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Preface
The following PhD thesis assesses full-scale technologies that have proven to close C, N, and P loops
regarding their overall environmental impact by using an LCA approach. The technologies studied are
presented as study cases unfolded in three main chapters, and another two chapters represented a brief
general introduction, and last, the global conclusions of the work presented.
Chapter 1 gives a brief introduction explaining the context of the work, namely concepts of environmental
impact, nutrient management, and LCA. The main goal, scope and contribution that encloses this work is
presented as well.
Chapter 2 is embodied by a published work about sustainable microalgae production by using recovered
waste streams.
Chapter 3 is characterized by a submitted work comparing the production and use of recovered fertilizers,
in contrast with synthetic fertilizers regarding their environmental impact.
Chapter 4 is characterized by a submitted work connected with the previous chapter, related to the
agronomic performance of digestate regarding its effects on soil, environment, and yield production.
Chapter 5 is embodied by the global conclusions of this study.
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Chapter I
Introduction.

1

1
1.1

Introduction
Fossil fuels era to break global boundaries

Thanks to extensive work resting on over more than 30 years of research, a quantification of the complex
dynamics governing Earth's system has been ever done. Nine critical indicators constitute the planet
boundaries framework for maintaining our planet in a stable stated.1 The boundaries can be organized into
three groups-systems, according to how they operate (Table 1). The "big three" are the processes with
defined global thresholds representing a significant threat of melting the ice sheets and shifting from one
state to another with no returning points. The second group are the "slow boundaries" associated with a
local-to-regional scale. They are the variables that contribute to the core resilience of the Earth, with no
evidence that exceeding these will lead to planetary no returning points. The last group consists of humancreated threats, "the two aliens": air pollution from soot (black carbon), nitrates, sulphates, and other
particles; and pollution of the biosphere by chemicals and heavy metals.2
At present, we have transgressed four of the nine boundaries: climate, land-system change, biodiversity,
and the use of Nitrogen (N) and Phosphorus (P). The leading cause has been the exploitation of fossil fuels
as a cheap and effective energy source since the industrial revolution.3 This rapid expansion of fossil-fuel
usage has slowly raised CO2 concentrations in the atmosphere in the last century.4 Climate change
measured as "carbon dioxide equivalents: CO2 eq" is represented mainly by Greenhouse gas emissions
(GHG), which are accountable for some gases that capture more heat than carbon dioxide, such as CH4
and NO2. At present, the world's annual emission in CO2 equivalent has reached 51 billion, where how
we produce things (i.e. cement, steel and plastic), and energy-electricity are responsible for 31% and 27%,
respectively.5
For instance, the last IPCC (Intergovernmental Panel on Climate change) Assessment Report (AR6)
(2021)6 have provided an unprecedented clarity of the future of our planet, and ultimately the need to
2

reduce/eliminate our emissions of GHG. Consolidating data from previous reports; IPCC states the
undeniable human influence in warming the atmosphere, ocean and land; concentrations have continued
to increase in the atmosphere, reaching annual averages of 410 ppm for carbon dioxide (CO 2), 1866 ppb
for methane (CH4), and 332 ppb for nitrous oxide (N2O) in 2019. Over the past six decades, land and
ocean have taken up a near-constant proportion (globally about 56% per year) of CO 2 emissions from
human activities. Therefore, there is an urgency to get a net-zero emission to avoid climate adversity by
reducing fossil fuel sources and deploying technologies to produce clean, renewable energy.
Table 1. Planetary boundaries framework; 9 Control variables and their current values. Adapted from Steffen et
al., (2015)7
Main groups

Control variable

Unit

Planetary
boundary

Current
value

Atmospheric CO2

ppm

350-450

398.5

Stratospheric O3

DU

290

~ 200a

Carbonate ion
concentrationb

% pre-industrial aragonite
saturation state

>80%

~ 84%

Rate of biodiversity loss

Bllc

%

90%

84%d

Freshwater consumptione

-

km3 yr–1

4000

~2600

-

% Original forest cover

75%

62%

P Globalg

Tg P yr–1

11–100

~22

N Globalh
Aerosol Optical
Depth (AOD)j
No control variable
defined

Tg N yr–1

62–82i

~150

-

0.25–0.50k

0.3l

-

-

-

Earth system process
Climate change

Critical - The big Stratospheric ozone
depletion
three
Ocean acidification

Slow boundaries Land-use changef
Nitrogen and phosphorus
pollution

The two aliens

Atmospheric aerosol
loading
Chemical pollution

a

Over Antarctica in Austral spring
Saturation state with respect to aragonite
c
Bll referes to biodiversity intactness index, where assessed as biomes/large regional areas
d
Applied to southern Africa only
e
Maximum globally amount of consumptive water use
f
Area of forested land globally
g
P flow from freshwater system into the ocean
h
Industrial and intentional biological fixation of N
i
Boundary acts as a global ‘valve’ limiting introduction of new reactive N to Earth System
j
Much regional variation in AOD
k
Over Indian subcontinent
l
South Asian region
b
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1.2

Agriculture and nutrient management

With an expected growing population (toward 10 billion people by the end of the century),5 food security
has become a challenge, mainly because how we produce food is one of the largest threats to transgressing
boundaries such as land use, biodiversity, climate and nutrient flows as mentioned above.7,8 How we grow
plants and animals is responsible for 19% of the global GHGs, 5 counting that up to 60% of nitrogen
pollution into groundwater and rivers comes from manure and fertilizers.9 The fertilizer industry accounts
for about 2-3% of the total global energy consumption,10 becoming affordable adds more reactive nitrogen
(Nr) into the biosphere than the natural nitrogen cycle. This linear approach accompanied by poor
management creates a cascade of threats affecting the quality and health of the soil, water, air and
ecosystems, and potentially human health.11 For instance, a correlation between nitrogen vulnerable zones
with intensified livestock production and high use of synthetic fertilizers has been found.12 Although the
European Union has developed necessary regulations on reactive Nr flows by limiting its intensive use
(Nitrate Vulnerable Zones (NVZs) – application of N from animal manure must not exceed
170 kg N ha−1y−).13,14 There is still a large part of N often imported from other continents that comes as
feed for animals and fertilizers and in the case of P, where precisely the Europe Union imports >90% of
it from one source in Finland.15
As a non-renewable nutrient, phosphorus's extraction to reach food can lead to up to 80% losses.16 Excess
losses are associated with water pollution, eutrophication, i.e. excessing algal growth and a fall in oxygen
in waters.17 On the other hand, management of carbon, as organic matter, plays an essential role in the
structure of the soil and its fertility, besides that improves water infiltration and holding capacity.18 Soils
from croplands have lost up to 60% of their organic carbon and are reaching a point to become desertic
areas.19,20 Therefore, proper management should be given to reduce losses of these nutrients in the
environment. Nutrient management can be defined by a group of articulate actions to achieve both
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agronomic and environmental goals,21 by also considering the finite natural sources (e.g. phosphorus,
potassium, magnesium) to produce fertilizer and nutrient compounds that can be depleted over time. 22,23
Some of the practical areas of action that are central to improving nutrient efficiency, and therefore, food
and energy production while reducing the impact in the environment are presented in Figure 1.8
One of the key actions is to transition to a production practice where all N and P surpluses return into the
agro-system, including manure and waste from areas where food is consumed. So, circular production is
an indispensable practice for nutrient management by the recycling and reusing of waste. 3 Therefore,
recently Biorefinery, i.e. the refining of chemicals, materials, energy and products from bio (waste)
streams, has become a field that is gaining importance by deploying new technologies for nutrient
recovery.24
Undercurrent technologies and practices for recovery and reuse in agriculture are dominated by manure
as input substrate.25 However, many of these are also now applied to work with sludge from wastewater
treatment plants. Some technologies include; solid-liquid manure separation, drying, anaerobic digestion,
biogas production, struvite precipitation, ammonia stripping, membrane filtration, composting, algal
cultivation, among others.15
Reusing manure and other types of processed wastes also requires attention in its use efficiency to see
improvements. The use of recovered fertilizer focuses on the N content, and the challenge is to apply
enough N and P to match the crop's requirements. Since bio-products are needed to be stored prior the
reuse, losing part of the N content (via ammonia and nitrate losses), resulting in lower N:P ratios that do
not meet crop requirements, thus, in trying to match the N's crop requirement, excessive amounts of P
ended loss in the field.26 Nitrates (NO3), as are more mobile than P in soil, finds their way into groundwater,
causing pollution problems in marine systems which are N-limited.27
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The reuse of waste materials from agriculture comes with advantages and disadvantages, depending on
the technology/practice and whether the receiving water/soil system is P or N limited. This also implies
that nutrient use efficiency (N and P) is another crucial factor that demand focus to reduce soil nutrient
surpluses,28 a part of lowering livestock density, giving a better manage by counting soil P reserves is
essential.29

Agriculture

Transport and
Industry

Societal consumption
patterns

Waste and recycling

Improving
nutrient use
efficiency in crop
and animal
production.

Low-emission
and energy
efficient systems,
use of renewable
sources.

Energy and
transport saving.

Recycling N and
P from
wastewater
systems.

Increase the
fertilizer value of
animal manure.

Development of
NOx capture and
utilization Tech.

Lowering
consumption of
animal protein.

Improving
nutrient
efficiency in
fertilizer and food
supply.

Reducing food
waste.

Figure 1. Critical areas of action to produce more food and energy with less pollution. Adapted from Sutton et
al., (2018)8

Other important aspects are decarbonizing agricultural energy use for all energy inputs and using
conservative agriculture for carbon storage, i.e. minimum tillage and mulch farming. Last but not least,
landscape planning should provide ecosystems services, e.g. soil health, protecting pollinators and
biodiversity, storing carbon and water management.30
6

1.3

LCA as a tool for assessing the environmental impact

To acquire a complete understanding of the environmental impacts of emerging treatment technologies,
including the post-use phase of its products, requires an approach that can capture the full system effects,
focusing on a defined range of environmental indicators.31 To do so, Life Cycle Assessment (LCA) has
become a widely applied methodology to analyze the impacts of processes producing biobased
fertilizers.32 LCA is distinguished from other types of analysis because it covers the whole life cycle of a
product or service and attempts to include all-natural resources needed by and all emissions associated
with them.33
Based on ISO standards, LCA covers main four stages: goal and scope, inventory analysis, impact
assessment, and interpretation.34 The inventory analysis is carried out using LCA software, making the
calculations more accessible and provides a database with inventory data for some of the most common
processes. Some of the widely used LCA software is GaBi,35 and SimaPro,36 commercially available, and
openLCA,37 which is open‐access. In the impact assessment case, the most applied methods include EDIP
2003, IMPACT 2002+,38 Eco-indicator 99,39 ReCiPe,40 and the ILCD method,34 which are often included
in the LCA software. ReCiPe, as a method, has the goal to transform the long list of the life cycle inventory
into define indicator scores. However, ReCiPe has gained widespread use over other approaches because
it has a broader set of midpoint categories and three endpoint categories, often covering a global scope in
their impact calculations (Table 2).36
The environmental midpoint indicators gain more integrity and value when you realize that they correlate
with our planetary boundaries. Although they could differ in the measuring method because of the scales
of magnitude, they point in the same direction to cover the main elementary flows but are more elaborated
(Table 2). Midpoint indicators are more precise to a point in the cause-effect impact chain than the
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endpoint indicators (three main areas of protection); therefore, depending on the analysis scope, both are
important to get different perspectives in the assessment.
Table 2. Overview of the midpoint impact categories and related indicators. Adapted from Recipe 201640
Areas
of
protection

Midpoint impact
category
Climate change

Infrared radiative forcing increase

Ozone depletion

Stratospheric ozone decrease

kg CFC-11-eq to air

Absorbed dose increase

kBq Co-60-eq to air

PM2.5 population intake

kg PM2.5-eq to air

Ionising radiation
Fine particulate matter
formation
Photochemical oxidant
Ecosystems formation: terrestrial
ecosystems
Photochemical oxidant
formation: human health
Terrestrial acidification
Freshwater
eutrophication

Resources

Tropospheric ozone increase
Tropospheric ozone population intake
increase
Proton increase in natural soils
Phosphorus increase in freshwater

Unit
kg CO2-eq to air

kg NOx-eq to air
kg NOx-eq to air
kg SO2-eq to air
kg P-eq to freshwater

kg 1,4-DCB-eq to urban
air
Human toxicity: nonRisk increase of non-cancer disease
kg 1,4-DCB-eq to urban
cancer
incidence
air
kg 1,4-DCB-eq to
Terrestrial ecotoxicity
Hazard-weighted increase in natural soils
industrial soil
kg 1,4-DCB-eq to
Freshwater ecotoxicity
Hazard-weighted increase in freshwaters
freshwater
Hazard-weighted increase in marine
kg 1,4-DCB-eq to marine
Marine ecotoxicity
water
water
Occupation and time-integrated land
m2 × yr annual croplandLand use
transformation
eq
3
Water use
Increase of water consumed
m water-eq consumed
Increase of ore extracted Upper heating
Mineral resource scarcity
kg Cu-eq
value
Fossil resource scarcity
Upper heating value
kg oil-eq
Human toxicity: cancer

Human
health
(Toxicity)

Indicator

Risk increase of cancer disease incidence

For LCA modelling, there are also two types of approaches to be chosen that depend on the LCA's scope
and goal. One, the consequential, with a broader approach that reaches out the consequences that the target
by-product could have by putting it into the market, by also identifying the product that could replace on
the market by introducing it.41 While the second one, the attributional, is presented more like a
"descriptive" approach, with the main distinction that is limited and centred only on the environmental
8

impacts of a product, process or system, rather than described the changes in production within the
economic system as the consequential does.42
Beyond the impact assessment methods and the selection of modelling to follow, other essential aspects
to consider when defining the scope definition are how to handle multiple outputs by one process (coproducts). For instance, anaerobic digestion, in addition to the production of digestate, also produce biogas,
and thus, energy. Compared with another bio-fertilizer, for example, compost production, under the
assumption of "1 kg of N from biofertilizer" as a functional unit, they will differ as the latter does not
provide the service in the production of biogas.32 This multifunctionality issue (to be dealt with when
different products systems share a process), according to ISO 14044:2006, 43 should be solved using a
three-level hierarchy as follows:
1. Avoid allocation by subdivision (dividing the unit process into two or more sub-processes) or
system expansion ("expanding the product system to include the additional functions related to the
co-products").
2. Allocation following underlying physical relationships (an allocation that quantitatively reflects
how the inputs and outputs are changed by changes in the amount of each system product).
3. Allocation (partitioning) based on other relationships (e.g., economic value).
The first one on the hierarchy, system expansion as one of the most common ways of solving the
multifunctionality concern, has two possible approaches by expanding the boundaries: enlargement and
substitution. Substitution is done by identifying which product the co-product would replace and then
modelling the impact avoided (a negative addition) by the production of the replaced product. In the case
of enlargement, it works by the addition of co-functions.44
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Although many LCA studies agree with ISO standards, there are still differences in the allocation
approaches applied when evaluating the same or similar products.41 This is somehow because there is still
a lack of a shared view among LCA practitioners to follow the ISO standard. 45 This is partly because there
is no further specification regarding the differences between enlargement and substitution and its
implementation in attributional or consequential LCAs.44 Meanwhile, other authors follow a commonly
or conservative allocation method applied in similar cases found in the literature. 45,46 Since the choice of
allocation method affects the LCA outcome significantly, this has led to a cutback in the reliability and
robustness of LCA results.47,48

1.4

Goal, scope and contribution

As introduced above, there is a need to move quickly to a more sustainable energy era, where our
production processes should be redesigned to reduce wastes and losses in the environment and be more
connected in harmony within the natural cycling processes as nature does. However, our current
knowledge of applied circular practices is still in the early stages of consolidation as it comes from a
multidisciplinary concept offering broad applications.
Therefore, to find valuable insights from the application of circular practices, the main objective of this
study was to assess diverse proven full-scale technologies in recovering and reusing nutrients and carbon
from different waste streams regarding their overall environmental impact. To verify the role of these
technologies, two study cases are proposed in producing fertilizers to be used in the production of algae
biomass and crops (maize). To identify and evaluate it, an LCA tool is used for performing environmental
impact measurements of these practices.
Other specific objectives were:
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•

To use the LCA approach to get a "bigger picture" approach for system analysis by performing product
perspective.

•

To assess integrated resource recovery by combining individual pathways and technologies through
an LCA evaluation.

•

To integrate up-to-date cross-disciplinary knowledge (e.g. agriculture, soil science, environment) into
LCA models to better quantify the environmental impacts using recycled nutrient products.

This study may contribute towards a better understanding of the environmental footprint on undercurrent
technologies that can fit our current need to provide ecosystem services by recycling and reusing nutrient
sources in agro-systems. In doing so, we can reduce pressure in the planet boundaries under the current
emergency and find out what challenges come from circular management implementation.
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Chapter II
Sustainable production of microalgae in raceways: nutrients and water
management as key factors influencing environmental impacts.
Axel Herrera, Giuliana D’Imporzano, Francisco Gabriel Acién, Fabrizio Adani.
(Published on Journal of Cleaner Production, Vol. 287, P 1-12)
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Abstract
Microalgae production has taken on importance for its ability to be more energy efficient than land crops,
with low input requirements and a wide number of possible applications. This work aimed to evaluate the
environmental impacts of the production of microalgae for use as bio-stimulants and aquaculture feeds.
Inventory data from a real production facility of 1 ha located in Almería (Spain) were acquired, and LCA
was applied to compare nine scenarios with alternative water bases (fresh, sea and waste), and nutrient
sources (fertilizers, manure and wastewater), and the alternatives were also compared using a CO 2 supply
(commercial liquid) versus a default scenario (recovered flue gas). The LCA results outlined that the main
inputs affecting environmental performance were electricity use, chemical fertilizer demand (N and P)
and transport. Scenarios using recovered nutrients from slurry and wastewater showed reductions in the
climate change category (kg CO2 eq.) of 80% and 20% respectively, compared to standard fertilizer use.
The threshold of distance for manure transport was 40 km, beyond that value the scenarios using recovered
nutrients performed worse than scenarios using chemical fertilizers. The multifunctionality of the process
which included wastewater depuration, permitted compensation in most of the impact categories, yielding
negative values in some (all of the toxicity categories).
Keywords: CO2 source; Environmental impact; Life Cycle Assessment (LCA); Microalgae production;
Raceway reactors; Wastewater.
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2.1

Introduction

Population growth and the increase in the standard of living and consumption, place the search for new
sustainable sources for the production of food, feed and feedstock at the centre of the development focus.
To respond to these needs, issues such as the sustainable intensification of agriculture and the increase of
high-performance forms of production, such as aquaculture, are becoming the focus of attention.
Sustainable intensification of agriculture for food, feed and feedstock is the recurring mantra in the 2050
forecast for economic and social scenarios. In the same search for environmental sustainability, it has
become mandatory to develop production models that minimise waste and that exploit the waste from
other processes as raw materials, in a logic of industrial symbiosis and the circular economy. Within this
framework, production of microalgae has been notable for traits like high photosynthetic efficiency
reflected in productivity, its capacity to produce a wide range of active compounds, and the possibility of
using alternative resources such as land not classed as fertile soil, sea water, and recovered streams (e.g.
wastewater).49–51
At present, microalgae are actively being investigated for their ability to produce active substances (biostimulants) which applied in small quantities, can stimulate the growth of several crops, enhance nutrition
efficiency and provide protection against abiotic and biotic stresses.52–54 Amino acids already contained
in proteins from microalgae must be adequately hydrolysed to obtain valuable bio-stimulants.55 However,
microalgae biomass also provides valuable phytohormones such as auxin-like and cytokinin-like
molecules, stimulating the growth and root development of plants.56 Microalgae biomass has been also
reported as a source of valuable biopesticides, in this case the nature of the molecules involved being less
known.57
Microalgae also have interesting applications in animal nutrition and aquaculture as highly nutritional
dietary supplements, for their high content of proteins, high quality essential amino acids (methionine,
15

threonine, and tryptophane, scarce and valuable in animal diets), vitamins, carotenoids, antioxidants, and
other substances beneficial to animal health.58,5960,61 This is a relevant issue, as the demand for animal
protein will almost double by 2050 and marine based-proteins can contribute significantly to the global
food supply.
Although microalgae production does not require arable land, it demands high water use and fertilizers.
Microalgae can exploit slurry and wastewater nutrients, turning a problem into resources. In fact, nutrients
in slurry are often mismanaged, and may be provided to crops in excess (due to the need to discharge them)
and not effectively taken up by plants62 causing problems related to pollution of surface waters and air.
Various studies show that microalgae have a high capacity for the efficient removal of nutrients from
wastewater and slurry, so that microalgae production could be an appropriate way for nutrient removal
and recovery from a liquid stream, producing valuable biomass at the same time.63,64 The possibility of
using wastewater to satisfy nutrient demands could be beneficial for water treatment and reduce costs in
the chain of production.65
When producing microalgae biomass using wastewater, a consortia of microalgae and biomass is
established, quality of the biomass being a function of operation conditions: thus, if adequately managed,
more than 95% of the produced biomass will be microalgae.66 In this consortium the microalgae provide
oxygen (O2) for aerobic bacteria to biodegrade organic pollutants and in turn take up the CO2 that is
released by the bacteria via respiration67 Organic compounds are thus mineralized, the released inorganic
nutrients, such as N and P, being consumed by microalgae to produce microalgae biomass. Complete
treatment, if possible in these systems, releases water fulfilling EU regulations, and the cost of wastewater
treatment becomes lower than using conventional technologies.66
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In domestic wastewaters, most of the nitrogen is present as ammonium (NH4+), with low concentrations
of nitrite and nitrate. This feature favours nitrogen consumption by microalgae since NH 4+ assimilation
requires less energy than NO3- and NO2- conversion into structural nitrogen.68 Slurry, on the other hand,
holds higher concentrations of organic matter, nitrogen, and phosphorus in comparison with domestic
wastewaters, the amounts present depending on animal nutrition and farming practices.69,70 Although pig
slurry can be rich in ammonium that is the favoured form of nitrogen for microalgae growth, NH 4+
concentrations exceeding 100 mg L−1 could decrease microalgae growth in some species because of free
ammonia toxicity.71 Therefore slurry must be supplied at low loading rates to microalgae,72 while
wastewater can be used directly.66
To increase the productivity of microalgae related systems, CO 2, which is an essential macronutrient and
maybe limiting in ambient air, should be provided. When only CO2 from the atmosphere is available the
biomass productivity is limited, whereas by providing additional CO 2 the biomass productivity has been
reported to increase significantly.66 The total amount of CO2 required is a function of overall production
capacity, theoretically up to 1.8 kg of CO2 are required per kg of biomass to be produced. Its supply from
a concentrated source has proved to effectively increase the availability of carbon for the growth of
microalgae, and also to improve the recovery of nutrients by assimilation in their biomass.68,73 As
compressed CO2 is costly, both from the economic and environmental points of view, it may be supplied
from a recovered source in place of compressed CO2 gas, by using flue gas from power plants fired with
fossil fuels.74–76 75–77
In order to assess the sustainability of a product in a new production chain, it is essential to rely on a
standardised approach, by proceeding with complete validated evaluations. One of the tools used is the
life cycle assessment (LCA). This procedure includes the calculation of all the inputs (energy and
resources) and outputs (emissions) for each production steps of the life cycle of the study. Using the Life
17

Cycle Assessment (LCA) methodology has become increasingly widespread for the evaluation of products
and services, with several studies evaluating the production of microalgae as food and energy outcomes.
The LCA tool allows to precisely quantify emissions to the environment (physical quantities) highlight
critical hot spots in the production process, compare production processes, and finally evaluate the
opportunity to adopt an innovative production process with respect to the already existing options.
Many LCA studies have modelled virtual microalgae facilities with downstream processing, arranging
different available technologies and reporting a widely available data on microalgae productivity.78–81
Some references focus on the synergy of different production chain elements such as energy and feedstock
or depuration and energy,82 while others have an in-depth look at the emissions related to the microalgae
growth steps such as ammonia and N2O.83 Some of the LCA works are quite optimistic in the future
applicability and convenience of microalgae cultivation for commodities purpose i.e. energy and
feedstock84–86 while some others are more cautious in delineating and delimiting the role that microalgae
production may have in the production systems of the future.87–90
However, many of the evaluations, however accurate, are made on virtual production plants, extrapolated
from small pilots and laboratory data. The contribution this article intends to provide is the evaluation of
sets of different working conditions, by including recovery practices that can highlight the environmental
outcomes, all based on solid data from a full-scale facility.

2.2
2.2.1

Materials and Methods
Goal and Scope definition

The aim of this work is to provide a reliable attributional LCA of the production of microalgae for
agriculture and aquaculture related applications, using primary data monitored from a full-scale
production facility for microalgae based on raceway ponds and using different recovered inputs for water
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and nutrient sources, through the evaluation of different alternative scenarios. Some inquiries that this
study will try to answer are: what is the most effective production model (including recovery of waste
streams) for microalgae production? What are the differences between a production model using primary
sources compared with a production model using recovered streams? What are the shifts in environmental
impacts due to the use of recovered resources?

2.2.2

System description

Data to perform the LCA were collected from a demonstration facility at IFAPA (Investigación y
Formación Agraria y Pesquera de Andalucia) Research Centre in Almería, Spain. On this location different
reactors were available. The specific data included in this work were obtained from a raceway reactor of
1,000 m2, which operated in a continuous mode for over one year. These data provided the basis for
modelling a 5 ha model plant composed of nine large open raceway ponds for producing microalgae
biomass (5,000 m2 reactor-1), 3 photobioreactors used for producing inoculum (1,500 m2 reactor-1, made
of PVC linear with a length to width ratio value of 10), and a 1,000 m2 surface area used for the auxiliary
equipment (biomass harvesting and processing). The real unit has a biomass productivity of 20 g m-2·day1,

the reactors operated in continuous mode at 0.2 day-1, during an 8-hour day-1 for 300 days year-1, and

ten years was the lifespan assumed for the structure and equipment. The location has an average annual
solar radiation in a daylight period of 815 µE m-2 s-1 and of 1630 µE m-2 s-1 at noon, with a temperature
range from 9°C to 29°C, and an average value of 18°C. System substitution was included for considering
the service provided by the management and depuration of wastewaters, which is described in the
inventory analysis.

2.2.2.1 Production process
The production process started with producing a strain of microalgae in dedicated reactors to prepare
inoculum. The inoculum was used as a seed culture for the ponds. Open ponds comprise a lined, shallow
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raceway in which water containing microalgae is circulated by paddle wheels. The culture medium was
prepared from three different sources of water: freshwater, seawater and wastewater (Table 1). The
fertilizers added as N and P sources were calcium nitrate and triple superphosphate respectively, quantities
of water demanded and its partial recovering with wastewater, are summarised in Table 2, as is CO 2.
Slurry was supplied by providing the same quantity of N supplied by the commercial fertilizer, an average
value of 1.5 g kg-1 content of N was used for manure (average data from measurements). The energy
demand was mainly due to the electricity supply for water pumping, mixing devices and gas injection
(ambient air and CO2 or flue gas, see scenarios); the input considered was the Spanish energy mix at the
grid, medium voltage. An index of CO2 absorption equal to 2 has been taken into account for each
functional unit (FU) of produced microalgae biomass, based on measurement performed on the demoplant
and consistent with previous references.91,92

2.2.2.2 Harvesting
The harvesting was performed in a two-step process, including pre-concentration by Dissolved Air
Flotation (DAF) and a dewatering step using a nozzle separator (GEA Westfalia). At the end of the
dewatering steps, the biomass sludge achieved a final biomass concentration of 100 g L-1 dry matter (dw),
ready to be processed, and FeSO4 was applied as a flocculant. We wish to underline that this two-stage
harvesting is an optimised design, capable of stable operation and with a total energy demand of 0.2 kWh
kgbiomass-1, i.e. the lowest value within the range of 0.2-5 kWh kgbiomass-1, reported in recent literature 93 for
dilute solutions from open production systems. As for the growth, the input data of this phase are not from
lab scale or theoretical consumption using equipment adapted for microalgae functioning, but data from
equipment working at full-scale to harvest microalgae.
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Table 1. List of scenarios related to water and nutrient use.
Water type Nutrients supplied by Recirculation Scenario Code Carbon supply
Freshwater

Fertilizers

Recirculation

W1

R/C

Freshwater
Freshwater
Freshwater

Fertilizers
Manure
Manure

Non-recirculation
Recirculation
Non-recirculation

W2
W3
W4

R/C
R/C
R/C

Seawater

Fertilizers

Recirculation

W5

R/C

Seawater
Seawater
Seawater
Wastewater

Fertilizers
Manure
Manure
None

Non-recirculation
Recirculation
Non-recirculation
Non-recirculation

W6
W7
W8
W9

R/C
R/C
R/C
R/C

2.2.2.3 Processing
After centrifugation, the paste biomass underwent cell disruption by a High-Pressure Homogeniser (HPH)
(Niro-GEA Westfalia) to be finally processed by enzymatic hydrolysis (commercial Alcalase and
Flavourizyme). Base and acid supply in addition to heating was applied in this phase to control reactor pH
and temperature to the optimum values imposed by the enzymes used.

2.2.3

Functional unit and boundaries

The Functional Unit (FU) provides the reference to which all data in the assessment were normalised. In
this study, the FU is 10 kg of produced microalgae paste after hydrolysis, containing 1 kg of dry weight
biomass. The system boundaries included “cradle to gate”, starting from producing a strain of microalgae
in a dedicated reactor to prepare inoculum, and the correlated processes for producing at large scale the
biomass at the farm gate. Details of the main processes (Figure 1) considered in the LCA include the
inputs and outputs of material and energy such as the construction of facilities, production of inoculum
and biomass, harvesting, cell disruption and hydrolysis of microalgae, the supply of CO 2 and nutrients,
transport of all the materials to the facility, and emissions to soil, water and air due to the managing of the
microalgae production structure.
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Figure 1. System boundary considered in the LCA for the production of 1 kg of microalgae biomass.

2.2.4

Scenarios’ inventories

The managing of the facility relies on three inputs (water, nutrients and CO 2) supplied as follows. The
water can come from three different sources: fresh, sea and wastewater (sewage). The management of
water is also considered as a factor, i.e. with a recirculation or non-recirculation mode, where the
recirculation has the advantage of being more efficient in the sense of nutrient uptake and of requiring
both less water and energy consumption because of water pumped from the network. Nutrients are
supplied either by chemical fertilizers or slurry, and with the wastewater scenario, its counted nutrients
are provided by the stream itself. Nutrients in both sources are dosed according to microalgae growth, thus
the release of N and P in discharged water is minimal for the non-recirculation mode and equal to zero for
water within recirculation. For the case of CO2 supply, two sources for the set of scenarios are considered:
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(i) recovery (used by default), i.e. CO2 was recovered while heat is provided by methane burning, and (ii)
external supply (C), i.e. CO2 was provided as compressed purified gas from external providers while heat
for the hydrolysis step was provided by methane combustion. For CO 2 scenarios, it was assumed that the
productivity yield should not be sensitive to the source of supply, but the environmental burdens change.
CO2, apart from when supplied as a purified compressed gas, was assumed to be recovered from the
burning of gas used for other purposes. The CO2 produced in the burning of natural gas in a boiler for the
quota of heat needed in the microalgae processing (hydrolysis) was accounted as “recovered”. In fact,
more CO2 than this supply is needed, and thus it was assumed that combustion was performed for some
other purposes (industrial processing, heating, production of electricity), and flue gas was used in the
microalgae facility with no burden accounted for it. Table 1 lists the total scenarios (nine) evaluated in
this study. A system substitution is used to solve the multifunctionality in relation to wastewater treatment,
as the production of microalgae also delivered depurated water as a product. In this case, the system
boundaries of the wastewater scenario are subtracted from the inventory of wastewater treatment: energy,
chemicals, structure for delivering depurated water. The process used in the Ecoinvent database for the
wastewater treatment was treatment, sewage, unpolluted, class 3. Transport of goods, handcraft and
commodities to the plant (chemicals, fertilizers, equipment) was assumed to be performed by a 32 Mg
transport lorry, Euro 5. For an average 100 km each transport distance is expected to be with empty return.
Slurry was assumed to have 20 km transport, while water and wastewater were presumed to be on site
(water and wastewater networks).
About ammonia emission, a conservative approach was used, and average of 30% of the total N supplied
was assumed to be lost via ammonia stripping when nitrogen is provided to microalgae into the medium
via slurry94,95 and 20% when wastewater is used, according to correlation with initial ammonia
concentrations.96 When commercial fertilizer was applied (nitrate salts) no ammonia emission was
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considered. As in each agricultural activity which involves the use of nitrogen and the availability of
carbon, N2O emission may occur. The proper mixing allowed high oxygen content during the entire cycle,
that should prevent N2O formation and emission.97 The time of emission remains at night, when oxygen
formation from photosynthesis stops and concentration of oxygen in the ponds decreases. Even if the N 2O
emission is contained by adequate conditions, up-to-date literature stresses the importance of considering
the N2O metrics in LCA calculation78 so as not to underestimate the real potential of CO 2 equivalent
emissions. In the facility described, mixing was optimised and continuously monitored, thus the best
conditions to reduce N2O emission were guaranteed. The N2O emission was assumed to be of 0.002% N
input (for well-mixed ponds).97 Lastly, methane emissions were considered to be of 0.01592 g CH4 kg-1
microalgae, when biomass was calculated according to Ferrón et al., (2012) on the base of water-air
interface in the Almería facility. The basic concept recently discovered is that CH 4 may be produced
aerobically through bacterial uptake or degradation of algal products such as methyl-phosphonate.98 The
primary data compiled for the inventory denoted to the FU are presented in Table 2. All the inputs from
trials were inserted including uncertainty and type of distribution.

2.2.5

Impact assessment

In the Life Cycle Impact Assessment (LCIA) phase, emissions and resource data identified during the LCI
(Life Cycle Inventory) are translated into indicators that reflect environment pressures and resource
scarcity. The software SimaPro® Analyst 9.0.0.41 was used for the computational implementation of the
inventories,36 and the set of libraries covered by Ecoinvent databases v3.5, 2018 to analyse the
environmental impacts. Because of its representativeness at a global scale, the ReCiPe 2016 40 mid-point
method (hierarchist approach) (version 1.13) was used to assess the environmental performance of
microalgae production. Robustness of the LCA results was assessed by Montecarlo analysis, setting
10.000 runs.99
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Table 2. Data inventory used for each scenario for the calculation of impacts. When not indicated primary data measured on the plant, data from
literature and assumption are indicated and critically discussed in the text.
Parameter
Unit
W1
W2
W3
W4
W5
W6
W7
W8
W9
Natural resources
Soil occupation

m2 kg algae-1

0.17

0.17

0.17

0.17

0.17

0.17

0.17

0.17

0.17

Freshwater demand

m kg algae

-1

0.54

2.333

0.54

2.33

0.00

0.00

0.00

0.00

0.00

Seawater demand

m3 kg algae-1

0.00

0.00

0.00

0.00

0.54

2.33

0.54

2.33

0.00

Wastewater demand

m3 kg algae-1

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

2.33

Water Release in the environment

m3 kg algae-1

0.24

2.00

0.24

2.00

0.24

2.00

0.24

2.00

2.00

3

Nutrients supply
N input

kg kg-1 algae

0.1

0.1

0

0

01

0.1

0

0

0

P input

kg kg-1 algae

0.016

0.016

0

0

0.016

0.016

0

0

0

Slurry

m3 kg algae-1

0

0

0.1

0.1

0

0

0.1

0.1

0

Other chemicals
Enzyme

g kg-1 algae

0.03

0.03

0.03

0.03

0.03

0.03

0.03

0.03

0.03

NaOH

g kg-1 algae

0.08

0.08

0.08

0.08

0.08

0.08

0.08

0.08

0.08

Flocculant

kg kg-1 algae

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

Energy
Energy demand for culture medium preparation

kwh kg-1 algae

0.27

0.39

0.27

0.39

0.27

0.39

0.27

0.39

0.39

Energy demand for algae growth

kwh kg-1 algae

0.57

0.57

0.57

0.57

0.57

0.57

0.57

0.57

0.57

Energy demand for Harvesting (DAF unit)

kwh kg-1 algae

0.11

0.11

0.11

0.11

0.11

0.11

0.11

0.11

0.11

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

kwh kg-1 algae 0.024

0.024

0.024

0.024

0.024

0.024

0.024

0.024

0.024

Electricity for hydrolysis

kwh kg-1 algae

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

Heat for hydrolysis

MJ kg-1 algae

1.8

1.8

1.8

1.8

1.8

1.8

1.8

1.8

1.8

-1

Energy demand for Harvesting (Noozle concentrator) kwh kg algae
Cell disruption (HPH)

Emissions
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Nitrogen released in water

kg kg-1 algae

0

0.015

0

0.015

0

0.015

0

0.015

0.015

Phosphorus released in water

-1

kg kg algae

0.00

0.0017

0.00

0.0017

0.00

0.0017

0.00

0.0017

0

Organic carbon released in water (TOC)

kg kg-1 algae

0.01

0.07

0.01

0.07

0.01

0.07

0.01

0.07

0.07

Flocculant released in water

kg kg-1 algae 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002

N2O released in atmosphere

mg kg-1 algae

2.03

2.033

2.85

2.85

2.03

2.03

2.85

2.85

2.85

NH3 released in atmosphere

-1

kg kg algae

0

0.00

0.045

0.045

0.000

0.000

0.045

0.045

0.030

CH4 in the atmosphere

mg kg-1 algae

1.05

1.05

1.05

1.05

1.05

1.05

1.05

1.05

1.05
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2.2.6

Sensitivity analysis

To evaluate the influence of relevant parameters involved in using of recovered nutrients (slurry), i.e. the
transport and the productivity, a sensitivity analysis was performed for scenario W3 considering the slurry
transportation distance (10 and 30 km as a minimum and maximum value, i.e. 20 km as default value),
and the productivity loss for the use of recovered nutrients (72 and 48 ton ha-1 as a minimum and maximum,
i.e. 60 ton ha-1 as default). The sensitivity coefficient is calculated using the Equation 1.

𝑆=

(IC ℎ𝑖𝑔ℎ−IC 𝑙𝑜𝑤)
IC 𝑑𝑒𝑓𝑎𝑢𝑙𝑡
(I ℎ𝑖𝑔ℎ−I 𝑙𝑜𝑤)
I 𝑑𝑒𝑓𝑎𝑢𝑙𝑡

(Eq.1)

Where IC is the value of the environmental Impact Category (max, min and default) and I is the value of
the input considered for the analysis. Later, simulation provided threshold values for a maximum distance
of transport and acceptable production losses due to the use of recovered nutrients.

2.3
2.3.1

Results and discussion
Environmental Impact assessment

The potential environmental impact associated with the nine scenarios at mid-point level is indicated in
Table 3 and represented in Figure 2, results are reported as a relative value (%) achieved, assuming that
the highest values for each impact would be equal to 100%. Results show that the scenarios with nutrient
recovery (from both slurry and wastewater) are the most environmentally friendly alternatives with
noticeable differences regarding the others, in areas that concern climate change, freshwater
eutrophication, water depletion, terrestrial acidification and human toxicity. The other scenarios studied
showed similar pattern-response in the considered categories.
Robustness of the LCA results was assessed by Montecarlo analysis. When comparing scenarios using
recovered resources vs not using, for 11 categories, the scenarios including the use of fertilizers displaced
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higher results than the scenarios with recovered nutrients for more than 90% of the runs. For three
categories (Human carcinogenic, Ozone depletion and Land use) results of scenarios including fertilizer
use were higher in 60% of the runs, while for ozone formation (terrestrial and human) was the opposite:
scenario with fertilizers displaced lower results than the scenario with recovered nutrients in 62% of the
runs. For the last two categories (Particulate matter and Terrestrial acidification) the results of scenarios
including recovered nutrients were higher than that of fertilizer use in 100% of the runs. The obtained
results are consistent with other studies.100,101 In particular, from those studies it was clear that the inputs
of interchangeable factors such as the nutrient source, water type, and recirculation have a sharp effect in
how they can impact the environment, thus supporting the re-use of resources (recovered nutrients) and
the full exhaustion (water recirculation to exploit slurry nutrients). The negative bars reported in Figure 2
represent the avoided impacts in the related categories such as ecotoxicity (in the entire compartment, i.e.
terrestrial, marine and freshwater), human carcinogenic toxicity, and mineral scarcity. These prevented
impacts are attributed to Scenario W9, justified for the depuration of wastewater and for the avoided
impacts linked to these processes (i.e. the saving of energy for depuration performed in a standard
wastewater depuration plant). The removal of nutrients from wastewater has been previously reported
with positive effects102 in reducing the impact of eutrophication, and terrestrial - freshwater ecotoxicity.
The contribution of the process for the different impact categories is reported in the following paragraphs.

2.3.1.1 Climate change.
Global Warming Potential (GWP), which represents the amount of additional emission pressure combined
over 100 years because of an emission of 1 kg of CO 2 (expressed as CO2 eq.)40, is the Impact Category
broadly used for climate change. For the scenarios considered its value was mainly dependent (Figure 3)
on the use of energy and the production of fertilizers used to produce microalgae (still linked to the energy
use), according to previous works.74,103,104
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Figure 2. Comparative environmental results for the nine scenarios considered. Impacts assessment calculated
according to ReCiPe 2016 midpoint (H) V 1.03 method.

For Scenario W1, for instance, Ca(NO3)2 addition caused 24% of the GWP, and electricity use, 38%.
Recirculation of growth medium, in the corresponding Scenarios W1, W3, W5 and W7, allowed pumping
less water, causing a slightly lower impact in this category (Table 3). It should be noted that transport
caused higher impacts in the scenarios in which manure was used, because of manure transport: i.e. for
each unit of fertilizer a large amount of water was also moved. The use of recovered fertilizer saved 0.39
kg CO2 eq. in comparison with the chemical fertilizers’ use, giving a better result (13%) for the GWP
category (Table 3). The transport of materials for the facility construction was equal for all scenarios
studied, so that it did not affect environmental impacts (Figure 3, GWP category).
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Table 3. Characterization of the 9 scenarios at the midpoint level impact categories according to ReCipe 2016 Midpoint (H) V.1.03.
Impact category
Global warming

Unit

W1

W2

W3

W4

W5

W6

W7

W8

W9

kg CO2 eq

1.45

1.50

1.24

1.29

1.45

1.50

1.24

1.29

0.33

Stratospheric ozone depletion
Ionizing radiation
Ozone formation, Human health

kg CFC11 eq 5.53E-07 5.73E-07 5.44E-07 5.64E-07 5.53E-07 5.73E-07 5.44E-07 5.64E-07 3.15E-07
kBq Co-60 eq
0.41
0.43
0.38
0.41
0.41
0.43
0.38
0.41
0.25
kg NOx eq 3.67E-03 3.84E-03 3.80E-03 3.97E-03 3.67E-03 3.84E-03 3.80E-03 3.97E-03 1.48E-03

Fine particulate matter formation
Ozone formation, Terrestrial ecosystems
Terrestrial acidification
Freshwater eutrophication
Marine eutrophication

kg PM2.5 eq
kg NOx eq
kg SO2 eq
kg P eq
kg N eq

2.49E-03
3.72E-03
6.93E-03
4.29E-04
8.51E-05

Terrestrial ecotoxicity
Freshwater ecotoxicity
Marine ecotoxicity
Human carcinogenic toxicity

kg 1,4-DCB
kg 1,4-DCB
kg 1,4-DCB
kg 1,4-DCB

2.77
2.82
1.99
2.05
2.77
2.82
1.99
2.05
-0.97
2.02E-02 2.10E-02 1.46E-02 1.54E-02 2.02E-02 2.10E-02 1.46E-02 1.54E-02 -1.39E-02
3.11E-02 3.21E-02 2.20E-02 2.30E-02 3.11E-02 3.21E-02 2.20E-02 2.30E-02 -1.90E-02
4.15E-02 4.33E-02 3.85E-02 4.03E-02 4.15E-02 4.33E-02 3.85E-02 4.03E-02 -8.42E-02

Human non-carcinogenic toxicity
Land use
Mineral resource scarcity
Fossil resource scarcity

kg 1,4-DCB
m2 a crop eq
kg Cu eq
kg oil eq

0.66
0.68
0.47
0.49
0.66
0.68
0.47
0.49
-0.31
0.74
0.74
0.74
0.74
0.74
0.74
0.74
0.74
0.72
5.97E-03 6.02E-03 2.50E-03 2.56E-03 5.97E-03 6.02E-03 2.50E-03 2.56E-03 -2.63E-02
0.44
0.45
0.37
0.39
0.44
0.45
0.37
0.39
0.16

Water consumption

m3

6.35

2.63E-03
3.89E-03
7.32E-03
2.18E-03
4.54E-03

6.78

1.29E-02
3.86E-03
9.42E-02
3.24E-04
2.38E-05

5.95

1.30E-02
4.03E-03
9.46E-02
2.08E-03
4.48E-03

6.37

2.49E-03
3.72E-03
6.93E-03
4.29E-04
8.51E-05

6.05

2.63E-03
3.89E-03
7.32E-03
2.18E-03
4.54E-03

6.47

1.29E-02
3.86E-03
9.42E-02
3.24E-04
2.38E-05

5.65

1.30E-02
4.03E-03
9.46E-02
2.08E-03
4.48E-03

6.06

1.20E-02
1.48E-03
9.23E-02
1.88E-03
4.47E-03

0.34
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In the production model under study, the energy input was optimised for both microalgae production
(0.84-0.94 kWh kgbiomass-1) and harvesting (0.19 kWh kgbiomass-1). In the first case, optimisation was due to
optimised reactor design and to the optimised fluid movement and the slow speed of the liquid adopted;
in the second case, it was obtained via two-stage harvesting. Thus, the large gain that can be considered
within scenarios is completely due to the inputs of recovered nutrients and the corresponding emissions
for production and use. The lowest impact measured was registered for Scenario W9 (Figure 2, Table 3),
where the service provided by wastewater depuration (system substitution accounting for the function of
wastewater depuration) compensated for part of the CO2 emissions. In Figure 2 are reported both positive
and negative (credits) impacts. The values reported are similar to those presented by Collotta et al.
(2018)102, in which the use of wastewater, in addition to the injection of CO 2 recovered from a cement
plant flue gas, gave the lowest impact emission, i.e. 0.306 kg CO2 eq. for each kg of biomass, that is quite
comparable with that reported for Scenario W9 scenarios, i.e. 0.47 kg CO 2 eq.

2.3.1.2 Stratospheric ozone depletion.
Emissions of ozone-depleting substances (ODSs) (expressed in kg CFC 11 eq.) which leads to the increase
in UVB radiation,105,106 are relatively small, with the lowest value reported for Scenario W9. As it was
seen in GWP, the impact category was mainly due to the use of electricity, Ca(NO 3)2 and fuel combustion
(transport and building of infrastructure).

2.3.1.3 Ionising radiation.
The ionising radiation potential (IRP) reported as a Cobalt-60 eq. to air, quantifies radionucleotides
emitted not only during nuclear activity but also in ordinary activities such as fuel burning and phosphate
rock extraction. The process contribution that mainly explains its appearance was electricity, with 87% of
contribution in Scenarios W1-W2-W5-W6 (in which fertilizers were used), followed by Ca(NO 3)2 with
6.5%. In the other scenarios, the contribution of electricity was higher than 90%.
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Figure 3. Contribution of the main inputs to the different impact categories. ReCiPe 2016 midpoint (H) V 1.03
method.
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2.3.1.4 Photochemical Ozone Formation.
The category quantifies, as NOx equivalent, the potential molecules leading to the formation of ozone, i.e.
the photochemical reactions of NOx and Non-Methane Volatile Organic Compounds (NMVOCs)

40.

Many of the same processes mentioned in the previous categories explained the intensification of EOFP,
where the impact was low and similar for Scenario W1-W8, and smaller for Scenario W9. The impact
categories: ozone formation, human health, ozone formation and terrestrial ecosystem, despite low
differences in absolute values, displayed the same pattern.

2.3.1.5 Terrestrial Acidification.
The category is linked to the atmospheric deposition of sulphates, nitrates and phosphates that cause a
change in the acidity of soils. The highest values were linked to the scenarios using recovered nutrients,
slurry and wastewater, that contain nitrogen in the form of ammonia which undergoes volatilisation during
the production of microalgae. Once having considered direct ammonia emission, the other source of
acidifying substances, far less relevant, is the use of electricity, i.e. the burning of fuel and corresponding
NOx production. Electricity accounts for 5% of this category in the scenarios in which ammonia
volatilisation occurred, while it was 70% for the others (Figure 2). For Scenario W9 the profile of impacts
was analogous to the scenarios with recovered nutrients (Scenarios W3-4-7-8) due to less volatilisation of
ammonia and the lowest electricity demand, the latter because there is no burden of transport of nutrients
(i.e. manure) and there was a small avoided impact for wastewater depuration.

2.3.1.6 Eutrophication.
Eutrophication is due to the release of nutrients in water bodies; with freshwater eutrophication potentials
(FEP) the impact is quantified as kg P eq. In the scenarios that considered recirculation, the main
contribution to this category was the release of phosphorus (P) in the discharged water, i.e. 80% of the
contribution, even if moderate (see Table 2). Other minor contributions are because of the use of electricity,
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production of Ca(NO3)2 and P discharged as waste during the production steps of triple phosphate typical
of the scenarios using chemical fertilizers. When recirculation was performed, P discharge disappeared
(Table 2) reducing the impact, and instead electricity became the main contributor to the footprint. In all
the scenarios the impact encompassed both local (P released on site) and global emissions (P released
globally in the process of tailing management). For Marine Eutrophication, expressed as N equivalent, the
impact is completely due to the release of water in the non-recirculation scenarios (Figure 3), other
contributions are negligible. Collotta et al., (2018), showed a significant favourable effect (negative value
of impact categories) in the eutrophication impact when wastewater is used, because of the credit of
avoided emissions for nutrients uptake and removal from wastewater. In this work, the system substitution
took into consideration the avoided wastewater treatment, i.e. the credit was not relative to N and P, but it
was relative to the energy demand for the wastewater treatment that was avoided, thus the eutrophication
category for Scenario W9 was analogous to all the scenarios with a non-recirculation mode.

2.3.1.7 Ecotoxicity and human toxicity.
The emissions of 1,4-dichlorobenzene-equivalents (1,4DCB-eq) expressed in kg is used as
characterisation factor of ecotoxicity in freshwater, marine and terrestrial ecosystems
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Ecotoxicity

showed the same pattern described above for the other categories, i.e. a remarkable decrease of emission
in the scenarios using recovered nutrients (-27%). The main factors affecting ecotoxicity were the use of
both electricity and synthetic fertilizers (when supplied), and the processes related to transport all along
the lifecycle (i.e. the use and the disposal of vehicles). As outlined in the discussion for other categories,
the impacts of transport rose in the scenarios using slurry, with a very marked difference compared to
scenarios not including slurries, this being particularly shown in the categories of freshwater and marine
ecotoxicity.
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In Scenario W9 the use of recovered nutrients within wastewater and the added service of water depuration,
resulted in this scenario having a negative impact, i.e. the impact of the energy used for the production
was “counterbalanced” by the service of waste depuration. This is easily understood if we consider that
the direct electricity use for 1 m3 of wastewater depurated by the microalgae system is 0.49 kWh m-3,
encompassing the energy for biomass production, while the depuration of wastewater by a conventional
system costs on average 0.3-2.1 kWh m-3 of wastewater-1. 107
For terrestrial ecotoxicity (Figure 3) the role of transport was higher than that played in freshwater and
marine ecotoxicity, and it was comparable to the share attributable to electricity and fertilizer use.
Similarly, human non-carcinogenic toxicity was mainly due to electricity and fertilizers and presented a
significant reduction in the scenarios with recovered nutrients (Figure 2), while the human carcinogenic
category was explained by electricity use as first contributor and, fertilizers and transport related process
(building of vehicles and roads) as a second one. The decrease in impact due to the non-use of synthetic
fertilizers was eliminated by the greater impact related to the transport of slurry. This led to an equality of
this category in the various scenarios considered, excluding, as before, Scenario 9, where the crediting for
wastewater treatment brings a big decrease in the impact.

2.3.1.8 Use of resources: Land use, Fossil, Mineral and Water depletion
Land use expressed as the area occupied by the facility was almost equal in all scenarios. Fossil
exploitation, quantified as kg oil eq., was explained by electricity use, Ca(NO 3)2 (30% in the scenarios
using fertilizer) and heating (natural gas). Due to the high contribution of Ca(NO 3)2, the scenarios with
recovered nutrients displayed a 20% decrease in this category, the remaining “credit” being compensated
by the transport of slurry. Outside this array is Scenario W9, in which electricity and heat processes mainly
provide the contribution, presenting a reduction of 61% in comparison with the scenarios using fertilizer.
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Considering the category of mineral resource scarcity, Scenario W9, again, was the only one that displayed
negative values, in the sense of preventing environmental impacts in the long term. By contrast, scenarios
(Scenario W1-2-5-6) using an external artificial nutrient source presented the higher impact, this was
mostly due to Ca(NO3)2 and triple superphosphate, respectively 42% and 24% of the category value.
Water depletion level, expressed as m3 of water consumed over water extracted, depended mostly on the
upstream process of energy production. Thus, it was influenced by the use of electricity which is higher
when there is constant pumping of water (recirculation off), and where in fact water consumption increases.
The wastewater scenario displaced the lowest impact due to the release of depurated freshwater (2 m 3 kg1

microalgae). When seawater and wastewater were used the impact on this process was lower (Figure 2).

2.3.2

Recovered fertilisers and sustainable transport: threshold distance

Markedly, using wastewater or recovered fertilizer from slurry, carried substantial environmental benefits
compared with the external supply of macronutrients, this finding being backed up by recent
literature .88,102 Although the management of recovered nutrients showed a net environmental gain, it is
appropriate to dwell on an item often cited as a significant component of some impact categories: the
transport of recovered fertilizers. The concentrations of nutrients in slurry was not comparable with the
concentration of nutrients in synthetic fertilizers; in addition, much water was involved in transport. In the
illustrated scenarios, the slurry used had a concentration in N and P of 1.5 g kg-1 w/w and 0.16 g kg-1 w/w,
from data in Table 2. Therefore, it becomes essential for proper programming, to understand the distances
for sustainable transport of slurry, or the distance at which the emissions balance is still acceptable
compared to the use of synthetic fertilizers. Moreover, LCA studies using wastewater as the alternative
culture medium in growing microalgae88 showed higher growth resulted by using NPK synthetic fertilizers,
since the growth medium supplied was less turbid, allowing higher radiation infiltration compared to
wastewater or slurry, both of them rich in suspended organic matter.
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For these reasons it is clearly important to carefully evaluate nutrient source and slurry, not only to outline
the benefits of slurry as an alternative nutrient source, but also because of the high variability that it could
carry in real contexts (productivity), then it becomes reasonable to determine the effect that they could
have in a production system. Table 4 shows the results of the sensitivity analysis for transport and
productivity in scenario W3. For transport, the category mainly affected was mineral resource scarcity,
since it was directly linked to the use of resources for the road infrastructure and maintenance. The other
categories involved were all those related to toxicity (human and ecosystem), the effect on ozone (both
stratospheric depletion and atmospheric formation) and the GWP. The simulation of different transport
scenarios showed that 40 km was the limit because up to that distance, the solution with nutrient recovery
was still sustainable and comparable to the scenario with synthetic fertilizers (W1) for the categories most
affected. Beyond this threshold, the solution with recovered fertilizer was not advantageous. Concerning
a possible decrease in production due to any issue related to recovered nutrients, the production system
with recovered fertilizers was advantageous up to a productivity loss of 20%, i.e. at almost 48 Mg ha-1 of
slurry the environmental benefits due to the recovery of nutrients were cancelled out by the drop in
production.

2.3.3

CO2 recovery

An additional scenario was taken into consideration for compressed and transported CO 2, instead of
recovered CO2 produced by the combustion of fuel. This approach is important because of the role that
commodities such as the recovered CO2 will play in the immediate future,108 and to show how on site
recovery, without the need for storage and compression, is an essential option for the sustainability of
microalgae-related production chains. Using compressed CO 2 caused an impact increase of about 2-3
times, of the most relevant impact categories, i.e. global warming, eutrophication and toxicity. Terrestrial
ecotoxicity, which is heavily influenced by the use of fuels (CO 2 transport, compression and purification)
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reported an increase of impact of as much as six times. Indeed, literature outlined that CO2 injection was
the primary factor affecting the environmental impact in the entire chain,101 followed by both the nutrient
supply and energy consumption,102 indicating the relevance of the use of recovered sources. In the two
years experimentation that provided data for this work, CO2 from flue gas (methane combustion) was used
routinely, demonstrating how productivity is not damaged by any NOx compounds produced during
combustion, which actually work as a micronutrient. The topic was already addressed in literature,109 with
the recommendation of more detailed investigations in full-scale systems.
Table 4. Sensitivity indices for transportation distance and productivity in a nutrient recovered source (Scenario
W3: Slurry).
Sensitivity coefficient Sensitivity coefficient
Impact category
transport
Productivity
Global warming
0.157
-0.48
Stratospheric ozone depletion
0.189
-0.21
Ionizing radiation
0.038
-0.23
Ozone formation, Human health
0.193
-0.22
Fine particulate matter formation
0.080
-0.22
Ozone formation, Terrestrial ecosystems
0.197
-0.22
Terrestrial acidification
0.073
-0.22
Freshwater eutrophication
0.056
-0.22
Marine eutrophication
0.050
-0.22
Terrestrial ecotoxicity
0.298
-0.20
Freshwater ecotoxicity
0.216
-0.24
Marine ecotoxicity
0.221
-0.24
Human carcinogenic toxicity
0.230
-0.23
Human non-carcinogenic toxicity
0.245
-0.24
Land use
0.003
-0.40
Mineral resource scarcity
0.332
-0.20
Fossil resource scarcity
0.185
-0.19
Water consumption
0.037
-0.23

2.3.4

Evaluation of impacts and perspectives of microalgae cultivation.

To compare and discuss LCA results of microalgae cultivation -including the use of recovered resourceswith existing literature, we can use the Global Warming Potential (GWP) category, as it is a robust
indicator, widely used and common to different LCA assessment methods.
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Schneider et al. 201888 performed cultivation trials in open raceways, with continuous working, using
wastewater as one of the culture media, and reported values of GWP, equal to 5.34 and 2.69 when using
fertilizers and wastewater respectively.
Completely different findings came from Porcelli et al. 2020,109 that found values of 257 and 298 CO2 eq
kgbiomass-1 using fertilizers and recovered CO2 vs synthetic CO2. In this case, the production involved
the use of artificial light, sterilization steps and energy-intensive practices for biomass treatment. So even
if only 50% of the impacts were due to cultivation (around 120 CO2 eq kgbiomass-1) nonetheless the use
of artificial light completely shifted the orders of magnitude of the impact respect to a field-based
production based on sunlight Other studies that exploited recovered resources,78,79,110 reported values of
1.4, 1.03, and 1.26 CO2eq for each kg of algae biomass. These studies modelled inputs from the scale-up
of lab data, thus some uncertainty is present in the estimation of inputs or in the evaluation of other factors
that, in the continuous operation, may reduce productivity, and provide a low and optimistic value of
impacts for GWP category. The values obtained in this study, as regards to the scenarios with recovered
nutrients (W3 W4, 1.24. and 1.29 kg CO2 eq kgbiomass-1 respectively), are close to the lowest values
reported in literature, even if performed on a full scale, thus considering the actual measured productivity
and consumption of inputs.
Different studies49,111,112 outlined how, in microalgae production, fertilizers consumption, harvesting, and
downstream processing, risk to nullify the benefits of the efficient photosynthetic yield of microalgae. As
the critical work of Ketzer113 highlights, the energy consumption for the cultivation of algae varies from
the most optimistic 4 MJ / kg up to the value of two orders of magnitude higher (800MJkg). In this study
the consumption is lower than 10 MJ kgbiomass-1, thus together with recovered resource valorization, it
allows to obtain low GWP values, still the inputs of energy and the need of equipment are the main
drawbacks respect to land plant production.
39

The results obtained in this work depict the state-of-the-art technology, at present, and report, in the best
scenarios, in fact the lowest GWP scores, confirmed previous studies that scaled up lab production data
in an industrial frame. Based on these data it is interesting to understand the effective potential and role
of microalgae production, and thus to compare the environmental burden of microalgae grown in this
industrial setting (open raceway, optimized equipment) with the production of land-based commodities
plants, e.g. maize and soy, on dry matter basis. Values of GWP for silage maize biomass or soy range
from 0.1 to 0.7 CO2 eq kg-1114,115, thus steadily below that of microalgae production according to the
state of the art technologies and circular recovery concept.
Considering both the inputs necessary for microalgae production and the environmental impact measured
by LCA, the peculiarity of microalgae production systems becomes clear in comparison with traditional
agricultural production. Microalgae production allows a higher productivity than “traditional agriculture”
and it can limit some emissions due to the management of nutrients in the plant-soil system, i.e. N2O
emission and nutrients leaching in both surface and deep waters. The microalgae production systems are
well isolated from the soil, carefully monitored and managed, and they have high technological input.
Thus, microalgae systems allow an optimised management of the recovered nutrients, while traditional
agro-systems present more critical issues in an open field, as they involve complex natural systems such
as soil and water bodies. The main drivers of these advantages are: (i) the possibility of adding nutrients
step by step following the microalgae uptake curve, thus ensuring a great efficiency in using both chemical
and recovered fertilizers; (ii) the possibility of water recirculation, that allows the water to be discharged
only once all the nutrients have been used; (iii) the closed and waterproof system of tanks used to produce
microalgae prevents any leaching of nutrients before the water used for the production is discharged; (iv)
the possibility of controlling the pH, together with the correct delivery of nutrients on demand and the
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high dissolved oxygen saturation of the media (greater than 100% of air saturation), which allows the
reduction of both ammonia and N2O emissions.
On the other hand, the production of microalgae requires an amount of energy (in the form of electricity)
higher than that for traditional agricultural activities, i.e. the direct electricity demand to produce
microalgae biomass is of 8.6 MJ kg biomass-1, as primary energy, much higher than that reported for a
crop, i.e. 1 MJ kg biomass-1.116 As outlined by the LCA analysis, the use of electricity is the most
significant input in determining almost all the impact categories.
Another important element that differentiates microalgae from crop production is the use of the soil, not
only, as previously discussed, in terms of the amount of soil required per unit of biomass produced but
considering other soil services. The soil reserved for microalgae production is a sealed soil that cannot
offer any eco-systemic services to the environment, such as, for example, draining and filtering of
rainwater, habitat for entomofauna, capture of carbon in the soil etc.
Thus, the LCA numbers outline that microalgae production, even if performed at large scale, and
according to circular approach and using low energy process, it is not, by now, for commodity purpose,
nor energy nor food. Still, the microalgae production has a role for specific functions achieved thanks to
its valuable and unique components: e.g. hormone-like molecules with bio stimulating activity on land
plants, (assay performed using microalgae grown in the reported trials of this work 54,117 and PUFA, for
the production of aquafeed 118, which replaces fish oils and decreases the pressure on marine ecosystems
(trials performed in the frame of the same project). These kinds of products can provide functions not
comparable to that of land-based commodities, and thus justify productions that display higher impacts.
Moreover, the evaluation of environmental pros and cons of microalgae production depends on contextual
conditions, by not entirely captured by all the LCA approaches, such as the possibility to use seawater and
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wastewater for production, mainly in the areas where pressure on freshwater resources is high, or the
opportunity to use non-arable land, soils poor and low in quality, not suitable for land crop production.
For this reason, as often underlined in strategic studies for the location of microalgae plants, it is important
to dedicate only industrial or low environmental value soils to a microalgae facility, while valorising high
quality soils in proper crop agroecosystems.119,120
Beyond the added value of microalgae components and the valorisation of low-grade resource in place of
scarce resources (seawater and non-arable soils), another critical issue in the environmental evaluation of
microalga production is if other services are achieved. In scenario W9 the depuration of wastewater is
performed, and the global sustainability of microalgae production changes completely and turns better
respect to the production of land-based commodities.

2.4

Conclusions

Data inventory from an actual operating facility outlined that the main relevant inputs affecting
environmental performances were electricity consumption, chemical fertilizer demand (N and P) and
transport. Scenarios with recovered nutrients from slurry and the use of wastewater led to the better
environmental performances. The threshold of distance for manure transport was 40 km, beyond that value
the scenarios using recovered nutrients performed worse than the scenarios using chemical fertilizers. The
maximum drop in productivity that the system with recovered nutrients could withstand was 20%, in
addition to the environmental performance which was worse than in the scenario with chemical fertilizers.
The multifunctionality of the process including wastewater depuration, allowed this scenario to
compensate most of the impact categories, yielding negative values in some (e.g. all the toxicity
categories). If CO2 used is not from a recovered source, impacts are 2-3 times higher. Finally, state of the
art technology by now justify the role of microalgae not for commodities production but for specific
functions achievable thanks to microalgae metabolism, unless wastewater depuration is included.
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Abstract
Recovered fertilizers (RF), in the form of digestate and digestate-derived ammonium sulphate, were
produced from organic wastes by thermophilic anaerobic digestion (AD) at full scale. RFs were then used
for crop production (maize), substituting synthetic mineral fertilizers (SF). Environmental impacts due to
both RF and SF production and use were studied by a Life Cycle Assessment (LCA) approach using, as
much as possible, data directly measured at full-scale. The functional unit chosen was referred to as the
fertilization of 1 Ha of maize, as this paper intends to investigate the impacts of the use of RF (Scenario
RF) for crop fertilization compared to SF (Scenario SF).
(Scenario SF). Scenario RF showed better environmental performances than the system encompassing the
production and use of urea and synthetic fertilizers (Scenario SF). For the Scenario RF, eleven of the
eighteen categories showed a lower impact than Scenario SF, and four of the categories (Ionizing radiation,
Terrestrial ecotoxicity, Fossil resource scarcity and Water consumption) showed net negative impacts in
Scenario RF, getting the benefits from the credit for renewable energy production by AD. The LCA
approach also allowed, proposing precautions able to reduce further fertilizer impacts, resulting in total
negative impacts in using RF for crop production. Anaerobic digestion represents the key to propose a
sustainable approach in producing renewable fertilizers, thanks to both energy production and to the
modification which occurs to waste during a biological process, leaving a substrate (digestate) with high
amending and fertilizing properties.
Keywords: Ammonium sulphate; Anaerobic digestion; Environmental impacts; Life Cycle Assessment
(LCA); Digestate; Recovered fertilizers.
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3.1

Introduction

The linear economy model based on the use of fossil fuel and raw sources has led our planet to encounter
major environmental problems such as climate change, land degradation, and alteration of biochemical
cycles.3 With particular reference to N and P global flows, it has been reported that the current uses of
these two elements is over Earth’s boundaries because of anthropogenic perturbation due, mainly, to
fertilizer application.7 The use of chemically produced N and mined P is modifying and misbalancing not
only the agroecosystem but also the natural ecosystems, putting biodiversity at risk.1
The regular production and use of mineral fertilizers in agriculture has a long track record of negative
impacts in the environment121 beyond the mere addition of nutrients to the soil. Fertilizer industry
production and use causes about 2.5% (1203 Tg CO2 eq.) of the global GHG emissions,122 and N fertilizers
account for 33% of the total annual creation of reactive N, i.e. 170 Tg N y -1 (fertilizers and livestock
manure),123,124 generating big environmental problems. In addition, the production of P and K fertilizers
relies upon non-renewable and extracted resources that are becoming depleted125 and are concentrated (e.g.
P) in only a few countries.126 The consequence of that is the need for new management strategies to reduce
the additions of N and P into the ecosystem with particular reference to agriculture. The Circular Economy
has been indicated as a new productive paradigm to produce goods, and it consists in the re-design of
productive processes to allow the successive recovering of wastes for new productive processes, avoiding
the use of new resources.127
Organic wastes can be explored as raw materials to recover nutrients and organic matter, representing an
example of Circular Economy. To do so, wastes should be accurately chosen so that nutrient recovery can
be made by applying suitable technologies,128 producing fertilizers to replace synthetic ones.129 Anaerobic
digestion (AD) is a suitable biotechnology for producing biofertilizers, thanks to the process that modifies
organic matter and the nutrients it contains, resulting in good amendment and fertilizer properties of the
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end-product, i.e. digestate.130–132 In addition, the AD process renders the digestate more suitable for
subsequent biological/physical/chemical treatments allowing organic matter (OM) and N and P to be
separated, producing both an organic amendment, and N and P fertilizers.128,133–135
The recovery of nutrients allows the production of fertilizers able to substitute for synthetic ones, thus
reducing the necessity to produce fertilizers using fossil energy (N and P) and fossil resources (P and K),8
and closing the nutrient cycles. In addition, the recovery, also, of the organic matter represents a solution
to the problem of low organic matter (OM) content (<1%) of soils,136 which are attributed to the high
carbon dioxide emissions which result from the intensification of agricultural practices.137
Despite the clear need to better manage nutrients already present in the ecosystem without adding new
ones, a significant obstacle to this is the low efficiency and environmental performance which have been
attributed to recovered nutrients.123,138 Synthetic fertilizers contain concentrated nutrients under available
forms, and so they are easy to apply to meet crop requirements. By contrast, the recovered wastes (sewage,
manure, digestates etc.) contain nutrients with low efficiency and low concentration, and which also
require good practices to be used to avoid environmental impacts.139,140 Low Nutrient Use Efficiency
(NUE) of recovered fertilizers might be due to their non-appropriate chemical form (mineral vs. organic
forms), loss as NH3 volatilization (10-65%), NO3- leaching and runoff (1-20%), and nitrificationdenitrification (1-30%).10,141 Therefore, the increase of NUE and environmental outcomes of recovered
fertilizers represent challenges for modern agriculture.142
Recently, a scientific paper described,128 at full scale, a plant producing recovered fertilizers (renewable
fertilizers - RF) by anaerobic digestion, proposing that these fertilizers be used to substitute completely
for fertilization by synthetic mineral fertilizers (SF).
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This work aims to complete the path of the proposed Circular Economy in agriculture by recovering
organic wastes by AD, measuring the environmental performances of the recovered fertilizers (digestate
and ammonium sulphate) produced from organic wastes (mainly sewage sludge) by anaerobic digestion,
to produce candidates to substitute completely for synthetic mineral fertilizers for crop production. To do
so, Life Cycle Assessments (LCA) fed with both full-scale plant and agronomic data coming from crop
trials performed at full scale have been carried out.

3.2
3.2.1

Materials and methods
Goal and scope

LCA analysis aims to measure the environmental impacts related to both production and to subsequent
agronomic use of digestate and ammonium sulphate (Recovered Fertilizer) (RF) produced by the
anaerobic digestion process using a mix of organic wastes (Scenario RF), compared to the production and
use of synthetic fertilizers (SF), i.e. urea, triple phosphate and potassium sulphate (Scenario SF). This
study covered the entire production and use of fertilizers, i.e. “from cradle to grave”48 as it analysed a
large full-scale anaerobic digestion plant used to transform organic wastes into bio-fertilizers (production
phase),128 and the subsequent full field application of the recovered bio-fertilizers (digestate and ammonia
sulphate).

3.2.2

System description

3.2.2.1 Anaerobic digestion plant
The AD-plant (1 MWe power) for the combined production of fertilizers and energy is situated in the
Lombardy Region (North Italy).128 The plant exploits anaerobic digestion (AD) to transform different
organic wastes (sewage sludges produced by municipal WWTP, agri-food factories, and liquid pulpfraction of source-separated domestic food wastes) into organic-mineral fertilizers, i.e. digestate, mineral
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N-fertilizer (i.e. ammonium sulphate) and energy (thermal and electrical). The plant is composed by two
main sections comprising the AD plant and the ammonia-stripping unit (Figure 1a).
The AD plant produces biogas that is exploited to produce electrical energy delivered to the national grid
and is also used for plant auto-consumption, and heat that is used for digester heating by steam injection
and in the ammonia-stripping unit. During the process, several data were continuously monitored:
digestate, pH (daily), digestate temperature, produced biogas and biogas composition (CH 4, CO2 and H2S,
this latter 4 measurement per day).
Anaerobic digestion takes place in three reactors, working in series, of 4,500 m3 each, made in carbon
steel, with an average Hydraulic Retention Time (HRT) of 45-50 days to ensure good biological stability
and sanitation.128 The AD process is performed in thermophilic conditions (55°C), where the temperature
is kept stable by using the heat produced from the Combined Heat and Power (CHP) unit. Reactor tanks
have no mechanical mobile parts inside, with digestate mixing guaranteed by a system of external pumps.
The tanks are covered with a gasometric dome membrane and maintained at constant pressure.
The system withdraws digestate from the second digester tank (DT 2) (Figure 1a) to the thin layer extractor,
where ammonia is stripped from digestate by using the biogas or air.128,143 The thin layer extractor consists
of a cylindrical tank having inside a rotor with radial paddles, which by rotating at high speed keeps the
digestate spread in a thin layer (few millimetres thick) on the internal walls of the cylinder.
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Figure 1. Anaerobic Digestion (AD) plant and Nitrogen-stripping unit layouts (a); system boundaries and main processes for the Recovered
Fertilizers (RF) (b).
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Meanwhile, the rotor keeps biogas at high turbulence to enhance the exchange of ammonia from the
digestate to the gas. The transfer of ammonia occurs in a counter current; the digestate is pumped into the
top of the cylinder, and it goes down by gravity in a thin layer while gas flux is from the bottom to the top.
The walls of the cylinder are warmed at 80°C to increase the exchange from the digestate to the gas which
is injected at 70°C. After the stripping in the thin layer, the low-content ammonia digestate is pumped
back to the first digester (DT 1) while carrier gas in a closed loop cycle goes to the acid scrubber unit,
where ammonia reacts with sulphuric acid generating ammonium sulphate. Both recovered fertilizers
produced were used in substitution for synthetic fertilizers, both at pre-sowing (digestate) and as topdressing (ammonium sulphate).

3.2.2.2 Recovered fertilizers produced
Recovered fertilizers (renewable fertilizers) characteristics are listed in Tables S1-S2; a complete
description can be found in Pigoli et al. (2021).128 The previous characterization made also included
organic contaminants and target emerging organic contaminants (Table S1).

3.2.2.3 Full field agronomic use of renewable fertilizers in substitution of synthetic mineral fertilizers.
Full field agronomic performance and impact measurements, i.e. air emissions (NH3, N2O, CH4 and CO2)
and nitrate leaching were carried out on soil plots distributed randomly close to the AD plant. Digestate
was injected into the soil at a depth of 15 cm at the dose required assuming an N efficiency of 0.5, as
suggested by the Regional Plan for Water Protection from Nitrate from Agriculture.144 For the SF Scenario,
urea was spread onto the soil surface following a routine agricultural procedure. Fertilizers used, doses
applied and spreading methodology are reported in detail in Table S3 in Supporting Information and
summarised in Table 1.
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3.2.2.4 Emissions
GHG emissions (N2O, CH4 and CO2) were measured in 2020, following the entire agronomic season of
maize: from May (sowing) to October (harvest). The determination of emissions was conducted through
the use of non-steady-state chambers.145 Sampling chambers were placed in each of the experimental plots,
furthermore, to obtain a background measurement, another 3 chambers were placed on non-fertilized plots.
The air sampling inside the chamber was carried out with a frequency of 1 to 8 times a month, depending
on the season and the state of the crop. The air taken was then analysed in the laboratory using a gas
chromatograph, according to the method reported by Piccini and colleagues.146 The cumulative emissions
were obtained by estimating the flows in the non-sampling days, by linear interpolation.147
The concentration of NH3 was monitored by the exposure of ALPHA passive samplers.139,148 For each
plot, the ALPHA samplers were installed in sets of three. To obtain background environmental
concentration values, an additional sampling point was placed at a distance of about 1,000 meters away
from the fertilized fields and other possible point sources of NH3 emissions.

3.2.3

System boundaries and data inventory

3.2.3.1 System boundaries
The system boundary starts from the organic waste collection and transport, encompasses the production
of digestate/bio-fertilizer and ammonia sulphate, the correlated processes for producing biogas which is
transformed into electric energy and thermal energy and finally the use of the digestate in the field. The
system boundary was represented by the dashed line in Figure 1b and comprised five main processes for
Scenario RF (Recovered Fertilizer): i. the transport of sludge and organic wastes to the AD plant
(assuming 100 km on average), ii. the AD process, iii. the biogas combustion and electricity production
in CHP, iv. the digestate stripping process and ammonium sulphate production and v. the digestate storage,
handling, and distribution into fields. Capital goods were included in the system, considering a lifespan of
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the structure of 20 years. The Scenario SF (Synthetic Fertilizer) encompassed the production of urea, triple
phosphate, and potassium sulphate fertilizers (including logistics and transportation) and the timely
distribution on fields. This Scenario was modelled using data coming from the literature and databases
(Ecoinvent 3.6).149
The main data inventory is reported in Table 1, inputs and output of production were all taken directly
from the plant facility. Air emission of the two systems, i.e. ammonia, methane, nitrous oxide and carbon
dioxide were measured directly on monitored field plots as previously reported (Table 1) (Table S4).
Indirect dinitrogen monoxide and NOx were estimated according to IPCC (2006).150 Nitrate leaching was
calculated according to IPCC (2006)150 for Scenario SF, based on the N distributed, and assumed to be
equal for Scenario RF, as the monitoring of nitrate content in deep soil layers during the year showed no
differences (Table S4). Phosphorus in soil, leaching and run off was modelled according to Ecoinvent
report 15.151 Heavy metals supplied were included in the model according to the characterization data of
digestate, plant uptake and accumulation rate in the soil system.152,153 The input of organic pollutants was
considered for PCDD/F, DEHP, PAH contained in digestate, as a proper numerical quantification was
workable (see Table S1).

3.2.3.2 Functional Unit
The Functional Unit (FU) provided a reference to which all data in the assessment were normalized.
Because this study considered the impacts derived from the production and use of fertilizers on crop maize,
the functional unit chosen was referred to the fertilization (fertilizers production and use) of 1 Ha of maize,
i.e. for Scenario SF: 402 kg of Urea (185 kg of N), 476 kg of chemical ammonium sulphate (100 kg N),
195 kg of triple phosphate (89 kg of P2O5) and 165 kg of potassium sulphate (82.5 kg of K2O), and for
Scenario RF: 48 Mg of digestate, i.e. 370 kg of total N, i.e.185 kg of effective N, 317 kg of P2O5 and 43
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kg of K2O, 1.38 Mg of recovered ammonium sulphate (100 kg of N), and 80 kg of potassium sulphate (40
kg of K2O) (see Table 1).

3.2.3.3 Modelling framework and approach to multi-functionality
The modelling framework of this study was attributional, i.e. digestate and ammonium sulphate were
considered as the target products of the production chain. Biogas was produced and valorised in the CHP
module to generate electricity and heat. In order to consider these outputs and to make the two systems
(Scenario RF and Scenario SF) comparable, the approach of system substitution, i.e. crediting for the
avoided burden - was chosen. The option of system substitution was not exploited to include the service
of waste treatment (i.e. incineration or landfill) that is performed, as it would have introduced great
variability in the credits of the service. This approach was very prudential, as it did not consider the
alternatives for disposal of organic wastes that in any case would be necessary and impacting. However,
the credits for renewable electricity were accounted for and considered for substituting the electricity mix
distributed in the national grid.
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Table 1. Inventory data of the considered scenario.
INPUT
Waste input (total)
Methane (from national grid)
Water (from aqueduct)
Water (from well)
Water (total)
Electricity consumed from the grid

UNIT QUANTITY

DATA SOURCE

-1

81,886

Provided by facility

sm y

-1

228,177

Provided by facility

3

m y

-1

19,744

Provided by facility

3

-1

14,044.

Provided by facility

3

-1

33,788

Provided by facility

7,189

Provided by facility

316

Provided by facility

Mg y
3

m y
m y

kWh y

-1

-1

Sulphur acid

Mg y

OUTPUT
Digestate produced

Mg y-1

112,322

Provided by facility

kWh y

-1

5,349,468

Provided by facility

Electricity produced and reused in the process kWh y

-1

2,395,215

Provided by facility

Total electricity produced

-1

Electricity produced and fed to the grid

7,737,494

Provided by facility

Mg y

-1

571

Provided by facility

Mg y

-1

2.5

Provided by facility

Mg y

-1

3,842

Provided by facility

MWhth y

5,976

Provided by facility

EMISSIONS (from distribution)
Digestate
Ammonia (N-NH4)
Direct dinitrogen monoxide (N-N2O)
Indirect dinitrogen monoxide (N-N2O)
Nitrate leaching (N-NO3)
NOx (N-NOx)

kg ha-1
kg ha-1
kg ha-1
kg ha-1
kg ha-1

25.2
9a
0.8
83b
0.5

Detected on-site by the authors (Table S5)
Detected on-site by the authors (Table S5)
IPCC 2006
IPCC 2006
IPCC 2006

P surface run-off (P)

kg ha-1

1.4

EDIP 2003

Ammonia (N-NH4)
Direct dinitrogen monoxide (N-N2O)
Indirect dinitrogen monoxide (N-N2O)
Nitrate leaching (N-NO3)
NOx (N-NOx)

kg ha-1
kg ha-1
kg ha-1
kg ha-1
kg ha-1

25.2
9a
0.8
83b
0.3

Detected on-site by the authors (Table S5)
Detected on-site by the authors (Table S5)
IPCC 2006
IPCC 2006
IPCC 2006

Carbon dioxide (C-CO2)

kg ha-1

80.2

IPCC 2006

0.2

Nemecek & Kägi 2007
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Data from authors

370
100
138
36
34

Data from authors
Data from authors
Data from authors
Data from authors
Data from authors

Ammonium sulphate
Wastes from sieving sent to landfill
Biogas produced
Thermal energy produced (by CHP)

kWh y

-1

Urea

P surface run-off (P)

kg ha

-1

USE OF NUTRIENTS
c

RF

Digestate
TN supplied by digestate
TN delivered by ammonium sulphate
P supplied by digestate
K supplied by digestate
K delivered as potassium sulphate
SFc

Mg ha-1
-1

kg ha
kg ha-1
kg ha-1
kg ha-1
kg ha-1
kg ha-1
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TN supplied by urea
kg ha-1
185
Data from authors
-1
TN delivered by ammonium sulphate
kg ha
100
Data from authors
P provided by triple phosphate
kg ha-1
39
Data from authors
-1
K supplied as potassium sulphate
kg ha
70
Data from authors
a
N2O emissions were considered similar (calculated on 1ha surface) for the two scenarios as revealed by full-field
measurements made after digestate and urea distribution (see Table S4).
b
N leaching was assumed similar (calculated on 1ha surface) for the two scenarios as revealed by soil sampling made at 1 m
soil depth in full-field trials (see Table S4).
c
RF: Recovered Fertilizer scenario, and SF: Synthetic Fertilizer scenario.
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3.2.4

Life Cycle Impact Assessment

The Life Cycle Impact Assessment (LCIA) was based on the emissions and resource inputs identified
during the data inventory, which was processed into indicators that reflect resource shortage and
environmental burdens. The software SimaPro® Analyst 9.1.1.736 was used for the computational
implementation of the inventories and the set of libraries covered by Ecoinvent databases v3.6, 2019 in
order to analyse the environmental impacts. Because of its representativeness at the global scale, the
ReCiPe 2016 method (version 1.13),154 which contains midpoint impact indicators and endpoint areas of
protection, was used to assess the environmental performance of bio-fertilizer and energy production.
Global normalization factors from the same method were used.31 Robustness of the LCA results was
assessed by Montecarlo analysis, setting 10,000 runs.99

3.3

Results And Discussion

The results of the two scenarios reported as mid-point indicators and split for fertilizers production and
use, as well as the impact deviations taking as reference the Scenario RF, are shown in Table 2. The
Scenario RF showed better environmental performances than the system encompassing the production
and use of urea and commercial fertilizers (Scenario SF). In particular, for the Scenario RF, eleven of the
eighteen categories showed a lower impact than in Scenario SF, and four of the categories (Ionizing
radiation, Terrestrial ecotoxicity, Fossil resource scarcity and Water consumption) showed net negative
impacts in the Scenario RF, getting the benefits from the credit of renewable energy production by AD.
The final end-point single score ranked 48 and 215 points for the Scenario RF and Scenario SF,
respectively, which summarises the globally better outcome of the Scenario RF (Figure 2). Analysis and
contributions of the processes to the categories are discussed below.

58

250

200

150

Pt

100

50

0

-50

-100
RF

SF
Human health

Ecosystems

Resources

Figure 2. Comparative environmental results for Scenarios Recovered Fertilisers (RF) and Synthetic Fertilisers
(SF). Impacts assessment calculated according to ReCiPe 2016 endpoint (H) V 1.03 impact assessment method.

3.3.1

Midpoint results of impact categories related to Ecosystem quality

Global Warming impact category; The production of the recovered fertilizers (Scenario RF), which
included sludge transport and handling, the AD process, ammonia stripping and biogas burning, without
considering the electricity credits, caused the emission of 669 kgCO 2eq., lower than the data reported for
the production of synthetic mineral fertilizers, i.e. 834 kgCO2eq. Beyond, thanks to the credits (avoided
CO2 emissions) due to the production of renewable energy (biogas), the value of the fertilizers production
was negative, i.e. – 646 kgCO2eq. With reference to the fertilizers use, which was reported to be the critical
point in terms of emissions and environmental impacts for the recovered fertilizers,155 the impact for the
Scenario RF (i.e. 3,999 kgCO2eq), was only slightly higher than that for the Scenario SF (i.e. 3,966 kgCO2eq)
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because of the higher energy consumption needed for digestate distribution into the soil than that required
for urea and other mineral fertilizers distribution (Scenario SF).
From the data reported above, it was derived that the total net impact measured for the production and use
of RF was of 3,354 kgCO2eq, with this figure being lower (-30%) than that calculated for the Scenario SF,
i.e. 4,800 kgCO2eq (Table 2). GHG impacts were due above all to direct emission of N2O coming from
nitrogen dosed to the soil as fertilizers, with the GHG coming from biogas burning and mass transportation
playing only a minor role. The impacts measured for this gas were the same for the two scenarios studied,
since the measured N2O emissions were statistically identical to each other (Table S4).
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Table 2. Impact category values for the two compared systems SF and RF with their respective contribution due production and use (field
emission and distribution), and credit-related for the electricity generated (CRE). Impact assessment calculated according to ReCiPe 2016
Midpoint (H) V.1.1. FU: 1ha Maize.
Impact category
Global warming
Stratospheric ozone depletion
Ionizing radiation
Ozone formation, Human health
Fine particulate matter formation
Ozone formation, Terrestrial ecosystems
Terrestrial acidification
Freshwater eutrophication
Marine eutrophication
Terrestrial ecotoxicity
Freshwater ecotoxicity
Marine ecotoxicity
Human carcinogenic toxicity
Human non-carcinogenic toxicity
Land use
Mineral resource scarcity
Fossil resource scarcity
Water consumption
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Unit
kg CO2 eq
kg CFC11 eq
kBq Co-60 eq
kg NOx eq
kg PM2.5 eq
kg NOx eq
kg SO2 eq
kg P eq
kg N eq
kg 1,4-DCB
kg 1,4-DCB
kg 1,4-DCB
kg 1,4-DCB
kg 1,4-DCB
m2 a crop eq
kg Cu eq
kg oil eq
m3

RF
Production
669
0
38
5
2
5
6
0.1
0
1,247
8
12
35
266
7
3
134
631

Use
3,999
0.1
10
2
6
2
50
8.4
17
240
351
492
9
54,585
3
1
27
189

CRE
-1,315
0
-204
-3
-2
-3
-5
-0.3
0
-1,370
-11
-16
-25
-330
-4
-1
-384
-8,575

Total
3,354
0.1
-156
4
7
4
51
8.2
17
117
348
488
19
54,521
6
4
-224
-7,755

Production
834
0
82
1
1
1
4
0.3
0.0
2,550
13
23
19
458
6
9
313
1,196

SF
Use
3,966
0.1
4.5
1.0
6.2
1.0
50
0.2
17
114.8
0.6
0.9
1.4
88.8
1.1
0.4
16
86

Total
4,800
0.1
86
2
8
2
54
0.5
17
2,664
14
24
20
547
7
9
329
1,282

Results of this work appear more interesting if it is considered that much more N was added to the soil in
the Scenario RF, i.e. total N of 470 kg ha-1 (Table S3) than in Scenario SF, i.e. 285 kg Ha-1 of N, suggesting
that only the efficient (mineral) fraction of total N was responsible for N2O emission, since these two
figures were identical for the two scenarios studied (i.e. total mineral N dosed of 285 kg Ha-1 and 285 kg
Ha-1 of N for Scenarios RF and SF, respectively) and that organic N (contained in the digestate) appeared
not to additionally contribute at to emissions.
This result was consistent with the high biological stability of the digestate, measured by potential biogas
production (BMP) (Table S1), that was even lower (i.e. with higher biological stability) than those reported
for well-matured composts,156 leading to null or a very low rate of mineralization of the organic N in shortmedium time. Biological stability of the organic matter has recently been reported to play an important
role in defining N mineralization in the soil. Tambone and Adani (2017)157 reported that mineral N
produced during organic substrate incubation correlated negatively with CO 2 evolved during soil
incubation, i.e. the more stable was the substrate, the less C (and N) mineralization occurred. In this work,
the CO2 and CH4 measurements carried out directly on plots during the cropping season (Table S4)
indicated the absence of differences in C emission for soil fertilized with synthetic fertilizers and digestate,
but also with the control (no fertilizers added) confirming that organic matter added with digestate was
stable, contributing to restore soil organic matter. The increase of total organic carbon (TOC) in soil treated
with digestate after three years of fertilization, compared to soil fertilized with mineral soil, seems to
confirm this fact (TOC increased after three years from 10.3 ± 0.6 g kg-1 dry weight (dw) to 12.3 ± 0.4 g
kg-1 dw, differently from the mineral fertilized and the unfertilized plots that did not show any increase)
(unpublished data).
Results obtained in this work differed from those of previous studies that reported higher emissions of
N2O when recovered fertilizers (digestate) replaced mineral fertilizers.158
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Nonetheless in that case, N2O emissions were assumed (not measured directly) to be of 1% of the total N
from mineralization, mineral fertilizers, digestate and existing crop residues; in addition, no data regarding
the OM quality of digestate (potential N mineralization) i.e. biological stability, were reported. It can be
concluded that N2O emissions depended on available N (mineral) plus the easily mineralizable fraction of
the organic N, which depended, in the first instance, on the biological stability of the organic substrate, so
that this parameter becomes important for a rough estimation of the potential N 2O emission. This result
was in contrast with that reported in the literature which indicated a direct proportionality between the
total amount of nitrogen supplied and N2O emissions,150,159 without any specification of N type, i.e.
organic vs. mineral N and organic matter stability responsible for potential N mineralization. We consider
that this approach could lead to a misinterpretation of the real impacts of recovered organic fertilizers that
need, as already discussed, to be better characterized.
Ammonia emissions represent another important issue in determining environmental impacts when using
fertilizers. The full field approach indicated that there were no differences in ammonia emissions between
Scenario RF and Scenario SF (Table S4) thanks to the digestate injection that resulted in a strong
mitigation in ammonia emissions in comparison with superficial spreading,140 as confirmed also by the
literature.139 The low ammonia emissions did not increase N2O emission, as already discussed, in contrast
with what has been reported in the literature, i.e. that ammonia emissions abatement led to an increase in
N2O emissions,160 indicating that a well stabilized organic substrate and the adoption of an efficient
distribution technique allowed containment of both NH3 and N2O emissions. The high biological stability
of the digestate, providing for low organic matter mineralization, limited, also, the NO3- leaching for the
Scenario RF, which was, according to the data measured directly at full field during the crop season,
analogous to that measured for the Scenario SF (Table S4).
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The identical N2O emissions reported for the two scenarios studied led, also, to similar Stratospheric ozone
depletion impact, since the emissions of ozone-depleting substances (ODSs) are mainly due to the direct
N2O emissions from fields.
Ionizing radiation quantified the emission of radionuclides in the environment that may be due to nuclear
activity, but also to fuel burning. The Scenario RF achieved a total negative impact because of the
production of renewable electricity that compensated for the other emissions caused by transport (transport
of sludge to the AD facility), digestate handling and distribution. Considering just the fertilizer use, the
measured impact was higher for the Scenario RF than that for Scenario SF, i.e. 9.7 vs 4.5 kBq Co-60eq,
(Table 2). High water content and low nutrient concentration for digestate, leading to more energy
consumption for its distribution than for synthetic mineral fertilizers, were responsible for the higher
impact.
The categories Ozone formation (Human health and terrestrial ecosystem) that quantified the potential
molecules leading to the formation of ozone as NOx equivalent154 were two of the six categories reported
to be higher for the Scenario RF than Scenario SF, the main contributor to this category being the biogas
combustion for electricity production (Figure 3a). Less important, i.e. about 10%, was the impact due to
direct emissions in the field, i.e. distribution of digestate (fuel machinery) and distribution of ammonium
sulphate and NOX direct emissions from land.
Impact due to Fine particulate matter formation was almost identical for the two scenarios (Table 2). This
result was because this impact was generated mostly by the ammonia emissions during field fertilization,
which was similar for the two Scenarios investigated (Table S4). Particulate matter due to biogas burning
in the CHP unit (producing both heat and electricity), fuel combustion for sludge transport to the plant
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and digestate field distribution were balanced by credits due to renewable energy produced, determining
only a slightly lower value than that calculated for the Scenario SF.
Terrestrial acidification, which is related to nutrients supplied, i.e. deposition of ammonia, nitrogen oxides
and sulphur dioxide in acidifying forms, displayed similar values for the Scenario RF and Scenario SF
(Table 2). Scenario RF had a slightly higher impact due to fertilizers distribution because of NOx
emissions related to the greater use of machinery necessary for the distribution of digestate. Previous
studies reported opposing results, i.e. an increase in potential acidification when N mineral fertilizer was
replaced by digestate.158,161 On the other hand, when the use of proper timing and distribution techniques
were considered, previous LCA results were in line with those of this work.162,163
Freshwater and marine eutrophication deal with the increase of nutrients (namely P and N) leading to
excessive primary productivity and finally biodiversity losses. Freshwater eutrophication (expressed as P
equivalent) displayed a higher value for the Scenario RF than Scenario SF, because the total amount of P
brought to the soil by digestate, was greater than the crop requirement and so higher than P dosed in the
Scenario SF. Phosphorus overdose depended on the N:P ratio that determined an excess of P when dosing
the correct amount of efficient N required by a crop (Table S3). N:P ratio imbalance is well known and
documented for animal slurries and digestates,25 and it is even more accentuated in the case of digestates
produced by sewage sludge, in which the previous wastewater purification process mainly determines an
accumulation of P, while the denitrification processes displace part of the nitrogen.164
For marine eutrophication, the impact measured for the two scenarios was equivalent, as the N leached
assessed in full-field trials was recorded as equal for the two scenarios studied (see Table S4 supporting
information).
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Figure 3. Process contribution to impact categories of Scenario RF, focusing on the ecosystem (a), toxicity (b)
and resources (c). Impacts assessment were calculated according to ReCiPe 2016 midpoint (H) V 1.03 method

3.3.2

Midpoint results of impact categories related to human health protection

The inclusion of toxicity categories (USEtox) (Table 2) in the ReCiPe 2016 methodology, allowed us to
better focus the impacts of the production and use of fertilizers when compared with previous work done
that considered only the main agricultural-related indicators, such as Global Warming Potential,
eutrophication and acidification.158,163
The use of fertilizers determined a higher impact for the Scenario RF than Scenario SF for the toxicity
categories, i.e. Freshwater and marine ecotoxicity and Human non-carcinogenic toxicity, because of
heavy metals (HM) (above all Zn) supplied to soil with digestate. This figure has been already been
highlighted in literature for other organic fertilizers (pig slurries) because of their very high Zn and Cu
contents.165,166
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The terrestrial ecotoxicity impact was mainly generated during the fertilizer production (Table 2); in
particular, for Scenario RF, the impact was due above all to the transport of sludge to the AD plant (Figure
3b), while for Scenario SF, it was the N fixation process (ammonia steam reforming) that determined the
impact. Nevertheless, Scenario RF benefitted from the production of electricity, significantly reducing the
impacts. Finally, the category Human carcinogenic toxicity also showed a better environmental outcome
for Scenario RF than Scenario SF, thanks to the credits from the production of renewable energy (Figure
3b).

3.3.3

Midpoint results of impact categories related to Resources scarcity protection

The use of both renewable energy (biogas) and recovered material (sewage sludge) to produce fertilizers
(digestate and ammonia sulphate) led, also, to high efficiency in terms of Land use, Mineral resource use,
Fossil resources, reducing, until negative, these impacts (Table 2).

3.3.4

Single endpoint indicator

The single endpoint indicator provided by the ReCiPe method allows one to view the normalized and
weighted impacts in a synthetic manner and is divided into the three areas of protection, i.e. ecosystem,
toxicity and resources (Figure 2). The Scenario RF was significantly better than Scenario SF, and in
particular the indicators showed for Scenario RF, not only an impact reduction but, also, the prevention
of impact in the areas of protection of Resources and Human health, as previously reported.167–171

3.3.5

Further scenarios reducing environmental impacts in producing and using renewable fertilizers.

Life Cycle Assessment is a powerful tool for describing impacts due to fertilizer production and use,
highlighting positive and negative effects for renewable fertilizers vs. synthetic mineral fertilizers in a real
case study.
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However, LCA is also a potent tool to design potential scenarios in terms of environmental impacts, from
which to learn how to improve productive processes, and further reduce environmental impacts. This
process can be done by observing in detail impacts categories and the contribution of each process activity
to the category impact to find solutions by combining individual technologies.172
The results discussed above indicate that the recovery of sewage sludge producing renewable fertilizers
by AD allowed environmental benefits when the renewable fertilizers produced were used correctly and
by efficient timing in substituting for synthetic mineral fertilizers, suggesting that the application of the
Circular Economy in agriculture in terms of fertilization resulted in a win-win approach which makes it
more sustainable. However, as for all productive processes, impacts remain, and they cannot be nullified
completely but only further reduced.
The detailed observation of every single impact, divided for impact categories and activities affecting each
impact (Figure 3), allowed us to understand what the more important factors are in determining impacts.
Emissions to air during field distribution of fertilizers (i.e. NH3 and N2O emission) seemed to affect greatly
the Ecosystem and Human toxicity categories as they interacted with many impact subcategories (Figure
3a and 3b). Therefore, reducing air emissions allows the further reduction of ecosystem and human
impacts because of renewable fertilizer production and use. Digestate and ammonium sulphate produced
by the plant studied in this work were used correctly following the best practice, i.e. digestate and ammonia
injection, while the digestate was characterized by high biological stability, avoiding N mineralization and
nitrate leaching. The strong impact reduction obtained by substituting synthetic mineral fertilizers with
renewable fertilizers (Table 2 and Figure 2), confirmed this virtuous approach. Nevertheless, already
stated, LCA can help in optimize processes, further reducing impact.
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Nitrogen dioxide emissions have been reported to be greatly reduced by using nitrification inhibitors
(NI).173,174 From the literature, it was calculated, on average, that the use of NI allowed a reduction of 44%
in total N2O emissions,175 further reducing total Scenario RF impacts (Scenario RF1), with reference to
Ecosystem and Human Health impacts (Figure 4), if these data are implemented in the LCA. The
modelling of this scenario considered just the addition of NI and the emissions of N2O, for the other data
the scenario remained the same as the original RF. On the other hand, total ammonia emitted during
digestate distribution can be reduced by optimizing the injection system. Preliminary data coming from
work performed at full scale at the AD plant studied in this work, indicated that by modifying the
distribution equipment, i.e. Vervaet Terragator equipped with flexible anchors and a roller postposed to
the anchors, allowed a reduction of ammonia emission of 44% (data not shown). The future integration of
this practice will allow a further reduction of impacts, as shown in Figure 4 (Scenario RF2). The new
anchor system is applied to the digestate distribution system already in use, so the only change in the
scenario modelling is the emission of ammonia.
Another important activity that plays an important role in determining impact is transport. Transport
affected a lot the Terrestrial Ecotoxicity (Figure 3b) and, although much less severely, many other subcategories within Ecosystem and Resources categories (Figure 3a and 3c), because of the fossil fuel used.
Today, in the EU, anaerobic digestion represents a well consolidated bioprocess treating organic wastes
and dedicated energy crops, producing biogas/biomethane.176 In the Lombardy region alone, about 580
AD plants are operating producing biogas and now, are starting to produce biomethane.177,178 Recently a
particular interest has been devoted to liquid biomethane (Bio-LNG) as a substitute for fossil fuels in truck
transportation,179 and the first plants have started operating in Lombardy Region, very close to the AD
plant studied in this work. A new scenario was modelled (RF3) assuming the biogas production from
organic wastes (OFMSW and sludge), the purification and compression of biomethane, and the transport
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by 30 ton trucks and average consumption of fuel equal to 0.34 kg LNG per kilometre travelled. 180
Emissions from trucks were recalculated accordingly.
Assuming an ability to substitute all fossil fuels with Bio-LNG produced from the organic fraction of
municipal solid waste (Table 1) for transportation, a further strong impact reduction was obtained,
nullifying completely the environmental impacts due to production and use of recovered fertilizers
(Scenario RF3) (Figure 4).
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Figure 4. Comparative environmental results for Scenario Recovered Fertilisers (RF), Scenario RF1 (RF + nitro
inhibitor), Scenario RF2 (RF + nitro inhibitor + anchor), Scenario RF3 (RF + nitro inhibitor + anchor +
biomethane for transportation) and Scenario Synthetic Fertilisers (SF). Impacts assessment calculated according
to ReCiPe 2016 endpoint (H) V 1.03 method.
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Conclusions

Nutrient recovery from organic waste represents a great opportunity to design a new approach in crop
fertilization in the framework of the Circular Economy. Nevertheless, recycling nutrients is not enough,
as recovered fertilizers should be able to substitute synthetic mineral fertilizers that contain high nutrient
concentrations with high nutrient efficiency. A previous paper of ours 128 that RF could be effectively
obtained thanks to AD and that these RFs were good candidates for replacing SF. In this paper, the LCA
approach indicates that producing and using those RFs instead of producing and using SF, led to a strong
environmental impact reduction. This result was due above all to the AD process that makes all this
possible because of renewable energy production, and biological processes modifying the fertilizer
properties of digestate. Nevertheless, a correct approach in using RF is mandatory, to avoid losing all the
advantages of producing RF because of impacts derived from incorrect RF use. In this way, a wellperformed AD process assuring high biological stability of digestate, limiting RF-N2O emission and RFNO3- leaching, and RF injection limiting NH3 emissions, as well as using RF at the right time and
according to crop requirements should be assured.
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3.5

Supporting information

Table S1. Main characteristics of infeed (mean ± SD; n=42) and full characterization of digestate in comparison
with legal limits for its use as fertilizer in agriculture, and with data from literature for digestate and composts
(mean of three-years monitoring, from Pigoli et al., 2021)

Parameter

Unit

pH

Digestatea
8.5 ± 0.3

Lombardy Law N. 6665/2019 – Legal
limitsb
5.5 < pH < 11

Dry Matter 105°C

g kg-1 wwc

103 ± 3.7

Dry Matter 600°C

g kg-1 ww

40.4 ± 2.5

Total Organic Carbon

g kg-1 DMc

314 ± 30

> 200

TKN

g kg-1 DM

77 ± 3.7

> 15

N-NH4

g kg-1 DM

35.9 ± 2.4

%

46.6

OD20d

mg O2 g-1 DM

22.6 ± 6.1

BMPe

Lbiogas kg-1 DM

57 ± 23

P

g kg-1 DM

28 ± 4.1

K

g kg-1 DM

6.5 ± 1.3

N-NH4/TKN

kg-1

DM

>4

Ca

g

43 ± 7

Mg

g kg-1 DM

5.2 ± 0.6

Fe

g kg-1 DM

26.2 ± 6.4

Mo

mg kg-1 DM

10 ± 1

Cu

mg kg-1 DM

408 ± 60

≤ 1,000

Zn

mg kg-1 DM

1,020 ± 120

≤ 2,500

Mn

mg kg-1 DM

444 ± 35

Al

g kg-1 DM

25.8 ± 4.5

Co

mg kg-1 DM

6.6 ± 2.3

Se

mg kg-1 DM

3.7 ± 2.1

Na

g kg-1 DM

1.9 ± 0.4

Cr

mg kg-1 DM

95 ± 22

< 200

Pb

mg kg-1 DM

64 ± 11

≤ 750

Ni

mg kg-1 DM

61 ± 13

≤ 300

As

mg kg-1 DM

9.0 ± 2.2

< 20

Cd

mg kg-1 DM

1 ± 0.5f

≤ 20

Hg

mg kg-1 DM

0.1 ± 0.3f

≤ 10

≤ 10
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PAH

mg kg-1 DM

0.5 ± 0.5f

∑< 6

PCB

mg kg-1 DM

< 0.1

∑< 0.8

ng TEQ kg-1 DM

10.6 ± 2.9f

∑≤ 25

5.7 ± 5.3f
284 ± 251f
(2,757)
< 0.6

< 100

AOX

mg kg-1 DM
mg kg-1 ww
mg kg-1 DM
mg kg-1 DM

Ciproflaxacin

mg kg-1 DM

< 0.01g

Sulfamethoxazole

mg kg-1 DM

< 0.01

Fenofibrat

mg kg-1 DM

< 0.01

Gemfibrozil

mg kg-1 DM

< 0.01

Carbamazepine

mg kg-1 DM

< 0.01

Metoprolol

mg kg-1 DM

< 0.01

Diclofenac

mg kg-1 DM

< 0.01

Ethinylestradiol

mg kg-1 DM

< 0.01

Estradiol

mg kg-1 DM

< 0.01

PCDD/F+PCB-DL
DEHP
Hydrocarbon C10-C40

a

g-1

≤ 1,000
∑ < 500

Salmonella

MPN

DM

Absent

< 100

Faecal coliform

MPN g-1 DM

< 1,000

< 10,000

Mean ± SD: n=42, except for Ca, Mn, Mg, Fe, Mo, Al, Co, Na: n = 9, and BMP: n = 10.

b

Legal limit referred to the digestate described in this work.

c

ww and DM: wet weight and dry matter, respectively.

d

OD20: Oxygen Demand after 20h

e
f

BMP: potential biogas production.

Mean and SD calculated considering data below detection limits = 0.

g

Analysis performed in 2020; n=4.
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Table S2. Main characteristics of ammonium sulphate - (NH4)2SO4 - derived from digestate, used in field trials
(mean three years ± SD, n=17).

Parameter

Unit

Value

pH

pH

EC

mS cm-1

Dry Matter 105°C

% of ww

6.8 ± 1.3
119 ± 27
(1:2.5 v/v 25 °C)
35.5 ± 0.4

Total Organic Carbon

g kg-1 ww

< 0.1

Total N

g kg-1 ww

74 ± 2

N-NH4

g kg-1 ww

71.7 ± 1.9

Data related to agronomic use of fertilizers in the two systems, RF and SF came from fertilization trials
performed in the seasons 2018-2020. Fertilizers were tested on plots of 350 m2 cropped with maize in 6
replicates, using a randomized experimental scheme. Thesis included the use of digestate from organic
wastes combined with digestate-derived mineral fertilizer (ammonium sulphate) (RF) vs. synthetic
fertilizers (SF); an unfertilized treatment was included as control. Digestate was distributed at pre-sowing
by injection into the soil at a depth of 15 cm. Table S3 resume the main information about the fertilization
plans. The crop yield was statistically no different between the RF and SF theses in the 3 years.
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Table S3. Main information regarding fertilization plan adopted: fertilization date, fertilizers used, and dose
applied (RF = Recovered Fertilizers and SF = Synthetic Fertiliser).

Period

Plots

Fertilization

Fertilizer

Ntot
applied
(kg N ha-1)

Efficient N
applieda
(kg N ha-1)

Type of
spreading

Pre-sowing

Digestate

370

185

Injection 15 cm

Top-dressing

Ammonia
sulphate

100

100

Fertigation

Pre-sowing

Urea

185

185

Spread in
surface

Top-dressing

Ammonia
sulphate

100b

100b

Fertigation

RF
2018 2020
SF
aData

calculated taking into consideration N efficiency for digestate of 0.5 and for urea of 1, according to Regional Plan for Water Protection
from Nitrate from Agriculture 144.
bOn

2020: 90 kgN ha-1
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Table S4. Comparison between emissions (Ammonia, GHG and Nitrate leaching) and grain production measured
from experimental soils fertilized with digestate and urea during the agronomic season (maize) (RF = Recovered
Fertilizers and SF = Synthetic Fertiliser). The column “unfertilized” refers to the control plots set during the
experimental design.

Parameter

Unit

RF

SF

Unfertilized

NH3a

kgN ha-1

25.6 ± 9.4(a)b

24.8 ± 8.3(a)

Undetectablec

N2Od

kgN ha-1

7.59 ± 3.2(ab)

10.3 ± 6.8(b)

1.71 ± 1.1(a)

CO2d

kgC ha-1

6216 ± 1160(a)

6144 ± 1491(a)

5698 ± 935(a)

CH4d

kgC ha-1

0036 ± 0.03(a)

0.053 ± 0.04(a)

0.066 ± 0.06(a)

NO3- e

mgN kg-1

6.45 ± 7.6(a)

7.24 ± 8.6(a)

6.23 ± 7.1(a)

Mg ha-1 DMf

18.1 ± 2.9(b)

17.4 ± 1.2(b)

10.4 ± 3.5(a)

Grain Yield
aCumulative

emissions measurements carried out up to 90 hours after spreading (n = 9). The measures were repeated for three consecutive
years (2018-2019-2020). Total N dosed: 370 kgN ha-1 (Digestate), 185 kgN ha-1 (Urea) (from Zilio et al., 2021)
bLetters in brackets are referred to One-way ANOVA analysis carried out for each of the emission source reported in the table (Tukey posttest, p < 0.05; n = 3).
cAmmonia emission in unfertilized plots did not differ from background.
dCumulative emissions measurements carried out from 28/05/2020 (spreading) to 17/03/2021 (293 days, n = 36). Total N dosed: 370 kgN ha1 (Digestate), 185 kgN ha-1 (Urea)
eAverage concentration of NO - in the soil at 1-meter depth. The measurements were carried out in 3 moments of the season (before spreading
3
in pre-sowing, 20 days after spreading and after harvesting). n for each measure = 3. Total N dosed: 370 kgN ha-1 (Digestate), 185 kgN ha-1
(Urea)
fDM = dry matter
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Abstract
A highly stabilized digestate (biochemical methane production – BMP – of 89 ± 17 Lbiogas kg-1 dw) and a
digestate-derived fertilizer (ammonium sulphate) obtained from anaerobic digestion of sewage sludge,
were used as fertilizer on an open field maize crop, in a comparison with synthetic fertilizers. After three
consecutive crop seasons, the soils fertilized with the recovered fertilizers (digestate + ammonium
sulphate) (RF), compared to those fertilized with synthetic fertilizers (SF), did not show significant
differences either in their chemical characteristics or in the accumulation of inorganic and organic
pollutants (POPs). The RF ensured an ammonia N availability in the soil equal to that of the soil fertilized
with SF, during the whole period of the experiment. Furthermore, no risks of N leaching were detected,
and the use of RF did not result in a greater emission of ammonia or greenhouse gases than the use of SF.
The agronomic results obtained using RF were equivalent to those obtained with SF (fertilizer use
efficiency of 85.3 ± 10 and 93.6 ± 4.4% for RF and SF respectively). The data show that pushing the
anaerobic digestion up to obtain a very stable digestate can be a good strategy to produce a bio-based
fertilizer with similar performance to that of a synthetic fertilizer, without environmental risks.

Keywords: Digestate; Environmental impacts; Fertilizer use efficiency; Soil quality; Sewage Sludge.
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4.1

Introduction

During the second half of the twentieth century, in particular since the late 1960s, agriculture throughout
the world has undergone radical improvements, which overall have been defined as the "green revolution".
The direct consequence of these improvements in the succeeding decades was a dramatic growth in
agricultural yields which increased by up to 125% between 1966 and 2000.181 This new availability of
calories supported economic development in many areas of the world, allowing populations to grow
without increasing the cultivated areas, thus also safeguarding forests and natural lands.182
One of the main improvements introduced by the green revolution to agriculture was the use of large
amounts of synthetic fertilizers to provide nutrients to crops.183 From the late 1960s to the present day, the
use of synthetic fertilizers in the world increased by 500%, and included an 800% increase in the use of
nitrogen (N) fertilizers124(but it is evident that this high usage is becoming progressively less sustainable.
The amount of N fertilizers produced on a global scale rose from 12 TgN in 1960 to 104 TgN in 2010,
with an expected increase of 2.3% per year in the near future. This amount now contributes to 45% of the
total nitrogen fixed annually on the planet, effectively causing strong imbalances in the natural nitrogen
cycle, with harmful consequences for terrestrial and aquatic ecosystems.184,185 Almost all the N fertilizers
are produced by fixing atmospheric N into ammonia, through a process devised in 1909 by Fritz Haber
and Carl Bosch (the so-called Haber-Bosch process), which today is considered one of the most energyconsuming industrial processes on a global scale, responsible for 1.2% of the annual anthropogenic CO2
emissions.186
Phosphorus-based fertilizers are no less problematic. Essentially, all the phosphorus (P) used to produce
fertilizers derives from mineral deposits that are located in a few areas of the planet, and these are
limited.187 Current reserves of phosphate ore are estimated at 67,000 Tg P and about 75% of them are
located in Morocco (West Africa). China and the US also have significant reserves, but these are
considered strategic resources and are therefore not sold on the global market. Recent estimates of the
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extraction rate188 quantify the annual amount of phosphate minerals extracted in the world at 255 million
metric tons (MMT), and the projections foresee an increase of 50-100% by 2050. According to the same
projections, the peak of phosphorus extraction, i.e., the point after which the annual extractable amount
will no longer be able to increase, is expected for 2030, and the depletion of global reserves is likely before
the end of the XXI century.189,190 The limited reserves of phosphorus available, as well as the fact that it
is considered a strategic resource because it is crucial for agriculture, exposes its price on the global market
to strong and unpredictable fluctuations, which are also linked to geopolitical conditions, as already
happened in 2008, which in turn affects the cost of food.191 Many nations, including those comprising the
European Union, which do not possess significant reserves of phosphate minerals within their borders, are
particularly exposed to these risks.
On the other hand, these same nutrients (N and P) are generally present in large amounts in the wastewater
and organic wastes from the food production industry, which includes agriculture and livestock.
Paradoxically, these waste biomasses are a problem because their uncontrolled dispersion into the
environment, together with the excessive use of synthetic fertilizers in agriculture, causes an excess of
nutrients in soils and waters in many areas of the planet, with serious consequences for ecosystems and
the balancing of biogeochemical cycles on a global scale.192–194 The excess of phosphorus, in particular,
causes eutrophication in aquatic ecosystems, resulting in the loss of entire ecosystems and of the fish
resources dependent upon them.195,196 Nitrogen, in the form of nitrate (NO3-), is leached within the soil
until it reaches the groundwater, often destined for human consumption, leading to public health
problems.197,198
Using organic wastes as fertilizers in agriculture to replace synthetic fertilizers would therefore represent
a solution to these problems, reducing the dispersion of nutrients in the environment, and it would also
constitute an interesting model of circular economy.199 However, untreated organic wastes do not
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represent acceptable fertilizers200 because of their origin: in fact they can contain pathogens, heavy metals,
or organic pollutants such as antibiotics or drug residues that would accumulate in agricultural soils,
endangering the safety of food production and consumption.201–205 Furthermore, their nutrient content and
plant availability are difficult to control, so that they are not often able to replace synthetic mineral
fertilizers. Lastly, they are often rich in water, which makes their management difficult and expensive
both from an economic and environmental point of view, because of the CO2 emissions associated with
the transport of large volumes.200 To transform these biomasses into products which can be utilised in
agriculture, technological/biotechnological treatments are therefore necessary.133 Among these treatments,
in recent decades the anaerobic digestion process has been proposed as a valid technology to valorise
organic wastes of different types, producing biogas, and also as a source of biofertilizers such as digestate
which can be used in agriculture as a substitute for synthetic fertilizers.128,140,206,207

However, the possibility of using digestate in agriculture to replace synthetic fertilizers is still debated,
especially as regards the possible environmental impacts. The high concentration of nutrients contained
in these biomasses, which is useful for plant nutrition, can cause leaching of N and P in the soil with
consequent water pollution, and also to emissions of ammonia and greenhouse gases (N2O) into the
atmosphere.208,209 Furthermore, originating from organic wastewater and organic wastes, digestate also
has the same problems of contamination by heavy metals, pathogens and organic pollutants typical of
these biomasses, which could therefore pollute the soil.210 Although progressively more studies in recent
years are shedding light on the safety of digestates for agricultural use, as well as on the best process
methods and accurate selection of infeed, there are still only very limited data available on the impact that
the use of these biomasses have on full scale agriculture in the field.128,140,206,211
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The aim of this work was to analyse the effects of the use of a highly stabilized digestate and ammonium
sulphate derived from digestate from sewage sludge as fertilizers on a full-scale field crop for three
consecutive years. All observations were carried out by comparing the parallel use of the recovered
fertilizers (digestate and digestate-derived ammonium sulphate) and synthetic mineral fertilizers. In
particular, the effects of using these fertilizers on soil chemical-physical characteristics and crop yields
were assessed as well as the environmental impacts, i.e. on NO3- leaching, NH3, N2O, CO2 and CH4
emission, and presence of inorganic and organic contaminants in soil and in the grain produced.

4.2
4.2.1

Material and Methods
Agronomic full field trials

Agronomic trials tested, at full field scale, the fertilizer properties of digestate from organic wastes
combined with digestate-derived mineral fertilizer (ammonium sulphate) vs. synthetic fertilizers; an
unfertilized treatment was included as control. Fertilizers were tested on plots of 350 m2 cropped with
maize (Zea mays L.; hybrid Pioneer P1547, FAO 600), in triplicate, using a randomized experimental
scheme and following the standard agronomic procedures used in the Po Valley (northern Italy), where
the experimental fields were located.
Digestate was distributed at pre-sowing by injection into the soil at a depth of 15 cm by using a tank car
joined to a rigid multi-anchor-subsoiler coupled with a Retrofit Variable-Rate Control (VRT control).
Digestate was dosed adopting an N efficiency of 0.5, as suggested by the Regional Plan for Water
Protection from Nitrate from Agriculture.144 Nitrogen fertilization was completed by using ammonium
sulphate produced starting from digestate128 in topdressing by fertigation (Ntot dosed: 370 kgN Ha-1 as
digestate and 100 kgN Ha-1 as ammonium sulphate; Ptot dosed: 134 kgP Ha-1 as digestate; Ktot dosed: 24.1
kg K Ha-1 as digestate and 44.82 kg K Ha-1 as K2O).
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Synthetic fertilizers were spread on the soil surface following a routine procedure (Ntot dosed: 185 kgN
Ha-1 as urea and 100 kgN Ha-1 as ammonium sulphate; Ptot dosed: 39.3 kgP Ha-1 as 0/46/0 complex; Ktot
dosed: 69.4 kg K Ha-1 as KCl). Fertilization date, fertilizers used, doses applied, and spreading
methodology are summarized in Table 1.

Year

2018

2019

2020

4.2.2

Table 1. Fertilization plan adopted: fertilization date, fertilizers used, and dose applied.
Ntot
NH4+
Type of
Plots
Date
Fertilization Fertilizer
applied
applied
spreading
-1
-1
(kg N Ha ) (kg N Ha )
Injection
23/04/2018
Pre-sowing
Digestate
370
229
15 cm
Recovered
fertilizer
Ammonia
22/06/2018
Top-dressing
100
100
Fertigation
sulphate
Spread in
23/04/2018
Pre-sowing
Urea
185
185
surface
Synthetic
fertilizer
Ammonia
22/06/2018
Top-dressing
100
100
Fertigation
sulphate
Injection
16/04/2019
Pre-sowing
Digestate
370
229
15 cm
Recovered
fertilizer
Ammonia
1/08/2019
Top-dressing
100
100
Fertigation
sulphate
Spread in
16/04/2019
Pre-sowing
Urea
185
185
surface
Synthetic
fertilizer
Ammonia
1/08/2019
Top-dressing
100
100
Fertigation
sulphate
Injection
28/05/2020
Pre-sowing
Digestate
370
200
15 cm
Recovered
fertilizer
Ammonia
31/07/2020
Top-dressing
90
90
Fertigation
sulphate
Spread in
28/05/2020
Pre-sowing
Urea
185
185
surface
Synthetic
fertilizer
Ammonia
31/07/2020
Top-dressing
90
90
Fertigation
sulphate

Fertilizer sampling and analysis

The digestates used in this work were sampled immediately before they were injected in the field. The
analyses took place in the hours immediately following sampling and data represent the average of three
years. pH was determined in aqueous solution using a 1:2.5 sample/water ratio. Total solids (TS) and total
organic carbon (TOC) determinations were carried out following standard procedures of the American
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Public Health Association.212 Total nitrogen (TKN) and ammonia nitrogen (TAN) were determined
according to the analytical method for wastewater sludges.213 Heavy metals, total P and K content was
assessed by inductively coupled plasma mass spectrometry (Varian, Fort Collins, USA), preceded by acid
digestion214 of the samples. All the analyses were carried out in triplicate. Biochemical methane
production (BMP) was determined following the method reported in Schievano et al. (2008).215

Organic micropollutants were detected as follows: C10-C40 hydrocarbons by UNI EN 14039216 method,
halogenated organic compounds (AOX) by Gas Chromatography (GC) approach (UNI in ISO
22155:20161 and EPA 8270E 20181 + EPA 3550C 2007).217–220 PCDD/Fs were measured using UNI
11199221method, PCBs through UNI EN 16167 and UNI EN 16167,222,223 and DEHP through EPA
3550C217 + EPA 8270E methods.218 Emerging organic pollutants (pharmaceuticals), i.e. Ciproflaxacin,
Sulfamethoxazole, Fenofibrat, Gemfibrozil, Carbamazepine, Metoprolol, Diclofenac, Ethinylestradiol
and Estradiol were detected by HPLC-MS following EPA 3550C217 and EPA 8321B 2007 methods.220
Faecal coliforms and Salmonella were determined as reported in CNR IRSA 3224 (Faecal coliforms) and
ISTISAN 14/18 + APAT CNR IRSA 7080 (Salmonella).225,226 The main characteristics of the digestate
and ammonia sulphate used in this work are shown in Table S1 and Table S2.

4.2.3

Soil sampling and analysis

The soils studied in this work were sampled just before the fertilization in March 2018 by taking three
random samples (each one made by 3 sub-samples) at 0-20 cm. After three years, the soil was sampled
again in March 2021, maintaining the same sampling procedure, taking three random samples/plot.
Samples were air dried, sieved to 2 mm and then ground to 0.5 mm. The main characteristics of soils are
reported in Table 2. Soil pH was determined in aqueous solution using a 1:2.5 sample/water ratio (McLean,
1982), and texture by the pipette method.228 Cation Exchange Capacity (CEC) was determined by
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saturating the samples with BaCl2,229 total organic carbon (TOC) by the Walkley and Black method230 and
total nitrogen by the Kjeldahl method.231 All the analyses were carried out in triplicate. Total P and K
contents were determined using the same method used for fertilizers analysis (see section 4.2.2).
Potential nitrate leaching was assessed by the detection of nitrate presence at 1 m soil depth (N-NO3) in
soils. Sampling consisted in the withdrawal of soil cylinders up to a depth of one meter. For each of the
experimental plots three soil cylinders were sampled randomly. Each soil cylinder was divided into 4 subsamples, each of 25 cm, corresponding to 0-25, 25-50, 50-75 and 75-100 cm layers in soil profile. In total
eight sampling campaigns were carried out during in the period 2019-2020. The collected soil was brought
immediately (the same day) to the lab and analysed immediately. In particular, the nitrate concentration
was determined by Kjeldahl distillation, using Devarda's alloy.231
Inorganic and organic pollutants were detected at the start and the end of the trial; in particular, heavy
metals (HV) were determined by the method already reported for fertilizers (see section 4.2.2). The
determination of the organic pollutants in the soils was carried out using the following methods:
PCDD/PCDF + PCB DL: UNI EN 16167:2012, AOX: UNI EN ISO 22155:2016, Hydrocarbon C10-C40:
ISO 16703:2004, Toluene: UNI EN ISO 22155:2016, Phenols: ASTM D7485-16, DEHP: EPA 3510C
1996 + EPA 8270E 2017. Emerging organic pollutants (pharmaceuticals), i.e. Ciproflaxacin,
Sulfamethoxazole, Fenofibrat, Gemfibrozil, Carbamazepine, Metoprolol, Diclofenac, Ethinylestradiol
and Estradiol were detected at the end of the trial by HPLC-MS following EPA 3550C217 and EPA 8321B
2007 methods.220 A complete list of samplings and agronomic operations carried out is reported in Table
S3.

4.2.4

Ammonia emission measurement

87

For all the experiments, the ammonia emitted from the experimental plots was measured in the hours
following the pre-sowing injection/spreading. All the digestate injections took place at the same hour (h.
11:00), and the first sampling was always carried out 10 hours later (21:00).
The experiments were repeated for three consecutive years on the same experimental plots. In particular,
the soil used showed a neutral pH (7 ± 0.4), it was rich in silt (44% ± 2.1) and it was relatively poor in
clay (10% ± 0.5). The amounts of ammonia nitrogen dosed at pre-sowing were kept almost unchanged for
all the three years tested, i.e. 200 - 229 and 185 kg N Ha-1 for RF and SF, respectively (Table 1). The
concentration of NH3 was monitored by the exposure of ALPHA passive samplers.148,234 For each plot,
the ALPHA samplers were exhibited in sets of three. To obtain background environmental concentration
values, an additional sampling point was placed at a distance of about 1,000 meters away from the
fertilized fields and other possible point sources of NH 3. Each sampler located in the plot was replaced a
minimum of twice a day near sunrise and sunset, to be able to monitor the variation of atmospheric
turbulence which has a direct effect on the dispersion of pollutants. During the application day and the
following day, the substitution was done when the vehicles entered the field, for fertilization and for
incorporation. The study of atmospheric turbulence was carried out by using an ultrasonic anemometer
(10 Hz) positioned in the plots near to the samplers.
By processing the NH3 concentration information, an analysis of the dispersion of NH3 in the atmosphere
was performed through the application of the dispersion model (WindTrax, Thunderbeach Scientific, CA).
The obtained dispersion coefficient (D; s m-1) was used to determine the flow (S; ng NH3 m-2 s-1) emitted
from the fertilized surface, on the basis of the concentrations measured in each plot (C; µg m-3) and
environmental (Cbgd; µg m-3), according to the following equation:

𝑆 = (𝐶 − 𝐶𝑏𝑔𝑑 ) × 𝐷−1

88

The ammonia emission factor (EF%) was obtained from the ratio between the released N-NH3 (kg ha-1)
and the calculated amount of ammonia nitrogen (N-NH4; kg ha-1) spread onto the soil with fertilizations.

4.2.5

Greenhouse gas (GHG) emissions measurement

GHG fluxes (N2O, CH4 and CO2) were measured from 28/05/2020 to 17/03/2021 using the closed static
chambers method.145 Anchors were inserted into the soil (three for each plot) up to a depth of 20 cm, to
isolate the soil column. The chambers were placed on the surface of the soil above the columns and closed
with a lid. The air inside the chambers was sampled and analysed in the laboratory through gas
chromatography.146 The emissive flow of the gas from the soil was estimated using the following general
equation:
𝐹 = 𝐻 × 𝑑𝐶 ⁄𝑑𝑡

where F is the flow, H is the ratio between the air volume and the soil surface isolated from the chamber,
corresponding to the height of the chamber (m), and t is the time the chamber remains closed. If the
increase in GHG concentration inside the chamber was linear, the dC/dt ratio was obtained by linear
regression between concentrations and sampling times. In case of non-linear accumulation, the HM model
was applied.147 Finally, the cumulative emissions were obtained by estimating the flows in the nonsampling days, by means of linear interpolation.

4.2.6

Maize yield quantification and element content analysis

The annual grain yields for each of the experimental plots were assessed by manual harvesting of the grain.
The data obtained from each plot were then aggregated in order to obtain final grain production (Mg Ha1)

for each treatment, i.e. RF, SF and control. Inorganic pollutant contents in grain (i.e., As, Cd, Hg, Cr,

Ni, Pb, Cu and Zn) were assessed by inductively coupled plasma mass spectrometry (Varian, Fort Collins,
USA), preceded by acid digestion214 of the samples. All the analyses were carried out in triplicate. N grain
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content was assessed by the combustion method (Dumas method).235 Before analysis, the grain samples
(20 g dry weight per plot) were prepared by grinding them using a ball mill. Each analysis was made on
two experimental replicates. The elemental analyser used for the analysis was: Rapid max N exceed
(model), produced by Elementar, Lomazzo (Italy).

4.2.7

Fertilizer use efficiency

The N fertilizer use efficiency (FUE), and N fertilizer replacement value (NFRV) assessments for nitrogen
carried out on soils with treated with both types of fertilizers were calculated according to Sigurnjak et al.
(2017). The two parameters were calculated following the formula:

𝐹𝑈𝐸(%) =

𝑁 𝑢𝑝𝑡𝑎𝑘𝑒𝑓𝑒𝑟𝑡
𝑁 𝑎𝑝𝑝𝑙𝑖𝑒𝑑

× 100

(𝑁 𝑢𝑝𝑡𝑎𝑘𝑒 𝑏𝑖𝑜𝑏𝑎𝑠𝑒𝑑 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 − 𝑁 𝑢𝑝𝑡𝑎𝑘𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
𝑡𝑜𝑡𝑎𝑙 𝑁 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 𝑏𝑖𝑜𝑏𝑎𝑠𝑒𝑑 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
𝑁𝐹𝑅𝑉(%) = [
] × 100
(𝑁 𝑢𝑝𝑡𝑎𝑘𝑒 𝑚𝑖𝑛𝑒𝑟𝑎𝑙 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 − 𝑁 𝑢𝑝𝑡𝑎𝑘𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
𝑡𝑜𝑡𝑎𝑙 𝑁 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 𝑚𝑖𝑛𝑒𝑟𝑎𝑙 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

4.2.8

Statistical analysis

The statistical analyses were carried out using IBM SPSS ® 23 software. Unless otherwise specified, the
significance limit value p was set at 0.05 for all the analyses carried out. The plots were obtained through
the use of Microsoft EXCEL 2016.

4.3
4.3.1

Results and discussion
The effect of recovered fertilizers on soil

90

The use of recovered fertilizers for three consecutive years had no impact on soil properties apart from
that on TOC content, which was positively and significantly affected by RF use (One-way ANOVA;
p<0.05). The TOC content increased after three years from 10.3 ± 0.6 g kg-1 dw (March 2018) to 12.3 ±
0.4 g kg-1 dw (March 2021) (Table 2). Both the unfertilized and synthetic fertilized plots did not show any
statistical differences with respect to the starting soil for the TOC contents (Table 2). The increase in TOC
in soil fertilized with RF was most likely due to the contribution of digestate that was rich in organic
carbon (TOC of 304 ± 34 g kg-1 dw) which was recalcitrant to biodegradation, as suggested by its high
biological stability, measured by potential biogas production. In fact, the registered BMP of 89 ± 17 Lbiogas
kg-1 dw (Table S1) was much lower than values reported in the literature (on average) for both energy
crop digestate (229 ± 31 Lbiogas kg-1 dw) and composts (144 ± 3.8 - 201 ± 20 Lbiogas kg-1 dw), and not far
from previous data reported for a similar digestate (i.e., 57 ± 23 Lbiogas kg-1 dw).128 This confirms that the
organic matter contained in the digestate used was very stable, preventing the rapid degradation of the
carbon added to the soil, which accumulated over time,237,238 as will be discussed later. The total soil
nitrogen content (N tot) increased for both plots fertilized with SF and RF, which moved from a starting
value of 1.27 ± 0.1 g kg-1 dw (March 2018) to 1.41 ± 0 and 1.42 ± 0.9 g kg-1 dw (One-way ANOVA;
p<0.05) in March 2021, respectively. On the other hand, soil of the unfertilized plots did not show any
variation in its N tot content, i.e., 1.3 ± 0 g kg-1 dw in January 2021.

4.3.2

Agronomic performance of recovered fertilizers and product safety

The amounts of maize grain produced (the average of 2018, 2019 and 2020 crop seasons) using digestate
and derived ammonium sulphate as fertilizer (18.1 ± 2.9 Mg dried grain Ha-1) (Table S4) was similar and
not statistically different from that produced with synthetic fertilizers (urea) (17.4 ± 1.2 Mg dried grain
Ha-1). This indicated that recovered fertilizers are capable of substituting for synthetic fertilizers.
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Table 2. Main chemical parameters of soil before the pre-sown fertilization on March 2018 and after the end
of the third crop season on January 2021.
Parameter

Unit

March 2018
Unfertilized

January 2021
Synthetic
fertilizer
49 ± 3.7

Recovered
fertilizer
46 ± 4.4

Sand

%

47 ± 2.8a

Silt

%

41 ± 0.2

39 ± 1.5

43 ± 1.4

Clay

%

12 ± 2

12 ± 1.1

12 ± 2.6

7 ± 0.7(a)b
24.2 ± 2.1
(ab)

7.14 ± 0.2 (a)

7.06 ± 0.1 (a)

7.05 ± 0.2 (a)

23.8 ± 0.4 (a)

26.8 ± 0.8 (b)

22.3 ± 0.9 (a)

g kg-1 dwc

10.3 ± 0.6 (a)

11.9 ± 0.2 (ab)

11.3 ± 0.4 (a)

12.3 ± 0.4 (b)

g kg-1 dw

1.3 ± 0 (a)

1.41 ± 0 (b)

9.22 ± 0 (b)

8.01 ± 0.1 (a)

521 ± 26 (a)

581 ± 32 (a)

1.42 ± 0.9 (b)
8.65 ± 0.4
(ab)
550 ± 15 (a)

pH
CEC
Total
organic
carbon (TOC)
Total nitrogen

pH unit
C (mol kg-1)

Ptot

mg kg-1 dw

1.27 ± 0.1 (a)
8.13 ± 0.9
(ab)
575 ± 11 (a)

Pavailable

mg kg-1 dw

Ratio C:N

As
Cd

43.6 ± 2.6 (a)

46.4 ± 0 (a)

60.1 ± 16 (a)

58.9 ± 16 (a)

-1

19.9 ± 1.1 (a)

22.9 ± 2.8 (a)

19.6 ± 0.5 (a)

21.1 ± 2.3 (a)

-1

<0.5

<0.5

<0.5

<0.5

-1

mg kg dw
mg kg dw

Hg

mg kg dw

<0.5

<0.5

<0.5

<0.5

Cr

mg kg-1 dw

Ni
Pb
Cu
Zn
PCDD/PCDF
+
PCB DL
Hydrocarbon C10C40
Toluene
Phenols NPE +
NP2EO + NP1EO
∑AOX
PCB
DEHP
Ciproflaxacin

39.2 ± 2.3 (a)

42.6 ± 2 (a)

40 ± 4.1 (a)

40.2 ± 1.6 (a)

-1

23.3 ± 2.3 (a)

25.7 ± 1.7 (a)

25.9 ± 3.7 (a)

26 ± 1.6 (a)

-1

32.8 ± 0.1 (a)

34.2 ± 4.2 (a)

33.4 ± 2.2 (a)

33.6 ± 4.5 (a)

-1

mg kg dw

19.1 ± 1.3 (a)

22.2 ± 3.3 (a)

21.4 ± 3.5 (a)

24.4 ± 3.1 (a)

mg kg-1 dw
ng WHO-TEQ
kg-1 dw

69.8 ± 0.5 (a)

71.4 ± 3 (a)

71.4 ± 1.3 (a)

70.8 ± 1.8 (a)

-

4.09 ± 0.1 (b)

4.3 ± 0.2 (b)

4.16 ± 0.1 (b)

mg kg-1 dw

< 30

< 30

< 30

< 30

mg kg-1 dw

< 0.2

< 0.1

< 0.1

< 0.1

mg kg-1 dw

< 7.5

< 7.5

< 7.5

< 7.5

mg kg-1 dw

< 0.6

< 0.6

< 0.6

< 0.6

mg kg-1 dw

< 0.005

< 0.005

< 0.005

< 0.005

0.24

mg kg dw
mg kg dw

-1

mg kg dw

< 0.1

< 0.1

< 0.1

-1

<0.01

<0.01

<0.01

-1

mg kg dw

Sulfamethoxazole

mg kg dw

<0.01

<0.01

<0.01

Fenofibrat

mg kg-1 dw

Gemfibrozil
Carbamazepina

<0.01

<0.01

<0.01

-1

<0.01

<0.01

<0.01

-1

<0.01

<0.01

<0.01

-1

mg kg dw
mg kg dw

Metoprolol

mg kg dw

<0.01

<0.01

<0.01

Diclofenac

mg kg-1 dw

<0.01

<0.01

<0.01

<0.01

<0.01

<0.01

Ethinylestradiol

-1

mg kg dw
-1

Estradiol
mg kg dw
<0.01
<0.01
<0.01
a
mean ± SD; n=3
b
Letters are referred to One-way ANOVA comparing values in each row (p<0.05; n=3; Tukey post-test).
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c

dw: dry weight

Furthermore, the content of microelements and inorganic pollutants in the produced grains was
quantified (Table 3). For all the elements analysed (except zinc), the concentrations in the grains
produced using RF or SF as fertilizer were found to be equivalent. However, RF fertilized plants
produced grains containing more Zn than plants grown with synthetic fertilizers, i.e., 32.1 ± 1.9 vs 25
± 2 mg kg-1 dw for RF and SF respectively. However, these values were in line with those reported
in the literature for both maize grain and other cereals (i.e., rice and wheat).239,240 Furthermore, zinc
is an essential element, and among cereals, maize is naturally poor in it.241

4.3.3

Environmental safety

4.3.3.1 Potential ammonia emissions and nitrate leaching
Ammonia (NH3) emissions were measured directly at full scale during plot trials, as described in the
M & M section. On average, the plots fertilized with RF emitted an amount of ammonia (25.6 ± 9.4
kg N Ha-1 i.e., 11.6 ± 4% TAN) that was not statistically different (One-way ANOVA, p<0.05, n=3,
Tukey post-test) from that measured for plots fertilized with SF (24.8 ± 8.3 kg N Ha-1, i.e., 13.4 ±
4.5% TAN). These data have previously been discussed in a paper published in this journal (Table
S5).140
The risk of N leaching from the soil was assessed by analysing the concentration of NH4+ (Figure 1)
and NO3- (Figure 2) taking soil samples during crop season in topical moments (i.e., before and after
pre-sown fertilization, before and after topdressing fertilization and after harvest) both at the surface
and at a depth of one meter, for all experimental soil plots during two consecutive agronomic seasons
(2019 and 2020).
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Element

Table 3. Element content in maize grain produced on 2020.
Element content in maize grain
(mg kg-1 dwa)
Unfertilized
Synthetic fertilizer
Recovered fertilizer

N

9,565 ± 100b (a)c

11,421 ± 936 (b)

11,778 ± 780 (b)

P

2,771 ± 191 (a)

2,585 ± 239 (a)

2,743 ± 174 (a)

Na

473 ± 77.8 (a)

498 ± 48.2 (a)

516 ± 22.7 (a)

Mg

943 ± 48.8 (a)

919 ± 59.6 (a)

914 ± 66.4 (a)

Al

< 0.01

< 0.01

< 0.01

K

3,438 ± 330 (a)

3,167 ± 212 (a)

3,176 ± 346 (a)

Ca

1,104 ± 157 (a)

1,226 ± 205 (a)

1,178 ± 45.4 (a)

Cr

< 0.01

< 0.01

< 0.01

Mn

< 0.01

< 0.01

< 0.01

Fe

23.4 ± 1.33 (a)

26.6 ± 8.98 (a)

28.8 ± 8.34 (a)

Co

< 0.01

< 0.01

< 0.01

Ni

< 0.01

< 0.01

< 0.01

Cu

10.7 ± 7.02 (a)

8.50 ± 2.06 (a)

7.98 ± 1.69 (a)

Zn

26.2 ± 3.67 (a)

25.0 ± 1.98 (a)

32.1 ± 1.9 (b)

As

< 0.01

< 0.01

< 0.01

Se

< 0.01

< 0.01

< 0.01

Mo

< 0.01

< 0.01

< 0.01

Cd

< 0.01

< 0.01

< 0.01

Pb

< 0.01

< 0.01

< 0.01

Hg

< 0.01

< 0.01

< 0.01

a

dw: dry weight
mean ± SD; n=3.
c
Letters are referred to One-way ANOVA analysis comparing values in each row (Tukey post-test, p < 0.05;
n=3).
b
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Figure 1. Concentrations of ammonia nitrogen (N-NH4+) in experimental soils (a: surface; b: 1 meter depth)
during the crop seasons 2019 and 2020 (mean ± SD; n=3). U: untreated, S: synthetic, R: recovered. Letters
are referred to One-way ANOVA (p<0.05; Tukey post-test) comparing the three treatments within each
sampling time.
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Figure 2. Concentrations of nitric nitrogen (N-NO3-) in experimental soils (a: surface; b: 1 meter depth) during
the crop seasons 2019 and 2020 (mean ± SD; n=3). U: untreated, S: synthetic, R: recovered. Letters are
referred to One-way ANOVA (p<0.05; Tukey post-test) comparing the three treatments within each sampling
time.

Results obtained showed that during the two years of monitoring and for all sampling campaigns, the
NH4+ concentrations in the experimental plots fertilized with RF were always comparable to those
detected for plots fertilized with SF, both at the surface and at one-meter depth in the soil.
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The data also show that, in both monitored years, the concentrations of NO3- in soil fertilized with
RF were never higher than those found in soil plots fertilized with SF (One-way ANOVA, p<0.05,
n=3, Tukey post-test), and that in one case (pre-fertilization 2020) NO3- concentration was lower. The
comparison between the NO3- concentrations measured in fertilized and unfertilized soil plots,
showed, also, that the N doses used in this work did not cause leaching risks higher than those which
occur in unfertilized soil. Average NO3- concentrations along the two monitored years were of 5.22
± 4.65, 7.18 ± 5.89 and 6.56 ± 5.49 mg kg-1 dw for unfertilized, SF and RF, respectively: these values
are similar to each other and in line with those found in the literature for undisturbed soils (9.6 mg
kg-1).242 These figures are particularly interesting if it is considered that the unfertilized soil did not
receive any N fertilizers throughout the three years, contrarily to the fertilized soil plots which every
year received 470 and 285 kg Ha-1 of N, respectively, for RF and SF plots. All this suggests that
dosing a correct amount of mineral N fertilizers (i.e., matching crop requirements) and using stable
organic-N, did not lead to any nitrate leaching risk. These results agree with those previously found
in experiments on soils fertilized with either mineral or organic N fertilizers performed in the same
geographical area (Lombardy, Po Valley).243 In that occasion, the results obtained also indicated that
soil microorganisms related to the N-cycle played a role in controlling nitrate leaching, i.e.,
nitrification-denitrification soil activity, so that N dosed up to 450 kg N ha-1 per year did not show
any problem for nitrate leaching in a different full field scale study performed in the Po Valley.243

4.3.3.2 GHG emissions from soils
Greenhouse gas (GHG) emissions were measured in 2020 starting from pre-sowing fertilization and
thereafter for the following 10 months (from 28/05/2020 to 17/03/2021), with periodic measurements
(Table 4). The amounts of CO2 emitted were 6,216 ± 1,160 kg C Ha-1 and 6,144 ± 1,491 kg C Ha-1
for RF and SF plots, respectively, suggesting that the addition to soil of organic matter by digestate
did not lead to any C emission increase. These results confirmed that digestate organic matter was
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quite stable and did not mineralize, becoming part of the soil organic matter. This was more evident
when unfertilized soil, that did not receive any fertilization for three years (CO 2 emission of 5,698 ±
935 kg C Ha-1), was compared to RF that, on the contrary, was dosed yearly (CO 2 emission 6,216 ±
1,160 kg C Ha-1). Methane did not contribute greatly to C emissions and in any case, again, there
were no statistically significant differences between different plot trials i.e., 0.066 ± 0.06 kg C Ha-1,
0.053 ± 0.04 kg C Ha-1 and 0.036 ± 0.03 kg C Ha-1, for Unfertilized, SF and RF treatments,
respectively. Nitrous oxide (N2O) emitted was of 1.71 ± 1.1, 10.3 ± 6.8 and 7.59 ± 3.2 kgN Ha-1 for
Unfertilized, SF and RF, respectively. Plots fertilized with SF emitted more N2O that those fertilized
with RF, although no statistical differences were found. As expected, the unfertilized soil, that did
not receive any N fertilization during the three years of experimentation, emitted much less N2O than
fertilized soil plots, confirming the contribution of N fertilization to N 2O emission from soils.244
These results showed that dosing a much higher amount of N with recovered fertilizers (in total 470
kg N Ha-1) than with synthetic fertilizers (285 kg N Ha-1) did not lead to N2O emissions increasing.
This can be ascribed, as already discussed for the potential nitrate leaching and CO 2 emissions, to the
high biological stability of organic matter contained in the digestate, which limited N mineralization
and nitrification. Therefore, taking into consideration that only the mineral N fraction was responsible
for N2O emission, i.e., 290 kg N Ha-1 for RF and 275 kg N Ha-1 for SF, an equal N2O emission was
expected, as was then measured experimentally.

Table 4. Cumulated emissions of N2O, CO2 and CH4 measured from the experimental plots during the crop
season 2020 and the following months (from 28/05/2020 to 17/03/2021).
Total nitrogen
Total N2O
Total CO2
Total CH4
Fertilizer
dosed
emitted
emitted
emitted
-1
-1
-1
(kgN Ha )
(kgN Ha )
(kgC Ha )
(kgC Ha-1)
0

1.71 ± 1.1a(a)b

5698 ± 935(a)

0.066 ± 0.06(a)

Synthetic fertilizer

285

10.3 ± 6.8(b)

6144 ± 1491(a)

0.053 ± 0.04(a)

Recovered fertilizer

461

7.59 ± 3.2(ab)

6216 ± 1160(a)

0.036 ± 0.03(a)

Unfertilized

a
a

mean ± SD, n = 6
letters are referred to One-way ANOVA comparing values in each column (p<0.05; n=6; Tukey post-test).
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These data may appear to contrast with some of those previously reported which indicated that there
were higher N2O emissions for recovered fertilizers than for synthetic fertilizers.158,206 However, in
these previous studies, the biological stability of the organic matter was not measured/reported.
Therefore, the degradability of the organic fraction which leads to mineral N that is then responsible
for N2O production was not known. It therefore appears that the measurement of the biological
stability of the organic substrate becomes important in understanding the fate of N in the soil
(potential NO3- leaching and potential N2O production).

4.3.3.3 Soil pollutants
The concentration of inorganic pollutants in the soil (i.e., As, Cd, Hg, Cr, Ni, Pb, Cu, Zn) was
measured before the start of the experiment and after three years (Table 2). For all of the pollutants
analysed, no significant increase was observed in the soils of all the experimental plots. These data
confirmed previous reports in the literature for similar work, namely that after the use of digestate in
agriculture, no significant accumulations of heavy metals are found in the soil.245,246 In particular, as
regards our study, the amount of heavy metals applied to the soil every year represented a minimal
fraction compared to the content of the same metals already present in it (0.5% on average), with the
exceptions only of Cu and Zn. In fact, every year, the quantity of Cu and Zn applied to the soil with
the digestate corresponds respectively to 6% and 3.8% of what was already present in the 15 cm of
surface soil. However, as reported in Table 2, after three years of experimentation the concentration
of these two metals in the soil fertilized with recovered fertilizers was no higher than that measured
at the beginning of the experiment, nor any higher than that of the unfertilized soil at the end of the
experiment. One might think that three years of experimentation are not enough to measure an
increase in the concentration of an element in the soil, even if it is dosed with a consistent quantity.
However, in this work, fertilization with RF brought into the soil every year an amount of carbon
equal to 8% of what was already present, and as previously observed (Table 2), in that case the
increase in the concentration of carbon in the soil was detected. This shows that such variations can
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be measured and confirms that most of the heavy metals brought to the soil dosed with digestate did
not accumulate in the soil.
Regarding the concentrations of persistent organic pollutants (POPs) in the experimental soils, in no
case was any increase found in their concentration after three years of experimentation, for all the
plots studied, including unfertilized plots (Table 2). Furthermore, all values complied with the legal
limits established in Italy for agricultural soils (DM 2019/46, Ministero dell’ambiente), and the values
were in line with data reported for European agricultural soils as regards PCB, dioxins and DEHP for
which data are available in the literature.248–250 Weissengruber and colleagues (2018) applying a
forecasting model, reported that the risk of POPs accumulating in soils using digestate as fertilizer
for several years (200) is negligible.
In addition to POPs, also the concentrations of emerging pollutants in soils (pharmaceuticals) were
measured after three years of experimentation. These types of molecules can in fact be present in bio
fertilizers, and therefore accumulate in the soil, with potentially toxic effects for ecosystems and
public health.252 However, for these types of compounds there are still no laws that set limits or
identify a group of molecules to be monitored, so the choice was made based on what was suggested
by Konradi and Vogel (2013), taking into consideration parameters such as residence time in the soil,
solubility and ecotoxicity. The 9 compounds chosen were: antibiotics (Ciproflaxacin and
Sulfamethoxazole),
(Carbamazepine),

lipid

regulators

beta-blockers

(Fenofibrate

(Metoprolol),

and

analgesic

Gemfibrozil),
(Diclorofenac)

psychiatric
and

drugs

hormones

(Ethinylestradiol and Estradiol) (Table 2). The analyses showed that after the third year, the soil
concentrations of all the pharmaceuticals were always below the instrumental detection limit (<0.01
mg kg-1 dw), for all the experimental plots, with no differences between soils fertilized with RF, SF
or not fertilized. In a previous work it was already reported that the concentration of emerging organic
pollutants in this type of digestate was very low, and always below detection limit and often lower
than the values reported for other types of organic matrices routinely used as fertilizers (i.e., animal
slurries and manures).128
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4.3.3.4 Recovered fertilizers nitrogen efficiency
The N fertilizer use efficiency (FUE) measured for SF was of 93.6 ± 4.4% to be compared with that
calculated for RF which was of 55.5 ± 6.6% (Table 5), and therefore similar to that of 50% suggested
by Lombardy Region and adopted in this work. These figures were obtained taking into consideration
total N dosed, independently of N forms (mineral vs. organic). Nevertheless, nitrogen dosed with the
digestate was represented for 57.8% TKN by NH4-N that was readily available for plants as well as
N from SF, and by 42.2% TKN by organic N that was quite stable (no mineralization occurred)
because of the high biological stability of digestate. The stability of organic N was confirmed, such
as discussed earlier, by measuring CO2 and CH4 evolution from soils treated with RF that showed
similar figures to those of both plots fertilized with SF and unfertilized, and by measuring both NH4+
and NO3- soil contents at different topical moments, that were similar for all soils studied,
independently of the fertilizers used. As a consequence of the results obtained, it can be considered
that the organic N of digestate, substantially, did not contribute to mineral soil N, since it became part
of the soil organic matter, and that only the ammonia form should be considered for FUE calculation.
Doing so, the re-calculated RF FUE was of 85.3 ± 10%, comparable to that calculated for SF (FUE
of 93.6 ± 4.4%). Consequently, the N fertilizer replacement value (NFRV) obtained for RF used to
replace SF, when referred only to the mineral N form, was of 83.7%. Obviously, this value assumes
validity only if the digestate characterization is performed to attest the high biological stability of the
organic matter which it contains.

It therefore appears that high FUE and NFRV for recovered fertilizers can be achieved by well
performed anaerobic digestion which is able to transform as much as possible of the organic-N into
ammonia, leaving a very stable organic fraction containing a low mineralizable organic-N that
contributes to the stable soil N-pool. The separate mineral N fraction can then be assumed to have the
same efficiency as that of a common synthetic fertilizer (e.g. urea) and the organic fraction to have
an efficiency close to zero, contributing to the soil organic matter pool.
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Table 5. Fertilizer use efficiency (FUE) and N fertilizer replacement value (NFRV) for the maize crop
fertilized with SF and RF in the year 2020. Letters are referred to One-way ANOVA (n=6, p<0.05, Tukey
post-test).
Synthetic
Unfertilized
Recovered fertilizer
fertilizer
N uptake (kgN Ha-1 dwa)

175 ± 19

267 ± 13

N tot applied (kgN Ha-1)

0

285

460 (Ntot)b

290 (N-NH4+)c

FUE (%)

-

93.6 ± 4.4 (b)

55.5 ± 6.6 (a)

85.3 ± 10 (b)

NFRV (%)

-

-

54.5

83.7

256 ± 31

a

dw: dry weight
N applied considering the N tot contained in the digestate dosed
c
N applied considering only the N-NH4+ contained in the digestate dosed
b

4.4

Conclusions

In conclusion, the use of highly stabilized digestate and digestate-derived ammonium sulphate as a
fertilizer replacing synthetic fertilizers did not have negative impacts on soil quality, nor on the
accumulation of inorganic and organic pollutants (POPs), but instead caused an increase in the portion
of organic carbon in the soil, contributing to the improvement of its quality. All the data reported
indicate that a very stable digestate can solve problems of uncontrolled mineralization typical of less
stable biomasses used in agriculture (i.e., slurry or manure), without risks of N leaching, nor of gas
emissions (ammonia or GHG). If the digestate is dosed by equating the amount of NH4-N to a
synthetic fertilizer, and the amount of organic N assimilated to that to a well stabilized soil improver,
the grain yield produced is equivalent to those obtained using a similar dose of urea N (SF), with
fertilizer use efficiencies (FUE) which are very similar. The stabilization of the digestate can therefore
constitute a strategy to obtain a bio-based fertilizer that can replace mineral N fertilizers, without loss
of performance or environmental risks.
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4.5

Supporting information

Table S1. Main characteristics of infeed (mean ± SD) and full characterization of digestate in comparison
with legal limits for its use as fertilizer in agriculture, and with data from literature for digestate and composts
(mean of three-years monitoring, from Pigoli et al., 2021)
Parameter

Unit

pH

Digestatea Lombardy Law N. 6665/2019 – Legal limitsb
8.5 ± 0.3

5.5 < pH < 11

Dry Matter 105°C

g kg-1 wwc

103 ± 3.7

Dry Matter 600°C

-1

g kg ww

40.4 ± 2.5

Total Organic Carbon

g kg-1 DMc

314 ± 30

> 200

TKN

g kg-1 DM

77 ± 3.7

> 15

N-NH4

g kg-1 DM

35.9 ± 2.4

%

46.6

OD20d

mg O2 g-1 DM

22.6 ± 6.1

BMPe

Lbiogas kg-1 DM

57 ± 23

P

g kg-1 DM

28 ± 4.1

K

g kg-1 DM

6.5 ± 1.3

Ca

g kg-1 DM

43 ± 7

Mg

g kg-1 DM

5.2 ± 0.6

Fe

g kg-1 DM

26.2 ± 6.4

Mo

mg kg-1 DM

10 ± 1

Cu

mg kg-1 DM

408 ± 60

≤ 1,000

Zn

mg kg-1 DM

1,020 ± 120

≤ 2,500

Mn

mg kg-1 DM

444 ± 35

Al

g kg-1 DM

25.8 ± 4.5

Co

mg kg-1 DM

6.6 ± 2.3

Se

mg kg-1 DM

3.7 ± 2.1

Na

g kg-1 DM

1.9 ± 0.4

Cr

mg kg-1 DM

95 ± 22

< 200

Pb

mg kg-1 DM

64 ± 11

≤ 750

Ni

mg kg-1 DM

61 ± 13

≤ 300

As

mg kg-1 DM

9.0 ± 2.2

< 20

Cd

mg kg-1 DM

1 ± 0.5f

≤ 20

Hg

mg kg-1 DM

0.1 ± 0.3f

≤ 10

PAH

mg kg-1 DM

0.5 ± 0.5f

∑< 6

< 0.1

∑< 0.8

N-NH4/TKN

PCB
PCDD/F+PCB-DL

-1

mg kg DM

ng TEQ kg-1 DM 10.6 ± 2.9f

>4

≤ 10

∑≤ 25
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AOX

mg kg-1 DM
mg kg-1 ww
mg kg-1 DM
mg kg-1 DM

5.7 ± 5.3f
284 ± 251f
(2,757)
< 0.6

Ciproflaxacin

mg kg-1 DM

< 0.01g

Sulfamethoxazole

mg kg-1 DM

< 0.01

Fenofibrat

mg kg-1 DM

< 0.01

Gemfibrozil

mg kg-1 DM

< 0.01

Carbamazepine

mg kg-1 DM

< 0.01

Metoprolol

mg kg-1 DM

< 0.01

Diclofenac

mg kg-1 DM

< 0.01

Ethinylestradiol

mg kg-1 DM

< 0.01

Estradiol

mg kg-1 DM

< 0.01

Salmonella

MPN g-1 DM

Absent

< 100

Faecal coliform

MPN g-1 DM

< 1,000

< 10,000

DEHP
Hydrocarbon C10-C40

< 100
≤ 1,000
∑ < 500

a

Mean ± SD: n=42, except for Ca, Mn, Mg, Fe, Mo, Al, Co, Na: n = 9, and BMP: n = 10.
Legal limit referred to the digestate described in this work.
c
ww and DM: wet weight and dry matter, respectively.
d
OD20: Oxygen Demand after 20h
e
BMP: potential biogas production.
f
Mean and SD calculated considering data below detection limits = 0.
g
Analysis performed in 2020; n=4.
b
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Table S2. Main characteristics (mean ± SD; n=17) of ammonium sulphate - (NH4)2SO4 - used for
topdressing fertilization in this work (all concentrations are expressed on wet basis).
Parameter

Unit

Value

pH

pH

6.8 ± 1.3

EC

mS cm-1

119 ± 27 (1:2.5 v/v 25 °C)

Dry Matter 105°C

% of ww

35.5 ± 0.4

Total Organic Carbon (TOC)

g kg-1 ww

< 0.1

Total N (TKN)

g kg-1 ww

74 ± 2

N-NH4 (TAN)

g kg-1 ww

71.7 ± 1.9

Total P

mg kg-1 ww

11.7 ± 4.7

Cd tot

mg kg-1 ww

< 0.25

Hg tot

mg kg-1 ww

< 0.25

Ni tot

mg kg-1 ww

<1

Pb tot

mg kg-1 ww

<1

Cu tot

mg kg-1 ww

<6

Zn tot

mg kg-1 ww

2.5 ± 2.4e

Salmonella

Absent

E. Coli

Absent

Enterococcaceae

Absent

a

Sigurnjak et al., (2019), ammonium sulphate produced by air scrubbing
Ivona Sigurnjak et al. (2016), air scrubber water from digestate treatment
c
Vaneeckhaute et al. (2013), air scrubber water from digestate treatment
d
Ledda, et al. (2013), ammonium sulphate produced by scrubbing with sulfuric acid
e
Mean and SD calculated considering data below detection limits = 0.
b
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Table S3. Chronological list of agronomic operations and soil samplings carried out during the
experimentation.
Date

Sampling

Agronomic operation

23/04/2018

Pre sown 2018

Pre sown spreading

3/04/2019

Pre sown 2019

16/04/2019
28/06/2019

Pre sown spreading
Pre topdressing 2019

1/08/2019

Topdressing fertilization

23/09/2019

Harvest

24/09/2019

Harvest 2019

16/05/2020

Pre sown 2020

28/05/2020

Pre sown spreading

18/06/2020

Post sown 2020

14/07/2020

Pre topdressing 2020

31/07/2020
7/08/2020

Topdressing fertilization
Post topdressing 2020

28/10/2020

Harvest

5/11/2020

Harvest 2020

12/01/2021

Three years after experiment start
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Table S4. Average maize productions yield in grain for the three years of experiments (mean ± SD; n=9). Table
modified from Zilio et al., 2021.
Grain yield dwa
Fertilizer
(Mg Ha-1)

a

Unfertilized

10.4 ± 3.5 (a)b

Synthetic fertilizer

17.4 ± 1.2 (b)

Recovered fertilizer

18.1 ± 2.9 (b)

dw: dry weight
Letters are referred to One-way ANOVA analysis (Tukey post-test, p < 0.01; n=9).

b

Table S5. Average ammonia emissions (mean ± SD, n=9) for the three years of experiments (2018, 2019 and
2020). Table modified from Zilio et al., 2021.
Total cumulated
Loss of NH3
Loss of NH3
Fertilizer
ammonia emission
(%Ntot)
(%TAN)
(kg N Ha-1)
Synthetic fertilizer

24.8 ± 8.3 a

13.4 ± 4.5 b

13.4 ± 4.5 a

Recovered fertilizer

25.6 ± 9.4 ab

7.01 ± 2.5 a

11.6 ± 4 a

a

ammonia emission in unfertilized plots did not differ from background.
Letters are referred to One-way ANOVA analysis carried out comparing for each year the odour emitted
from the three treatments (Tukey post-test, p < 0.01; n = 3).
b
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Chapter V
Conclusions.
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5

Conclusions

This PhD thesis was aimed to assess diverse cycling approaches in the management of nutrients from fullscale technologies using different types of waste streams regarding their global environmental impact. In
general, our results showed that the reuse of end-products is critical for positive environmental impacts
due to avoided emissions from production, transport, and mineral sources. Within the improvement of soil
condition (e.g. digestate) satisfying the aim of supporting a closed-loop integrated system.
When comparing directly recovered fertilizers with synthetic fertilizers, results indicated that lower impact
on fossil resource depletion and energy consumption could be obtained from biobased sources. However,
there is also an increase in eutrophication and acidification potential due to N and P leaching and NH 3
losses, respectively. Although our findings show, this contrasting impact can be reduced by assuring a
stable bio compound and integrating the proper practices in its use (i.e. precision agriculture).
Global warming potential as a critical indicator could vary depending on the energy intensity of the
processing, and on the other hand, from the possible co-production of energy from the process. As in our
case, AD systems can induce lower or even negative impact (savings) because of both fossil energy
substitution and GHGs reduction from the whole recovering processing, affecting positively as well other
indicators, especially the ones belonging to the resources group.
LCA is a crucial environmental management tool, comprehensive and in constant upgrading and
expansion. It can be exploited by performing more studies with a product perspective on recycled nutrient
products and even optimizing individual recovery processes by combining recovery technologies.
However, there are challenges to finding more common standards in its application (i.e. mixed results;
depending on FU, boundaries, allocation, an emission method, and so on). This is also stressed by the
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rapid advance in information technologies and the perceived expansion to encompass other social and
economic dimensions.

111

6
(1)

References
Rockström, J.; Steffen, W.; Noone, K.; Persson, Å.; Chapin, F. S.; Lambin, E. F.; Lenton, T. M.; Scheffer, M.; Folke,
C.; Schellnhuber, H. J.; Nykvist, B.; de Wit, C. A.; Hughes, T.; van der Leeuw, S.; Rodhe, H.; Sörlin, S.; Snyder, P.
K.; Costanza, R.; Svedin, U.; Falkenmark, M.; Karlberg, L.; Corell, R. W.; Fabry, V. J.; Hansen, J.; Walker, B.;
Liverman, D.; Richardson, K.; Crutzen, P.; Foley, J. A. A Safe Operating Space for Humanity. Nature 2009, 461 (7263),
472–475. https://doi.org/10.1038/461472a.

(2)

Rockström, J.; Klum, M. Big World Small Planet; Miller, P., Ed.; Yale University Press: New haven and London, 2015.
https://doi.org/10.3280/for2013-096030.

(3)

Rockström, J.; Gaffney, O.; Thunberg, G. Breaking Boundaries: The Science of Our Planet; Dorling Kindersley
Limited, 2021.

(4)

Rockström, J.; Gaffney, O.; Rogelj, J.; Meinshausen, M.; Nakicenovic, N.; Schellnhuber, H. J. A Roadmap for Rapid
Decarbonization. Science (80-. ). 2017, 355 (6331), 1269–1271. https://doi.org/10.1126/science.aah3443.

(5)

Gates, B. How to Avoid a Climate Disaster: The Solutions We Have and the Breakthroughs We Need, First.; Alfred A.
Knopf: New York, NY, USA, 2021.

(6)

IPCC, 2021: Summary for Policymakers. In Climate change 2021: The physical science basis.; Masson-Delmotte, V.,
P. Zhai, A. Pirani, S. L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M. I. Gomis, M. Huang, K.
Leitzell, E. Lonnoy, J.B.R. Matthews, T. K. Maycock, T. Waterfield, O. Yelekçi, R. Y. and B. Z., Ed.; Cambridge
University Press. In Press, 2021; Vol. AR6, p 41. https://doi.org/10.1260/095830507781076194.

(7)

Steffen, W.; Richardson, K.; Rockström, J.; Cornell, S. E.; Fetzer, I.; Bennett, E. M.; Biggs, R.; Carpenter, S. R.; De
Vries, W.; De Wit, C. A.; Folke, C.; Gerten, D.; Heinke, J.; Mace, G. M.; Persson, L. M.; Ramanathan, V.; Reyers, B.;
Sörlin, S. Planetary Boundaries: Guiding Human Development on a Changing Planet. Science (80-. ). 2015, 347 (6223),
10. https://doi.org/10.1126/science.1259855.

(8)

Sutton, M. A.; Bleeker, A.; Howard, C. M.; Bekunda, M.; Grizzetti, B.; de Vries, W.; van Grinsven, H. J. M.; Abrol,
Y. P.; Adhya, T. K.; Billen, G.; Davidson, E. .; Datta, A.; Diaz, R.; Erisman, J. W.; Liu, X. J.; Oenema, O.; Palm, C.;
Raghuram, N.; Reis, S.; Scholz, R. W.; Sims, T.; Westhoek, H.; Zhang, F. S. Our Nutrient World: The Challenge to

112

Produce More Food and Energy with Less Pollution. Global Overview of Nutrient Management; 2018; Vol. 47.

(9)

Campbell, B. M.; Beare, D. J.; Bennett, E. M.; Hall-Spencer, J. M.; Ingram, J. S. I.; Jaramillo, F.; Ortiz, R.; Ramankutty,
N.; Sayer, J. A.; Shindell, D. Agriculture Production as a Major Driver of the Earth System Exceeding Planetary
Boundaries. Ecol. Soc. 2017, 22 (4). https://doi.org/10.5751/ES-09595-220408.

(10)

Basosi, R.; Spinelli, D.; Fierro, A.; Jez, S. MIneral Nitrogen Fertilizers: Environmental Impact of Production and Use.
In Fertilizers components, Uses in Agriculture and Environmental Impacts; López-Valdez, F., Fernández-Luqueño, F.,
Eds.; Nova Science Publisher, Inc.: New York, NY, USA, 2014; p 316.

(11)

Howard,

C.

M.

The

European

Nitrogen

Assessment.

Eur.

Nitrogen

Assess.

2011,

No.

January.

https://doi.org/10.1017/cbo9780511976988.

(12)

Bouwman, A. F.; Van Der Hoek, K. W. Scenarios of Animal Waste Production and Fertilizer Use and Associated
Ammonia

Emission

for

the

Developing

Countries.

Atmos.

Environ.

1997,

31

(24),

4095–4102.

https://doi.org/https://doi.org/10.1016/S1352-2310(97)00288-4.

(13)

Velthof, G. L.; Lesschen, J. P.; Webb, J.; Pietrzak, S.; Miatkowski, Z.; Pinto, M.; Kros, J.; Oenema, O. The Impact of
the Nitrates Directive on Nitrogen Emissions from Agriculture in the EU-27 during 2000-2008. Sci. Total Environ.
2014, 468–469 (3), 1225–1233. https://doi.org/10.1016/j.scitotenv.2013.04.058.

(14)

Monteny, G. J. The EU Nitrates Directive: A European Approach to Combat Water Pollution from Agriculture.
ScientificWorldJournal. 2001, 1, 486168. https://doi.org/10.1100/tsw.2001.377.

(15)

Rosemarin, A.; Macura, B.; Carolus, J.; Barquet, K.; Ek, F.; Järnberg, L.; Lorick, D.; Johannesdottir, S.; Pedersen, S.
M.; Koskiaho, J.; Haddaway, N. R.; Okruszko, T. Circular Nutrient Solutions for Agriculture and Wastewater – a
Review of Technologies and Practices. Curr. Opin. Environ. Sustain. 2020, 45 (November), 78–91.
https://doi.org/10.1016/j.cosust.2020.09.007.

(16)

Schroder, J. J.; Cordell, D.; Smit, A. L.; Rosemarin, A. Sustainable Use of Phosphorus : EU Tender
ENV.B1/ETU/2009/0025; Report / Plant Research International : 357; Plant Research International: 586, PPO/PRI
AGRO Duurzame Bedrijfssystemen, , 2010.

113

(17)

Correll, D. L. (1998) Role of Phosphorus in the Eutrophication of Receiving Waters: A Review, The - Correll1998.Pdf.
J.Enviro. Qual 1998, 261–266.

(18)

Paustian, K.; Lehmann, J.; Ogle, S.; Reay, D.; Robertson, G. P.; Smith, P. Climate-Smart Soils. Nature 2016, 532
(7597), 49–57. https://doi.org/10.1038/nature17174.

(19)

E., H. P. C.; C., C.; C., P. R.; S., T. M. The Whole-Soil Carbon Flux in Response to Warming. Science (80-. ). 2017,
355 (6332), 1420–1423. https://doi.org/10.1126/science.aal1319.

(20)

Post, W. M.; Kwon, K. C. Soil Carbon Sequestration and Land-Use Change: Processes and Potential. Glob. Chang.
Biol. 2000, 6 (3), 317–327. https://doi.org/https://doi.org/10.1046/j.1365-2486.2000.00308.x.

(21)

Liu, Q.; Wang, J.; Hou, Y.; van Dijk, K.; Qin, W.; Lesschen, J. P.; Velthof, G.; Oenema, O. Global Nutrient Flows and
Cycling

in

Food

Systems.

Biorefinery

of

Inorganics.

July

7,

2020,

pp

1–22.

https://doi.org/https://doi.org/10.1002/9781118921487.ch1-1.

(22)

Reijnders, L. Phosphorus Resources, Their Depletion and Conservation, a Review. Resour. Conserv. Recycl. 2014, 93,
32–49. https://doi.org/10.1016/j.resconrec.2014.09.006.

(23)

Withers, P. J. A.; van Dijk, K. C.; Neset, T. S. S.; Nesme, T.; Oenema, O.; Rubæk, G. H.; Schoumans, O. F.; Smit, B.;
Pellerin, S. Stewardship to Tackle Global Phosphorus Inefficiency: The Case of Europe. Ambio 2015, 44 (2), 193–206.
https://doi.org/10.1007/s13280-014-0614-8.

(24)

Ubando, A. T.; Felix, C. B.; Chen, W. H. Biorefineries in Circular Bioeconomy: A Comprehensive Review. Bioresour.
Technol. 2020, 299 (November 2019). https://doi.org/10.1016/j.biortech.2019.122585.

(25)

Macura, B.; Johannesdottir, S. L.; Piniewski, M.; Haddaway, N. R.; Kvarnström, E. Effectiveness of Ecotechnologies
for Recovery of Nitrogen and Phosphorus from Anaerobic Digestate and Effectiveness of the Recovery Products as
Fertilisers: A Systematic Review Protocol. Environ. Evid. 2019, 8 (1), 1–9. https://doi.org/10.1186/s13750-019-01733.

(26)

Szögi, A. A.; Vanotti, M. B.; Hunt, P. G. Phosphorus Recovery from Pig Manure Solids Prior to Land Application. J.

114

Environ. Manage. 2015, 157, 1–7. https://doi.org/https://doi.org/10.1016/j.jenvman.2015.04.010.

(27)

Ngatia, L. Nitrogen and Phosphorus Eutrophication in Marine Ecosystems; III, J. M. G., Ed.; IntechOpen: Rijeka, 2019;
p Ch. 5. https://doi.org/10.5772/intechopen.81869.

(28)

Van Grinsven, H. J. M.; Tiktak, A.; Rougoor, C. W. Evaluation of the Dutch Implementation of the Nitrates Directive,
the Water Framework Directive and the National Emission Ceilings Directive. NJAS - Wageningen J. Life Sci. 2016,
78, 69–84. https://doi.org/https://doi.org/10.1016/j.njas.2016.03.010.

(29)

Svanbäck, A.; McCrackin, M. L.; Swaney, D. P.; Linefur, H.; Gustafsson, B. G.; Howarth, R. W.; Humborg, C.
Reducing Agricultural Nutrient Surpluses in a Large Catchment – Links to Livestock Density. Sci. Total Environ. 2019,
648, 1549–1559. https://doi.org/https://doi.org/10.1016/j.scitotenv.2018.08.194.

(30)

Albert, C.; Aronson, J.; Fürst, C.; Opdam, P. Integrating Ecosystem Services in Landscape Planning: Requirements,
Approaches, and Impacts. Landsc. Ecol. 2014, 29 (8), 1277–1285. https://doi.org/10.1007/s10980-014-0085-0.

(31)

LCA Compedium - The Complete World of Life Cycle Assessment, First.; Hauschild, M. Z., Huijbregts, M. A. J., Eds.;
Springer Dordrecht Heidelberg New York London, 2015.

(32)

Jensen, L. S.; Oelofse, M.; ten Hoeve, M.; Bruun, S. Environmental Impact Assessment on the Production and Use of
Biobased

Fertilizers.

Biorefinery

of

Inorganics.

July

7,

2020,

pp

329–362.

https://doi.org/https://doi.org/10.1002/9781118921487.ch7-1.

(33)

Rosenbaum, R. K.; Hauschild, M. Z.; Boulay, A. M.; Fantke, P.; Laurent, A.; Núñez, M.; Vieira, M. Life Cycle Impact
Assessment; Hauschild, M. Z., Huijbregts, M. A. J., Eds.; Springer Dordrecht Heidelberg New York London, 2017.
https://doi.org/10.1007/978-3-319-56475-3_10.

(34)

European Commission - Joint Research Centre - Institute for Environment and Sustainability. International Reference
Life Cycle Data System (ILCD) Handbook : Analysing of Existing Environmental Impact Assessment Methodologies
for Use in Life Cycle Assessment. Eur. Comm. 2010, 115.

(35)

Deimling, S.; Hallman, A.; Bos, U. The Agricultural LCA Model. 2018, No. February.

115

(36)

Goedkoop, M.; De Schryver, A.; Oele, M.; Durksz, S.; de Roest, D. Introduction to LCA with SimaPro 7. PRé Consult.
Netherlands 2008.

(37)

Ciroth, A.; Noi, C.; Lohse, T.; Srocka, M. OpenLCA 1.10 - Comprehensive User Manual. 2020, No. V 1.10.2, 127.

(38)

Humbert, S.; Margni, M.; Jolliet, O.; PRe, various authors. IMPACT 2002 + : User Guide. Work 2015, 21, 36.

(39)

GOEDKOOP, M. The Eco-Indicator 99 Methodology; 2007; Vol. 3. https://doi.org/10.3370/lca.3.32.

(40)

Huijbregts, M. A. J.; Steinmann, Z. J. N.; Elshout, P. M. F.; Stam, G.; Verones, F.; Vieira, M.; Zijp, M.; Hollander, A.;
van Zelm, R. ReCiPe2016: A Harmonised Life Cycle Impact Assessment Method at Midpoint and Endpoint Level. Int.
J. Life Cycle Assess. 2017, 22 (2), 138–147. https://doi.org/10.1007/s11367-016-1246-y.

(41)

Brandão, M.; Martin, M. J. R.; Cowie, A. L.; Hamelin, L.; Zamagni, A. Consequential Life Cycle Assessment: What,
How, and Why?; 2017.

(42)

Rehl, T.; Lansche, J.; Müller, J. Life Cycle Assessment of Energy Generation from Biogas - Attributional vs.
Consequential

Approach.

Renew.

Sustain.

Energy

Rev.

2012,

16

(6),

3766–3775.

https://doi.org/10.1016/j.rser.2012.02.072.

(43)

ISO/TS 14071. Environmental Management — Life Cycle Assessment - Critical Review Processes and Reviewer
Competencies: Additional Requirements and Guidelines to ISO 14044:20006; Geneva, Switzerland, 2014; Vol. 2006.

(44)

Moretti, C.; Corona, B.; Edwards, R.; Junginger, M.; Moro, A.; Rocco, M.; Shen, L. Reviewing ISO Compliant
Multifunctionality Practices in Environmental Life Cycle Modeling. Energies 2020, 13 (14), 1–24.
https://doi.org/10.3390/en13143579.

(45)

Pa, A.; Craven, J. S.; Bi, X. T.; Melin, S.; Sokhansanj, S. Environmental Footprints of British Columbia Wood Pellets
from a Simplified Life Cycle Analysis. Int. J. Life Cycle Assess. 2012, 17 (2), 220–231. https://doi.org/10.1007/s11367011-0358-7.

(46)

Bava, L.; Bacenetti, J.; Gislon, G.; Pellegrino, L.; D’Incecco, P.; Sandrucci, A.; Tamburini, A.; Fiala, M.; Zucali, M.
Impact Assessment of Traditional Food Manufacturing: The Case of Grana Padano Cheese. Sci. Total Environ. 2018,

116

626, 1200–1209. https://doi.org/10.1016/j.scitotenv.2018.01.143.

(47)

Agostini, A.; Giuntoli, J.; Marelli, L.; Amaducci, S. Flaws in the Interpretation Phase of Bioenergy LCA Fuel the
Debate and Mislead Policymakers. Int. J. Life Cycle Assess. 2020, 25 (1), 17–35. https://doi.org/10.1007/s11367-01901654-2.

(48)

Klöpffer, W. The Critical Review of Life Cycle Assessment Studies According to ISO 14040 and 14044. Int. J. Life
Cycle Assess. 2012, 17 (9), 1087–1093. https://doi.org/10.1007/s11367-012-0426-7.

(49)

Clarens, A. F.; Resurreccion, E. P.; White, M. A.; Colosi, L. M. Environmental Life Cycle Comparison of Algae to
Other Bioenergy Feedstocks. Environ. Sci. Technol. 2010, 44 (5), 1813–1819. https://doi.org/10.1021/es902838n.

(50)

Quinn, J. C.; Davis, R. The Potentials and Challenges of Algae Based Biofuels: A Review of the Techno-Economic,
Life

Cycle,

and

Resource

Assessment

Modeling.

Bioresour.

Technol.

2015,

184,

444–452.

https://doi.org/10.1016/j.biortech.2014.10.075.

(51)

Cardozo, K. H. M.; Guaratini, T.; Barros, M. P.; Falcão, V. R.; Tonon, A. P.; Lopes, N. P.; Campos, S.; Torres, M. A.;
Souza, A. O.; Colepicolo, P.; Pinto, E. Metabolites from Algae with Economical Impact; 2007; Vol. 146, pp 60–78.
https://doi.org/10.1016/j.cbpc.2006.05.007.

(52)

Stirk, W. A.; Bálint, P.; Tarkowská, D.; Novák, O.; Strnad, M.; Ördög, V.; van Staden, J. Hormone Profiles in
Microalgae:

Gibberellins

and

Brassinosteroids.

Plant

Physiol.

Biochem.

2013,

70,

348–353.

https://doi.org/10.1016/j.plaphy.2013.05.037.

(53)

Michalak, I.; Chojnacka, K. Algae as Production Systems of Bioactive Compounds. Eng. Life Sci. 2015, 15 (2), 160–
176. https://doi.org/10.1002/elsc.201400191.

(54)

Plaza, B. M.; Gómez-Serrano, C.; Acién-Fernández, F. G.; Jimenez-Becker, S. Effect of Microalgae Hydrolysate Foliar
Application (Arthrospira Platensis and Scenedesmus Sp.) on Petunia x Hybrida Growth. J. Appl. Phycol. 2018, 30 (4),
2359–2365. https://doi.org/10.1007/s10811-018-1427-0.

(55)

Romero García, J. M.; Acién Fernández, F. G.; Fernández Sevilla, J. M. Development of a Process for the Production

117

of L-Amino-Acids Concentrates from Microalgae by Enzymatic Hydrolysis. Bioresour. Technol. 2012, 112, 164–170.

(56)

Tarakhovskaya, E. R.; Maslov, Y. I.; Shishova, M. F. Phytohormones in Algae. Russ. J. Plant Physiol. 2007, 54 (2),
163–170. https://doi.org/10.1134/S1021443707020021.

(57)

Macías, F. A.; Galindo, J. L. G.; García-Díaz, M. D.; Galindo, J. C. G. Allelopathic Agents from Aquatic Ecosystems:
Potential Biopesticides Models. Phytochem. Rev. 2008, 7 (1), 155–178. https://doi.org/10.1007/s11101-007-9065-1.

(58)

Vizcaíno, A. J.; López, G.; Sáez, M. I.; Jiménez, J. A.; Barros, A.; Hidalgo, L.; Camacho-Rodríguez, J.; Martínez, T.
F.; Cerón-García, M. C.; Alarcón, F. J. Effects of the Microalga Scenedesmus Almeriensis as Fishmeal Alternative in
Diets

for

Gilthead

Sea

Bream,

Sparus

Aurata,

Juveniles.

Aquaculture

2014,

431,

34–43.

https://doi.org/10.1016/j.aquaculture.2014.05.010.

(59)

Muller-Feuga, A. The Role of Microalgae in Aquaculture: Situation and Trends. J. Appl. Phycol. 2000, 12 (1998), 527–
534. https://doi.org/10.1023/A:1008106304417.

(60)

Koller, M.; Muhr, A.; Braunegg, G. Microalgae as Versatile Cellular Factories for Valued Products. Algal Res. 2014,
6 (PA), 52–63. https://doi.org/10.1016/j.algal.2014.09.002.

(61)

Yaakob, Z.; Ali, E.; Zainal, A.; Mohamad, M.; Takriff, M. S. M. S. M. S. An Overview: Biomolecules from Microalgae
for Animal Feed and Aquaculture; BioMed Central, 2014; Vol. 21, p 6. https://doi.org/10.1186/2241-5793-21-6.

(62)

Webb, J.; Sorensen, P.; Velthof, G. L.; Amon, B.; Pinto, M.; Rodhe, L.; Salomon, E.; Hutchings, N.; Burczyk, J.; Reid,
J. E. An Assessment of the Variation of Manure Nitrogen Efficiency throughout Europe and an Appraisal of Means to
Increase Manure-N Efficiency. 2013, 119, 371–442.

(63)

Franchino, M.; Comino, E.; Bona, F.; Riggio, V. A. Growth of Three Microalgae Strains and Nutrient Removal from
an

Agro-Zootechnical

Digestate.

Chemosphere

2013,

92

(6),

738–744.

https://doi.org/10.1016/j.chemosphere.2013.04.023.

(64)

Ledda, C.; Idà, A.; Allemand, D.; Mariani, P.; Adani, F. Production of Wild Chlorella Sp. Cultivated in Digested and
Membrane-Pretreated Swine Manure Derived from a Full-Scale Operation Plant. Algal Res. 2015, 12, 68–73.

118

https://doi.org/https://doi.org/10.1016/j.algal.2015.08.010.

(65)

Leite, L. D. S.; Teresa, M.; Daniel, L. A. Journal of Water Process Engineering Microalgae Cultivation for Municipal
and

Piggery

Wastewater

Treatment

in

Brazil.

2019,

31

(December

2018),

1–7.

https://doi.org/10.1016/j.jwpe.2019.100821.

(66)

Acién, F. G.; Gómez-Serrano, C.; Morales-Amaral, M. M.; Fernández-Sevilla, J. M.; Molina-Grima, E. Wastewater
Treatment Using Microalgae: How Realistic a Contribution Might It Be to Significant Urban Wastewater Treatment?
Appl. Microbiol. Biotechnol. 2016, 100 (21), 9013–9022. https://doi.org/10.1007/s00253-016-7835-7.

(67)

Muñoz, R.; Guieysse, B. Algal-Bacterial Processes for the Treatment of Hazardous Contaminants: A Review. Water
Res. 2006, 40 (15), 2799–2815. https://doi.org/10.1016/j.watres.2006.06.011.

(68)

Cai, T.; Park, S. Y.; Li, Y. Nutrient Recovery from Wastewater Streams by Microalgae: Status and Prospects. Renew.
Sustain. Energy Rev. 2013, 19, 360–369. https://doi.org/10.1016/j.rser.2012.11.030.

(69)

Godos, I. de; Blanco, S.; García-Encina, P. A.; Becares, E.; Muñoz, R. Long-Term Operation of High Rate Algal Ponds
for the Bioremediation of Piggery Wastewaters at High Loading Rates. Bioresour. Technol. 2009, 100 (19), 4332–
4339. https://doi.org/10.1016/j.biortech.2009.04.016.

(70)

Gupta, S. kumar; Bux, F. Application of Microalgae in Wastewater Treatment Volume 1: Domestic and Industrial
Wastewater Treatment; 2019; Vol. 1. https://doi.org/10.1007/978-3-030-13909-4.

(71)

Posadas, E.; Bochon, S.; Coca, M.; García-González, M. C.; García-Encina, P. A.; Muñoz, R. Microalgae-Based AgroIndustrial Wastewater Treatment: A Preliminary Screening of Biodegradability. J. Appl. Phycol. 2014, 26 (6), 2335–
2345. https://doi.org/10.1007/s10811-014-0263-0.

(72)

Posadas, E.; Marín, D.; Blanco, S.; Lebrero, R.; Muñoz, R. Simultaneous Biogas Upgrading and Centrate Treatment in
an

Outdoors

Pilot

Scale

High

Rate

Algal

Pond.

Bioresour.

Technol.

2017,

232,

133–141.

https://doi.org/10.1016/j.biortech.2017.01.071.

(73)

Assis, T. C. de; Calijuri, M. L.; Assemany, P. P.; Pereira, A. S. A. de P.; Martins, M. A. Using Atmospheric Emissions

119

as CO 2 Source in the Cultivation of Microalgae: Productivity and Economic Viability. J. Clean. Prod. 2019, 215,
1160–1169. https://doi.org/10.1016/j.jclepro.2019.01.093.

(74)

Acién, F. G.; Fernández, J. M.; Magán, J. J.; Molina, E. Production Cost of a Real Microalgae Production Plant and
Strategies to Reduce It. Biotechnol. Adv. 2012, 30 (6), 1344–1353. https://doi.org/10.1016/j.biotechadv.2012.02.005.

(75)

Benemann, J. R. Biofixation of CO2 and Greenhouse Gas Abatement with Microalgae - Technology Roadmap. 2003,
7010000926, 1–29.

(76)

Wang, B.; Li, Y.; Wu, N.; Lan, C. Q. CO2 Bio-Mitigation Using Microalgae. Appl. Microbiol. Biotechnol. 2008, 79
(5), 707–718. https://doi.org/10.1007/s00253-008-1518-y.

(77)

Acien, F. G.; González-López, C. V.; Fernández-Sevilla, J. M.; Molina-Grima, E. Conversion of CO2 into Biomass by
Microalgae: How Realistic a Contribution May It Be to Significant CO2 Removal? Appl. Microbiol. Biotechnol. 2012,
96 (3), 577–586.

(78)

Bauer, S. K.; Grotz, L. S.; Connelly, E. B.; Colosi, L. M. Reevaluation of the Global Warming Impacts of AlgaeDerived Biofuels to Account for Possible Contributions of Nitrous Oxide. Bioresour. Technol. 2016, 218, 196–201.
https://doi.org/10.1016/j.biortech.2016.06.058.

(79)

Medeiros, D. L.; Sales, E. A.; Kiperstok, A. Energy Production from Microalgae Biomass: Carbon Footprint and
Energy Balance. J. Clean. Prod. 2015, 96, 493–500. https://doi.org/https://doi.org/10.1016/j.jclepro.2014.07.038.

(80)

Holma, A.; Koponen, K.; Antikainen, R.; Lardon, L.; Leskinen, P.; Roux, P. Current Limits of Life Cycle Assessment
Framework in Evaluating Environmental Sustainability – Case of Two Evolving Biofuel Technologies. J. Clean. Prod.
2013, 54, 215–228. https://doi.org/https://doi.org/10.1016/j.jclepro.2013.04.032.

(81)

Hou, J.; Zhang, P.; Yuan, X.; Zheng, Y. Life Cycle Assessment of Biodiesel from Soybean, Jatropha and Microalgae
in China Conditions. Renew. Sustain. Energy Rev. 2011, 15 (9), 5081–5091.

(82)

Murthy, G. Overview and Assessment of Algal Biofuels Production Technologies. Biofuels 2011.

(83)

Campbell, P. K.; Beer, T.; Batten, D. Life Cycle Assessment of Biodiesel Production from Microalgae in Ponds.

120

Bioresour. Technol. 2010.

(84)

Pegallapati, A. K.; Frank, E. D. Energy Use and Greenhouse Gas Emissions from an Algae Fractionation Process for
Producing Renewable Diesel. Algal Res. 2016, 18, 235–240. https://doi.org/10.1016/j.algal.2016.06.019.

(85)

Hossain, N.; Zaini, J.; Indra Mahlia, T. M. Life Cycle Assessment, Energy Balance and Sensitivity Analysis of
Bioethanol Production from Microalgae in a Tropical Country. Renew. Sustain. Energy Rev. 2019, 115 (August),
109371. https://doi.org/10.1016/j.rser.2019.109371.

(86)

Bussa, M.; Zollfrank, C.; Röder, H. Life-Cycle Assessment and Geospatial Analysis of Integrating Microalgae
Cultivation into a Regional Economy. J. Clean. Prod. 2020, 243. https://doi.org/10.1016/j.jclepro.2019.118630.

(87)

Pérez-López, P.; de Vree, J. H.; Feijoo, G.; Bosma, R.; Barbosa, M. J.; Moreira, M. T.; Wijffels, R. H.; van Boxtel, A.
J. B.; Kleinegris, D. M. M. Comparative Life Cycle Assessment of Real Pilot Reactors for Microalgae Cultivation in
Different Seasons. Appl. Energy 2017, 205 (March), 1151–1164. https://doi.org/10.1016/j.apenergy.2017.08.102.

(88)

Schneider, R. de C. de S.; de Moura Lima, M.; Hoeltz, M.; de Farias Neves, F.; John, D. K.; de Azevedo, A. Life Cycle
Assessment of Microalgae Production in a Raceway Pond with Alternative Culture Media. Algal Res. 2018, 32 (October
2017), 280–292. https://doi.org/10.1016/j.algal.2018.04.012.

(89)

Yadav, G.; Dubey, B. K.; Sen, R. A Comparative Life Cycle Assessment of Microalgae Production by CO2
Sequestration from Flue Gas in Outdoor Raceway Ponds under Batch and Semi-Continuous Regime. J. Clean. Prod.
2020, 258, 120703. https://doi.org/10.1016/j.jclepro.2020.120703.

(90)

Branco-Vieira, M.; Costa, D.; Mata, T. M.; Martins, A. A.; Freitas, M. A. V.; Caetano, N. S. A Life Cycle Inventory
of Microalgae-Based Biofuels Production in an Industrial Plant Concept. Energy Reports 2020, 6, 397–402.
https://doi.org/10.1016/j.egyr.2019.08.079.

(91)

Posten, C.; Schaub, G. Microalgae and Terrestrial Biomass as Source for Fuels-A Process View. J. Biotechnol. 2009,
142 (1), 64–69. https://doi.org/10.1016/j.jbiotec.2009.03.015.

(92)

Putt, R.; Singh, M.; Chinnasamy, S.; Das, K. C. An Efficient System for Carbonation of High-Rate Algae Pond Water

121

to

Enhance

CO2

Mass

Transfer.

Bioresour.

Technol.

2011,

102

(3),

3240–3245.

https://doi.org/10.1016/j.biortech.2010.11.029.

(93)

Fasaei, F.; Bitter, J. H.; Slegers, P. M.; van Boxtel, A. J. B. Techno-Economic Evaluation of Microalgae Harvesting
and Dewatering Systems. Algal Res. 2018, 31. https://doi.org/10.1016/j.algal.2017.11.038.

(94)

Woertz, I.; Feffer, A.; Lundquist, T.; Nelson, Y. Algae Grown on Dairy and Municipal Wastewater for Simultaneous
Nutrient Removal and Lipid Production for Biofuel Feedstock. J. Environ. Eng. 2009, 135 (11), 1115–1122.
https://doi.org/10.1061/(ASCE)EE.1943-7870.0000129.

(95)

Rockne, K. J.; Brezonik, P. L. Nutrient Removal in a Cold-Region Wastewater Stabilization Pond: Importance of
Ammonia Volatilization. J. Environ. Eng. 2006, 132 (4), 451–459. https://doi.org/10.1061/(ASCE)07339372(2006)132:4(451).

(96)

Zimmo, O. R.; Van Der Steen, N. P.; Gijzen, H. J. Comparison of Ammonia Volatilisation Rates in Algae and
Duckweed-Based Waste Stabilisation Ponds Treating Domestic Wastewater. Water Res. 2003, 37 (19), 4587–4594.
https://doi.org/10.1016/j.watres.2003.08.013.

(97)

Fagerstone, K. D.; Quinn, J. C.; Bradley, T. H.; De Long, S. K.; Marchese, A. J. Quantitative Measurement of Direct
Nitrous Oxide Emissions from Microalgae Cultivation. Environ. Sci. Technol. 2011, 45 (21), 9449–9456.
https://doi.org/10.1021/es202573f.

(98)

Ferrón, S.; Ho, D. T.; Johnson, Z. I.; Huntley, M. E. Air-Water Fluxes of N2O and CH4 during Microalgae (Staurosira
Sp.) Cultivation in an Open Raceway Pond. Environ. Sci. Technol. 2012, 46 (19), 10842–10848.
https://doi.org/10.1021/es302396j.

(99)

Burmaster, D. E.; Anderson, P. D. Principles of Good Practice for the Use of Monte Carlo Techniques in Human Health
and Ecological Risk Assessments. Risk Anal. 1994, 14 (4), 477–481. https://doi.org/10.1111/j.15396924.1994.tb00265.x.

(100)

Arashiro, L. T.; Montero, N.; Ferrer, I.; Acién, F. G.; Gómez, C.; Garfí, M. Life Cycle Assessment of High Rate Algal
Ponds for Wastewater Treatment and Resource Recovery. Sci. Total Environ. 2018, 622–623, 1118–1130.

122

https://doi.org/10.1016/j.scitotenv.2017.12.051.

(101)

Tasca, A. L.; Bacci di Capaci, R.; Tognotti, L.; Puccini, M. Biomethane from Short Rotation Forestry and Microalgal
Open Ponds: System Modeling and Life Cycle Assessment. Bioresour. Technol. 2019, 273 (November 2018), 468–
477. https://doi.org/10.1016/j.biortech.2018.11.038.

(102)

Collotta, M.; Champagne, P.; Mabee, W.; Tomasoni, G. Wastewater and Waste CO2 for Sustainable Biofuels from
Microalgae. Algal Res. 2018, 29 (November 2017), 12–21. https://doi.org/10.1016/j.algal.2017.11.013.

(103)

D’Imporzano, G.; Veronesi, D.; Salati, S.; Adani, F. Carbon and Nutrient Recovery in the Cultivation of Chlorella
Vulgaris: A Life Cycle Assessment Approach to Comparing Environmental Performance. J. Clean. Prod. 2018, 194,
685–694. https://doi.org/10.1016/j.jclepro.2018.05.174.

(104)

Molina, E.; Fernández, J.; Acién, F. G.; Chisti, Y. Tubular Photobioreactor Design for Algal Cultures. J. Biotechnol.
2001, 92 (2), 113–131.

(105)

Huijbregts, M. A. J.; Steinmann, Z. J. N.; Elshout, P. M. F.; Stam, G.; Verones, F.; Vieira, M. D. M.; Hollander, A.;
Zijp, M.; van Zelm, R. ReCiPe 2016 v1.1. 2017.

(106)

World Meteorological Organization; Atmosphere Watch Global. The State of Greenhouse Gases in the Atmosphere
Based on Global Observations through 2016. World Meteorol. Organ. Bull. 2017, No. 13, 1–4. https://doi.org/ISSN
2078-0796.

(107)

Gandiglio, M.; Lanzini, A.; Soto, A.; Leone, P.; Santarelli, M. Enhancing the Energy Efficiency of Wastewater
Treatment Plants through Co-Digestion and Fuel Cell Systems. Front. Environ. Sci. 2017, 5 (October), 1–21.
https://doi.org/10.3389/fenvs.2017.00070.

(108)

Naims, H. Economics of Carbon Dioxide Capture and Utilization—a Supply and Demand Perspective. Environ. Sci.
Pollut. Res. 2016, 23 (22), 22226–22241. https://doi.org/10.1007/s11356-016-6810-2.

(109)

Porcelli, R.; Dotto, F.; Pezzolesi, L.; Marazza, D.; Greggio, N.; Righi, S. Comparative Life Cycle Assessment of
Microalgae Cultivation for Non-Energy Purposes Using Different Carbon Dioxide Sources. Sci. Total Environ. 2020,

123

721, 137714. https://doi.org/10.1016/j.scitotenv.2020.137714.

(110)

Yuan, J.; Kendall, A.; Zhang, Y. Mass Balance and Life Cycle Assessment of Biodiesel from Microalgae Incorporated
with Nutrient Recycling Options and Technology Uncertainties. GCB Bioenergy 2015, 7 (6), 1245–1259.
https://doi.org/10.1111/gcbb.12229.

(111)

Lardon, L.; Hélias, A.; Sialve, B.; Steyer, J. P.; Bernard, O. Life-Cycle Assessment of Biodiesel Production from
Microalgae. Environ. Sci. Technol. 2009, 43 (17), 6475–6481. https://doi.org/10.1021/es900705j.

(112)

Collet, P.; Hélias Arnaud, A.; Lardon, L.; Ras, M.; Goy, R. A.; Steyer, J. P. Life-Cycle Assessment of Microalgae
Culture

Coupled

to

Biogas

Production.

Bioresour.

Technol.

2011,

102

(1),

207–214.

https://doi.org/10.1016/j.biortech.2010.06.154.

(113)

Ketzer, F.; Skarka, J.; Rösch, C. Critical Review of Microalgae LCA Studies for Bioenergy Production. Bioenergy Res.
2018, 11 (1), 95–105. https://doi.org/10.1007/s12155-017-9880-1.

(114)

Bacenetti, J.; Fusi, A. The Environmental Burdens of Maize Silage Production: Influence of Different Ensiling
Techniques. Anim. Feed Sci. Technol. 2015, 204, 88–98. https://doi.org/10.1016/j.anifeedsci.2015.03.005.

(115)

Dalgaard, R.; Schmidt, J.; Halberg, N.; Christensen, P.; Thrane, M.; Pengue, W. a. LCA for Food Products LCA for
Food Products ( Subject Editor : Niels Jungbluth ) Case Study LCA of Soybean Meal. LCA Food Prod. 2008, 10 (7),
240–254.

(116)

Jankowski, K. J.; Dubis, B.; Sokólski, M. M.; Załuski, D.; Bórawski, P.; Szempliński, W. Productivity and Energy
Balance of Maize and Sorghum Grown for Biogas in a Large-Area Farm in Poland: An 11-Year Field Experiment. Ind.
Crops Prod. 2020, 148 (July 2019). https://doi.org/10.1016/j.indcrop.2020.112326.

(117)

Roncero-Ramos, B.; Román, J. R.; Gómez-Serrano, C.; Cantón, Y.; Acién, F. G. Production of a BiocrustCyanobacteria Strain (Nostoc Commune) for Large-Scale Restoration of Dryland Soils. J. Appl. Phycol. 2019, 31 (4),
2217–2230. https://doi.org/10.1007/s10811-019-1749-6.

(118)

Galafat, A.; Vizcaíno, A. J.; Sáez, M. I.; Martínez, T. F.; Jérez-Cepa, I.; Mancera, J. M.; Alarcón, F. J. Evaluation of

124

Arthrospira Sp. Enzyme Hydrolysate as Dietary Additive in Gilthead Seabream (Sparus Aurata) Juveniles. J. Appl.
Phycol. 2020. https://doi.org/10.1007/s10811-020-02141-0.

(119)

Rosch, C.; Skarka, J.; Patyk, A. Microalgae - Opportunities and Challenges of an Innovative Energy Source. 17th Eur.
Biomass Conf. Exhib. 2009, 0049 (July), 1–7.

(120)

Koyande, A. K.; Show, P. L.; Guo, R.; Tang, B.; Ogino, C.; Chang, J. S. Bio-Processing of Algal Bio-Refinery: A
Review

on

Current

Advances

and

Future

Perspectives.

Bioengineered

2019,

10

(1),

574–592.

https://doi.org/10.1080/21655979.2019.1679697.

(121)

Welch, R. M. The Impact of Mineral Nutrients in Food Crops on Global Human Health. Plant Soil 2002, 247 (1), 83–
90. https://doi.org/10.1023/A:1021140122921.

(122)

Christensen, B.; Brentrup, F.; Six, L.; Pallière, C.; Hoxha, A. Assesing the Carbon Footprint of Fertilizers at Production
and Full Life Cycle. In Proceedings 751; International Fertiliser Society: London, UK, 2014; Vol. 751, p 20.

(123)

Galloway, J. N.; Aber, J. D.; Erisman, J. W.; Seitzinger, S. P.; Howarth, R. W.; Cowling, E. B.; Cosby, B. J. The
Nitrogen

Cascade.

Bioscience

2003,

53

(4),

341–356.

https://doi.org/10.1641/0006-

3568(2003)053[0341:TNC]2.0.CO;2.

(124)

FAOSTAT, D. (FAO). Food and Agriculture Organization of the United Nations; Rome, Italy, 2020.

(125)

Daneshgar, S.; Callegari, A.; Capodaglio, A. G.; Vaccari, D. The Potential Phosphorus Crisis: Resource Conservation
and Possible Escape Technologies: A Review. Resources 2018, 7 (2), 22. https://doi.org/10.3390/resources7020037.

(126)

Desmidt, E.; Ghyselbrecht, K.; Zhang, Y.; Pinoy, L.; Van Der Bruggen, B.; Verstraete, W.; Rabaey, K.; Meesschaert,
B. Global Phosphorus Scarcity and Full-Scale P-Recovery Techniques: A Review. Crit. Rev. Environ. Sci. Technol.
2015, 45 (4), 336–384. https://doi.org/10.1080/10643389.2013.866531.

(127)

Stahel, W. R. The Circular Economy: A User’s Guide, First.; MacArthur, E. F., Ed.; Taylor & Francis: New York, NY,
USA, 2019.

(128)

Pigoli, A.; Zilio, M.; Tambone, F.; Mazzini, S.; Schepis, M.; Meers, E.; Schoumans, O.; Giordano, A.; Adani, F.

125

Thermophilic Anaerobic Digestion as Suitable Bioprocess Producing Organic and Chemical Renewable Fertilizers: A
Full-Scale Approach. Waste Manag. 2021, 124 (2021), 356–367. https://doi.org/10.1016/j.wasman.2021.02.028.

(129)

McDonough, W. Cradle to Cradle : Remaking the Way We Make Things; 1st ed. New York : North Point Press, 2002.,
2002.

(130)

Tambone, F.; Scaglia, B.; D’Imporzano, G.; Schievano, A.; Orzi, V.; Salati, S.; Adani, F. Assessing Amendment and
Fertilizing Properties of Digestates from Anaerobic Digestion through a Comparative Study with Digested Sludge and
Compost. Chemosphere 2010, 81 (5), 577–583. https://doi.org/https://doi.org/10.1016/j.chemosphere.2010.08.034.

(131)

Yasar, A.; Rasheed, R.; Tabinda, A. B.; Tahir, A.; Sarwar, F. Life Cycle Assessment of a Medium Commercial Scale
Biogas Plant and Nutritional Assessment of Effluent Slurry. Renew. Sustain. Energy Rev. 2017, 67, 364–371.
https://doi.org/10.1016/J.RSER.2016.09.026.

(132)

Mazzini, S.; Borgonovo, G.; Scaglioni, L.; Bedussi, F.; D’Imporzano, G.; Tambone, F.; Adani, F. Phosphorus
Speciation during Anaerobic Digestion and Subsequent Solid/Liquid Separation. Sci. Total Environ. 2020, 734, 139284.
https://doi.org/10.1016/j.scitotenv.2020.139284.

(133)

Sigurnjak, I.; Brienza, C.; Snauwaert, E.; De Dobbelaere, A.; De Mey, J.; Vaneeckhaute, C.; Michels, E.; Schoumans,
O.; Adani, F.; Meers, E. Production and Performance of Bio-Based Mineral Fertilizers from Agricultural Waste Using
Ammonia

(Stripping-)Scrubbing

Technology.

Waste

Manag.

2019,

89,

265–274.

https://doi.org/10.1016/j.wasman.2019.03.043.

(134)

Ledda, C.; Schievano, A.; Salati, S.; Adani, F. Nitrogen and Water Recovery from Animal Slurries by a New Integrated
Ultrafiltration, Reverse Osmosis and Cold Stripping Process: A Case Study. Water Res. 2013, 47 (16), 6157–6166.
https://doi.org/10.1016/j.watres.2013.07.037.

(135)

Pepè Sciarria, T.; Vacca, G.; Tambone, F.; Trombino, L.; Adani, F. Nutrient Recovery and Energy Production from
Digestate Using Microbial Electrochemical Technologies (METs). J. Clean. Prod. 2019, 208, 1022–1029.
https://doi.org/https://doi.org/10.1016/j.jclepro.2018.10.152.

(136)

Anastasiou, D.; Aran, M.; Balesdent, J.; Basch, G.; Biró, B.; de Maria Mourão, I.; Costantini, E.; Dell’Abate, M. T.;

126

Dietz, S.; Follain, S.; Gomez-Macpherson, H.; Konsten, C.; Lloveras, J.; Marques, F.; Clara Martínez Gaitán, C.;
Mavridis, A.; Neeteson, J.; Perdigão, A.; Sarno, G.; Theocharopoulos, S.; Blanco, J.; Ambar, M.; Hinsinger, P. Soil
Organic Matter in Mediterranean Regions; Brussels, Belgium, 2015.

(137)

Lal, R. Challenges and Opportunities in Soil Organic Matter Research. Eur. J. Soil Sci. 2009, 60 (2), 158–169.
https://doi.org/10.1111/j.1365-2389.2008.01114.x.

(138)

Zhang, X.; Davidson, E. A.; Mauzerall, D. L.; Searchinger, T. D.; Dumas, P.; Shen, Y. Managing Nitrogen for
Sustainable Development. Nature 2015, 528 (7580), 51–59. https://doi.org/10.1038/nature15743.

(139)

Riva, C.; Orzi, V.; Carozzi, M.; Acutis, M.; Boccasile, G.; Lonati, S.; Tambone, F.; D’Imporzano, G.; Adani, F. ShortTerm Experiments in Using Digestate Products as Substitutes for Mineral (N) Fertilizer: Agronomic Performance,
Odours,

and

Ammonia

Emission

Impacts.

Sci.

Total

Environ.

2016,

547,

206–214.

https://doi.org/10.1016/j.scitotenv.2015.12.156.

(140)

Zilio, M.; Pigoli, A.; Rizzi, B.; Geromel, G.; Meers, E.; Schoumans, O.; Giordano, A.; Adani, F. Measuring Ammonia
and Odours Emissions during Full Field Digestate Use in Agriculture. Sci. Total Environ. 2021, 782, 146882.
https://doi.org/10.1016/j.scitotenv.2021.146882.

(141)

Webb, J.; Pain, B.; Bittman, S.; Morgan, J. The Impacts of Manure Application Methods on Emissions of Ammonia,
Nitrous Oxide and on Crop Response-A Review. Agric. Ecosyst. Environ. 2010, 137 (1–2), 39–46.
https://doi.org/10.1016/j.agee.2010.01.001.

(142)

Webb, J.; Sørensen, P.; Velthof, G.; Amon, B.; Pinto, M.; Rodhe, L.; Salomon, E.; Hutchings, N.; Burczyk, P.; Reid,
J. An Assessment of the Variation of Manure Nitrogen Efficiency throughout Europe and an Appraisal of Means to
Increase Manure-N Efficiency. In Advances in Agronomy; Elsevier, 2013; Vol. 119, pp 371–442.
https://doi.org/10.1016/B978-0-12-407247-3.00007-X.

(143)

Di Capua, F.; Adani, F.; Pirozzi, F.; Esposito, G.; Giordano, A. Air Side-Stream Ammonia Stripping in a Thin Film
Evaporator Coupled to High-Solid Anaerobic Digestion of Sewage Sludge: Process Performance and Interactions. J.
Environ. Manage. 2021, 295 (May), 113075. https://doi.org/10.1016/j.jenvman.2021.113075.

127

(144)

Regione Lombardia. Programma d’Azione Regionale per La Protezione Delle Acque Dall ’ Inquinamento Provocato
Dai Nitrati Provenienti Da Fonti Agricole Nelle Zone Vulnerabili Ai Sensi Della Direttiva Nitrati 91/676/CEE. 2020.

(145)

Bertora, C.; Peyron, M.; Pelissetti, S.; Grignani, C.; Sacco, D. Assessment of Methane and Nitrous Oxide Fluxes from
Paddy Field by Means of Static Closed Chambers Maintaining Plants within Headspace. J. Vis. Exp. 2018, No. 139, 1–
7. https://doi.org/10.3791/56754.

(146)

Piccini, I.; Arnieri, F.; Caprio, E.; Nervo, B.; Pelissetti, S.; Palestrini, C.; Roslin, T.; Rolando, A. Greenhouse Gas
Emissions from Dung Pats Vary with Dung Beetle Species and with Assemblage Composition. PLoS One 2017, 12 (7),
1–15. https://doi.org/10.1371/journal.pone.0178077.

(147)

Peyron, M.; Bertora, C.; Pelissetti, S.; Said-Pullicino, D.; Celi, L.; Miniotti, E.; Romani, M.; Sacco, D. Greenhouse
Gas Emissions as Affected by Different Water Management Practices in Temperate Rice Paddies. Agric. Ecosyst.
Environ. 2016, 232, 17–28. https://doi.org/10.1016/j.agee.2016.07.021.

(148)

Tang, Y. S.; Cape, J. N.; Sutton, M. A. Development and Types of Passive Samplers for Monitoring Atmospheric NO2
and NH3 Concentrations. Sci. World J. 2001, 1 (2), 513–529. https://doi.org/10.1100/tsw.2001.82.

(149)

Weidema, B. P.; Bauer, C.; Hischier, R.; Mutel, C.; Nemecek, T.; Reinhard, J.; Vadenbo, C. O.; Wernet, G. Overview
and Methodology. Data Quality Guideline for the Ecoinvent Database Version 3; St. Gallen: The ecoinvent Centre,
2013; Vol. 3.

(150) IPCC (Intergovernmental Panel on Climate Change). Guidelines for National Greenhouse Gas Inventories: Agriculture,
Forestry and Other Land Use; Geneva, Switzerland, 2006.

(151)

Nemecek, T.; Kägi, T. Life Cycle Inventories of Agricultural Production Systems; 2007.

(152)

Xu, Y.; Yu, W.; Ma, Q.; Zhou, H. Accumulation of Copper and Zinc in Soil and Plant within Ten-Year Application of
Different Pig Manure Rates. Plant, Soil Environ. 2013, 59 (11), 492–499. https://doi.org/10.17221/121/2013-pse.

(153)

Börjesson, G.; Kirchmann, H.; Kätterer, T. Four Swedish Long-Term Field Experiments with Sewage Sludge Reveal
a Limited Effect on Soil Microbes and on Metal Uptake by Crops. J. Soils Sediments 2014, 14 (1), 164–177.

128

https://doi.org/10.1007/s11368-013-0800-5.

(154)

Huijbregts, M. A. J.; Steinmann, Z. J. N.; Elshout, P. M. F.; Stam, G.; Verones, F.; Vieira, M.; Zijp, M.; Hollander, A.;
van Zelm, R. ReCiPe2016: A Harmonised Life Cycle Impact Assessment Method at Midpoint and Endpoint Level. Int.
J. Life Cycle Assess. 2017, 22 (2), 138–147. https://doi.org/10.1007/s11367-016-1246-y.

(155)

Paolini, V.; Petracchini, F.; Segreto, M.; Tomassetti, L.; Naja, N.; Cecinato, A. Environmental Impact of Biogas: A
Short Review of Current Knowledge. J. Environ. Sci. Heal. - Part A Toxic/Hazardous Subst. Environ. Eng. 2018, 53
(10), 899–906. https://doi.org/10.1080/10934529.2018.1459076.

(156)

Scaglia, B.; Tambone, F.; Corno, L.; Orzi, V.; Lazzarini, Y.; Garuti, G.; Adani, F. Potential Agronomic and
Environmental Properties of Thermophilic Anaerobically Digested Municipal Sewage Sludge Measured by an
Unsupervised and a Supervised Chemometric Approach. Sci. Total Environ. 2018, 637–638, 791–802.
https://doi.org/10.1016/j.scitotenv.2018.04.426.

(157)

Tambone, F.; Adani, F. Nitrogen Mineralization from Digestate in Comparison to Sewage Sludge, Compost and Urea
in a Laboratory Incubated Soil Experiment. Zeitschrift fur Pflanzenernahrung und Bodenkd. 2017, 180 (3), 355–365.
https://doi.org/10.1002/jpln.201600241.

(158)

Montemayor, E.; Bonmatí, A.; Torrellas, M.; Camps, F.; Ortiz, C.; Domingo, F.; Riau, V.; Antón, A. Environmental
Accounting of Closed-Loop Maize Production Scenarios: Manure as Fertilizer and Inclusion of Catch Crops. Resour.
Conserv. Recycl. 2019, 146 (March), 395–404. https://doi.org/10.1016/j.resconrec.2019.03.013.

(159)

Brentrup, F.; Kusters, J.; Lammel, J.; Kuhlmann, H. Methods to Estimate On-Field Nitrogen Emissions from Crop
Production as an Input to LCA Studies in the Agricultural Sector. Int. J. Life Cycle Assess. 2000, 5 (6), 349–357.
https://doi.org/10.1007/bf02978670.

(160)

Emmerling, C.; Krein, A.; Junk, J. Meta-Analysis of Strategies to Reduce NH3 Emissions from Slurries in European
Agriculture

and

Consequences

for

Greenhouse

Gas

Emissions.

Agronomy

2020,

10

(11),

14.

https://doi.org/10.3390/agronomy10111633.

(161)

Björnsson, L.; Lantz, M.; Börjesson, P.; Prade, T.; Svensson, S.-E.; Eriksson, H. Impact of Biogas Crop Production on

129

Greenhouse Gas Emissions, Soil Organic Matter and Food Crop Production–A Case Study on Farm Level; The
Swedish Knowledge Centre for Renewable Transportation Fuels, 2013.

(162)

Willén, A.; Junestedt, C.; Rodhe, L.; Pell, M.; Jönsson, H. Sewage Sludge as Fertiliser - Environmental Assessment of
Storage

and

Land

Application

Options.

Water

Sci.

Technol.

2017,

75

(5),

1034–1050.

https://doi.org/10.2166/wst.2016.584.

(163)

Bacenetti, J.; Lovarelli, D.; Fiala, M. Mechanisation of Organic Fertiliser Spreading, Choice of Fertiliser and Crop
Residue Management as Solutions for Maize Environmental Impact Mitigation. Eur. J. Agron. 2016, 79, 107–118.
https://doi.org/10.1016/J.EJA.2016.05.015.

(164)

Peccia, J.; Westerhoff, P. We Should Expect More out of Our Sewage Sludge. Environ. Sci. Technol. 2015, 49 (14),
8271–8276. https://doi.org/10.1021/acs.est.5b01931.

(165)

Provolo, G.; Manuli, G.; Finzi, A.; Lucchini, G.; Riva, E.; Sacchi, G. A. Effect of Pig and Cattle Slurry Application on
Heavy

Metal

Composition

of

Maize

Grown

on

Different

Soils.

Sustain.

2018,

10

(8),

16.

https://doi.org/10.3390/su10082684.

(166)

Leclerc, A.; Laurent, A. Framework for Estimating Toxic Releases from the Application of Manure on Agricultural
Soil: National Release Inventories for Heavy Metals in 2000–2014. Sci. Total Environ. 2017, 590–591, 452–460.
https://doi.org/10.1016/j.scitotenv.2017.01.117.

(167)

Niero, M.; Pizzol, M.; Bruun, H. G.; Thomsen, M. Comparative Life Cycle Assessment of Wastewater Treatment in
Denmark

Including

Sensitivity

and

Uncertainty

Analysis.

J.

Clean.

Prod.

2014,

68,

25–35.

https://doi.org/10.1016/j.jclepro.2013.12.051.

(168)

Bacenetti, J.; Sala, C.; Fusi, A.; Fiala, M. Agricultural Anaerobic Digestion Plants: What LCA Studies Pointed out and
What Can Be Done to Make Them More Environmentally Sustainable. Appl. Energy 2016, 179, 669–686.
https://doi.org/10.1016/j.apenergy.2016.07.029.

(169)

Piippo, S.; Lauronen, M.; Postila, H. Greenhouse Gas Emissions from Different Sewage Sludge Treatment Methods in
North. J. Clean. Prod. 2018, 177, 483–492. https://doi.org/10.1016/j.jclepro.2017.12.232.

130

(170)

Styles, D.; Adams, P.; Thelin, G.; Vaneeckhaute, C.; Chadwick, D.; Withers, P. J. A. Life Cycle Assessment of
Biofertilizer Production and Use Compared with Conventional Liquid Digestate Management. Environ. Sci. Technol.
2018, 52 (13), 7468–7476. https://doi.org/10.1021/acs.est.8b01619.

(171)

Yoshida, H.; ten Hoeve, M.; Christensen, T. H.; Bruun, S.; Jensen, L. S.; Scheutz, C. Life Cycle Assessment of Sewage
Sludge Management Options Including Long-Term Impacts after Land Application. J. Clean. Prod. 2018, 174, 538–
547. https://doi.org/10.1016/j.jclepro.2017.10.175.

(172)

Lam, K. L.; Zlatanović, L.; van der Hoek, J. P. Life Cycle Assessment of Nutrient Recycling from Wastewater: A
Critical Review. Water Res. 2020, 173, 16. https://doi.org/10.1016/j.watres.2020.115519.

(173)

Menéndez, S.; Barrena, I.; Setien, I.; González-Murua, C.; Estavillo, J. M. Efficiency of Nitrification Inhibitor DMPP
to Reduce Nitrous Oxide Emissions under Different Temperature and Moisture Conditions. Soil Biol. Biochem. 2012,
53, 82–89. https://doi.org/10.1016/j.soilbio.2012.04.026.

(174)

Herr, C.; Mannheim, T.; Müller, T.; Ruser, R. Effect of Nitrification Inhibitors on N2O Emissions after Cattle Slurry
Application. Agronomy 2020, 10 (8), 1–23. https://doi.org/10.3390/agronomy10081174.

(175)

Qiao, C.; Liu, L.; Hu, S.; Compton, J. E.; Greaver, T. L.; Li, Q. How Inhibiting Nitrification Affects Nitrogen Cycle
and Reduces Environmental Impacts of Anthropogenic Nitrogen Input. Glob. Chang. Biol. 2015, 21 (3), 1249–1257.
https://doi.org/10.1111/gcb.12802.

(176)

Scarlat, N.; Dallemand, J.-F.; Fahl, F. Biogas: Developments and Perspectives in Europe. Renew. Energy 2018, 129,
457–472. https://doi.org/https://doi.org/10.1016/j.renene.2018.03.006.

(177)

Benato, A.; Macor, A. Italian Biogas Plants: Trend, Subsidies, Cost, Biogas Composition and Engine Emissions.
Energies 2019, 12 (6), 1–31. https://doi.org/10.3390/en12060979.

(178)

GSE

(Gestore

dei

Servizi

Energetici).

Atlaimpianti

di

produzione

di

energia

elettrica

https://atla.gse.it/atlaimpianti/project/Atlaimpianti_Internet.html.

(179)

EBA; GIE; NGVA; SEA-LNG. BioLNG in Transport : Making Climate Neutrality a Reality A Joint White Paper about

131

BioLNG Production; Brussels, Belgium, 2020.

(180)

Smajla, I.; Sedlar, D. K.; Drljača, B.; Jukić, L. Fuel Switch to LNG in Heavy Truck Traffic. Energies 2019, 12 (3), 19.
https://doi.org/10.3390/en12030515.

(181)

Khush, G. S. Green Revolution: The Way Forward.

Nat. Rev. Genet. 2001,

2 (10), 815–822.

https://doi.org/10.1038/35093585.

(182)

Foley, J. A.; Ramankutty, N.; Brauman, K. A.; Cassidy, E. S.; Gerber, J. S.; Johnston, M.; Mueller, N. D.; O’Connell,
C.; Ray, D. K.; West, P. C.; Balzer, C.; Bennett, E. M.; Carpenter, S. R.; Hill, J.; Monfreda, C.; Polasky, S.; Rockström,
J.; Sheehan, J.; Siebert, S.; Tilman, D.; Zaks, D. P. M. Solutions for a Cultivated Planet. Nature 2011, 478 (7369), 337–
342. https://doi.org/10.1038/nature10452.

(183)

Pingali, P. L. Green Revolution: Impacts, Limits, Andthe Path Ahead. Proc. Natl. Acad. Sci. U. S. A. 2012, 109 (31),
12302–12308. https://doi.org/10.1073/pnas.0912953109.

(184)

Fowler, D.; Coyle, M.; Skiba, U.; Sutton, M. A.; Cape, J. N.; Reis, S.; Sheppard, L. J.; Jenkins, A.; Grizzetti, B.;
Galloway, J. N.; Vitousek, P.; Leach, A.; Bouwman, A. F.; Butterbach-Bahl, K.; Dentener, F.; Stevenson, D.; Amann,
M.; Voss, M. The Global Nitrogen Cycle in the Twentyfirst Century. Philos. Trans. R. Soc. B Biol. Sci. 2013, 368
(1621), 20130164. https://doi.org/10.1098/rstb.2013.0164.

(185)

Galloway, J. N.; Winiwarter, W.; Leip, A.; Leach, A. M.; Bleeker, A.; Erisman, J. W. Nitrogen Footprints: Past, Present
and Future. Environ. Res. Lett. 2014, 9 (11), 115003. https://doi.org/10.1088/1748-9326/9/11/115003.

(186)

Smith, C.; Hill, A. K.; Torrente-Murciano, L. Current and Future Role of Haber-Bosch Ammonia in a Carbon-Free
Energy Landscape. Energy Environ. Sci. 2020, 13 (2), 331–344. https://doi.org/10.1039/c9ee02873k.

(187)

Ridder, M. De; Jong, S. De; Polchar, J.; Lingemann, S. Risks and Opportunities in the Global Phosphate Rock Market:
Robust Strategies in Times of Uncertainty; 2012.

(188)

Geissler, B.; Mew, M. C.; Steiner, G. Phosphate Supply Security for Importing Countries: Developments and the
Current Situation. Sci. Total Environ. 2019, 677, 511–523. https://doi.org/10.1016/j.scitotenv.2019.04.356.

132

(189)

Cordell, D.; Drangert, J. O.; White, S. The Story of Phosphorus: Global Food Security and Food for Thought. Glob.
Environ. Chang. 2009, 19 (2), 292–305. https://doi.org/10.1016/j.gloenvcha.2008.10.009.

(190)

Schoumans, O. F.; Bouraoui, F.; Kabbe, C.; Oenema, O.; van Dijk, K. C. Phosphorus Management in Europe in a
Changing World. Ambio 2015, 44 (2), 180–192. https://doi.org/10.1007/s13280-014-0613-9.

(191)

Cordell, D.; White, S. Peak Phosphorus: Clarifying the Key Issues of a Vigorous Debate about Long-Term Phosphorus
Security. Sustainability 2011, 3 (10), 2027–2049. https://doi.org/10.3390/su3102027.

(192)

Steffen, W.; Richardson, K.; Rockstrom, J.; Cornell, S. E.; Fetzer, I.; Bennett, E. M.; Biggs, R.; Carpenter, S. R.; de
Vries, W.; de Wit, C. A.; Folke, C.; Gerten, D.; Heinke, J.; Mace, G. M.; Persson, L. M.; Ramanathan, V.; Reyers, B.;
Sorlin, S. Planetary Boundaries: Guiding Human Development on a Changing Planet. Science (80-. ). 2015, 347 (6223),
1259855–1259855. https://doi.org/10.1126/science.1259855.

(193)

Toop, T. A.; Ward, S.; Oldfield, T.; Hull, M.; Kirby, M. E.; Theodorou, M. K. AgroCycle - Developing a Circular
Economy in Agriculture. Energy Procedia 2017, 123, 76–80. https://doi.org/10.1016/j.egypro.2017.07.269.

(194)

Rockström, J.; Steffen, W.; Noone, K.; Persson, Å.; Chapin, F. S.; Lambin, E. F.; Lenton, T. M.; Scheffer, M.; Folke,
C.; Schellnhuber, H. J.; Nykvist, B.; de Wit, C. A.; Hughes, T.; van der Leeuw, S.; Rodhe, H.; Sörlin, S.; Snyder, P.
K.; Costanza, R.; Svedin, U.; Falkenmark, M.; Karlberg, L.; Corell, R. W.; Fabry, V. J.; Hansen, J.; Walker, B.;
Liverman, D.; Richardson, K.; Crutzen, P.; Foley, J. A. A Safe Operating Environment for Humanity. Nature 2009,
461|24 (September), 472–475. https://doi.org/10.5751/ES-03180-140232.

(195)

Bennett, E. M.; Carpenter, S. R.; Caraco, N. F. Human Impact on Erodable Phosphorus and Eutrophication: A Global
Perspective. Bioscience 2001, 51 (3), 227–234. https://doi.org/10.1641/0006-3568(2001)051[0227:HIOEPA]2.0.CO;2.

(196)

Smith, V. H.; Tilman, G. D.; Nekola, J. C. Eutrophication: Impacts of Excess Nutrient Inputs on Freshwater, Marine,
and Terrestrial Ecosystems. Environ. Pollut. 1999, 100 (1–3), 179–196. https://doi.org/10.1016/S0269-7491(99)000913.

(197)

Espejo-Herrera, N.; Gràcia-Lavedan, E.; Boldo, E.; Aragonés, N.; Pérez-Gómez, B.; Pollán, M.; Molina, A. J.;
Fernández, T.; Martín, V.; La Vecchia, C.; Bosetti, C.; Tavani, A.; Polesel, J.; Serraino, D.; Gómez Acebo, I.; Altzibar,

133

J. M.; Ardanaz, E.; Burgui, R.; Pisa, F.; Fernández-Tardón, G.; Tardón, A.; Peiró, R.; Navarro, C.; Castaño-Vinyals,
G.; Moreno, V.; Righi, E.; Aggazzotti, G.; Basagaña, X.; Nieuwenhuijsen, M.; Kogevinas, M.; Villanueva, C. M.
Colorectal Cancer Risk and Nitrate Exposure through Drinking Water and Diet. Int. J. Cancer 2016, 139 (2), 334–346.
https://doi.org/10.1002/ijc.30083.

(198)

Padilla, F. M.; Gallardo, M.; Manzano-Agugliaro, F. Global Trends in Nitrate Leaching Research in the 1960–2017
Period. Sci. Total Environ. 2018, 643 (2), 400–413. https://doi.org/10.1016/j.scitotenv.2018.06.215.

(199)

van Dijk, K. C.; Lesschen, J. P.; Oenema, O. Phosphorus Flows and Balances of the European Union Member States.
Sci. Total Environ. 2016, 542, 1078–1093. https://doi.org/10.1016/j.scitotenv.2015.08.048.

(200)

Westerman, P. W.; Bicudo, J. R. Management Considerations for Organic Waste Use in Agriculture. Bioresour.
Technol. 2005, 96 (2), 215–221. https://doi.org/10.1016/j.biortech.2004.05.011.

(201)

Gros, M.; Mas-Pla, J.; Boy-Roura, M.; Geli, I.; Domingo, F.; Petrović, M. Veterinary Pharmaceuticals and Antibiotics
in Manure and Slurry and Their Fate in Amended Agricultural Soils: Findings from an Experimental Field Site (Baix
Empordà, NE Catalonia). Sci. Total Environ. 2019, 654, 1337–1349. https://doi.org/10.1016/j.scitotenv.2018.11.061.

(202)

Van den Meersche, T.; Pamel, E. Van; Poucke, C. Van; Herman, L.; Heyndrickx, M.; Rasschaert, G.; Daeseleire, E.
Development, Validation and Application of an Ultra High Performance Liquid Chromatographic-Tandem Mass
Spectrometric Method for the Simultaneous Detection and Quantification of Five Different Classes of Veterinary
Antibiotics in Swine Manure. J. Chromatogr. A 2016, 1429, 248–257. https://doi.org/10.1016/j.chroma.2015.12.046.

(203)

Berendsen, B. J. A.; Wegh, R. S.; Memelink, J.; Zuidema, T.; Stolker, L. A. M. The Analysis of Animal Faeces as a
Tool to Monitor Antibiotic Usage. Talanta 2015, 132, 258–268. https://doi.org/10.1016/j.talanta.2014.09.022.

(204)

Albihn, A. Recycling Biowaste - Human and Animal Health Problems. Acta Vet. Scand. 2002, 43 (SUPPL. 1), 69–75.
https://doi.org/10.1186/1751-0147-43-S1-S69.

(205)

Zwolak, A.; Sarzyńska, M.; Szpyrka, E.; Stawarczyk, K. Sources of Soil Pollution by Heavy Metals and Their
Accumulation in Vegetables: A Review. Water. Air. Soil Pollut. 2019, 230 (7). https://doi.org/10.1007/s11270-0194221-y.

134

(206)

Verdi, L.; Kuikman, P. J.; Orlandini, S.; Mancini, M.; Napoli, M.; Dalla Marta, A. Does the Use of Digestate to Replace
Mineral Fertilizers Have Less Emissions of N 2 O and NH 3 ? Agric. For. Meteorol. 2019, 269–270 (June 2017), 112–
118. https://doi.org/10.1016/j.agrformet.2019.02.004.

(207)

Tambone, F.; Orzi, V.; Zilio, M.; Adani, F. Measuring the Organic Amendment Properties of the Liquid Fraction of
Digestate. Waste Manag. 2019, 88, 21–27. https://doi.org/10.1016/j.wasman.2019.03.024.

(208)

Cameron, K. C.; Di, H. J.; Moir, J. L. Nitrogen Losses from the Soil/Plant System: A Review. Ann. Appl. Biol. 2013,
162 (2), 145–173. https://doi.org/10.1111/aab.12014.

(209)

Delgado, J. A. Quantifying the Loss Mechanisms of Nitrogen. J. Soil Water Conserv. 2002, 57 (6), 389–398.

(210)

Govasmark, E.; Stäb, J.; Holen, B.; Hoornstra, D.; Nesbakk, T.; Salkinoja-Salonen, M. Chemical and Microbiological
Hazards Associated with Recycling of Anaerobic Digested Residue Intended for Agricultural Use. Waste Manag. 2011,
31 (12), 2577–2583. https://doi.org/10.1016/j.wasman.2011.07.025.

(211)

Koszel, M.; Lorencowicz, E. Agricultural Use of Biogas Digestate as a Replacement Fertilizers. Agric. Agric. Sci.
Procedia 2015, 7, 119–124. https://doi.org/10.1016/j.aaspro.2015.12.004.

(212)

APHA. Standard Methods for the Examination of Water and Wastewater. In Standard Methods for the Examination of
Water and Wastewater; American Public Health Association: Washington, DC, USA, 1992.

(213)

IRSA CNR. Metodi Analitici per Le Acque; Stato, I. P. e Z. dello, Ed.; Rome, IT, 1994.

(214)

EPA. Method EPA 3051 -Microwave Assisted Acid Digestion of Sediments, Sludges, Soils and Oils. Washington, DC
1998.

(215)

Schievano, A.; Pognani, M.; D’Imporzano, G.; Adani, F. Predicting Anaerobic Biogasification Potential of Ingestates
and Digestates of a Full-Scale Biogas Plant Using Chemical and Biological Parameters. Bioresour. Technol. 2008, 99
(17), 8112–8117. https://doi.org/10.1016/j.biortech.2008.03.030.

(216)

EN. UNI EN 14039 - Characterization of Waste - Determination of Hydrocarbon Content in the Range of C10 to C40
by Gas Chromatography. 2005.

135

(217)

EPA. METHOD 3550C - Ultrasonic Extraction. 2007.

(218)

EPA. EPA 8270E - Semivolatile Organic Compounds by Gas Chromatography/Mass Spectrometry (GC-MS). 2014.

(219)

UNI EN. UNI EN ISO 22155 - Soil Quality - Gas Chromatographic Determination of Volatile Aromatic and
Halogenated Hydrocarbons and Selected Ethers - Static Headspace Method. 2016.

(220)

EPA.

METHOD

8321B

-

Solvent-Extractable

Nonvolatile

Compounds

by High-Performance

Liquid

Chromatography/Thermospray/Mass Spectrometry (Hplc/Ts/Ms) or Ultraviolet (Uv) Detection. 2007.

(221)

UNI EN. UNI 11199 - Caratterizzazione Dei Rifiuti - Determinazione Di Policlorodibenzo-p- Diossine (PCDD) e
Policlorodibenzofurani (PCDF) in Rifiuti Solidi. 2007.

(222)

EN, U. UNI EN 16167 - Soil, Treated Biowaste and Sludge - Determination of Polychlorinated Biphenyls (PCB) by
Gas Chromatography with Mass Selective Detection (GC-MS) and Gas Chromatography with Electron-Capture
Detection (GC-ECD). 2012.

(223)

UNI EN. UNI EN 16167 - Soil, Treated Biowaste and Sludge - Determination of Dioxins and Furans and Dioxin-like
Polychlorinated Biphenyls by Gas Chromatography with High Resolution Mass Selective Detection (HR GC-MS).
2018.

(224)

CNR IRSA. Quaderno n. 64 - METODI ANALITICI PER I FANGHI. 1983.

(225)

Istituto Superiore di Sanità. Rapporto ISTISAN 14/18. 2018.

(226)

APAT - IRSA/CNR. APAT CNR IRSA 7080 - Metodi Analitici per Le Acque. 2003.

(227)

Mc Lean, E. O. Soil PH and Lime Requirement. In Methods of soil analysis. Part 2.; Page, A. L., Ed.; ASA and SSSA:
Madison WI, 1982; pp 199–224.

(228)

Gee, G. W.; Bauder, J. W. Particle-Size Analysis. In Methods of soil analysis, part 2; Page, A. L., Ed.; ASA and SSSA:
Madison WI, 1986; pp 383–411.

(229)

Rhoades, J. D. Cation Exchange Capacity. In Methods of soil analysis, part 2; Page, A. L., Ed.; ASA and SSSA:

136

Madison WI, 1982; pp 149–157.

(230)

Olsen, S. R.; Sommers, L. E.; Page, A. L. Methods of Soil Analysis, 2nd ed.; Page, A. L., Ed.; Agron Monogr 9. ASA
and ASSA: Madison WI, 1982.

(231)

Faithfull, N. T. Methods in Agricultural Chemical Analysis; CABI publishing: Bristol, 2002.

(232)

UNI EN. ISO 16703:2004 - Soil Quality — Determination of Content of Hydrocarbon in the Range C10 to C40 by Gas
Chromatography. 2004.

(233)

ASTM International. ASTM D7485 - 16 - Standard Test Method for Determination of Nonylphenol, p-TertOctylphenol, Nonylphenol Monoethoxylate and Nonylphenol Diethoxylate in Environmental Waters by Liquid
Chromatography/Tandem Mass Spectrometry. 2016.

(234)

Riva, C.; Orzi, V.; Carozzi, M.; Acutis, M.; Boccasile, G.; Lonati, S.; Tambone, F.; D’Imporzano, G.; Adani, F. ShortTerm Experiments in Using Digestate Products as Substitutes for Mineral (N) Fertilizer: Agronomic Performance,
Odours,

and

Ammonia

Emission

Impacts.

Sci.

Total

Environ.

2016,

547,

206–214.

https://doi.org/10.1016/j.scitotenv.2015.12.156.

(235)

Saint-Denis, T.; Goupy, J. Optimization of a Nitrogen Analyser Based on the Dumas Method. Anal. Chim. Acta 2004,
515 (1), 191–198. https://doi.org/10.1016/j.aca.2003.10.090.

(236)

Sigurnjak, I.; Vaneeckhaute, C.; Michels, E.; Ryckaert, B.; Ghekiere, G.; Tack, F. M. G.; Meers, E. Fertilizer
Performance of Liquid Fraction of Digestate as Synthetic Nitrogen Substitute in Silage Maize Cultivation for Three
Consecutive Years. Sci. Total Environ. 2017, 599–600, 1885–1894. https://doi.org/10.1016/j.scitotenv.2017.05.120.

(237)

Greenberg, I.; Kaiser, M.; Gunina, A.; Ledesma, P.; Polifka, S.; Wiedner, K.; Mueller, C. W.; Glaser, B.; Ludwig, B.
Substitution of Mineral Fertilizers with Biogas Digestate plus Biochar Increases Physically Stabilized Soil Carbon but
Not

Crop

Biomass

in

a

Field

Trial.

Sci.

Total

Environ.

2019,

680,

181–189.

https://doi.org/10.1016/j.scitotenv.2019.05.051.

(238)

Alburquerque, J. A.; de la Fuente, C.; Bernal, M. P. Chemical Properties of Anaerobic Digestates Affecting C and N

137

Dynamics in Amended Soils. Agric. Ecosyst. Environ. 2012, 160, 15–22. https://doi.org/10.1016/j.agee.2011.03.007.

(239)

Ullah, I.; Ali, M.; Farooqi, A. Chemical and Nutritional Properties of Some Maize (Zea Mays L.) Varieties Grown in
NWFP, Pakistan. Pakistan J. Nutr. 2010, 9 (11), 1113–1117. https://doi.org/10.3923/pjn.2010.1113.1117.

(240)

Ertl, K.; Goessler, W. Grains, Whole Flour, White Flour, and Some Final Goods: An Elemental Comparison. Eur. Food
Res. Technol. 2018, 244 (11), 2065–2075. https://doi.org/10.1007/s00217-018-3117-1.

(241)

Cakmak, I.; Kutman, U. B. Agronomic Biofortification of Cereals with Zinc: A Review. Eur. J. Soil Sci. 2018, 69 (1),
172–180. https://doi.org/10.1111/ejss.12437.

(242)

Ryden, J. C.; Ball, P. R.; Garwood, E. A. Nitrate Leaching from Grassland. Nature 1984, 311, 50–53.

(243)

Zilio, M.; Motta, S.; Tambone, F.; Scaglia, B.; Boccasile, G.; Squartini, A.; Adani, F. The Distribution of Functional
N-Cycle Related Genes and Ammonia and Nitrate Nitrogen in Soil Profiles Fertilized with Mineral and Organic N
Fertilizer. PLoS One 2020, 15 (6), 1–19. https://doi.org/10.1371/journal.pone.0228364.

(244)

Davidson, E. A. The Contribution of Manure and Fertilizer Nitrogen to Atmospheric Nitrous Oxide since 1860. Nat.
Geosci. 2009, 2 (9), 659–662. https://doi.org/10.1038/ngeo608.

(245)

Dragicevic, I.; Sogn, T. A.; Eich-Greatorex, S. Recycling of Biogas Digestates in Crop Production—Soil and Plant
Trace

Metal

Content

and

Variability.

Front.

Sustain.

Food

Syst.

2018,

2

(August),

1–14.

https://doi.org/10.3389/fsufs.2018.00045.

(246)

Barłóg, P.; Hlisnikovský, L.; Kunzová, E. Concentration of Trace Metals in Winter Wheat and Spring Barley as a
Result of Digestate, Cattle Slurry, and Mineral Fertilizer Application. Environ. Sci. Pollut. Res. 2020, 27 (5), 4769–
4785. https://doi.org/10.1007/s11356-019-07304-2.

(247)

Ministero dell’ambiente. DM 2019/46. 2019.

(248)

Fabietti, G.; Biasioli, M.; Barberis, R.; Ajmone-Marsan, F. Soil Contamination by Organic and Inorganic Pollutants at
the

Regional

Scale:

The

Case

of

Piedmont,

Italy.

J.

Soils

Sediments

2010,

10

(2),

290–300.

https://doi.org/10.1007/s11368-009-0114-9.

138

(249)

Tran, B. C.; Teil, M. J.; Blanchard, M.; Alliot, F.; Chevreuil, M. Fate of Phthalates and BPA in Agricultural and NonAgricultural Soils of the Paris Area (France). Environ. Sci. Pollut. Res. 2015, 22 (14), 11118–11126.
https://doi.org/10.1007/s11356-015-4178-3.

(250)

Manz, M.; Wenzel, K. D.; Dietze, U.; Schüürmann, G. Persistent Organic Pollutants in Agricultural Soils of Central
Germany. Sci. Total Environ. 2001, 277 (1–3), 187–198. https://doi.org/10.1016/S0048-9697(00)00877-9.

(251)

Weissengruber, L.; Möller, K.; Puschenreiter, M.; Friedel, J. K. Long-Term Soil Accumulation of Potentially Toxic
Elements and Selected Organic Pollutants through Application of Recycled Phosphorus Fertilizers for Organic Farming
Conditions. Nutr. Cycl. Agroecosystems 2018, 110 (3), 427–449. https://doi.org/10.1007/s10705-018-9907-9.

(252)

Konradi, S.; Vogel, I. Fate of Pharmaceuticals (PhCs) in Sewage Sludge and Proposal of Indicator Substances for
Monitoring. In Pharmaceuticals in Soil, Sludge and Slurry; Dessau, 2013.

(253)

Sigurnjak, I.; Michels, E.; Crappé, S.; Buysens, S.; Tack, F. M. G.; Meers, E. Utilization of Derivatives from Nutrient
Recovery Processes as Alternatives for Fossil-Based Mineral Fertilizers in Commercial Greenhouse Production of
Lactuca Sativa L. Sci. Hortic. (Amsterdam). 2016, 198, 267–276. https://doi.org/10.1016/j.scienta.2015.11.038.

(254)

Vaneeckhaute, C.; Meers, E.; Michels, E.; Ghekiere, G.; Accoe, F.; Tack, F. M. G. Closing the Nutrient Cycle by Using
Bio-Digestion Waste Derivatives as Synthetic Fertilizer Substitutes: A Field Experiment. Biomass and Bioenergy 2013,
55, 175–189. https://doi.org/10.1016/j.biombioe.2013.01.032.

139

