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Executive Summary 

The current deliverable aims at presenting an approach for modelling the DECISIVE circular 

bioresource management systems using a system-level Life Cycle Assessment (LCA) model. The 

study contributes to the methodological development of the environmental and economic assessment 

of the DECISIVE system including the activities associated with biowaste generation, management and 

treatment, and bio-product utilization. 

The system-level sustainability assessment is performed and exemplified by the DECISIVE 

demonstration site in Lyon, France, the currently developed DECISIVE pilot plant. The system consists 

of two main components, the biowaste treatment plant and the ReFarmer’s urban farm. Both 

components are evaluated and discussed, while suggestions for future improvements of the system 

are also included in the study.  

The two methodologies used to evaluate the demonstration site are the life cycle assessment 

methodology, for the environmental performance, and the net present value analysis, for the economic 

performance. The goal of the environmental life cycle assessment was to identify hotspots in the system 

and the potential climate change mitigation and restoration services from local biowaste resource 

management and bio-based production systems as described in D3.1. Changing the urban metabolism 

by reducing waste fluxes and material and energy consumption is reflected in the environmental and 

economic performance of the system. The economic assessment presents the potential for economic 

feasibility of the system, by taking into account the capital expenditures, operational costs, and 

revenues of the system.  

The results of the study showed that the DECISIVE system can provide both environmental and 
economic benefits. The environmental benefits of the system are mostly sourced from the avoided 
production of insecticide, which has emission and energy intensive processes. Further environmental 
benefits are associated with the bio-energy and bio-fertilizer production. However, the energy 
consumed in the DECISIVE pilot plant is higher compared to conventional combined heat and power 
units, resulting in net negative electricity use for the system. 

The life cycle assessment of the urban farm also concluded that the system offers environmental 
benefits. The ReFarmer’s urban farm of the DECISIVE project was compared to conventional 
production of leafy greens, i.e., in greenhouse and on open field. The results showed that the vertical 
hydroponic farming performs better in most impact categories compared to production in a 
greenhouse. On the other hand, the vertical hydroponic farm does not perform better compared to the 
open field cultivation, due to the higher demand of electricity and capital goods.  

Overall, the ex-ante assessment of the DECISIVE decentralized biowaste management system 

performs better environmentally compared to centralized large-scale biogas plants, when the solid state 

fermentation unit is included and the high-value bioproducts replace high impacting conventional 

products in the market. Environmental hotspots, such as the electricity consumption of the Stirling 

engine, can be further addressed to increase the environmental performance of the system. 
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1 Introduction 

Future food provisioning is challenged by local and global constraints that put food security at risk on several 
levels. The increasing European urban population (United Nations, 2014) creates an ever-increasing food 
demand and makes the urban waste management a challenge for the local communities due to the quantity 
of biowaste generated and the –often– low quality of biowaste captured in the system. The climate change 
impacts result in reduced crop yields and increased frequency of extreme weather events (Schmidhuber 
and Tubiello, 2007) that put food production and provisioning under risk while threatening the livelihood of 
farmers and others. Last, the increasing demand for mineral non-renewable fertilizers (Cordell et al., 2009), 
which is the result of the increasing food demand and competes with the reduced yields due to climate 
change, is accompanied by negative environmental and social impacts. In addition to these constraints that 
increase the burden for the food supply chain, the food system is also inherently responsible for 
environmental degradation considering the production, distribution, final consumption, and waste 
generated throughout its supply chain.  

The above mentioned constraints are enhanced by the current linear economy paradigm, where the primary 
sector (agriculture) provides food products to different food and beverage industrial sectors, who in their 
turn deliver the food to commercial and private consumers. Biowaste is generated throughout the whole 
food supply chain but in Europe, higher rates are noticed in the post-consumer phase, compared to lower 
income countries, where higher rates are noticed at the primary production stage (FAO 2011). Post-
consumer waste is collected through the municipal waste collection scheme, while the municipalities, 
typically, outsource the waste collection service to a company that collects the mixed or source-separated 
waste. The waste fractions, including the biowaste, are then transported for landfill, incineration, or to 
centralized composting or biogas plants. Recently, large-scale mechanical–biological-treatment plants, 
combining mechanical processes (e.g. shredding, separation and densification) and biological treatment 
(aerobic and anaerobic degradation), have become a solution for processing mixed waste (Di Lonardo et 
al., 2012). However, separate biowaste collection results in improved quality of biowaste compared to 
biowaste collected in mixed waste in terms of reduced micro-pollutant content, which is a key issue for the 
quality of the future biowaste derived fertilizers (Angouria-Tsorochidou and Thomsen 2021).  

The decentralization of waste management argues to support better planning, fair distribution of material 
and economic resources, and increased citizen participation (Di Matteo et al. 2017; Pai, Ai, and Zheng 
2019). Local and circular biowaste management is associated with environmental benefits (Tiwary et al. 
2015; Vaneeckhaute et al. 2018), advantages on impacts on ecosystems, and reduced resource 
consumption (Zeller et al. 2020). The DECISIVE project investigates the concept of a decentralized 
biowaste management scheme including a micro-scale anaerobic digestion and a solid state fermentation 
unit for the valorisation of biowaste. The anaerobic digestion produces digestate (organic fertilizer) and 
biogas, while the solid state fermentation unit, produces bio-insecticides. Therefore, environmental benefits 
can be acquired when the products obtained from the bioeconomic value chain of the DECISIVE concept 
substitute emission intensive conventional products in the market.  

In the DECISIVE concept, the term “decentralized” refers to treating biowaste in small capacities and having 
the biowaste generators, the biowaste processors, and the biowaste utilization outputs (of the same supply 
chain) in close proximity. To fully utilize the biowaste valorisation, the DECISIVE pilot plant (biowaste 
processor) in Lyon is established at the peri-urban area of the city and it is coupled with an urban farm 
(biowaste utilization output), which is able to use the products produced by the DECISIVE system. The 
urban farms have the potential to provide food with less food loss and waste due to short transportation 
distance, and a number of other beneficial services, including increased self-sufficiency of the city and 
recreational and aesthetic value to the local citizens. Thus, coupling urban farms with the biowaste 
treatment unit creates the potential for a closed-loop resource management system, with minimized losses 
and distances. Food production, consumption, and food waste management are entangled, allowing for 
resource conservation, reduced environmental impacts, and circular design. This circular design, enhances 
the relation and collaboration between the different actors of the supply chain, resulting in potentially better 
environmental performance, and social and economic benefits.  

The technologies included in the DECISIVE concept, i.e., the micro-scale anaerobic digestion and the solid 
state fermentation unit, are developed from individual partners and/or sub-contractors of the project. The 
DECISIVE concept is, to date, not fully implemented in any of the DECISIVE pilot countries. The DECISIVE 
pilot plant in Lyon, has been operating a micro-scale anaerobic digestion for treating biowaste from 
biowaste producers in the Lyon Metropolitan area. Thus, this work combines the practical knowledge 
gathered from the pilot plant on the biowaste collection (distance, quality) and the micro-scale anaerobic 
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digestion (biogas production) with theoretical knowledge (literature data) on the environmental performance 
of the anaerobic digestion (emissions), the solid state fermentation (emissions), and the application of 
digestate (emissions and substitution of mineral fertilizers) to provide a holistic assessment of the 
DECISIVE concept. Four main actors comprise the supply chain in the DECISIVE concept, located in the 
urban and peri-urban area. These actors are the biowaste producers, the waste management operator, the 
solid state fermentation operator and the urban farms, functioning in close-collaboration in the DECISIVE 
concept.  

The biowaste producers are both public and private entities in the form of individuals and enterprises, who 
consume food products and generate food waste. The pilot plant received biowaste from five biowaste 
generators:   

 Lycée Horticole is a high school canteen that provides 15% of the biowaste capacity to the plant 

and it is located at a distance of 0.1 km.  

 Cours del Loges is a gastronomic restaurant that provides 17% of the biowaste capacity to the plant 

and it is located at a distance of 9 km. 

 Biocoop Croix Rousse is an organic grocery store that provides 13% of the biowaste capacity to 

the plant and it is located at a distance of 6.2 km. 

 Valpre is a hotel that provides 6% of the biowaste capacity to the plant and it is located at a distance 

of 5.2 km. 

 Institute Paul Bocuse is a higher education institution that provides 49% of the biowaste capacity 

to the plant and it is located at a distance of 5.3 km. 

  

The yearly amount collected from all the biowaste generators is considered to be 50 t while the round-trip 
distance for the biowaste collection is calculated to 25.3 km.   

The next actor in the supply chain is the waste management operator, who receives the food waste that 
needs to be treated in a legal and sustainable way in agreement with the Waste Framework Directive 
(European Commission 2008) and its amendment (European Commission 2018), while allows for the 
utilization of the products according to the EU fertilizer Regulation (European Commission 2019). The 
treatment technology is anaerobic digestion, which produces biogas and digestate. The annual plant 
capacity of the DECISIVE anaerobic digestion unit in Lyon is 50 t. 

The solid state fermentation consists the next downstream process. The solid state fermentation becomes 
of high interest in the DECISIVE concept because it provides a solution for sustainable management of the 
digestate and it unfolds business opportunities through the marketing of the high-value products. The solid 
state fermentation has the ability to produce different types of products, however, the insecticide is chosen 
due to the type and the location of the pilot plant (next to an urban farm). A small scale biorefinery will allow 
for the management of the digestate while avoiding economic and environmental costs related to 
transportation of waste (DECISIVE 2017b). Resilient and adaptable technologies can support the future 
bio-based economy by offering specialized solutions in different areas. .  

The last actor in the DECISIVE concept loop are the urban farms. The urban farms can make use of the 
digestate and its fertilization properties, the heat produced from the anaerobic digestion to heat up 
greenhouses, offices or other spaces, and the bio-insecticide as a sustainable pest control method, in order 
to produce fresh and local vegetables. Urban agriculture is considered a promising method able to tackle 
some of the challenges posed by conventional cultivation practices while also having positive economic 
and social effects (Barthel et al., 2015; Dixon et al., 2009; Goldstein et al., 2016a). Urban farming 
communities and companies are extremely diverse in their design, functionalities, output products and 
services and include, among others, small commercial farms, community supported agriculture, community 
gardens, rooftop gardens or greenhouses, hydroponic and aquaponics farms and indoor agriculture (Mok 
et al., 2014; Marini et al. 2021). They create societal resiliency and communities of increased awareness, 
with potential sustainable lifestyles. Teaching people how to grow food locally, contributes to increased 
dignity of urban communities across generations (MUFPP, 2015). 

The vegetables and fruits produced in the urban farm are supplied to the biowaste producers or consumers. 
In this way, the urban metabolism transformed from a consuming behaviour importing food and energy 
while exporting waste into a more healthy and self-sustaining circular food system allowing biowaste 
producers or consumers to get access to fresh, locally grown food, with minimum transportation distances, 
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fair working conditions and rights, and under an environmental protection regime. The close proximity and 
collaboration of the actors can support better planning and organization of the whole supply chain.   

In the DECISIVE project, urban agriculture is one element of the concept “localized” biobased circular 
economies (BCEs) as described in D3.1. The starting point of the urban biobased circular economy is the 
implementation of a separate biowaste collection system feeding the local circular biowaste valorisation 
system. Deliverable 3.3 focuses mainly on the environmental sustainability and economic aspects of local 
circular urban bioresource management systems aiming for local self-supply from biowaste valorisation, 
according to the DECISIVE solution of how to change the urban metabolism as visualized in Figure 1. 

 

 

Figure 1. Closing the loop through the DECISIVE solutions in urban and peri-urban areas 
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2 System-level bioresource life cycle assessment 

To evaluate the environmental performance of the DECISIVE concept there is the need for performing a 
system-level sustainability assessment. The system level sustainability assessment takes into 
consideration the resource inputs, outputs, and emissions of all the actors and processes included in the 
DECISIVE concept, as well as their in-between interactions. A system-level assessment, in comparison to 
a process level, offers a holistic approach for the assessment of the environmental performance of the 
system by taking into account burden shifting (between processes) and exchanges between the processes 
of the system. The aggregated performance of the individual activities performed in the system allows for 
identification of long-term, e.g., climate change, and temporal, e.g., eutrophication, environmental impacts 
and provides the basis for avoidance of burden shifting and trade-offs between activities and other systems.  

Life cycle assessment is a technique for assessing the environmental aspects associated with a systems 
or a products life cycle. The graphical representation of the technique is shown in Figure 2. A life cycle 
assessment study consists of four main steps: 

Step 1: The goal and scope definition step defines the system under assessment. It takes into account the 
system boundaries and the activities that the system takes responsibility for. In this step, the functional unit 
is decided, which is the reference amount to which all inputs, outputs, and emissions are allocated in a 
specific time frame. The functional unit also serves as a comparable unit with other systems and studies.  

Step 2: The inventory analysis is the data collection process, where the specific quantification and 
description of energy, material, and emission flows are defined and calculated. The inventory analysis 
focuses especially to the interactions of the system with the global environment, the consumed and 
produced materials, and the emissions to the different environmental compartments, such as air, water, 
and soil.  

Step 3: The impact assessment is the step where all the data from the inventory are combined under a 
specific methodology for the calculation of specific environmental indicators in the impact assessment 
categories. 

Step 4: The interpretation of the results involves a critical review of the results and result presentation in a 
communicative manner for applications such as strategic planning, public policy making, and product 
improvement and development.  

 

 

Figure 2. Life cycle assessment steps. 

Life cycle assessment studies exploring the environmental performance of anaerobic digestion usually 
focus on the comparison with alternative treatment strategies, such as incineration, and conclude in favor 
of the anaerobic digestion (Khoshnevisan et al. 2018; Mayer et al. 2020; Tonini et al. 2020). Community-
based anaerobic digestion systems are also found to perform environmentally sustainable (Righi et al. 
2013; Zhang et al. 2021) while facing challenges to be economically viable when they are not supported by 
subsidies, gate fees, or carbon taxes (Ascher, Li, and You 2020). Closed-loop circular food systems 
including anaerobic digestion and the use of digestate as a fertilizing material can result in 80% reduction 
of the energy needed for vegetable production (Stoknes et al. 2016). However, this is the first effort to 
evaluate the environmental and economic performance of a biowaste management system with integrated 



 

System-level bioresource life cycle assessment (LCA) model 

 

13 

anaerobic digestion and solid state fermentation. The results presented in this Deliverable show the 
environmental and economic performance of the micro-scale biowaste management system as it is realized 
with the DECISIVE pilot plant in Lyon, including the consequences of its transformation into a novel 
biowaste-based biorefinery network with solid state fermentation. The method used for the life cycle 
assessment was the attributional life cycle assessment and the system under assessment is identified in 
Situation A: Micro-level process-related decision support. The life cycle assessment was performed 
according to the international standards ISO 14040 (International Organization for Standardization 2006) 
and the guidelines provided by the International Reference Life Cycle Data System (ILCD) Handbook (EU-
JRC, 2010), following an attributional approach with system expansion. The attributional LCA approach is 
chosen over the consequential (Ekvall 2020). According to Finnveden et al. (2009), an attributional LCA 
describes the global environmental impacts to and from a life cycle while a consequential LCA describes 
how the global impacts will change as a response to a decision. The changes in the latter reflect the impact 
on the long-term marginal suppliers of each process (Weidema et al. 2018) that might not be affected by 
small-scale systems such the one under assessment. The modelling is performed in the SimaPro software 
9.1 (PRé Sustainability 2021) using the Ecoinvent database version 3.7.1 (Wernet et al. 2016; Moreno Ruiz 
et al. 2020) for the background data while primary data from the DECISIVE demonstration sites are used 
for the foreground system. The impact assessment is performed using the life cycle impact assessment 
(LCIA) methodology ReCiPe 2016 at midpoint level (H) (Huijbregts et al. 2017).  

The demonstration site in Lyon is currently the only DECISIVE pilot plant in operation, combining source-
separated food waste collection and its subsequent treatment in the micro-scale anaerobic digestion unit. 
The heat produced from burning the gas in the pilot mAD unit was intended to be utilized in the urban farm 
(greenhouse) of ReFarmers (DECISIVE project partners) for the production of fresh vegetables. The 
anaerobic digestion unit and the greenhouse are in close proximity, ensuring optimal conditions for product 
utilization.  

The demonstration site in Lyon has not implemented the solid state fermentation unit. However, 
experimental data from the Autonomous University of Barcelona (project partner) and further literature data 
were used to simulate the DECISIVE scheme. The demonstration site in Lyon is modelled as two separated 
systems, i.e., i) the waste management system and ii) the urban farming system, based on their individuals 
operations. This report uses a model of the DECISIVE pilot plant in Lyon that considers data from the actual 
collection of biowaste, e.g., biowaste producers’ location and distances, and its processing in the mAD unit 
(excluding the emissions that are based on literature data) to produce digestate and biogas for heating the 
unit, a theoretical part based on experimental data comprising the solid state fermentation unit to process 
fractions of the digestate produced by the mAD unit, and data from the urban farm of REFARMERS located 
in the same premises as the mAD pilot.  
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3 Environmental and economic assessment of the Lyon 

demonstration site 

 

3.1 Environmental life cycle assessment  

 

The goal of this deliverable is to explore the environmental impacts and economic performance of the 
decentralized biowaste management system, as it is realized by the DECISIVE concept in Lyon, France. 
The system boundary, as shown in Figure 3, includes the inputs, outputs, and emissions of the biowaste 
collection, storage, pre-treatment through a grinding process, the anaerobic digestion, and energy 
generation from biogas, the separation of digestate into its liquid and solid fractions, and its application of 
farmland. The solid state fermentation is used to produce bio-insecticides from Bacillus thuringiensis 
(Rodríguez et al. 2019) and the study takes into account the exchanges related with the process and the 
substitution of conventionally produced insecticides. The system follows a “cradle to cradle” approach, 
excluding the upstream processes of waste generation as “zero-burden” (Björklund, Finnveden, and Roth 
2010).  The objectives of the study are to evaluate i) the micro-scale biowaste treatment technology and 
the associated impacts when it is transformed into a biowaste-based biorefinery with solid state 
fermentation, and, ii) the system performance when it is scaled-out to a decentralized network of biowaste-
based biorefineries, with and without the co-existence of a centralized treatment plant. 

The assessment is a case study in Lyon metropolitan with 2.2 million inhabitants and 534 km2. The biowaste 

generated and sorted in the catchment area was estimated to 102,013 ty-1 (Thiriet, Bioteau, and Tremier 

2020). The DECISIVE pilot plant has a capacity of 50 ty-1 and it is located in the peri-urban area of Lyon 
and it receives waste from five biowaste producers, such as educational organizations, retail stores, and 
restaurants. The optimal network for the decentralized scheme was developed by Thiriet et al. (2020), 
taking into account the location of biowaste generation sources, the potential treatment plants, and the 
digestate outlets (agricultural areas), including constraints like environmental regulations, urban planning 
rules, and site accessibility. The network captured 10% and 20% of the biowaste generated allowing a 
maximum distance of 5 km between the biowaste source and the treatment plant to favor reduced 
transportation distances.  

The functional unit of the study is the treatment of 1 t wet weight (ww) biowaste and five scenarios were 
designed to reflect the different setups of the study. Scenario 1 (S1) models the operation of the DECISIVE 
pilot plant with mAD and scenario 2 (S2) models the same system coupled with the SSF process for the 
production of bio-insecticide, allowing for a direct comparison between the energy-centered system and its 
expansion to a biowaste-based biorefinery. The decentralized network is modelled in scenario 3 (S3) and 
scenario 4 (S4), where 10% (9,135 t) and 20% (18,281 t) of the biowaste generated in Lyon is captured by 
the system, respectively. Scenario 5 (S5) explores the changes associated with S4, when a centralized 

plant with a capacity of 10,000 ty-1 is installed along with the decentralized network. A scenario overview 
is given in Appendix A1. 

The scale-out of the system implies the installation of 170 (S3) to 273 (S4) mAD plants (Thiriet, Bioteau, 
and Tremier 2020). The large number of installations poses a risk for intensive structural material use 
compared to a centralized plant with equal capacity, thus, the environmental performance is assessed 
including the infrastructural components. 
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Figure 3. Flowchart and mass balance per functional unit (units are in t, energy in MW) of the 
decentralized biowaste management system, expanding from the energy-centered in S1 (top) to 
the biowaste-based biorefinery system in S2 (bottom).  

 

3.1.1 Life cycle inventory 

The biowaste is generated in the urban and peri-urban area of Lyon. In S1-S4, correct sorting allows the 
pre-treatment to operate without a reject fraction but it is still incorporated for enhancing the biogas 
production (Ariunbaatar et al. 2014; Phun Chien Bong et al. 2018). In S1-S4, the waste captured is 
generated by the retail sector resulting in a higher feedstock quality than in S5, where the inclusion of the 
centralized plant result in capturing household biowaste and green waste (Angouria-Tsorochidou and 
Thomsen 2021). The feedstock quality received at the decentralized and centralized plant is shown in 
Appendix A2. In the centralized plant (S5), pre-treatment with a biopulp technology is considered with the 
reject fraction to be incinerated. The emissions related to incineration of the reject fraction are adopted from 
Khoshnevisan et al. (2018).  

Two alternative means of transport are modelled, collection with a light commercial vehicle (Sxa) and 
collection with an electric bicycle (e-bike) (Sxb). For collection with light commercial vehicles, a small truck 

with a capacity of 1 t is considered. In S1a and S2a, the collection is performed in a 26 kmt-1 round trip. In 

S3a and S4a the collection distance is 0.3 kmt-1 and 0.8 kmt-1, respectively (Thiriet, Bioteau, and Tremier 
2020). In S5a, a 21 t lorry is employed to collect the biowaste treated in the centralized plant and light 

commercial vehicles for the decentralized plants, with a collection distance of 0.8 kmt-1 and 3.2 kmt-1, 
respectively (Thiriet, Bioteau, and Tremier 2020). For collection with an e-bike, each waste producer is 
visited individually and a cargo trailer with a capacity of 130 L and a load of 120 kg is considered. In S1 and 

S2, the collection distance is 87 kmt-1 while in S3, S4, S5 the collection distance is 2.6 kmt-1, 7.0 kmt-1, 

and 26.6 kmt-1, respectively (Thiriet, Bioteau, and Tremier 2020). Further information on the biowaste 
collection is given in Appendix A3.  
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The biowaste is received at the facility and is stored for a maximum of 7 days with a mass loss of 8.4% 
(DECISIVE 2018). It is pre-treated, with a grinding process, and water is added to ensure correct stirring of 
the substrate (50% of feedstock’s mass). The methane production in the mAD is considered to be 80% of 
the biochemical methane potential (BMP) (DECISIVE 2018). The volume of the produced biogas (63% 

CH4) is calculated to be 113 Nm3t-1 ww, which is a relatively conservative estimation (Khoshnevisan et al. 

2018; Walker et al. 2017). For the centralized system the methane production is 151 Nm3t-1 ww 
(Khoshnevisan et al. 2018). It is assumed that all the nutrients and heavy metals present in the feedstock 
are transferred to the digestate. The raw digestate is separated into its liquid and solid fractions. The 
partitioning factors and composition of the liquid and solid digestate are given in Appendix A4. 

Biogas leakages are a key parameter for the global warming potential of the system and range from 0% to 
10% of the biogas produced (IPCC, 2006). Liebetrau et al. (2013) found that the biogas plants with smaller 
combined heat and power engine capacities demonstrate lower emissions per kWh. Fugitive emissions of 
1% are used for the decentralized system and 3% for the centralized plant (Edwards et al. 2017; Evangelisti 
et al. 2014), considering a better maintenance and performance of the former. Biogas is combusted to 
produce heat and electricity. A small fraction of biogas is considered to be emitted unburned (Ascher, Li, 
and You 2020; Møller, Boldrin, and Christensen 2009) while carbon monoxide (CO), nitrogen oxides (NOx) 
and non-methane volatile organic compounds (NMVOCs) from the stirling engine are also considered  
(Evangelisti et al. 2014). The electricity (20%) and heat (80%) produced are calculated using the biogas 
yield and the conversion efficiencies of the CHP unit, which can reach up to 80% efficiency, also supported 
by Møller et al. (2009).  

The mass input for the solid state fermentation is solid digestate (47%) that is mixed with raw biowaste 
(28%) and woodchips as bulking agent (26%) (DECISIVE 2017a, 2017b). The SSF operates at 30% of the 
reactor’s capacity (70.5 kg). The inventory is based on the experiments performed in the DECISIVE project 
(Rodríguez et al. 2019), where Bacillus thuringiensis acts as an active bio-insecticide. Fugitive emissions 
from the solid state fermentation unit are calculated based on the work performed by Maulini-Duran et al. 
(2015).  

The use of digestate as fertilizer has been widely employed and the EU Regulation on fertilizing products 
is established to ensure their quality and market value (European Commission 2019). The digestate is 
considered to substitute diammonium phosphate fertilizer according to its phosphorus content (Thomsen 
et al. 2017b; Niero et al. 2014). The application of the digestate on agricultural land results in biogenic CO2 
and N2O emissions (Møller, Boldrin, and Christensen 2009), although studies suggest reduction of N2O 
when organic fertilizer is used (Favoino and Hogg 2008). Emissions of NH3, NO3

-, and NH4
+ from the 

digestate application are also accounted for and are adopted from (Khoshnevisan et al. 2018). The bio-
products are utilized locally in S1 and S2 with less than 10 km transportation. In S3-S5 the payload 
distances are adopted from Thiriet et al. (2020). A detailed inventory of the system’s emissions is presented 
in Table 1. 

Table 7. Life cycle inventory 

Emissions Unit Value Reference 

Anaerobic digestion    

CH4 kgt-1 ww 0.47 - 1.4 (Bernstad and La Cour Jansen 2012) 

CO2, biogenic kgt-1 ww 0.83 - 2.48 (Bernstad and La Cour Jansen 2012) 

Combustion of biogas 

  

 

CO gMJ-1 biogas 0.115 (Evangelisti et al. 2014) 

NOx gMJ-1 biogas 0.148 (Evangelisti et al. 2014) 

NMVOC gMJ-1 biogas 0.105 (Evangelisti et al. 2014) 

CH4 (unburned) kgt-1 ww 0.6 - 0.97 (Møller, Boldrin, and Christensen 
2009) 

CO2 (unburned) kgt-1 ww 3.6 (Ascher, Li, and You 2020) 

SSF    

VOC kgt-1 DM 0.3 (Maulini-Duran et al. 2015) 

CH4 kgt-1 DM 0.00612 (Maulini-Duran et al. 2015) 
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N20 kgt-1 DM 0.0632 (Maulini-Duran et al. 2015) 

NH3 kgt-1 DM 1.9 (Maulini-Duran et al. 2015) 

Digestate application    

CO2, biogenic of the carbon applied on soil 0.86 – 0.96 (Møller, Boldrin, and Christensen 
2009) 

N20 of the nitrogen applied on soil 0.013 – 0.017 (Møller, Boldrin, and Christensen 
2009) 

NH3 of the nitrogen applied on soil 0.01 (Møller, Boldrin, and Christensen 
2009) 

NO3
- to surface water , % of the nitrogen applied on soil 23.3 (Khoshnevisan et al. 2018) 

NO3
- to ground water % of the nitrogen applied on soil 39 (Khoshnevisan et al. 2018) 

NH4
+ % of the nitrogen applied on soil 7.1 (Khoshnevisan et al. 2018) 

C storage of the carbon applied on soil 0.04 – 0.14 (Møller, Boldrin, and Christensen 
2009) 

 

3.1.2 Impact assessment 

The system contributes to several impact categories (ICs). Direct process emissions of N2O and CH4 
contribute to global warming, while NH4

+ and heavy metal emission contribute to marine and terrestrial 
ecotoxicity. The substitution of fossil fuels by bioenergy contributes to reduction of fossil resource scarcity 
and the substitution of mineral fertilizers reduces freshwater eutrophication from phosphorous rock mining 
activities (Thomsen et al. 2017a). The results for all Impact categories are presented in Appendix A5 while 
the most relevant Impact categories are presented. 

 

3.1.3 Interpretation of results and sensitivity analysis 

The interpretation of the results and the presentation of the environmental impacts are shown in section 3.  

The European Union and the Joint Research Centre have developed and recommend the Environmental 
Footprint (EF) methodology (Fazio et al. 2018) as a common way of measuring environmental performance 
in the European territory (European Commission 2013). Earlier studies have demonstrated significant 
differences between different LCIA methodologies due to critical differences in the characterization factors 
(CFs) and impact pathways covered by the individual LCIA methodologies (Pizzol et al. 2011a, 2011b). A 
sensitivity analysis on the choice of the LCIA methodology is performed. The scenarios are, thus, analysed 
with the EF methodology and the results are compared to the results obtained from the ReCiPe 2016 
methodology.  

The choice of the avoided product is the most significant factor influencing the results. A sensitivity analysis 
is applied on the selected product (insecticide) and the results acquired from the different choices are 
discussed. The selected avoided product is the only available option in the Ecoinvent library 3.7.1 (Wernet 
et al. 2016) and has the highest impact compared to all the other options, thus resulting in significant 
avoided emissions. Other insecticides are available from the Agri-footprint library (Paassen et al. 2019). 
The two libraries use different methodologies and activity data, although they are both compatible with 
ReCiPe 2016. Two different insecticides from the Agri-footprint library are used for the sensitivity analysis, 
with average and low environmental impacts, and are compared with the default choice from the Ecoinvent 
library.  

 

3.2 Economic assessment and net present value 

The net present value analysis (NPV) is used to evaluate the economic performance of the system. The 
method calculates the net present value of all future economic streams and balances them with the capital 
investment of the project. Cash outflows (costs) are taken as negative values and cash inflows (revenues) 
are taken as positive values. A desirable project is indicated with a positive net present value. As cash 
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outflows are considered the capital costs (CAPEX) for the treatment equipment, the collection vehicles, and 
their operational costs (OPEX). As cash inflows are considered the revenues from the heat, electricity, 
organic fertilizer and bio-insecticide.  

The lifetime of the project was considered 20 years with a discount rate of 6% (Ascher, Li, and You 2020). 
The future cash flows (positive and negative) for each year were calculated and discounted to their present 
value. The sum of the discounted annual cash flows for all the years of operation was then calculated, as 
proposed by Eq. 1 for the net present value of each scenario. The discount rate is usually company or 
project specific and it reflects the rate of return that the investors expect or the cost of borrowing money for 
the company. The higher the discount rate the longer it takes for the project to break even and offer a 
positive NPV. In this study, the selected discount rate was 6% (Ascher, Li, and You 2020), which is at the 
lower end of the usual range of discount rates (6-12%). On the other hand, the European Commission 
(2017) suggests a social discount of 4%. The low discount rate of 6% reflects a low-risk, low-return 
investment. 

 𝑁𝑃𝑉 =∑
𝑅𝑡

(1+𝑖)𝑡

𝑛

𝑡=1
   Eq. 1 

where, Rt is the net cash inflow-outflows during a year t, i is the discount rate, and t is the number of years 
of the project.  

Angelonidi and Smith (2015) found a strong linear relationship between the CAPEX and the plant’s 

capacity. The CAPEX ranges from 20€ to 45€t-1 ww that results in 1,000€ to 2,250€ for the pilot plant 
(Angelonidi and Smith 2015). The estimation is relevant for biogas plants with capacities higher than 10,000 

ty-1 (Angelonidi and Smith 2015) excluding the costs associated with post-treatment. Arango-Osorio et al. 

(2019) estimated the CAPEX at 5,509€kW-1 that results in 688€t-1 ww for this study. Both methods seem 
to underestimate the cost of investment for small-scale plants. The CAPEX for the small-scale plant is 
167,000€ and 202,000€, without and with the SSF unit, respectively, significantly higher compared to 
literature. A CAPEX reduction of 15% for S3 and 20% for S4 (communication with the technology provider) 
is considered, due to the amount of units required.  

The OPEX considers the labour hours of operating the mAD (0.18 ht-1 ww) and the SSF unit (45 ht-1 ww), 

and the maintenance costs of the mAD (60 €t-1 ww) and the SSF (6 €t-1 ww), according to the operational 
conditions at the pilot. The OPEX of the centralized plant is considered approximately 7% of the CAPEX 
(Ascher et al. 2019).  

The CAPEX for a light commercial vehicle is considered 35,000€ and for the large truck 200,000€, with a 
lifetime of 10 y (Groot et al. 2014; Ascher, Li, and You 2020). The CAPEX for the e-bike is 2,000€ with a 
life time of 5 y. No end-of-life or decommissioning activities at the end of the project were taken into account. 
The price of the future demand for collection vehicles is discounted to its present value, as proposed by 
Ascher et al. (2020), according to Eq. 2. The OPEX of the vehicles considers the maintenance as 1.5% of 
the CAPEX (Groot et al. 2014), the labour costs required to perform the waste collection with an average 

speed of 11 kmh-1 with the e-bike and 40 kmh-1 with the vehicles, and the diesel consumption, which was 

considered 0.38 Lkm-1 for the light commercial vehicles and 0.4 Lkm-1 for the 21 t truck (Wernet et al. 

2016), with a unit price of 1.26 €L-1 (Global petrol prices 2020). Further information are given in Table 2.  

𝑃𝑉 = 𝐹𝑉
1

(1+𝑖)𝑁
   Eq. 2 

where PV is the present value, FV is the future value, i is the interest rate and N is the vehicle’s lifetime. 

 

Table 8. Inventory for the economic assessment. 

Parameter Unit Value Lifetime (y) Reference/Comment 

Waste treatment     

CAPEX     

mAD + pre-treatment  €/unit 150,000 20 This study 

SSF €/unit 35,000 20 This study 
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Stirling engine €/unit 17,000 20 This study 

Centralized AD €/unit 4,200,000 20 Waste control, Life project 

Centralized CHP €/unit 1,000,000 20 (Lako and Simbolotti 2010) 

OPEX     

Maintenance mAD €y-1 3,000  This study 

Maintenance SSF €y-1 300  This study 

Maintenance & labour centralized plant % of CAPEX 7  (Ascher, Li, and You 2020) 

Waste collection     

CAPEX     

Electric bicycle €/unit 2,000 5 Retail price 

Light commercial vehicle €/unit 35,000 10 (FORD 2021), (ACEA,  
2021) 

21 t truck €/unit 200,000 10 (Groot et al. 2014) 

Revenues     

Heat €kWh-1 0.1  (EUROSTAT 2020b) 

Electricity €kWh-1 0.08  (EUROSTAT 2020b) 

Bio-insecticide €kg-1 30  (DECISIVE 2017a, 2017b) 

Fertilizer €kg-1 0.3  (index mundi 2020) 

Unit prices     

Labour €h-1 27.7  (EUROSTAT 2020c) 

Water €m3 4.6  (EurEau,  2017) 

Diesel €L-1 1.26  (Global petrol prices 2020) 

Electricity (sensitivity analysis) €kWh-1 4.98  (Ascher, Li, and You 2020) 

Heat (sensitivity analysis) €kWh-1 1.55  (Ascher, Li, and You 2020) 

Bio-insecticide (sensitivity analysis) €kg-1 15  50% of the market value 

 

The revenues from the sales of the electricity and heat are calculated according to the average unit price 
in EU (EUROSTAT 2020a, 2020c). The revenue from the fertilizer sales is estimated based on the 
substituted equivalent products (index mundi 2020). The market price for an equivalent product (DECISIVE 
2017a) is used to calculate the revenues from the bio-insecticide (DECISIVE 2017a, 2017b). The selected 
prices are subjected to sensitivity analysis and the results are further discussed (see Table 2).  
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3.2 Results 
 

3.2.1 Environmental life cycle assessment 

The detailed life cycle assessment results for S1 and S2 are shown in Appendix A5 and selected impact 
categories are shown in Figure 4. The contribution per process to the impact categories is shown in 
Appendix A6 for all scenarios. The results indicate that the biowaste-based biorefinery (S2) performs better 
than S1in all impact categories, both when the waste collection is performed with a truck (S2a) and an e-
bike (S2b). Collection with e-bike further enhances environmental benefits.  

The environmental impacts are broken down to direct, indirect and avoided emissions (see Appendix A6). 
High direct emissions suggest a process emission intensive system while high indirect emissions suggest 
energy and material intensive background system. Thus, indirect emissions refer to consequences outside 
the sphere of the project and are owned or controlled by another entity. In the impact categories of global 
warming, terrestrial acidification, terrestrial ecotoxicity, and marine eutrophication the direct emissions 
dominate the total impacts.  

The avoided products associated with the production of the bio-insecticide result in net negative result, 
implying restorative impacts on environment in S2. The impact category of marine eutrophication presents 
an exception, where NH4

+ and NO3
- emissions associated with the digestate application even out the 

avoided products resulting in net positive result, hence negative impacts on the environmental.  

The global warming potential of the study is calculated to 134 kg CO2 per functional unit. Direct CH4 
emissions and indirect emissions associated with the electricity consumed during the energy valorisation 
are the highest contributing activities. The obtained results are different from previous studies, such as the 
study performed by Evangelisti et al. (2014), who calculated a global warming potential of -65 kg CO2 and 
Ascher et al. (2020) who calculated a global warming potential of -92.27 kg CO2. The current study accounts 
for the material infrastructure of the plants and the production of the vehicles, which result in higher 
environmental burdens by including scope 3 emissions (Bhatia et al. 2011). Nevertheless, the determining 
factor for the results is that the electricity consumption of the decentralized plant is higher (235 kWh) 
compared to other studies that present self-sufficiency and surplus electricity production (Zhang et al. 
2021), such as Khoshnevisan et al. (2018) (26.08 kWh) and Evangelisti et al. (2014) (9.2 kWh), suggesting 
a higher energy demand per unit biowaste treated in small-scale plants. The net energy demand of the pilot 
plant is higher than the energy generated by the system, thus, further optimization of the system could 
support a better efficiency.  

Waste collection with light commercial vehicles significantly contribute to the terrestrial ecotoxicity (684 kg 
1, 4-DCB) and marine ecotoxicity (18.7 kg 1, 4-DCB), mainly due to the copper and zinc emissions to water 
from the production and maintenance of the vehicles. The fossil resource scarcity (18.4 kg oil eq) is mostly 
related to the fossil fuel used for the truck operation in S1a and S2a.  

The effect of the material infrastructure on the total environmental impacts varies across impact categories. 
For S1a, the share of infrastructure in the total global warming potential is 8% (22.7 kg CO2 eq) and in 
mineral resource scarcity is 80% (3.3 kg Cu eq). Similar results are communicated from Brogaard and 
Christensen (2016) where the capital goods of anaerobic digestion contributed the most in the impact 
categories of human carcinogenic toxicity and depletion of abiotic resources, while the impact on global 
warming constituted less than 6%. The inclusion of the material infrastructure, while increases the total 
environmental impact for all impact categories, do not influence the results at a level that reverses the 
conclusions. The only exception is the mineral resource scarcity in S1a, S1b, and S2a where if the 
infrastructure is not included, the net environmental footprint is negative implying environmental benefits. 
The results do not justify the exclusion of material infrastructure, which is often in life cycle assessment 
studies (Khoshnevisan et al. 2018; Jensen, Møller, and Scheutz 2017; Ramírez-Islas et al. 2020), but 
suggest the inclusion of capital goods in life cycle assessment modelling, in agreement with Brogaard and 
Christensen (2016).  

The materials used for the infrastructure of the solid state fermentation increase the environmental impact 
to a maximum of 6%, for the terrestrial ecotoxicity impact category. Direct emissions are decreased on an 
average of 3% due to the decreased amount of biowaste treated, equal to the amount redirected to the 
solid state fermentation.  

The avoided impacts associated with the bio-insecticide production are determining for the environmental 
results. While the selected substituted product is further examined with a sensitivity analysis, the processes 
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contributing in the environmental impact of the insecticide life cycle further support the results in favour of 
the biowaste-based biorefinery system. For terrestrial ecotoxicity, the highest negative contributing 
processes are the heat, electricity, and plant infrastructure, as well as the impacts associated with the 
production of ammonia, chlorine, and sodium hydroxide, chemicals necessary for the production of the 
conventional insecticide. The production and use of carbon tetrachloride further contribute to freshwater 
ecotoxicity and transport activities to human carcinogenic toxicity. The fact that energy related emissions 
dominate the insecticide’s profile suggests that an energy mix with a higher share of renewable resources 
would decrease the amount of avoided burdens in the system. On the other hand, the avoided insecticide 
is an energy intensive product requiring 56.2 MJ electricity for 1kg of production (Wernet et al. 2016), 
compared to 0.5 MJ in the system under assessment. The required chemicals in the process further 
aggravates the environmental profile of the insecticide that is being replaced, resulting in environmental 
credit for the biowaste-based biorefinery.    

High reduction potential in fossil resource scarcity is also present in the processes requiring electrical and 
thermal energy that can be substituted with bioenergy throughout the treatment stages. The electricity used 
in the study represent an average European mix while the thermal energy is generated from natural gas. 
Both types of energies have a high share of fossil fuels consumed.  

 

 

   

  

Figure 4. LCA results of S1 and S2.  
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The comparison of S1 and S2 showed that the biowaste-based biorefinery performs environmentally better 
compared to the system dedicated to produce only bioenergy and fertilizer. The results of the three 
scenarios modelling the system scale-out are shown in Figure 5 and the numerical results for all impact 
categories are presented in Appendix 6.  

 

 

 

Figure 5. LCA results of the biowaste-based biorefinery networks for S3, S4, and S5. 

 

The scale-out of the decentralized system poses a risk for high material use intensity. The global warming 
potential caused by the materials used for the construction of the plants is higher in S4 (17.5 kg CO2 eq) 
than S5 (9.8 kg CO2 eq), meaning that the inclusion of the centralized plant in S5 decreases the 
environmental burdens of the system. The inventory created for the decentralized plants is based on 
primary data  and might result in a more accurate environmental profile compared to the centralized plant, 
which was considered as a generic AD plant with methane recovery (Wernet et al. 2016). 

Collection with light commercial vehicles is modelled for all scenarios and the results suggest that the lowest 
environmental impact for all impact categories are in S5, followed by S4 and S3. The 21 t lorry dedicated 
to serve the centralized plant reduces the environmental impact associated with the vehicle production but 
increases the impacts associated with the maintenance and operation activities per functional unit, as 
shown in Figure 6. For the construction of vehicles, the higher impacting processes are associated with the 
wire drawing, copper production and use, and electronics and control units, also supported by Brogaard 
and Christensen (2012). The impacts for the vehicle maintenance are dominated by the diesel consumption 
and electricity intensive maintenance activities. Optimization of the collection system and employment of 
light vehicles to serve more than one decentralized plant, e.g., each light weight vehicle can serve one plant 
each day of the week, can significantly reduce the environmental impact of collection.  

Collection with e-bikes shows a better environmental performance when compared to collection with 
vehicles. Collection with e-bikes requires more frequent routes resulting in longer travelled distance. The 
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spare parts, electricity, and emissions associated with the operation of the e-bikes exceeds the impacts 
associated with its production. The highest impacting process for the production of e-bikes is the Li-ion 
battery and the electric motor while for its maintenance is the replacement of the battery and other synthetic 
rubber parts. 

 

 

Figure 6. LCA results of collection activities. 

 

The centralized plant is considered to capture lower quality biowaste due to the lower sorting efficiency of 
households compared to restaurants, canteens, retail sector etc., which has an impact on the environmental 
performance of the DECISIVE system (Pace et al. 2018). The influence of the biowaste quality on the 
environmental impact of digestate application is further discussed in Appendix A7.  

 

Sensitivity analysis 

The Agri-footprint library uses the European Life Cycle Database for energy and fuel modelling (JRC, 2013). 
The choice of the avoided insecticide was found determining for the results and can reverse the conclusions 
of the study for the Impact categories of freshwater ecotoxicity (high: -37.9 kg 1,4-DCB, average: 7.1 kg 
1,4-DCB, low: 7.7 kg 1,4-DCB), terrestrial ecotoxicity (high: -4259 kg 1,4-DCB, average: 5.9 kg 1,4-DCB, 
low: 172.2 kg 1,4-DCB), marine ecotoxicity (high: -54.9 kg 1,4-DCB, average: 9.4 kg 1,4-DCB, low: 10.6 kg 
1,4-DCB), mineral resource scarcity (high: -63.9kg Cu eq, average: 1 kg Cu eq, low: 1 kg Cu eq), and 
human carcinogenic and non-carcinogenic toxicity. Lower avoided emissions result in net positive 
environmental impacts (environmental degradation), which intensifies with collection with trucks. The 
highest share of impacts in the processes extracted from the Agri-footprint library is due to the electricity 
production and consumption, similar to the process from the Ecoinvent library.  

The choice of the impact assessment methodology defines the results of a study by assigning 
characterization factors to substances that are classified to contribute to specific ICs. The system, 
exemplified by S5, is assessed using the EF 3.0 impact assessment methodology (Fazio et al., 2018) and 
compared with the results acquired using the ReCiPe (2016) at midpoint (H) methodology. The comparison 
for S5a shows that for the  ICs of global warming (ReCiPe: -1983 kg CO2 eq, EF: -1990 kg CO2 eq), 
terrestrial acidification (ReCiPe: -10 kg SO2 eq, EF: -13.7 mol H+ eq), freshwater eutrophication (ReCiPe: 
-2.3 kg P eq, EF: -2.3 kg P eq), stratospheric ozone depletion (ReCiPe: -0.0003 kg CFC11 eq, EF: -0.0003 
kg CFC11 eq), and ozone formation (ReCiPe: -3 kg NOx eq, EF: -4.8 kg NMVOC eq) the two methodologies 
present similar results, both in order and magnitude.  
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The results for the ICs of mineral resource scarcity (ReCiPe: -64 kg Cu eq, EF: 0.01 kg Sb eq) and fossil 
resource scarcity (ReCiPe: -705 kg oil eq, EF: -38131 MJ) have different magnitudes, although, they result 
in the same order of environmental performance between S5a and S5b. The same products and 
substances are classified as contributors for both methodologies, with different characterization factors. 
The characterization factors in the EF methodology for fossil fuels are expressed as MJ/MJ, i.e. the 
characterization factor is equal to 1 for all fossil resources based on the energetic potential (Fazio et al., 
2018), while the ReCiPe methodology has different factors for fossil resources expressed in kg oil-eq/unit 
of resource, such as 0.84 oil eq Nm-3 for natural gas and 0.22 oil eq  kg-1 for peat. The ReCiPe 
methodology considers that the fossil fuels with the lower cost will be extracted first (Huijbregts et al., 2017).  
In mineral resource depletion IC, the substances with the higher contribution are gold, copper, and silver, 
and in fossil resource depletion it is peat, coal, and oil, for both impacts assessment methodologies. The 
values acquired from the EF methodology are more than 5 times higher compared to the values calculated 
with ReCiPe. The ICs human carcinogenic toxicity, human non-carcinogenic toxicity, and freshwater 
ecotoxicity present a similar trend; the same substances are of high importance in both methodologies but 
with different characterization factors and numerical results.  

The results in the IC of marine eutrophication present the most notable difference between the two 
methodologies; ReCiPe results in environmental degradation (0.3 kg N eq) and EF 3.0 in environmental 
benefits (-0.1 kg N eq). It worth noting that the same compounds and substances are included in both 
methodologies. Nitrogen emissions to air contribute in the EF 3.0 methodology while ReCiPe only includes 
characterization factors for emissions to water bodies and soil. The EF methodology uses the same 
characterization factor for the emissions to all compartments while ReCiPe has lower characterization 
factors for the emissions to freshwater and soil compared to seawater. This results in higher avoided 
emissions through product substitution and net environmental benefits when using the EF 3.0 methodology.  

 

3.3.2 Net Present Value 

The economic feasibility of the decentralized biowaste system is assessed with the net present value 
method. The results for all scenarios are illustrated in Figure 7. The net present value is calculated positive 
for S2 (a: 925,105€, b: 832,018€), S3 (a: 192 million €, b: 200 million €), S4 (a: 452 m€, b: 464 million €) 
and S5 (a: 180 million €, b: 174 million €) suggesting that the implementation of the decentralized network 
of biowaste-based biorefineries is economically feasible. The net present value for S1 is negative (a: -
528,218€, b: -651,305€) suggesting economic losses when only the micro anaerobic digestion unit is 
established. The results are in agreement with previous research, such as Ascher et al. (2020) who found 

a net present value of -13€t-1 ww compared to -558€t-1 ww (S1a) calculated for this study. The DECISIVE 
pilot has a higher total unit capital (167,000€) and annualized operational costs (27,529€) compared to the 
capital (33,123€) and operational costs (2,264€) of previous studies (Walker et al. 2017). 

The capital investment is negligible compared to the operational costs, both for the treatment and the 
collection activities, in all scenarios. The CAPEX for the treatment equipment is 12% (121€ per functional 
unit) in S4 and 33% (167€ per functional unit) in S1, of the total cost for treatment (excluding the collection 
activities). When a centralized plant is incorporated in S5 the share of CAPEX reaches 15% (81€ per 
functional unit) of the total treatment cost. The CAPEX for collection with trucks (in the “a” scenarios) is 
64% (55€), 64% (55€), 90% (51€), 89% (41€), and 84% (22€) per functional unit for scenarios S1, S2, S3, 
S4, and S5, respectively, while the CAPEX for collection with e-bikes ( in the “b” scenarios) is 3% (5€), 3% 
(5€), 55% (5€), 28% (4€), and 10% (4€) per functional unit for scenarios S1, S2, S3, S4, and S5, 
respectively, of the total collection costs. The modification of S4 to S5, with the inclusion of the centralized 
plant, radically reduces both the specific CAPEX and OPEX for biowaste treatment while collection with 
bike increases the operational costs for the collection activities from 4€ in S5a to 39€ per functional unit in 
S5b. 
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Figure 7. Results of the economic assessment for all scenarios per functional unit (dots represent 
the net value). 

 

Bioenergy is often subsidized with a higher selling price to the grid when compared to the electricity and 
heat price from the grid. When the selling price of heat and electricity is set-up to 4.98€/kWh and 1.55€/kWh 
(see Table 2), S1a performs economically profitable (NPV = 56,316€). The high OPEX, especially the high 
amount of labour hours required for the collection with e-bikes, in S1b, makes the scenario economically 
infeasible (NPV = -36,771€). Collection with light commercial vehicles is associated with high CAPEX while 
collection with e-bikes is associated with high OPEX.  

The total cost of collection is 85€ for S1a and 178€ for S1b implies double cost per functional unit when 
collection with e-bike is incorporated. In the system expansion (scale-out) scenarios, the cost for collection 
with a truck (S3: 57€, S4: 46€) is higher than the cost for collection with a bike (S3: 9€, S4: 14€) per 
functional unit, due to the lower CAPEX of the latter. In S5, when the large collection truck serves the 
centralized plant, collection with vehicles (26€) performs better economically compared to collection with 
e-bikes (43€) per functional unit.  

The revenues from the electricity sold is 16% (5€ per functional unit) is S1 and 0.2% (4€ per functional unit) 
in S2 of the total revenues. The revenues in S2 are dominated by 99% (2,257€ per functional unit) by the 
sold bio-insecticide. In the system expansion scenarios the share of the revenues for electricity is 0.2% in 
S3 (4€ per functional unit) and S4 (5€ per functional unit) and 0.5% (5€ per functional unit) in S5. The 
revenues from the digestate are negligible in all scenarios with its share not to overcome 3% of the total 
revenues. When subsidies for bioenergy are considered, the share of revenues for electricity and heat is 
45% and 55% respectively, in S1, and 5% and 7% respectively, is S2, where the rest 88% of the revenues 
is from the sales of the bio-insecticide. 

The results indicate that the decentralized system can be economically profitable and its performance can 
be potentially further enhanced with for example collection route optimization, bioenergy subsidies and 
high-value products, which is also supported by the findings of Velásquez Piñas et al. (2019). The net 
present value is calculated positive when the price of the bio-insecticide was set equal to 50% of its 
conventional equivalent suggesting robustness of the results. Biowaste collection with e-bikes, regardless 
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the high costs associated with labour activities, is able to be economically feasible while ensuring better 
environmental performance and decarbonizing the collection activities compared to collection with vehicles.  
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4 Urban farming system in Lyon 

Different urban agriculture systems have been studied from a life cycle assessment perspective, reporting 
diverse results. For example, Kulak at al. (2013) calculated that up to 34 t CO2eq ha-1 a-1 could be avoided 
by substituting conventional agricultural products with vegetables from community gardens in the UK. On 
the other hand, for Goldstein et al. (2016) urban agriculture in northern climates performs worse than its 
conventional counterpart, mainly because of its high energy requirement and/or low yields. Sanyé-Mengual 
et al. (2015) evaluated a rooftop greenhouse production in Barcelona and their results show that the urban 
agriculture system had a lower impact on the environment, but that crop efficiency was determinant for the 
performance of the cultivation. 

The demonstration site in Lyon was intended to include a vertical hydroponic urban farm run by the private 
company ReFarmers, a DECISIVE project partner, and produces leafy greens and herbs that are sold 
directly to restaurants and citizens. Romeo et al. (2018) evaluated the environmental performance of the 
high-yield vertical hydroponic farm and to compare it to conventional agriculture. The functional unit of the 
study is 1 kg leafy greens. The life cycle assessment follows a cradle-to-gate approach considering the 
cultivation phase and the transport of the products to the retailers.  

Figure 8 shows the boundaries of the system. Capital goods were included in the analysis as they are 
considered fundamental assets in hydroponic cultivation. The end-of-life of the capital goods was selected 
depending on the material: steel, aluminium and iron parts are recycled, as well as PVC and PE plastic 
components; the other plastic materials, which cannot be recycled due to their composition, are sent to 
incineration. 

 

Figure 8. Boundaries of the system. 

For conventional agriculture, two scenarios were considered: the production and delivery of lettuce grown 
in heated greenhouses (scenario S2) and the production and delivery of open field cultivated lettuce 
(scenario S3); both the scenarios were derived from the Ecoinvent database (Wernet et al. 2016). In all the 
three scenarios, the packaging of the vegetables has not been included. This choice is justified by the fact 
that the impact of packaging has been showed to be relatively low (Stoessel et al. 2012). 

The life cycle inventory data for the hydroponic unit were provided by the ReFarmers, covering four months 
of production in 2016. The annual production was extrapolated considering the seasonal variation of some 
inputs, such as the water demand (Romeo et al., 2018). The losses of production in the farm are indirectly 
accounted for, since the farmers reported the yields as production ready to be sold, i.e. the losses has been 
already subtracted. The farm covers an area of 325 m2, of which (at the time of the analysis) only 18% were 
used for the plant cultivation.  

A neighbour farm manages the transport to the retailers of the vegetables from the hydroponic farm, 
together with their production; a mass allocation was performed to distribute the impacts of this process, 
and a car trip of 20 km per week was estimated. No losses of products are assumed in this phase, due to 
the length and frequency of the trip. 
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4.1 Results 

Table 4 reports the results of the Life Cycle Impact Assessment for the three scenarios. The urban vertical 
hydroponic system (S1) shows the best performance in the categories of marine eutrophication and 
agricultural land occupation. For climate change, freshwater eutrophication and fossil depletion the impact 
is higher than on-field conventional agriculture (S3). The vertical hydroponic farm requires more capital 
goods than the other types of cultivation, since it does not rely on soil substrate and it needs vertical plastic 
structures and recirculating irrigation system, which requires electricity to operate.  

For climate change, the consumption of electricity contributes for two thirds to the impact in scenario S1, 
while in scenario S3 the production and use of fertilizers are the main responsible of greenhouse gas 
emissions. Whereas these two scenarios differ for only 0.10 kg CO2eq, when lettuce is grown in heated 
greenhouses (scenario S2), it is responsible of the emission of 7.08 kg CO2eq per every kg of lettuce that 
reaches the supermarket. By recirculating water and avoiding losses for infiltration, S1 has a water 
consumption seven times lower than greenhouse conventional production, and around four times lower 
than on-field cultivation, that benefits from rain events (see Table 3).  

The consumption of electricity for irrigation is among the main contributing processes for all the impact 
categories, but is less impacting than the consumption of heat of the conventional greenhouse scenario. In 
facts, S2 has the worst performance (except for water depletion) in every category. The controlled 
temperature in S2 results in a doubled yield with respect to on-field cultivation, but still half of the one of 
vertical hydroponic (see Table 3). Having a high production in a limited space is one of the main qualities 
of vertical hydroponic systems. An additional positive characteristic of hydroponics is that the quality and 
eventual contamination of the soil does not represent a risk for the products – simply because the two 
compartments are not in direct contact. 

Table 9. Comparison of yield, water and fertilizer consumption of the three scenarios. 

 

Table 10. Results of the life cycle impact assessment.  

 

The use of NPK fertilizer in the three scenarios is reported in Table 3. S1 needs more nutrient input than 
greenhouse cultivation, but less than on-field production, where part of the applied fertilizers is lost due to 
leaching processes. These results do not completely explain the impacts on freshwater eutrophication: in 
S1 the consumption of electricity and fertilizers are the main contributing processes, and in S2 the 
production of heat is the dominant process. S3 has a negligible use of these inputs, but needs more 
fertilizers, which determines the emission of nutrients into the water streams. About marine eutrophication, 
the actors in play are the same of freshwater eutrophication (electricity, fertilizer production and use), but 
since S3 has a high release of nitrous emissions due to the open air cultivation (which is the limiting factor 
of marine eutrophication), its impact is higher than in S1. Regarding eutrophication, a merit of hydroponics 
is the efficient use of nutrients, that, by being recycled with the water, are not released through the soil but 
remain available for the plants. The impact on freshwater ecotoxicity is due to the heat consumption in S2, 
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whereas for the other two scenarios several processes impact with the same order of magnitude: electricity 
production, fertilizer production, equipment production, pesticide production and transport.  

A benefit of urban agriculture is the shortening of the supply chain, the reduction of losses during the 
transport of the products, and the considerable lower area footprint of the production. Thanks to the 
proximity of the farm to the consumers, the vegetables are fresher and do not need to be cooled during the 
delivery. For these reasons, we assumed zero losses in the transport phase. For conventional agriculture, 
on the other hand, the reported distribution losses are approximately 12% (FAO 2011).  

 

4.2 SENSITIVITY ANALYSIS 

To determine the influence of the main inputs identified in the life cycle impact assessment, we performed 
a one-at-a-time (OAT) analysis of scenario S1 by varying the yield, the electricity consumption and the 
water consumption by ± 10%. The results in Table 5 show that the yield is the parameter that most affects 
the results, especially when it changes negatively. Variations in electricity consumption have different 
effects on the different categories, but notably this parameter is more important than water for the water 
depletion impact category. We performed also a scenario sensitivity analysis where we considered the case 
in which the hydroponic farm (S1) and the heated-greenhouse farm (S2) use only wind energy to satisfy 
their energy requirements. We chose this type of energy because wind is the second renewable energy 
source in France, after hydropower, and is easier to implement than the latter. As visualized in Table 6, the 
use of wind energy makes the hydroponic production the least impacting method of cultivation, except for 
the impacts on freshwater where it is comparable to on-field agriculture. The use of wind energy in the 
heated greenhouse improves the overall performance of this scenario, however, this cultivation remains 
the one with the highest impacts on the considered categories. 

Table 11. OAT sensitivity analysis.  

 

Table 12. Scenario sensitivity analysis: LCIA of S1 using wing energy as electricity input. 
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5 Conclusions 

 

The DECISIVE pilot plant, as it is described in the study, has been evaluated with the methodology of life 
cycle assessment and net present value analysis. The study assessed the global environmental impacts of 
the processes involved in the food/food waste supply chain of the DECISIVE paradigm and compared them 
with conventional treatment methods and agricultural practices.  

The long term effect of this argument are assessed by focusing on the risk cycle of heavy metals, especially 
through the comparison between scenario 4 and scenario 5, where the centralized plant receives lower 
biowaste quality. Moreover, the study illustrates the inverse relation of labour and emission intensive 
activities, as it is exemplified by the two transportation means assessed in the study, i.e., trucks and e-
bikes.  

The results of the study showed that the DECISIVE system can provide both environmental and economic 
benefits. The environmental benefits of the system are mostly sourced from the avoided production of the 
insecticide, which has emission and energy intensive processes. Further environmental benefits are 
associated with the bio-energy and bio-fertilizer production. However, the heating system used in the 
DECISIVE pilot plant has a much higher energy consumption resulting in net negative electricity use for the 
whole system.  

The life cycle assessment of the urban farm also concluded that the system offers environmental benefits. 
The ReFarmer’s urban farm of the DECISIVE project was compared to conventional production of leafy 
greens, i.e., in greenhouse and on open field. The results showed that the vertical hydroponic farming 
performs better in most impact categories compared to production in a soil-based greenhouse. On the other 
hand, the vertical hydroponic farm does not perform better compared to the open field cultivation, due to 
the higher demand of electricity and capital goods.  

Overall, the DECISIVE paradigm of decentralized biowaste management performs better environmentally 
compared to centralized large-scale biogas plants, when the solid state fermentation unit is included and 
the high-value bioproducts replace high impacting conventional products in the market. Environmental 
hotspots, such as the energy demand of the heating system and consequently the pilot plant in total, can 
be further addressed to increase the environmental performance of the system.   
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Appendix 

Appendix A1 

Overview of the scenarios modelled in the study 

Table A13. Scenario overview. 

Name Amount (ty-1) Technology Number of plants Valorization outlets 

Scenario (S1) 50 mAD 1 1 

Scenario (S2) 50 mAD + SSF 1 1 

Scenario (S3) 9,135a mAD + SSF 170a 194a 

Scenario (S4) 18,281b  mAD + SSF 273a 312b 

Scenario (S5) 18,281b  mAD + SSF 143 + 1 centralized planta 312b 

a Adopted from Thiriet et al. (2020), b Calculated 
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Appendix A2 

The quality of the feedstock received at the centralized and the decentralized systems is shown in Table A2. The 

biowaste captured by the decentralized plant is based on primary data received from the DECISIVE pilot plants and 

is mainly composed by biowaste from school canteens, restaurants and the retail sector. The biowaste captured by the 

centralized system is mainly composed by household waste (66%) (Angouria-Tsorochidou and Thomsen 2021), green 

waste (16%) (Clavreul et al. 2014), school canteens and restaurants (17%) (DECISIVE pilot plant). The composition 

of biowaste in the centralized plant is modelled according to the waste captured in the system designed by Thiriet et 

al. (2020). 

Table A14. Feedstock quality used in the study. 

Parameter Unit Decentralized plant Centralized plant 

Moisture content  % wet weight 77.8 65.8 

Dry matter % wet weight 22.2 34.2 

Ash % dry matter (DM) 13.0 33.76 

Organic matter % DM 87.0 62.35 

Nitrogen % DM 7.7 2.17 

Phosphorus % DM 0.4 0.24 

Potassium % DM 1.2 1.38 

Cadmium mgkg-1 DM 0.05 0.27 

Mercury mgkg-1 DM 0.2 0.06 

Nickel mgkg-1 DM 1.2 4.55 

Lead mgkg-1 DM 0.5 13 

Arsenic mgkg-1 DM 0.0 1.33 

Chromium mgkg-1 DM 0.7 13.35 

Copper mgkg-1 DM 7.3 16.48 

Zink mgkg-1 DM 39.4 70.07 
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Appendix A3 

Two alternative transportation means for collection are assessed, a light commercial vehicle (Sxa) and an electric bike 

(e-bike). In S1a and S2a that the biowaste is collected with a truck, all the waste generators are consecutively visited 

on a weekly basis. The round-trip is 25 km and the time required for loading is 0.08h at each stop.  

The biowaste generators connected to the pilot plant are not at optimal locations in relation to the decentralized system. 

Under ideal circumstances, the biowaste generators would be connected with the facility at the closest proximity. The 

ideal network for Lyon Metropolitan is designed by Thiriet et al. (2020) and is assessed in S3, S4, and S5. The 

distances required for S3, S4, and S5, for collection with e-bikes and trucks are given in Table A3, along with the size 

of required fleet in each alternative. In S5, the collection for the centralized plant is considered to be performed with 

a 21 t lorry for municipal waste collection (Wernet et al. 2016). The lifetime of the trucks is considered to be 10 y and 

of the e-bikes 5 y. 

As payload distance is defined the carrying capacity of a vehicle over a specific distance. The light commercial vehicle 

(S3a, S4a, and the decentralized network of S5a), the e-bike (S3b, S4b, and S5b), and the lorry (centralized plant of 

S5b) have a loading capacity of 1t, 0.12t, and 4.1t, respectively. The payload distances for the scenarios are adopted 

by Thiriet et al. (2020) while the travelled distances for each scenario are calculated according to the capacity of the 

vehicle.  

Each vehicle is assumed to serve one plant and the share of the required fleet is calculated according to the lifetime of 

the vehicles. Maintenance activities and fuel consumption for all vehicles are also included (Wernet et al. 2016).  

Table A15. Biowaste collection inventory. 

Waste collection   S3a  S3b  S4a  S4b  S5a  S5b  

Payload distance tkm 2,882  2,882  15,274  15,274  58,318  58,318  

Total distance km 2,882  24,017  15,274  127,283  58,318  485,983  

Production of e-bike piece -    34.00  -    54.60  -    54.60  

Maintenance of e-bike piece -    61.82  -    99.27  -    99.27  

Energy use for e-bike km -    24,017  -    127,28  -    485,983  

Production of truck piece 17 -    27.30  -    14.30  -    

Maintenance, fuel and 

emissions of truck 

tkm 2,882 -    15,274  -    26,417  -    

Distance with large truck for 

centralized plant 

km -    -    -    -    7,781 -    

Production of large track piece -    -    -    -    0.10  -    
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Appendix A4 

Partitioning factors for digestate separation, adopted from Angouria-Tsorochidou et al. (2021). 

Table A16. Partitioning factors for digestate separation. 

Parameter To solid (%) To liquid (%) 

Water content 0.43 0.57 

Dry Matter 0.94 0.06 

Carbon 0.92 0.08 

Total Nitrogen 0.65 0.35 

Phosphorus 0.96 0.04 

Potassium 0.55 0.45 

Cadmium 0.74 0.26 

Mercury 0.99 0.01 

Nickel 0.94 0.06 

Lead 1.00 0.00 

Arsenic 0.98 0.02 

Chromium 0.98 0.02 

Copper 0.99 0.01 

Zink 0.99 0.01 

 

Appendix A5 

Table A17. Aggregated LCA results for S1 and S2 (per FU). 

IC Unit S1a S1b S2a S2b 

Global warming (GW) kg CO2 eq 133.6 77.6 -4323.7 -4379.7 

Ozone formation, Human health (OF, h) kg NOx eq 0.71 0.46 -7.13 -7.4 

Fine particulate matter formation (FPMF) kg PM2.5 eq 0.23 0.13 -7.46 -7.56 

Ozone formation, Terrestrial ecosystems (OF, t) kg NOx eq 0.74 0.49 -7.35 -7.61 

Terrestrial acidification (TA) kg SO2 eq 0.73 0.50 -22.08 -22,.2 

Freshwater eutrophication (FE) kg P eq 0.05 0.03 -4.96 -4.98 

Marine eutrophication (ME) kg N eq 0.91 0.91 0.12 0.12 

Terrestrial ecotoxicity (TEcotox) kg 1,4-DCB 1116.4 462 -8970 -9624.4 

Freshwater ecotoxicity (FEcotox) kg 1,4-DCB 19.1 5.5 -76.7 -90.3 

Marine ecotoxicity (MEcotox) kg 1,4-DCB 24.9 6.9 -11.1 -130 

Human carcinogenic toxicity (HCT) kg 1,4-DCB 15.9 10.5 -176 -181.3 

Human non-carcinogenic toxicity (HNCT) kg 1,4-DCB 408.5 126.9 -3842.6 -4124.1 

Land use (LU) m2a crop eq 29.7 13.1 11 -5.7 

Mineral resource scarcity (MRS) kg Cu eq 3.6 3.0 -139.7 -140.2 

Fossil resource scarcity (FRS) kg oil eq -4.7 -22.7 -1475.9 -1493.9 

Water consumption (WS) m3 -15.2 -15.5 -18549 -18549.3 
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Appendix A6. 

Life cycle assessment results for all scenarios.  

 

Figure A3. Life cycle assessment results of scenario 1a. 

 

Figure A4. Life cycle assessment results of scenario 1b. 

 

Figure A5. Life cycle assessment results of scenario 2a. 

 

Figure A6.  Life cycle assessment results of scenario 2b. 
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Figure A7.  Life cycle assessment results of scenario 3a. 

 

Figure A8.  Life cycle assessment results of scenario 3b. 

 

Figure A9.  Life cycle assessment results of scenario 4a. 

 

Figure A10.  Life cycle assessment results of scenario 4b. 

 

Figure A11.  Life cycle assessment results of scenario 5a. 
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Figure A12.  Life cycle assessment results of scenario 5b. 
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Appendix A7 

As direct are considered the process emissions, including mainly air emissions, such as CH4 and biogenic CO2 from 

the AD and SSF, NOx emissions from energy valorization, and emissions to air (N2O, NH3), soil (heavy metals), and 

water (NO3
-) from the digestate application. As indirect emissions are considered the materials required for the 

infrastructure, heat, electricity, chemicals and fuels necessary for the treatment activities. Direct and indirect emissions 

for S1 and S2 are given in Table A6. 

Table A18. Direct and indirect emissions of S1 and S2. 

 Direct Indirect Avoided 

 S1a S1b S2a S2b S1a S1b S2a S2b S1a S1b S2a S2b 

GW 159.40 103.39 177.01 121 142 142 138 138 -168.11 -168.11 -4638.43 -4638.43 

TA 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0.39 -0.39 -25.08 -25.08 

FE 40.42 36.79 47.38 43.76 0.05 0.05 0.05 0.05 -0.05 -0.05 -5.08 -5.08 

ME 0.47 0.23 0.52 0.27 0.40 0.40 0.38 0.38 0.00 0.00 -0.76 -0.76 

TE 0.28 0.18 0.32 0.22 0.08 0.08 0.30 0.30 -106.45 -106 -10271 -10271 

FEcotox. 0.48 0.23 0.53 0.28 0.43 0.43 0.41 0.41 -3.02 -3.02 -99.77 -99.77 

MEcotox. 0.62 0.39 0.70 0.46 0.50 0.50 2.30 2.30 -4.29 -4.29 -142.53 -142.53 

HCT 0.10 0.08 0.12 0.10 0.00 0.00 0.00 0.00 -3.52 -3.52 -196.65 -196.65 

HNCT 0.01 0.01 0.01 0.01 0.90 0.90 0.87 0.87 -82.73 -82.73 -4359.52 -4359.52 

MRS 1222.32 567.92 1300.29 645.88 0.49 0.49 0.47 0.47 -0.49 -0.49 -143.92 -143.92 

FRS 22.06 8.45 23.04 9.42 0.06 0.06 0.06 0.06 -50.14 -50.14 -1526.53 -1526.53 

WC 29.12 11.19 30.42 12.49 0.05 0.05 0.05 0.05 -17.64 -17.64 -18556 -18556. 
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Appendix A8 

The centralized plant is considered to capture lower quality of biowaste due to lower sorting efficiency and thus, 

higher amount of misplaced waste. The effect of the biowaste quality on the impact from the digestate application is 

reflected in Figure A1. This can be the result of less direct involvement of the biowaste producers with the treatment 

and valorization process, and the higher amount of biowaste deriving from households, where the lower sorting 

efficiency is more possible. For freshwater ecotoxicity, marine ecotoxicity, and terrestrial ecotoxicity zinc and nickel 

emissions to soil are responsible for 77% of the total impacts. 

 

 

Figure A13. Environmental impact of digestate application of agricultural land for S4 (high quality 

feedstock) and S5 (lower quality feedstock in the centralized plant). 
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