists of determining all the processes to be taken into accountin 73
the impact inventory, as well as all the raw materials, products, by-products and their resi- 74
dues. For this phase it will also be necessary to analyse the waste entering the digester in 75
each market (its quantity and composition), as these will determine the quality of the diges- 76
tate and, consequently, the quality of the biofertilizer. 77

. Life cycle impact assessment (LCIA). Once the inventory has been completed, the LCA results 78
are obtained through the CML method. These results will first be analysed separately at the 79
different stages of the process to adjust the model if necessary. Subsequently, the results 80
obtained for different markets will be compared to analyse the impact of the quality (organic 81
waste mixture) of the waste at the digester inlet. 82

. Sustainability inclusion analysis. The results obtained for the 23 biofertilizers in the food mar- 83
kets are compared with inorganic fertilisers of the same composition, to quantify the savings 84

in environmental impacts of using biofertilizer instead of inorganic fertiliser. 85
4. Materials and Methods (Methodology) 86
The following sections detail the LCA methodology applied to the 23 digestate biofertilizers 87
produced by each of the studied food markets: 88
4.1. Goal and Scope of the LCA 89

The goal of this LCA is to obtain the environmental impacts of organic fertiliser production 90
from anaerobic digestate digestion, while the scope of this LCA encompasses digestate originating 91
from different waste mixtures and in different amounts, in order to also analyse the variability of 92
the results depending on the substrates used in the anaerobic digestion process. 93

4.1.1. Function and Functional Unit 94

The LCA to be carried out in this project is an attributional LCA, i.e., it will try to represent 95
the biofertilizer process in isolation from the rest of the economy and establish clear limits beyond 96
which its impacts are no longer considered. All the impacts obtained after the inventory assess- 97
ment are referred to the functional unit, which is 1 kg of biofertilizer produced from digestate at 98
the end of the production process. 99

4.1.2. System Boundaries 100

Figure 1 shows a graphical representation of the system boundaries that limit which envi- 101
ronmental impacts must be considered in the LCA framework. For the biofertilizer process, the 102
system boundaries are upstream, the input of organic waste to the digester, and downstream, 103
the production of biofertilizers. The objective of this study is to compare the production impacts 104
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of biofertilizer and common inorganic fertilizer, so the life cycle analysis inventory ends with the 105
production of these products, and the impact of these products after their application will not be 106
analyzed. It is also important to highlight that only digester operation flows will be considered, 107
and recharge activities (digester cleaning and micro-organism substrate recharge) will be disre- 108
garded. No transport of organic waste from the food market to the digester will be envisaged 109
either, as the digester is assumed to be on the market's own premises. The digestate will not be 110
transported for post-treatment either, as this will be done on site. 111
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Figure 1. System boundaries of the proposed LCA 114

Regarding the infrastructure used during the process, the anaerobic digestion plant and di- 115
gester and the composting plant will be considered. To inventory the impacts corresponding to 116
the infrastructure per kg of biofertilizer produced, its total construction and operation impacts 117
will have to be added and divided by the amount of waste treated over its lifetime. Finally, only 118
air emissions from the AD and posttreatment processes will be considered in this study. At all 119
times it is assumed that anaerobic digestion of waste and post-treatment of digestate is carried 120
out in approved plants with soil leakage prevention devices and wastewater treatment equip- 121
ment, which prevent any emission of pollutants to soil and local waters. 122

4.2. Life cycle inventory (LCl) 123
The inventory of an LCA is where all the processes that are necessary for the elaboration of 124
the functional unit, and that are included within the limits of the system, are compiled. Below, 125
Figure 2 shows the structure of the inventory established for this study, according to the levels of 126
importance of the production flows of the processes involved in obtaining the biofertilizer. 127
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Figure 2. Life cycle inventory structure 129

To simplify the identification of unit flows, the inventory of the LCA has been divided into 130
two main processes: anaerobic digestion of organic waste and post-treatment of digestate. The 131
flows attributed to each process are explained below: 132

4.2.1. Anaerobic digestion (AD) 133
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Anaerobic digestion is a biological process in which microorganisms break down incoming 134
organic matter in the absence of oxygen, consisting of 4 main stages: hydrolysis, acetogenesis, 135
acidogenesis and methanogenesis [7]. After this process, the incoming organic waste is trans- 136
formed into hydrogen, methane, and carbon dioxide, accompanied by digestate: the stabilised 137
solid and liquid matter that could not be transformed into biogas. The process flows considered 138
for the LCA inventory are as follows (a brief explanation of each flow is given below, and concrete 139
quantities and qualities of each are analysed in the study for each of the 23 cases treated): 140

Organic waste issued from the food markets 141

The organic waste is the main input of the anaerobic digester. For each of the markets, the 142
waste assigned is the real quantity and mixture of organic waste (meat, fish, vegetables, and fruit) 143
that is produced annually at the 23 largest food markets in Spain [8]. 144

Additional water to control the pH of the process 145

Generally, it is necessary to add water to the digester to raise the humidity of the incoming 146
waste, as well as to regulate the pH and temperature of the digester. General practice in the in- 147
dustry points to the recirculation of liquid digestate as the optimal method for water provision 148
([9]), but it is performed differently according to the type of organic waste processed. After per- 149
forming a literature review on the liquid digestate recirculation practices for different substrates 150
of AD ([10,11]), a recirculation of 30% of the liquid fraction of the digestate has been established. 151

Process infrastructure 152

A standard digester is dimensioned for all 23 cases. To obtain the environmental impact of 153
the anaerobic digester and the auxiliar infrastructure (also called infrastructure amortization), it 154
is necessary to add up all construction and operation impacts of set infrastructure during the com- 155
plete life cycle and divide it by the total amount of biofertilizer produced during the same period, 156
thus obtaining the derived impacts for producing 1 kg of fertilizer. 157

Heat and electricity provided to the process 158

Currently, anaerobic digesters are oriented towards energy self-sufficiency, which means 159
that a part of the biogas generated is used as fuel for the plant's electricity and heat needs while 160
the surplus is considered as the net energy produced by the system [12]. For each market, the 161
heat and electricity needs are calculated using the hypotheses presented in [13], for its specific 162
quantity of organic waste and using a standard organic digester of 4,613 m3. 163

Biogas produced in the digester 164

The amount of biogas produced in each of the 23 studies cases has been calculated based 165
on the experimental data in [13], for which the biogas production and composition of different 166
organic food waste (meat, fish, vegetables, and fruit) are provided. 167

Digestate exiting the digester 168

The used digester quantity and composition has been established according to the experi- 169
mental data provided in [13], to which the 30% reduction of the liquid fraction was applied for 170
water recirculation purposes. 171

Air emissions of the AD process 172

The process used is considered to recover all gases leaving the digester for use as biogas. 173
However, any biogas leakage from the process at all stages is considered as emissions, for which 174
the quantities given in [14] have been used. 175

4.2.2. Posttreatment: composting 176

The digestate resulting from AD has considerable moisture content and is not yet in optimal 177
condition for use in soils, so it is subjected to a composting process: a biological, aerial and con- 178
trolled technique of stabilisation and treatment of biodegradable organic waste, both solid and 179
semi-solid. As with the AD process, the following process flows have been tailor-made for each of 180
the 23 cases studied. 181

Digestate exiting the AD process 182

As described in the previous section, the digestate exiting the digester’s quantity and com- 183
position has been established according to the experimental data provided in [13], to which the 184
30% reduction of the liquid fraction was applied for water recirculation purposes. 185

Process infrastructure 186

The same procedure used in the infrastructure of the AD plant impacts is applied: all con- 187
struction and operation costs throughout the plant’s lifecycle are divided by the total production 188
of biofertilizer, thus obtaining the environmental amortization of the composting plants. 189

Use and amortisation of digestate aeration machinery (tractor/shovel) 190
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In composting, it is necessary to stir the substrate frequently to provide oxygen to the micro- 191
organisms in the process. This aeration is carried out with a diesel-powered mechanical shovel, 192
the amortisation, and emissions of which depend on the amount of digestate treated. 193

Air pollution of the composting process 194

The atmospheric emissions produced by composting per amount of digestate treated have 195
been established according to the emissions set by the Ecoinvent library for composting pro- 196
cesses. Since composting is generally carried out in open facilities, all these generated emissions 197

are emitted into the atmosphere. 198
Biofertilizer produced after composting process 199
For each market, a mass balance of the composting process has been carried out, thus ob- 200
taining the amount and composition of the resulting biofertilizer. 201
202

Once the quantities and qualities of each process flow have been detailed according to the 203
market to be analysed, the life cycle inventory has been built in Simapro, according to the struc- 204
ture presented in Figure 2. 205

5. Results and Discussions 206

Once the inventory of the LCA has been constructed, the impacts associated with it have 207
been calculated according to the CML method. The CML method, a methodology created by the 208
Institute of Environmental Sciences of the University of Leiden in 1992, quantifies the environ- 209
mental impact of processes in 11 impact categories: depletion of abiotic resources, depletion of 210
fossil resources, contribution to climate change, ozone layer depletion, human, marine, freshwa- 211
ter and terrestrial toxicity, photochemical oxidation, acidification and eutrophication. 212

The results of the study contain, in a first phase, the quantification of the 11 impact catego- 213
ries for the 23 cases studied, followed by a sensitivity analysis of the of the infrastructure dimen- 214
sioning impact. In a second phase, and with the aim of evaluating the sustainability of the biofer- 215
tilizers, the results are compared with those of LCA of inorganic fertilizers of the same composi- 216
tion. 217

5.1. General results 218
After obtaining the raw results for each of the 23 cases, a comparison by impact category 219
has been made to assess how the differences between organic waste qualities and quantities af- 220
fect the results. Figure 3 represents the results obtained for the category of contribution to global 221
warming potential, measured in CO2 equivalent emissions (the analysis of the other 9 impact cat- 222

egories is shown in the study). 223
3
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0
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224
Figure 3. Results for global warming potential (kg CO; eq.) for all food markets 225

As can be seen in Figure 3, there are 4 different levels of results, which depend mainly on 226
the amount of organic waste and the design of the infrastructure used in the study, and which are 227
repeated for the other impact categories. Global warming potential of market Ais up to 11 times 228
higher than that of the other markets. This result is due to an oversizing of the anaerobic digestion 229
infrastructure, causing a higher infrastructure amortization impact per kg of biofertilizer pro- 230
duced. The same phenomenon, although on a smaller scale, occurs in market B, which also shows 231
anomalous results. 232
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Also noteworthy is the impact of the under sizing of infrastructure that occurs in markets E 233
and N, which, due to the large influx of waste from food markets, does not generate enough bio- 234
gas for anaerobic digestion to be self-sufficient. A priori, they present a lower proportional impact 235
of infrastructure, which would have given a better result. However, the impacts derived from the 236
fossil proportion of the national electricity mix contribute an equivalent COz that triples the results 237
of the other markets. At a lower level we can find the remaining 19 cases, which present the same 238
results except for small differences in sizing. 239

5.1.1. Sensitivity of the results to infrastructure sizing 240

In view of the impact on the results observed due to the over or undersizing of infrastructure, 241
a sensitivity analysis of the results obtained for the 11 impact categories has been carried out, 242
analysing the results obtained if the infrastructure is excluded from the processes, and the impact 243

per impact category that these have in each of the 23 cases. 244
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Figure 4. Percentage of results derived from the infrastructure for global warming potential (kg CO; eq.) 246

Figure 4 clearly shows the percentage of infrastructure-only derived impacts in the category 247
of global warming potential, where it can be clearly seen that infrastructure alone makes up al- 248
most the total impact obtained for markets A and D and only 5% for markets E and N. This phe- 249
nomenon occurs, albeit at different scales, in the rest of the impact categories studied, and it 250
validates the hypotheses that were formulated in the first stage of the interpretation of results. 251

In order to eliminate result variability due to infrastructure impacts, it would be necessary 252
to properly size each anaerobic digester according to the annual organic waste influx that it re- 253
ceives. This fit dimensioning would then stabilise the percentages of Figure 4 into a standard in- 254
frastructure impact across all 23 markets. 255

5.1.2. Result analysis excluding infrastructure impacts 256

In light of the overall result distortion caused by the imposition of a standard infrastructure 257
across all 23 food markets, a third stage of results analysis excluding the impacts derived from 258
infrastructure has been performed, which is represented in Figure 5. Figure 5 shows that, once 259
the infrastructure impacts have been removed, all food market score the same results except 260
from those that are not self-sufficient (i.e., don’t produce enough biogas to cover their electric 261
and heat demand). 262

The extra potential for global warming observed in these four markets is directly derived 263
from the environmental impacts of the Spanish electricity mix (the non-renewable part) from 264
which they source their electricity and heat needs. Moreover, it can be observed that the final 265
score in this category is directly proportional to the amount of electricity demanded form the grid, 266
as market N demands 16 more times the energy that market T imports from the grid for each kg 267
of biofertilizer produced. 268

It is also interesting to note that the remaining 19 markets have almost the same result for 269
this category. This is because, by eliminating the oversizing of the infrastructure and using a func- 270
tional unit of 1 kg of biofertilizers to reference the results to, the only differentiating factor be- 271
tween the different markets is the mixture of meat, fish, fruit and vegetable waste at the inlet of 272
the anaerobic digester. As all these types of organic wastes are considered as a waste in the life 273
cycle inventory, the LCA methodology assigns them a null environmental impact upstream, thus 274
having no impact on the results of the environmental impact assessment. This makes the amount 275
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of biogas produced by each market the only differential factor between the obtained results of 276

the different self-sufficient markets. 277
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Figure 5. Results for global warming potential (kg CO; eq.) excluding infrastructure impacts 279
5.2. Comparison of the results of biofertilizer LCA to inorganic fertilizers 280

To be able to fairly compare the biofertilizer with the commercial fertilisers generally used 281
in agriculture, and thus to be able to evaluate them as a sustainable alternative, it is necessary 282
that they have the same composition (as a difference in composition can result in a substantial 283
difference in the results of the LCA). For this reason, each biofertilizer will be compared with an 284
NPK fertiliser (containing nitrogen, phosphorus, and potassium) of the same composition. It is 285
important to note that these inorganic fertilisers have tailor-made compositions to compare them 286
correctly with the biofertilizer on the markets, but none of them has an inorganic fertiliser com- 287
position that is common in agriculture. In the future, to obtain a biofertilizer composition to re- 288
place common fertilisers, it will be necessary to vary the percentages of each substrate at the 289
input of the AD process. 290

Four of the studied markets will be analysed as representative cases. For each of them, the 291
impact of the inorganic fertiliser on the impact of the biofertilizer will be analysed so that, if a 292
score higher than 100% is obtained, the biofertilizer has a lower impact than the commercial (in- 293
organic) fertilizer. 294

The results are presented as a coefficient of total inorganic fertiliser impact divided by total 295
biofertilizer impact thus, meaning that there is an environmental impact reduction in the biofer- 296
tilizer when the score of the bar is above 100%. 297

Market A 298

This case represents the phenomenon of infrastructure oversizing that has been observed in 299
the analysis by impact categories, as well as being one of the markets that is not self-sufficient in 300
the anaerobic digestion process. The oversizing can be easily appreciated in the poor coefficient 301
obtained in the abiotic depletion category (15%), which involves most of the infrastructure-re- 302
lated impacts while the effects of not being self-sufficient and using non-renewable energy to 303
operate are clearly represented by the low scores in the fossil fuel depletion and global warming 304
potential categories. Overall, it can be seen the great impact of this oversizing, since Figure 6 305
shows that the commercial fertiliser outperforms the biofertilizer in all impact categories of the 306
CML method, concluding that biofertilizer is, in this case, less sustainable than a common inor- 307
ganic fertilizer. 308

Market D 309

This market again has a much larger infrastructure than necessary, although, in this case, the 310
volume of waste it gets is sufficient to generate the heat required by the digester, so it does not 311
require energy from the electricity grid. Again, the oversizing is clearly represented by a bioferti- 312
lizer that has twice the abiotic depletion impact than the inorganic fertilizer. By being self-suffi- 313
cient, the results obtained in the remaining impact categories are considerably improved (Figure 314
7), resulting in a biofertilizer that is competitive in the categories of fossil fuel depletion and ozone 315
layer destruction, as well as getting overall better results than the previously analyzed market A. 316
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Figure 6. Results comparison for biofertilizer and inorganic fertilizer for market A 318
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Figure 7. Results comparison for biofertilizer and inorganic fertilizer for market D 320
Market G 321

This case is the standard case, as it represents the remaining 19 markets in that it does not 322
present problems of over-sizing or self-sufficiency, as well as using varied organic waste at the 323
origin of the production process. This is the best possible case, as it reproduces the real conditions 324
of a digestate biofertilizer coming from an AD plant correctly dimensioned for the incoming vol- 325
ume of waste, thus allowing a comparison on equal terms with the inorganic fertilizer. Figure 8 326
shows how biofertilizer improves the results of organic fertiliser in 9 of the 11 impact categories 327
analysed and, in many of them, being up to several times more sustainable (exceeding 100% im- 328
pact reduction). The category that shows the most reduction is abiotic depletion (86% of reduc- 329
tion), as producing a fertilizer from organic waste avoids the need of using up natural resources 330
to obtain nutrients such as potassium, nitrogen or phosphorous. Additionally, the fact the AD pro- 331
cess is self-sufficient and does not bring any impacts derived from the fossil fuels used in the na- 332
tional electric mix (mostly the absence of coal-produced electricity) lower significantly the toxicity 333
to human lives (75%), aquatic (80%) and terrestrial ecosystems (81%). 334

It is important to highlight that none of the 23 market present an impact reduction in the 335
categories of acidification and eutrophication. This phenomenon is mostly linked to the ammonia 336
emissions that take place during the composting process, and which do not suffer any control or 337
filtering before being directly emitted to the atmosphere. The nitrogen present is this ammonia 338
is then directly responsible for the lack of environmental competitivity in these categories. 339
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Figure 8. Results comparison for biofertilizer and inorganic fertilizer for market G 341

Market N 342

Market N, as well as market E, presents the opposite case to market A: an undersizing of the 343
infrastructure. This market generates too much waste for the established digester size, so not 344
enough biogas is generated for the high energy demand of the digester. A priori, this undersizing 345
should improve the results with respect to the typical case (as can be seen in the large natural 346
resource depletion result, with an impact reduction of 92%), as the impact of the infrastructure 347
per kg of biofertilizer is considerably reduced, but the energy required from the grid means adding 348
the impacts of the national energy mix, increasing the results for all categories. It is for this reason 349
that Figure 9 has an average result that is better than market A, but not reaching the 9 improved 350
categories of the typical case (market G). 351
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Figure 9. Results comparison for biofertilizer and inorganic fertilizer for market N 353
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The dependence on the national grid for the digestate production is easily appreciated inthe 354
fossil fuel depletion and global warming categories where, despite the offset produced by the 355
great undersizing of the infrastructure, the biofertilizer has greater impacts that the respective 356
inorganic fertilizer. 357

7. Conclusions 358

Throughout the study, the construction of the biofertilizer production model has been de- 359
tailed, as well as its environmental evaluation compared to the current alternative: inorganic fer- 360
tilisers. For this purpose, inorganic fertilisers of the same composition as the biofertilizer obtained 361
for each of the 23 markets studied through a process of anaerobic digestion and standardised 362
compost have been chosen. 363

The results of this comparison vary substantially depending on the volume and composition 364
of waste in each case, as well as the environmental category in which the comparison is made. To 365
be able to definitively compare the results obtained for fertiliser and biofertilizer (and thus deter- 366
mine which of them is better, environmentally speaking), the scores for each of the categories 367
have been converted to unit values, thus obtaining an aggregated total score for each product. 368
Figure 10 below shows for each market the relative savings in environmental impacts of bioferti- 369

lizers compared to an inorganic fertiliser of the same compostion. 370
A b E H 1 K L M N o P Q R S T
100
-100%
200%
300%
-4D0%
500 371

Figure 10. Unit comparison between fertiliser and bio-fertiliser for the 23 markets 372
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In the light of the results shown in Figure 10, 75% (17 out of 23) of the studied cases ledtoa 373
reduction of the total environmental impacts of their comparator fertiliser. The following cases 374
stand out negatively: 375

° Market A, due to the oversizing of the equipment, which makes the impact of infrastructure 376
sizing, and the process’ energy demand from the grid. 377

. Market D, due to the oversizing of the infrastructures, although better than market A asthe 378
process is self-sufficient. 379

. Markets N and E, due to the undersizing of the infrastructure in relation to the volume of 380
waste treated, making the process dependent on the electricity from the grid. 381

. Markets H and S, whose waste mixture contains only vegetables, and due to slight infrastruc- 382
ture oversizing. 383
In the remaining 17 cases, an average saving of 55% of the impacts of conventional fertiliser 384
is obtained, thus demonstrating that biofertilizer is a more sustainable alternative for providing 385
nutrients to soils in agriculture, as well as being an effective method of recovering a by-product 386
(digestate) of an AD process that already recovers waste from various food markets. 387

7.1. Future Improvements 388
The biofertilizers production process model used in this study is a first approximation to the 389
evaluation of biofertilizers as a substitute for inorganic fertilisers. Throughout the simulation and 390
analysis of the results, a series of limitations of the model have been found which, although they 391
allow its scalability, affect the accuracy of the results it provides. The improvements to be incor- 392
porated in a second iteration of the process model are listed below: 393

AD process modelling 394

Throughout the results analysis, the impact of using a standard infrastructure for all markets 395
has been observed in the life cycle analysis results: oversizing of infrastructure leads to a higher 396
building impact per kg fertilizer, and undersizing to a lower impact. The results sensitivity to infra- 397
structure dimensioning is considerable, and in the cases where the standard infrastructure is not 398
adjusted to the volume of waste treated, it always results in a more polluting biofertilizer than its 399
conventional inorganic counterpart. Further iteration of the study should adapt the infrastruc- 400
ture’s size to waste quantity so this sizing factor can be eliminated. 401

Additionally, in the model used in this study the mix of substrates to be digested only hasan 402
impact on biogas production and biofertilizer composition. However, the mix of substrates in the 403
digester or co-digestion can be a key factor in optimizing biogas production, thus reducing the 404
percentage of impacts attributed to the digestate and, therefore, reducing the final impact of the 405
biofertilizer. It would be of great interest to optimize the waste mix available in each market to 406
optimize the biogas generated, and to try to make all anaerobic digestion plants self-sufficient. 407
Posttreatment process modelling 408

In the current model, a standard life cycle inventory compost model provided by the Ecoin- 409
vent database, which sets a quantity of emissions of NHs, H2S, CO2, NO2 and CH4 per kg of digestate 410
composted. This first approximation fulfils the objective of characterizing the emissions and im- 411
pacts derived from composting but does not take into account the composition of the digestate 412
that is composted, which is a key factor in the amount of atmospheric emissions. To make the 413
model more complete, it would be necessary to investigate the specific emissions as a function of 414
the composition and composting time of the substrate. 415
LCA Scope and Boundaries 416
In the current model, a 'from cradle to gate' life cycle analysis is carried out, which means thatall 417
the impacts of raw material extraction, material processing and product manufacturing have been 418
analyzed and accounted for, but the impacts of their use and final disposal have not been consid- 419
ered. To be able to evaluate in a more complete way both inorganic fertilizer and biofertilizer, it 420
would be necessary to study the impact they have on soils once they are applied in terms of their 421
composition, decomposition, and end of life, thus transforming the LCA to an LCA "from cradleto 422
cradle". 423

424
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