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Abstract 12 

In a society that produces large amounts of solid waste, the search for new methods of valorisation 13 

has led to the development of techniques that make it possible to obtain new products from waste. 14 

In the case of bio-waste, biological treatment such as anaerobic digestion or composting appear 15 

to be suitable options for producing bio-energy or bio-fertilizers respectively. Vermicomposting 16 

is a method of converting solid organic waste into resources through bio-oxidation and 17 

stabilization of the organic waste by earthworms. The purpose of this study is to establish the 18 

environmental impacts of a complete route for the valorisation of grape pomace in order to 19 

identify environmental hotspots. In this valorisation route, different value-added products are 20 

produced with potential application in the cosmetic, food and pharmaceutical sectors. Priority was 21 

given to the use of primary data in the elaboration of the data inventories needed to perform the 22 

life cycle assessment (LCA). The main findings from this study reported that the energy 23 

requirement of the distillation process is an important hot spot of the process. Although the 24 

valorisation route has some poor results in terms of the two environmental indicators (carbon 25 

footprint and normalized impact index), when economic revenues were included in this analysis, 26 

its environmental performance was better than that of other alternatives for bio-waste recovery. 27 
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1. Introduction 33 

Nowadays, food waste is an environmental and social problem with long-term consequences, 34 

which are not correctly characterised by current frameworks (Kibler et al., 2018). Municipal Solid 35 

Waste (MSW) management has become a matter of global concern due to its environmental 36 

implications and the high costs associated with waste management (Marshall and Farahbakhsh, 37 

2013). MSW generation has increased considerably in recent years due to rapid urban population 38 

growth (Goorhuis, 2014). In fact, in 2016, the total waste generated in the EU-28 by all economic 39 

activities and households amounted to more than 2,500 million tonnes (Eurostat, 2019). Data 40 

published in this database indicates an increase in the quantity of waste recovered, used for 41 

backfilling or incinerated with energy recovery from 960 million tonnes in 2004 to 1231 million 42 

tonnes in 2016. However, the quantity of waste subject to disposal only decreased 6.3%, from 43 

1154 million tonnes in 2004 to 1081 million tonnes un 2016 (Eurostat, 2019). 44 

This problem requires research on new processes to achieve the complete valorisation of food 45 

waste and public initiatives to change consumer consumption patterns and disposal behaviours 46 

(Kibler et al., 2018). It is demonstrated that reducing landfilling in favour of increased recycling 47 

of some types of materials such as glass, paper, plastic and metals leads to lower energy demand 48 

and environmental impacts (Eriksson et al., 2005). In the case of biowaste, biologic treatment 49 

such as composting or anaerobic digestion appear to be suitable options (European Comission, 50 

2008). 51 

Poor waste management involves not only altering the different environmental compartments, but 52 

also contributing to problems of global impact. In relative terms, the management of the 53 

agricultural sector´s organic fraction contributes greatly to global environmental challenges such 54 

as climate change, freshwater pollution and nutrient accumulation (Weidner et al., 2019). On the 55 

contrary, the adequate treatment of the organic waste fraction can reduce the environmental 56 

impact provided that the organic fraction of the waste stream is recovered in order to produce 57 

substances such as biogas that can be used as fuel or biofertilizers to replace those of chemical 58 

origin (Komakech et al., 2015). 59 
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The wine industry is one of the most important sectors in terms of raw material treatment and 60 

economic production in the food processing industry. According to data provided by the 61 

International Organization of Vine and Wine, world wine production in 2015 was approximately 62 

280 million hectolitres of 78 million tonnes of grapes (Guerini Filho et al., 2018). In Galicia, the 63 

Atlantic region of NW Spain, the wine sector has a long tradition with different varieties of high 64 

oenological quality, as evidenced by mentions of excellence and awards (Vázquez-Rowe et al., 65 

2012).  66 

Winemaking process comprises a complex sequence of activities (Escribano-Viana et al., 2018), 67 

from grape growing, harvesting, fermentation and maturation in the winery to the handling of 68 

waste generated at each stage of the process. The main solid organic residue from winemaking is 69 

grape marc, also known as grape bagasse or grape pomace, which consists of the seeds, pulp and 70 

stalks that remain after pressing the grapes. In general, the total volume of waste generated is 71 

around 20-30% of total wine production, which represents a more than meaningful percentage 72 

(Zabaniotou et al., 2018). However, this value is lower than that of other food industries, where 73 

the produced waste can account for up to 60% of the initial products (Notarnicola et al., 2017). 74 

The most common alternative for the valorisation of the grape marc in the winery is the production 75 

of brandy spirits, although there is room for innovation when it comes to the processing of this 76 

stream. 77 

However, this fraction of the grape can be considered a valuable source of polyphenols since it 78 

contains around 70% of the phenolic compounds of the grape, which could be extracted in a safe 79 

and sustainable way (Poveda et al., 2018) since only a small part of the phytochemicals applied 80 

during cultivation is transferred from the grape to the wine (Mazza, 1995). The interest in 81 

extracting and exploiting the polyphenols present in this type of waste lies in their potential use 82 

and application in a wide range of sectors, such as cosmetics, food and pharmaceuticals (Fontana 83 

et al., 2013). The current management of wine residues is still in the early stages of development, 84 

so it has focused on its application as an organic soil amendment (Domínguez et al., 2017). In 85 

small geographic areas with a high burden of agricultural activities, the inappropriate disposal of 86 
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this material has led to the release of excessive amounts of polyphenols to soils. Phenolic 87 

compounds are responsible for the phytotoxic activity of grape marc, so this problem need to be 88 

monitored as it can cause inhibition problems for plant growth (Barbera et al., 2013). These 89 

agronomic problems associated with the application of grapes to soil could be minimized by 90 

stabilizing them through different organic decomposition processes as composting or 91 

vermicomposting (Gómez-Brandón et al., 2011). In the present study, vermicomposting was 92 

evaluated as a sustainable alternative for the stabilization of wine waste and for obtaining different 93 

value-added products.  94 

Vermicomposting is a natural process based on the interactions of earthworms (mainly of the 95 

species Eisenia foetida or Eisenia andrei) with the endogenous microorganisms present in the 96 

waste as a result of the decomposition of organic matter (Lleó et al., 2013). By varying the 97 

operational conditions of the process, it is possible to modify the physical and biochemical 98 

properties of the final product (Domínguez et al., 2010). Beyond the enzymatic transformations 99 

attributed to earthworms, there is a significant improvement in oxygen concentration, which 100 

favors aerobic composting of the waste under conditions of low greenhouse gas emissions 101 

(Nigussie et al., 2016). The final product obtained is vermicompost or earthworm humus, which 102 

has a stable, homogeneous, and fine particle size appearance. Vermicompost is also a nutrient-103 

rich, peat-like material characterised by high porosity, high water-holding capacity, and low C:N 104 

ratio (Domínguez et al., 2014).  105 

Residual organic matter tends to humidify, polymerize and polycondense. As a result, the levels 106 

of humic acids and, to a lesser extent, fulvic acids increase (by 20-60% compared to those present 107 

in the starting materials), affecting the chemical and structural characteristics of the organic matter 108 

(Gómez-Brandón et al., 2019). This is why the final product has high water retention capacity and 109 

nutrient content (Chen et al., 2018). Vermicomposting is considered a green and clean technology 110 

(Karmegam et al., 2019) with moderately low investment and maintenance costs and low energy 111 

consumption. According to a quantitative perspective of impact assessment, the Life Cycle 112 

Assessment (LCA) methodology has been used to assess and compare the impact of different 113 
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waste disposal scenarios, including composting, landfilling and incineration. The LCA 114 

methodology allows the quantification and comparison of environmental impacts between the 115 

stages of a product or service throughout its life cycle, from raw materials acquisition to end-of-116 

life. Several researches have used LCA to analyse the environmental implications of organic 117 

waste composting (Saer et al., 2013; ten Hoeve et al., 2019), incineration (Abuşoğlu et al., 2017; 118 

Dong et al., 2018; Tong et al., 2018) or landfilling (Buratti et al., 2015; Henriksen et al., 2018).  119 

However, only a few LCA studies have analysed the environmental implications of 120 

vermicomposting food waste. Within these studies, 2 research works have been published that 121 

can be considered as references of great interest for this study. Komakech et al. (2015) and 122 

Komakech et al. (2016) compared the environmental performance of different management 123 

alternatives based on anaerobic digestion, composting and vermicomposting for food waste and 124 

animal manure, but only the categories of global warming potential and eutrophication potential 125 

categories were considered in both studies. Tedesco et al. (2019) evaluated the life cycle impact 126 

of the bioconversion of fruit and vegetable waste into earthworm meal from a “cradle-to-gate” 127 

perspective. The main product obtained from vermicomposting are the worms themselves, while 128 

in the present study, the worms are mere tools which are used to valorize agricultural waste into 129 

some value-added products.  130 

The objective of this research is to evaluate the environmental impacts associated with the 131 

valorisation of grape marc through vermicomposting using an LCA approach, identifying the 132 

stages and the processes that make the greatest contribution to the environmental burdens.   133 

Therefore, the system under study converts wastes into usable materials following a circular 134 

economy approach. The function of the system is to achieve short-term stabilization of grape 135 

marc, obtaining four main outputs: a nutrients-rich biofertilizer, marketable brandy spirit, and a 136 

mixed fraction composed mainly of seeds, from which an extract rich in polyphenols and oil rich 137 

in fatty acids can be obtained. 138 

2. Materials and methods 139 
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The LCA methodology is based on the recommendations established in the ISO standards (ISO 140 

14040;14044) and aims to be a comparative study in the evaluation of the environmental profile 141 

of the vermicomposting technology together with other alternatives for the final disposal of grape 142 

marc.  143 

2.1. Definition of goal and scope 144 

The main goal of this study was to evaluate vermicomposting as an environmentally friendly way 145 

of achieving the valorisation of grape marc waste using the LCA methodology. There are three 146 

possible options in the selection of the Functional Unit (FU), that is, based on the quantification 147 

of a single target product, the total flow of raw materials or the combination of different products 148 

(Khoshnevisan et al., 2018). In order to represent the function of the system and to be consistent 149 

with the multiple-output nature of the process, it seems correct to select a feedstock-based FU. 150 

The FU considered was the treatment of 1 tonne of grape marc.  151 

2.2. Description of the overall system and system boundaries 152 

The study was performed through a “cradle-to-gate” perspective, from the extraction of raw 153 

materials up to the point when the different products are ready to leave the facilities. The feedstock 154 

for the process, as already mentioned, is residual grape marc supplied by different warehouses 155 

located at a maximum distance of 130 km from the location of the vermicomposting facilities. 156 

The production plan was evaluated considering all the processes from the production of raw 157 

materials to the final products obtained from grape marc. Specifically, the system under study us 158 

divided into three subsystems (SS), which are detailed below in Figure 1: SS1. Distillation, SS2. 159 

Seed oil extraction and SS3. Vermicomposting. It is considered that the production of grape marc 160 

as co-product associated with the winemaking process and capital goods are outside the system 161 

boundaries. 162 



8 
 

 163 

Figure 1. Valorisation scheme of grape marc targeting oil, brandy, vermicompost and a 164 

polyphenol-rich extract. 165 

Subsystem SS1 - Distillation 166 

Distillation of grape marc distillation to obtain different spirits is an activity traditionally used in 167 

local wineries that seek to obtain value-added products from waste. Grape marc is the perfect 168 

feedstock to produce brandy spirits named as “orujo” by simple distillation. In this study, steam 169 

distillation has been considered because it is widely used in large facilities. The use of steam and 170 

cooling water to heat and cool the grape marc and the brandy, respectively, have been considered. 171 

In addition, the production of wastewater during the distillation process has been taking into 172 

account. In this case the distillation efficiency is relatively high, obtaining 25 L of Brandy per 173 

every 200 kg of processed marc. In this subsystem, a large part of the exhausted marc that is 174 

obtained as co-product is directed to a grape seed oil extraction process (Subsystem 2), while the 175 

rest of the exhausted marc is mixed with fresh marc and is transported by lorry to subsystem 3, in 176 

which further operations that allow obtaining an extract rich in polyphenols and an organic 177 

fertilizer called vermicompost are carried out. It is important to note that no consideration has 178 
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been given to transporting these fractions from winery to distillation unit since this type of 179 

operation is usually carried out in the same place. However, transportation by lorry and car of the 180 

outputs of the distillation unit to the rest of subsystems have been considered.  181 

Subsystem SS2 - Seed oil extraction 182 

The exhausted marc is subjected to a filtering treatment, in which seeds are separated from the 183 

rest of the material. This exhausted marc without seeds is a waste and is sent to landfill for 184 

disposal, although it could be considered as a co-product of oil extraction and used to obtain other 185 

value-added products, as for energetic or feed purposes. Nevertheless, the main objective of this 186 

subsystem is to obtain grape seeds oil, so seeds are the principal target. These seeds are feed into 187 

a disk crusher, where a fine seed paste is obtained. The paste is pumped into a press, where the 188 

grape seed oil is obtained by crushing the seeds. This oil has a good market value due to its high 189 

content in vitamin E and linolenic acid. This process is especially interesting since the operations 190 

carried out at this subsystem are physical and the consumption of chemicals is hardly necessary, 191 

only cleaning agents.  192 

Subsystem SS3 - Vermicomposting 193 

The mixture of fresh and exhausted grape marc from SS1 is taken to a filter similar to the used in 194 

subsystem 2, in which seeds are separated from the grape marc. The quantity of seeds that can be 195 

separated has been assumed as 15% of the total grape marc weight. These seeds are led to a 196 

pressurized solvent extraction that allows the obtention of an polyphenols-rich extract. The use 197 

of sand as dispersant and methanol (65%) in water as solvent have been considered (Álvarez-198 

Casas et al., 2014). In the other route, grape marc separated from the seeds was stored at 4ºC until 199 

use. The grape marc was processed in pilot-scale vermireactors with a surface area of 3 m2 held 200 

in a greenhouse in the University of Vigo with no temperature control and the earthworm species 201 

Eisenia andrei (commonly known as red worm) was used. Vermicomposting system described 202 

by Domínguez et al. (2017) was considered.. At the beginning of the trial, the vermireactor 203 

contained a layer of 12 cm of vermicompost as a bed for the earthworms. Then, successive layers 204 

of grape marc were placed through time, for processing by the earthworms. In this way, 205 
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earthworms are always located in superficial layers of the reactor, while vermicompost is 206 

deposited in the lower layers of the reactor. Thus, the reactor was filled in successive layers until 207 

a batch is completed in about 12 weeks. At this time, the vermireactor allows the treatment of 600 208 

kg grape marc to obtain over 240 kg vermicompost ready to be used as a high-quality organic 209 

fertilizer. During the duration of the trial it is not necessary the use of additional chemicals or 210 

materials. In order to prevent desiccation, the vermireactor was watered daily and leachate was 211 

collected and sent to treatment, collecting about 10-12 L leachate per batch. The use of electric 212 

sieve and grinder to reduce the particle size of the vermicomposting is also necessary. The electric 213 

consumption was estimated considering the average use time and the power of the equipment. 214 

Polyphenols extraction was carried out before vermicomposting since, as reported in Domínguez 215 

et al. (2016), the amount of polyphenols is reduced by almost one half in a period of only 14 days 216 

and by the time period of 42 days, the decrease is about 98% of the initial amount.  In the end, 217 

two main products are obtained from this subsystem, a nutrient-rich, microbiologically active 218 

organic amendment known as vermicompost and a polyphenols-rich extract.  219 

2.3. Inventory analysis, data acquisition and allocation approach 220 

The quality of the data handled in the elaboration of the life cycle inventory is especially relevant 221 

in order to ensure the reliability of the study. Therefore, the collection of inventory data requires 222 

primary data (typical of real systems under study) or secondary data (those complementary to the 223 

main process such as electricity, raw materials, water and fuel). In this study, most of the data 224 

related to the system correspond to primary data, while those relating to the background system 225 

(water, electricity, fuel and chemicals) were taken from the Ecoinvent® v3.5 database. 226 

Regarding the distillation system, the data published in Dimou et al. (2016) has been used. In this 227 

study, a techno-economic analysis of the complete valorisation of wine lees is carried out. From 228 

this work, the data on cooling water consumption, low pressure steam and wastewater generation 229 

have been adapted to the characteristics of this study. As for the seed oil extraction subsystem, 230 

material and energy consumption has been obtained from Rinaldi et al. (2014), where the 231 

evaluation of the life cycle of the production of extra virgin olive oil in Italy is carried out. The 232 
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total amount of oil obtained from the grape seeds has been estimated based on the study of Fiori 233 

et al. (2014). In this paper, it was considered that grape seeds contain oil in the range of 8-16% 234 

depending on the crop and the harvest year. In the present study, 10% kg-oil per kg-seeds is 235 

considered.   236 

With respect to vermicomposting, primary data were obtained from the pilot-scale vermireactors 237 

held in a greenhouse in the University of Vigo. The managed data covered the identification of 238 

operational aspects of the inventoried reactor, such as the consumption of resources (water, 239 

energy, fuel...), waste management or the use of machinery. Direct emissions related to 240 

vermicomposting were estimated based on the emission factors taken from different secondary 241 

sources. Emissions of methane (CH4), ammonia (NH3) and dinitrogen monoxide (N2O) due to 242 

earthworm activity were adapted from Komakech et al. (2015) considering the characteristics of 243 

the vermireactor. Non-methane volatile organic compounds (NMVOCs) emissions were adapted 244 

from Lleó et al. (2013). Products and residues of the grapevine cultivation contain biogenic carbon 245 

from captured carbon dioxide (CO2) during crop growth. Although CO2 emissions were 246 

calculated, these emissions were not included as they were considered as biogenic CO2.  247 

The data necessary to model the extraction of polyphenols from the seeds obtained from the 248 

vermicompost were obtained from primary sources. A Pressure Solvent Extraction (PSE) has 249 

been considered (Álvarez-Casas et al., 2014) and material consumption of this stage was 250 

established based on the extrapolation of laboratory data to a pilot scale trial considering the 251 

primary experimental results as the basis for the analysis. Marine sand was considered as 252 

dispersant and the amount of sand was estimated considering a ratio seeds/solvent of 2/1 (w/w). 253 

Methanol 65% was considered as extracting solvent considering a solid/liquid ratio of 1/40 (w/v), 254 

as detailed in Dimitrov et al. (2019). Total electricity consumption was estimated from Pradal et 255 

al. (2016), taking into account that the methanol content in the solvent (% vol.) and the extraction 256 

duration are similar to those selected for the extraction of polyphenols from seeds. Though there 257 

may be other ways of polyphenol extraction from grape seeds, this system has been chosen due 258 

to its applicability was demonstrated by the analysis of bagasse samples from wineries in Galicia. 259 



12 
 

(Álvarez-Casas et al., 2014). A summary of data managed for the complete valorisation of grape 260 

marc is displayed in Table 1. 261 

Table 1. Inventory data of the valorisation scheme for grape marc  262 

Inputs from Technosphere Outputs to Environment 
Materials kg Emissions to air kg 

Grape marc 1000 NH3 0.26 
Low pressure steam 1036.60 N2O 7.43·10-3 
Sand 52.94 CH4 2.73·10-2 
Methanol 2 NMVOC 1.24·10-2 
Vinyl polychloride 0.12 Outputs to Technosphere 
Polyethylene 0.14 Products kg 
Cleaning product 1.65·10-3 Vermicompost 240 
 m3 Polyphenols-rich extract 2.43 
Water 1.46 Seed oil 4.79 
Cooling water 10.54 Brandy 58.82 

Transport t·km Waste kg 
Lorry 50.59 Exhausted marc 289.71 
Car 22.94  L 

Energy kWh Wastewater 441.35 
Electricity 123.66   

 263 

The system under assessment is a multi-outputs system where more than one product is obtained. 264 

No allocation criteria were considered since a feedstock-based FU was selected, however, if it 265 

were necessary to identify the impacts for each product, it is advisable to apply the economic 266 

allocation criterion, since the outputs are produced in very different amounts in order to avoid 267 

attributing an unbalanced impact. Table 2 reports the market price considered for the different 268 

added value products as well as the mass and economic allocation factors.  269 

Table 2. Computation of allocation factors based on economic and mass allocation approach.  270 

Product Production 
(kg) 

Market price 
(€/kg) Mass allocation Economic 

allocation 
Vermicompost 240 1.2a 78% 11% 
Polyphenols-
rich extract 2.43 147.67b 1% 14% 

Seed oil 4.79 300c 2% 56% 
Brandy 58.82 8.57d 19% 19% 
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a Ecocelta (2019) 271 
b Vieira et al. (2013) 272 
c Le petit jardin (2019) 273 
d MAPA (2018) 274 

2.4. Life cycle impact analysis: methodology 275 

The software SimaPro 9.0 (PRé Consultants, 2017) was used for the computational 276 

implementation of the inventories. The methodology considered to express the environmental 277 

impacts was ReCiPe 2016 v1.1.  in a hierarchist perspective with the following impact categories 278 

at midpoint level (Huijbregts et al., 2017): Global Warming (GW), Stratospheric Ozone Layer 279 

Depletion (SOD), Ozone Formation (OF), Terrestrial Acidification (TA), Freshwater 280 

Eutrophication (FE), Marine Eutrophication (ME), Human Toxicity (HT), Terrestrial Ecotoxicity 281 

(TET), Freshwater Ecotoxicity (FET), Marine Ecotoxicity (MET) and Fossil Resource Scarcity 282 

(FRS). 283 

3. Results and discussion 284 

3.1. Environmental performance of the overall process 285 

The environmental assessment was carried out from a cradle-to-gate, excluding from the analysis 286 

the production of the raw material (grape marc) since it was considered as a waste from wineries 287 

and environmental impacts were totally allocated to the main product of these production systems 288 

e.g. bottled wine as the main product. The environmental impacts according to the 289 

characterisation phase are reported in Table 3. Most environmental burdens are allocated to oil, 290 

as the price is very high and, therefore, the economic allocation factor is also high. However, 291 

environmental impacts assigned to vermicompost production are much lower. For example, in the 292 

case of GW category, the production of 1 kg vermicompost only involves the emission of 293 

approximately 200 g CO2 eq.  294 

It is important to highlight other benefits derived from the use of vermicompost as organic 295 

fertilizer in substitution of other more consolidated alternatives such as the use of peat or compost 296 

as a soil amendment. The vermicompost produced during the process can be used in vineyards as 297 

an organic fertilizer. In fact, due to the chemical characteristics of vermicompost (20.2 ± 1.3 g/kg 298 
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Nitrogen and 2.1 ± 0.1 g/kg Phosphorous, among other nutrients), the 240 kg produced per batch 299 

can provide the amount of nitrogen to the soil as 346.3 kg peat. If vermicompost use as organic 300 

fertilizer is taking into account, environmental benefits can be calculated by determining the 301 

avoided life cycle impacts of peat mining processes and subtracting them from each impact 302 

category. When the use of peat is avoided by utilizing vermicompost, all its environmental 303 

impacts are also prevented, and the life cycle inventory of peat can be considered a credit to the 304 

life cycle burdens of vermicompost production.  305 

Beyond the comparative performance as soil amendment, it is relevant to identify other benefits 306 

associated to preservation of biodiversity and improved resilience of the crops against pests. This 307 

enriched-microbial environment provides macro and micro-nutrients to the soil and avoids the 308 

extensive use of pesticides, two major consequences that should not be ignored. Direct 309 

consequences of the use of vermicompost as a soil amendment are attributed to improved 310 

germination, growth, flowering and fruit production for a wide range of plant species, such as 311 

trees, horticultural crops and aromatic, medicinal and ornamental plants (Lazcano and 312 

Domínguez, 2011).  313 

Table 3. Impact assessment results associated with the different products obtained in the process 314 

per functional unit (1 tonne of grape marc) 315 

 Unit Vermicompost Polyphenols-rich 
extract Seeds oil Brandy Total 

GW kg CO2 eq 48.9 61.0 244.2 85.7 439.7 
SOD kg CFC11 eq 2.18·10-5 2.72·10-5 1.09·10-4 3.82·10-5 1.96·10-4 
OF kg NOX eq 0.1 0.1 0.4 0.1 0.7 
TA kg SO2 eq 0.2 0.2 1.0 0.3 1.8 
FE kg P eq 7.81·10-3 9.73·10-3 3.90·10-2 1.37·10-2 7.02·10-2 
ME kg N eq 8.38·10-4 1.04·10-3 4.18·10-3 1.47·10-3 7.53·10-3 
HT kg 1,4-DCB 0.9 1.1 4.6 1.6 8.2 
TET kg 1,4-DCB 136.8 170.4 682.5 239.4 1229.1 
FET kg 1,4-DCB 1.3 1.6 6.4 2.2 11.5 
MET kg 1,4-DCB 1.8 2.2 9.0 3.1 16.2 
FRS kg oil eq 14.8 18.5 74.0 26.0 133.3 

 316 
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According to the results obtained, most of the environmental burdens derived from the 317 

valorisation strategy are related to the distillation unit (SS1), as displayed in Figure 2. This 318 

subsystem, along with subsystem 3, are responsible for more than 80% of the environmental 319 

burdens in all impact categories, except for FET and MET. Subsystem 1 can be highlighted in 320 

categories GW (74.7%), TET (74.7%) and FRS (73.7%). In relation to subsystem 2, it is the main 321 

contributor in MET and FET categories, which are highly sensitive to both waste and wastewater 322 

treatment. On the contrary, in GW, TA and ME the environmental burdens related with this 323 

subsystem are minimal, with an average of 2.6%.  324 

 325 

Figure 2. Contribution of the different subsystems (SS1-SS3) to the environmental impacts 326 

associated with the valorisation of grape marc 327 

Thus, subsystem 3 presents environmental impact values lower than 40% in all impact categories, 328 

except in SOD, TA and HT categories (60.6%, 50.1% and 47.1% respectively). This is mainly 329 

due to nitrogen-based gas emissions during the vermicomposting stage, mostly ammonium and 330 

dinitrogen monoxide, which have high characterisation factors in these impact categories. 331 

Focusing on GW, the environmental burdens of this category are assigned to subsystem 1, mainly 332 

associated with the combustion of fossil fuels to obtain the steam required for the distillation of 333 

grape marc. Direct emissions into the atmosphere associated with the vermicomposting process 334 

were quantified in subsystem 3; however, most of these emissions were substances as ammonium 335 

that has no impact in this category, in addition, the production of N2O and CH4, with high 336 
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characterisation factors in this category, is minimal. Direct CO2 emissions from vermicomposting 337 

should not be considered as fossil carbon, but as biogenic CO2, so they were not included in the 338 

inventory analysis. Determining the environmental impacts per activity involved in the 339 

valorisation process is useful to locate the “hot spots” of the process. In this way, Figure 3 displays 340 

the distribution of environmental burdens per activity in the valorisation of grape marc. 341 

 342 

Figure 3. Relative contributions per activity to the environmental profile of the valorisation of 343 

grape marc (1 tonne grape marc as functional unit). 344 

As for the activities associated with these impacts, steam consumption is the most impacting 345 

activity in almost all impact categories (Figure 3). Consequently, steam consumption is the main 346 

hotspot within the entire valorisation process and should have, therefore, the highest priority for 347 

process improvement from an environmental point of view. Omitting FET and MET categories, 348 

steam consumption exhibits global contributions ranging from 35.7% in SOD to 74.6% in TET 349 

and GW. Regarding GW category, steam production stands out for GHG, SO2 and NOX emissions 350 

associated with the combustion of fossil fuels. With respect to TET category, steam consumption 351 

is the main contributor, due to the emission of heavy metals into the air derived from the burning 352 

of fossil fuels. It seems to be consistent that steam consumption was the most contributing process 353 

also in FRS, as it is an activity with high energy requirements. In relation to ME, FET and MET 354 

categories, the high contribution of waste treatment is remarkable (34.6%, 42.6% and 42.4% 355 

respectively), corresponding to the environmental impacts arising from the landfill treatment of 356 
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waste generated during the production of seed oil in SS2. It is important to note that the 357 

information relating to the treatment of waste in landfills has been taken from the Ecoinvent® 358 

database, where a significant amount of metals is emitted to water and air. High concentrations 359 

of heavy metals, especially Cu and Zn, are behind the impacts observed in these two categories. 360 

It is especially noteworthy that electricity consumption has a low impact on almost all impact 361 

categories, which is not frequently found in LCA studies. The rationale behind this evidence is 362 

attributed to a low consumption of electricity, reaching a maximum contribution of 23.4% in FE. 363 

Most of this environmental impact comes from phosphate emissions from coal mining, which 364 

account for 10% of the Spanish profile. The contribution of transport is similar in all categories, 365 

with no substantial differences highlighted. Toxicity group was the most affected by 366 

transportation activities. Specifically, the categories of HT (31.7%), FET (34.2%), MET (31.5%) 367 

and TET (21.6%) as a consequence of emissions of heavy metals into the atmosphere such as 368 

copper or zinc derived from the consumption and combustion of gas oil. As for the environmental 369 

impacts related to water consumption, the contribution is practically insignificant, below 0.6% in 370 

all the impact categories considered, except for HT, where it reaches the maximum contribution 371 

of 2.4%. The rest of the inventoried inputs have almost no impact, so they have been unified in 372 

the “others” category, which presents an average contribution lower than 1%. 373 

3.2. Comparative assessment with biowaste treatment practices 374 

It is important to note that in this section different biowaste treatment practices in the exhausted 375 

marc from SS1. Distillation have been compared with the entire foreground system of the present 376 

study. This combination of distillation and the different biowaste treatments has been decided 377 

based on the fact that grape marc distillation to produce brandy spirits is a practice widely 378 

distributed in wineries around the world. The treatment of 1 tonne of biowaste were maintained 379 

as functional unit. The chosen treatments were landfilling, anaerobic digestion, incineration, and 380 

composting, according to the datasets included in Ecoinvent®. Detailed information on the 381 

different treatments after the baseline scenario is summarized in Table 4. 382 
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Table 4. List of Ecoinvent® database processes considered for end of life treatments 383 

Treatment Ecoinvent® database process 

Landfilling Inert waste {Europe without Switzerland} | treatment of inert waste, sanitary 
landfill | Cut-off, U 

Anaerobic 
digestion Biowaste {RoW} | treatment of biowaste by anaerobic digestion | Cut-off, U 

Incineration Biowaste {GLO} | treatment of biowaste, municipal incineration | Cut-off, U 
Composting Biowaste {RoW} | treatment of biowaste, industrial composting | Cut-off, U 
 384 

Operational costs of the different scenarios were estimated based on different scientific 385 

publications. The operating costs of landfill and composting were taken from a study focused on 386 

the optimal design of the windrow composting system (Vigneswaran et al., 2016). The estimation 387 

of costs of anaerobic digestion and incineration was performed from a model that optimizes 388 

different waste treatments (Münster et al., 2015). Finally, as far as vermicomposting is concerned, 389 

an LCA study was used as the calculation base; in this study, the environmental impacts of 390 

vermicomposting are calculated in terms of global warming and eutrophication. In addition, an 391 

economic comparison of different manure management systems was carried out. The different 392 

alternatives studied were the use of fresh manure as fertilizer, vermicomposting and the dumping 393 

of untreated waste (Komakech et al., 2016).  394 

The environmental burdens of each scenario were calculated by analysing the corresponding 395 

Ecoinvent® process while vermicomposting scenario corresponds to the present case study. The 396 

results of this comparative study have been presented in terms of two indicators: carbon footprint 397 

and the normalized impact index of the ReCiPe methodology. The normalized impact index 398 

reflects the results of environmental burdens in the form of different impact categories, offering 399 

a global view of the environmental performance of the process. In this case the same impact 400 

categories have been used as in Section 3.1. Figures 4 and 5 display the environmental impact in 401 

terms of carbon footprint (kg CO2 eq) and normalized impact index (pts); and the operational 402 

costs (€/tonne) of the different scenarios present in the study. The comparative profiles for the 403 

different treatments considered have been obtained considering the treatment of 1 tonne of 404 

biowaste (grape marc) as functional unit.  405 
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 406 

Figure 4. Comparative results related to different valorisation process considering the treatment 407 

of 1 tonne of grape marc in terms of carbon footprint. 408 

Figure 4 presents the GW impact and the operational costs of all the alternatives considered in the 409 

study. In terms of carbon footprint, anaerobic digestion presents the worst environmental 410 

performance, due to the direct emissions of GHGs as methane. However, anaerobic digestion 411 

presents a low operational cost of about €12 per tonne of waste. On the contrary, landfilling is 412 

located in the second quadrant and presents the lowest environmental burdens of all the 413 

alternatives studied thanks to low GHG emissions when this process is compared with any of the 414 

other scenarios. However, operation costs derived from landfill are the highest of all the 415 

alternatives, since it is not possible to obtain revenues from the sale of a product with a market 416 

value that allows reducing the operation costs. Composting is located in the first quadrant, but 417 

very close to the second, mainly due to bad economic results. On the other hand, the other 418 

alternatives (incineration and vermicomposting) are situated in the first and third quadrant 419 

respectively, which correspond to low operational costs and low or medium environmental 420 

impact. It is quite relevant that biological treatments present the worst environmental results in 421 

terms of carbon footprint, mainly due to the GHGs emissions generated in the fermentation 422 

processes and anaerobic digestion. However, these processes produce value-added products 423 
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(biogas, compost, vermicompost...) which would improve the environmental profile if they were 424 

considered.  425 

 426 
Figure 5. Comparative results related to different valorisation process considering the treatment 427 

of 1 tonne of grape marc in terms of normalised impact index of the ReCiPe methodology.  428 

Figure 5 shows the environmental impact in terms of the normalised impact index of the ReCiPe 429 

methodology. This approach provides a global view of the impacts generated within the process 430 

in a single value that facilitates the communication of the results. Thus, the calculation of 431 

environmental performance is not limited to a single impact category. The same importance is 432 

given to other categories that are normally ignored in relation to the carbon footprint, such as 433 

ecotoxicity, acidification or eutrophication.  434 

According to the results represented in Figure 5, landfilling and vermicomposting scenarios 435 

reported the worst environmental profiles. In contrast to using the carbon footprint as the indicator 436 

of environmental impact, the alternative with the worst environmental profile is landfill, as 437 

ecotoxicity and human toxicity categories include heavy metals pollution. As for anaerobic 438 

digestion, which presented the worst environmental profile in previous graph, it has the lowest 439 

environmental impact value in this case. Vermicomposting presents a relatively high 440 

environmental impact in both indicators (carbon footprint and normalised impact index). 441 
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However, the multi-product nature of the vermicomposting process bust be taken into account, in 442 

the next section an additional analysis that considers the outputs of the different processes is 443 

carried out 444 

3.3 Environmental implications of switching from mass-based FU to a benefit-based one  445 

The results shown in section 3.2 were related to a functional unit based on the amount of biowaste 446 

treated: 1 tonne of grape marc. This functional unit is useful when analysing valorisation systems 447 

where multiple by-products are obtained as it corresponds to the amount of valorised. However, 448 

the quantity of valuable by-products, which also have different market prices, is variable and 449 

depends on the alternative. Therefore, the potential revenue obtained per alternative is different 450 

and depends on the technology used. Thus, in addition to the environmental characterisation of 451 

the process, it is important considering the production of value-added products that have certain 452 

environmental benefits. These environmental benefits come from the environmental credits 453 

produced by not manufacturing these products which consume raw materials and energy. The 454 

selection of an economic-based Functional Unit has been discussed in previous studies where 455 

different biorefinery-based system have been assessed (Budzinski and Nitzsche, 2016; González-456 

García et al., 2018; Pérez-López et al., 2014)  457 

To consider the market price of all outputs produced, an alternative functional unit based on the 458 

economic benefit expected in each scenario was chosen. The alternative functional unit proposed 459 

for this section is the generation of €100 of economic revenue from the sale of the different 460 

outputs. The landfill scenario was not included in this comparative analysis since no outputs with 461 

market value was considered.  462 
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 463 

Figure 6. Comparative environmental impacts in terms of the normalised impact index (pts) and 464 

the carbon footprint (kg CO2 eq) considering € 100 of revenue as a functional unit.   465 

Figure 6 shows the main environmental indicators in terms of Normalised Impact Index and 466 

Carbon Footprint considering €100 of economic revenue as a functional unit. Different results 467 

can be obtained if a mass-based FU or an economy-based FU is chosen. According to the results, 468 

as previously reported in Figures 4 and 5, vermicomposting involved low impact in terms of the 469 

two selected indicators. In this case, it had the lowest environmental impact in both cases (1.14 470 

pts. and 16.99 kg CO2 eq). This can be explained by the fact that vermicomposting can be 471 

considered as a biorefinery-based process, from which several added-value products can be 472 

obtained.  473 

The incineration scenario maintains a performance similar to that of the previous analysis, in 474 

terms of carbon footprint presents a relatively low impact (69.90 kg CO2 eq). However, when the 475 

rest of the impact categories considered in the study are incorporated, the impact increases, being 476 

the alternative with the worst environmental profile in terms of the normalised impact index (1.29 477 

pts.). Anaerobic digestion presented the worst environmental profile in terms of carbon footprint 478 

(more than 450 kg CO2 eq per tonne of biowaste) due to methane emissions, however, in this 479 

analysis, when considering the benefits provided by biogas, the carbon footprint of this alternative 480 

is almost equal to the alternatives of composting and incineration. In terms of the carbon footprint, 481 

composting shows the worst environmental behaviour (74.56 kg CO2 eq), mainly due to the low 482 
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market price of compost and the amount of GHGs emissions during the process. It has been shown 483 

that the use of an environmental indicator which assesses the complete profile of the process 484 

(normalised impact index) and not only a specific aspect (carbon footprint) is appropriate.  485 

In this way, not a single environmental aspect is enhanced, as shown in Figure 4, where the landfill 486 

presented the lowest environmental impact in terms of carbon footprint, but the most shocking 487 

profile when the normalised impact index was evaluated. In addition, if a global vision of the 488 

different alternatives is considered (both waste treatment and production of added-value 489 

products), vermicompost is proven as the best alternative to biowaste treatment.  490 

4. Conclusions 491 

In recent years, there is a growing interest in the exploitation of the waste generated by the wine 492 

industry. This study has shown that grape pomace is a feedstock with the capacity to produce a 493 

wide range of value-added products, which represents a great opportunity for the wine sector in 494 

the future. Furthermore, it has been proven that vermicomposting is an innovative and 495 

environmentally sustainable valorisation treatment. Using the LCA method, it has been 496 

demonstrated that the energy needs of the distillation process are an important hotspot of the 497 

process. On the basis of the results obtained in this study, it would be interesting to analyse, in 498 

future research, a scenario in which most fossil energy sources would be replaced by renewable 499 

energy sources. If economic allocation factors are considered, the environmental burdens of the 500 

process can be distributed among the different products, which corresponds to 200 g CO2 eq per 501 

kg produced vermicompost. The comparative analysis between the end-of-life treatments has 502 

shown that, although vermicomposting presents some poor results in terms of carbon footprint 503 

and normalised impact index, its environmental performance is better than the other alternatives 504 

when economic revenues are included in the analysis. This study provides relevant information 505 

in the basic design of a patent on which the process has been developed on a commercial scale 506 

and can contribute to the development of the process, not only from an environmental but also 507 

from an economic point of view. 508 

Acknowledgments 509 



24 
 

This research was supported by the European Project STAR-ProBio (Grant Agreement Number 510 

727740) and the Spanish Ministry of Economy and Competitiveness (CTM2013-42540-R and 511 

AGL2017-86813-R). The authors belong to the Galician Competitive Research Group GRC 512 

ED431C 2017/29; GPC ED431B 2017/04 and ED431B 2019/38 and to the CRETUS Strategic 513 

Partnership (ED431E 2018/01). All these programmes are co-funded by FEDER (EU) 514 

515 



25 
 

References 516 

Abuşoğlu, A., Özahi, E., İhsan Kutlar, A., Al-jaf, H., 2017. Life cycle assessment (LCA) of 517 
digested sewage sludge incineration for heat and power production. J. Clean. Prod. 142, 518 
1684–1692. https://doi.org/10.1016/j.jclepro.2016.11.121 519 

Álvarez-Casas, M., García-Jares, C., Llompart, M., Lores, M., 2014. Effect of experimental 520 
parameters in the pressurized solvent extraction of polyphenolic compounds from white 521 
grape marc. Food Chem. 157, 524–532. https://doi.org/10.1016/j.foodchem.2014.02.078 522 

Barbera, A.C., Maucieri, C., Cavallaro, V., Ioppolo, A., Spagna, G., 2013. Effects of spreading 523 
olive mill wastewater on soil properties and crops, a review. Agric. Water Manag. 119, 43–524 
53. https://doi.org/10.1016/j.agwat.2012.12.009 525 

Budzinski, M., Nitzsche, R., 2016. Comparative economic and environmental assessment of four 526 
beech wood based biorefinery concepts. Bioresour. Technol. 216, 613–621. 527 
https://doi.org/10.1016/j.biortech.2016.05.111 528 

Buratti, C., Barbanera, M., Testarmata, F., Fantozzi, F., 2015. Life Cycle Assessment of organic 529 
waste management strategies: An Italian case study. J. Clean. Prod. 89, 125–136. 530 
https://doi.org/10.1016/j.jclepro.2014.11.012 531 

Chen, Y., Chang, S.K.C., Chen, J., Zhang, Q., Yu, H., 2018. Characterization of microbial 532 
community succession during vermicomposting of medicinal herbal residues. Bioresour. 533 
Technol. 249, 542–549. https://doi.org/10.1016/j.biortech.2017.10.021 534 

Dimitrov, K., Pradal, D., Vauchel, P., Baouche, B., Nikov, I., Dhulster, P., 2019. Modeling and 535 
optimization of extraction and energy consumption during ultrasound-assisted extraction of 536 
antioxidant polyphenols from pomegranate peels. Environ. Prog. Sustain. Energy 1–7. 537 
https://doi.org/10.1002/ep.13148 538 

Dimou, C., Vlysidis, A., Kopsahelis, N., Papanikolaou, S., Koutinas, A.A., Kookos, I.K., 2016. 539 
Techno-economic evaluation of wine lees refining for the production of value-added 540 
products. Biochem. Eng. J. 116, 157–165. https://doi.org/10.1016/j.bej.2016.09.004 541 

Domínguez, J., Aira, M., Gómez-Brandón, M., 2010. Vermicomposting: Earthworms enhance the 542 
work of microbes, in: Insam, H., Frankie-Whittle, I., Goberna, M. (Eds.), Microbes at Work. 543 
Springer Berlin Heidelberg, pp. 1–329. https://doi.org/10.1007/978-3-642-04043-6 544 

Domínguez, J., Martínez-Cordeiro, H., Álvarez-casas, M., Lores, M., 2014. Vermicomposting 545 
grape marc yields high quality organic biofertiliser and bioactive polyphenols. Waste 546 
Manag. Res. 32, 1235–1240. https://doi.org/10.1177/0734242X14555805 547 

Domínguez, J., Martínez-Cordeiro, H., Lores, M., 2016. Earthworms and Grape Marc: 548 
Simultaneous Production of a High-Quality Biofertilizer and Bioactive-Rich Seeds, in: 549 
Morata, A., Loira, I. (Eds.), Grape and Wine Biotechnology. 550 
https://doi.org/http://dx.doi.org/10.5772/64751 551 

Domínguez, J., Sanchez-Hernandez, J.C., Lores, M., 2017. Vermicomposting of Winemaking By-552 
Products, in: Handbook of Grape Processing By-Products: Sustainable Solutions. pp. 55–553 
78. https://doi.org/10.1016/B978-0-12-809870-7.00003-X 554 

Dong, J., Tang, Y., Nzihou, A., Chi, Y., Weiss-Hortala, E., Ni, M., 2018. Life cycle assessment 555 
of pyrolysis, gasification and incineration waste-to-energy technologies: Theoretical 556 
analysis and case study of commercial plants. Sci. Total Environ. 626, 744–753. 557 
https://doi.org/10.1016/j.scitotenv.2018.01.151 558 

Ecocelta, 2019. Ecocelta, biofertilizante y gestión ambiental. URL: http://ecocelta.com/es/ 559 
(accessed 5.22.19). 560 

Eriksson, O., Reich, M.C., Frostell, B., Björklund, A., Assefa, G., Sundqvist, J.O., Granath, J., 561 
Baky, A., Thyselius, L., 2005. Municipal solid waste management from a systems 562 



26 
 

perspective. J. Clean. Prod. 13, 241–252. https://doi.org/10.1016/j.jclepro.2004.02.018 563 

Escribano-Viana, R., Portu, J., Garijo, P., Gutiérrez, A.R., Santamaría, P., López-Alfaro, I., 564 
López, R., González-Arenzana, L., 2018. Evaluating a preventive biological control agent 565 
applied on grapevines against Botrytis cinerea and its influence on winemaking. J. Sci. Food 566 
Agric. 98, 4517–4526. https://doi.org/10.1002/jsfa.8977 567 

European Comission, 2008. Green paper on the management of bio-waste in the European Union. 568 

Eurostat, 2019. Generation of waste by waste category, hazardousness and NACE Rev. 2 activity. 569 
URL: https://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=env_wasgen&lang=en 570 
(accessed 1.1.20). 571 

Fiori, L., Lavelli, V., Duba, K.S., Sri Harsha, P.S.C., Mohamed, H. Ben, Guella, G., 2014. 572 
Supercritical CO2 extraction of oil from seeds of six grape cultivars: Modeling of mass 573 
transfer kinetics and evaluation of lipid profiles and tocol contents. J. Supercrit. Fluids 94, 574 
71–80. https://doi.org/10.1016/j.supflu.2014.06.021 575 

Gómez-Brandón, M., Lazcano, C., Lores, M., Domínguez, J., 2011. Short-term stabilization of 576 
grape marc through earthworms. J. Hazard. Mater. 187, 291–295. 577 
https://doi.org/10.1016/j.jhazmat.2011.01.011 578 

Gómez-Brandón, M., Lores, M., Insam, H., Domínguez, J., 2019. Strategies for recycling and 579 
valorization of grape marc. Crit. Rev. Biotechnol. 39, 437–450. 580 
https://doi.org/10.1080/07388551.2018.1555514 581 

González-García, S., Gullón, B., Moreira, M.T., 2018. Environmental assessment of biorefinery 582 
processes for the valorization of lignocellulosic wastes into oligosaccharides. J. Clean. Prod. 583 
172, 4066–4073. https://doi.org/10.1016/j.jclepro.2017.02.164 584 

Goorhuis, M., 2014. Developments in Collection of Municipal Solid Waste, in: Worrell, E., 585 
Reuter, M.A. (Eds.), Handbook of Recycling: State-of-the-Art for Practitioners, Analysts, 586 
and Scientists. Elsevier Inc., pp. 405–417. https://doi.org/10.1016/B978-0-12-396459-587 
5.00026-X 588 

Guerini Filho, M., Lumi, M., Hasan, C., Marder, M., Leite, L.C.S., Konrad, O., 2018. Energy 589 
recovery from wine sector wastes: A study about the biogas generation potential in a 590 
vineyard from Rio Grande do Sul, Brazil. Sustain. Energy Technol. Assessments 29, 44–49. 591 
https://doi.org/10.1016/j.seta.2018.06.006 592 

Henriksen, T., Astrup, T.F., Damgaard, A., 2018. Linking data choices and context specificity in 593 
Life Cycle Assessment of waste treatment technologies: A landfill case study. J. Ind. Ecol. 594 
22, 1039–1049. https://doi.org/10.1111/jiec.12709 595 

Huijbregts, M.A.J., Steinmann, Z.J.N., Elshout, P.M.F., Stam, G., Verones, F., Vieira, M.D.M., 596 
Hollander, A., Zijp, M., van Zelm, R., 2017. ReCiPe 2016 v1.1. A harmonized life cycle 597 
impact assessment method at midpoint and endpoint level. The Netherlands. 598 

Karmegam, N., Vijayan, P., Prakash, M., John Paul, J.A., 2019. Vermicomposting of paper 599 
industry sludge with cowdung and green manure plants using Eisenia fetida: A viable option 600 
for cleaner and enriched vermicompost production. J. Clean. Prod. 228, 718–728. 601 
https://doi.org/10.1016/j.jclepro.2019.04.313 602 

Khoshnevisan, B., Rafiee, S., Tabatabaei, M., Ghanavati, H., Mohtasebi, S.S., Rahimi, V., 603 
Shafiei, M., Angelidaki, I., Karimi, K., 2018. Life cycle assessment of castor-based 604 
biorefinery: a well to wheel LCA. Int. J. Life Cycle Assess. 23, 1788–1805. 605 
https://doi.org/10.1007/s11367-017-1383-y 606 

Kibler, K.M., Reinhart, D., Hawkins, C., Motlagh, A.M., Wright, J., 2018. Food waste and the 607 
food-energy-water nexus: A review of food waste management alternatives. Waste Manag. 608 
74, 52–62. https://doi.org/10.1016/j.wasman.2018.01.014 609 

Komakech, A.J., Sundberg, C., Jönsson, H., Vinnerås, B., 2015. Life cycle assessment of 610 



27 
 

biodegradable waste treatment systems for sub-Saharan African cities. Resour. Conserv. 611 
Recycl. 99, 100–110. https://doi.org/10.1016/j.resconrec.2015.03.006 612 

Komakech, A.J., Zurbrügg, C., Miito, G.J., Wanyama, J., Vinnerås, B., 2016. Environmental 613 
impact from vermicomposting of organic waste in Kampala, Uganda. J. Environ. Manage. 614 
181, 395–402. https://doi.org/10.1016/j.jenvman.2016.06.028 615 

Lazcano, C., Domínguez, J., 2011. The use of vermicompost in sustainable agriculture : Impact 616 
on plant growth, in: Soil Nutrients. pp. 1–23. 617 

Le petit jardin, 2019. Le petir jardin - cosmética natural. URL: https://le-petitjardin.com/ 618 
(accessed 5.22.19). 619 

Lleó, T., Albacete, E., Barrena, R., Font, X., Artola, A., Sánchez, A., 2013. Home and 620 
vermicomposting as sustainable options for biowaste management. J. Clean. Prod. 47, 70–621 
76. https://doi.org/10.1016/j.jclepro.2012.08.011 622 

MAPA, 2018. Base de datos de consumo en hogares. URL: https://www.mapa.gob.es (accessed 623 
5.22.19). 624 

Marshall, R.E., Farahbakhsh, K., 2013. Systems approaches to integrated solid waste 625 
management in developing countries. Waste Manag. 33, 988–1003. 626 
https://doi.org/10.1016/j.wasman.2012.12.023 627 

Mazza, G., 1995. Anthocyanins in grapes and grape products. Crit. Rev. Food Sci. Nutr. 35, 341–628 
371. https://doi.org/10.1080/10408399509527704 629 

Münster, M., Ravn, H., Hedegaard, K., Juul, N., Ljunggren Söderman, M., 2015. Economic and 630 
environmental optimization of waste treatment. Waste Manag. 38, 486–495. 631 
https://doi.org/10.1016/j.wasman.2014.12.005 632 

Notarnicola, B., Tassielli, G., Renzulli, P.A., Castellani, V., Sala, S., 2017. Environmental 633 
impacts of food consumption in Europe. J. Clean. Prod. 140, 753–765. 634 
https://doi.org/10.1016/j.jclepro.2016.06.080 635 

Pérez-López, P., Balboa, E.M., González-García, S., Domínguez, H., Feijoo, G., Moreira, M.T., 636 
2014. Comparative environmental assessment of valorization strategies of the invasive 637 
macroalgae Sargassum muticum. Bioresour. Technol. 161, 137–148. 638 
https://doi.org/10.1016/j.biortech.2014.03.013 639 

Poveda, J.M., Loarce, L., Alarcón, M., Díaz-Maroto, M.C., Alañón, M.E., 2018. Revalorization 640 
of winery by-products as source of natural preservatives obtained by means of green 641 
extraction techniques. Ind. Crops Prod. 112, 617–625. 642 
https://doi.org/10.1016/j.indcrop.2017.12.063 643 

Pradal, D., Vauchel, P., Decossin, S., Dhulster, P., Dimitrov, K., 2016. Kinetics of ultrasound-644 
assisted extraction of antioxidant polyphenols from food by-products: Extraction and energy 645 
consumption optimization. Ultrason. Sonochem. 32, 137–146. 646 
https://doi.org/10.1016/j.ultsonch.2016.03.001 647 

PRé Consultants, 2017. SimaPro Database Manual (No. Methods Library). The Netherlands. 648 

Rinaldi, S., Barbanera, M., Lascaro, E., 2014. Assessment of carbon footprint and energy 649 
performance of the extra virgin olive oil chain in Umbria, Italy. Sci. Total Environ. 482–650 
483, 71–79. https://doi.org/10.1016/j.scitotenv.2014.02.104 651 

Saer, A., Lansing, S., Davitt, N.H., Graves, R.E., 2013. Life cycle assessment of a food waste 652 
composting system: Environmental impact hotspots. J. Clean. Prod. 52, 234–244. 653 
https://doi.org/10.1016/j.jclepro.2013.03.022 654 

Tedesco, D.E.A., Conti, C., Lovarelli, D., Biazzi, E., Bacenetti, J., 2019. Bioconversion of fruit 655 
and vegetable waste into earthworms as a new protein source: The environmental impact of 656 
earthworm meal production. Sci. Total Environ. 683, 690–698. 657 



28 
 

https://doi.org/10.1016/j.scitotenv.2019.05.226 658 

ten Hoeve, M., Bruun, S., Jensen, L.S., Christensen, T.H., Scheutz, C., 2019. Life cycle 659 
assessment of garden waste management options including long-term emissions after land 660 
application. Waste Manag. 86, 54–66. https://doi.org/10.1016/j.wasman.2019.01.005 661 

Tong, H., Shen, Y., Zhang, J., Wang, C.H., Ge, T.S., Tong, Y.W., 2018. A comparative life cycle 662 
assessment on four waste-to-energy scenarios for food waste generated in eateries. Appl. 663 
Energy 225, 1143–1157. https://doi.org/10.1016/j.apenergy.2018.05.062 664 

Vázquez-Rowe, I., Villanueva-Rey, P., Moreira, M.T., Feijoo, G., 2012. Environmental analysis 665 
of Ribeiro wine from a timeline perspective: Harvest year matters when reporting 666 
environmental impacts. J. Environ. Manage. 98, 73–83. 667 
https://doi.org/10.1016/j.jenvman.2011.12.009 668 

Vieira, G.S., Cavalcanti, R.N., Meireles, M.A.A., Hubinger, M.D., 2013. Chemical and economic 669 
evaluation of natural antioxidant extracts obtained by ultrasound-assisted and agitated bed 670 
extraction from jussara pulp (Euterpe edulis). J. Food Eng. 119, 196–204. 671 
https://doi.org/10.1016/j.jfoodeng.2013.05.030 672 

Vigneswaran, S., Kandasamy, J., Johir, M.A.H., 2016. Sustainable operation of composting in 673 
solid waste management. Procedia Environ. Sci. 35, 408–415. 674 
https://doi.org/10.1016/j.proenv.2016.07.022 675 

Weidner, T., Yang, A., Hamm, M.W., 2019. Consolidating the current knowledge on urban 676 
agriculture in productive urban food systems: Learnings, gaps and outlook. J. Clean. Prod. 677 
209, 1637–1655. https://doi.org/10.1016/j.jclepro.2018.11.004 678 

Zabaniotou, A., Kamaterou, P., Pavlou, A., Panayiotou, C., 2018. Sustainable bioeconomy 679 
transitions: Targeting value capture by integrating pyrolysis in a winery waste biorefinery. 680 
J. Clean. Prod. 172, 3387–3397. https://doi.org/10.1016/j.jclepro.2017.11.077 681 

 682 


