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Abstract

Water hyacinth is an invasive species that causes eutrophication in lentic waters. While mechanical removal is effective,
it generates hazardous waste with biological contamination risk. Composting is a safe waste treatment option, inhibiting
seeds and yielding agriculturally suitable compost. Life cycle assessment evaluated the environmental impacts of six
composting piles using eight different by-products (potato peel, cattle manure, wood chip, rice straw, potato leftovers,
olive pomace and biochar), all formulations containing water hyacinth. The worst environmental performances were the
M2 pile (water hyacinth + olive pomace + cattle manure + potato leftovers) which achieved the highest AP (47.33 kg SO,
eq.) and EP (10.56 kg PO,*~ eq.), while M3 (water hyacinth +olive pomace +rice straw + potato leftovers) had the highest
GWP (816.51 kg CO, eq.) and OLD (2.99E-11 kg R11 eq.). The biological composting process contributed the most to
the overall increase in the impact categories for all piles due to air emissions (CH, and N,0). M3 and M5 (water hya-
cinth+wood chip) had the worst performance in fossil fuel consumption due to distances travelled from by-products and
energy use in the maintenance of composting piles. Concerning packaging, Big Bags with polypropylene had a greater
impact than polyethylene bags (50 kg capacity). Evaluating the potential avoidance of mineral fertilisers, M3 compost
showed potential for reducing TSP fertiliser production by 46%. Overall, M4, which incorporated a mixture of water
hyacinth, olive pomace, wood chips and biochar, was the most favourable option from an environmental point of view.

Statement of Novelty

This study comprehensively evaluates the environmental impacts of composting water hyacinth, an invasive species that
causes eutrophication in lentic waters. Although composting has been recognized as a safe waste treatment technique, this
research explores the environmental implications of different compost formulations containing water hyacinth and vari-
ous by-products. Furthermore, to the author’s knowledge, no life cycle assessments of water hyacinth composting are yet
presented in the literature. The novelty lies in the detailed evaluation of six compost piles using eight different byproducts,
clarifying their contributions to environmental indicators such as the potential for acidification, eutrophication potential,
global warming potential and ozone layer destruction. Additionally, the study explores the impact of packaging materials
and evaluates the potential reduction of mineral fertilizers through compost. Notably, this research identifies the most
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environmentally friendly composting option, offering insights into sustainable waste management strategies to address

challenges posed by invasive species like water hyacinth.
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Abbreviations

LCA Life Cycle Assessment

GWP Global warming potential

AP Acidification potential

EP Eutrophication potential

POP Photochemical oxidation potential
OLD Ozone layer depletion

LCI Life cycle inventory
IPCC Intergovernmental Panel on Cli-
mate Change

LDPE/PE-LLD Linear low-density polyethylene

granulate
PP Polypropylene
UAN 30% N Urea ammonium nitrate
TSP 46% P,04 Triple superphosphate

KCI/MOP, 60% K,O Potassium chloride

Introduction

Invasive species are organisms introduced to a new environ-
ment that cause negative impacts, often displacing native
species and altering ecosystems. This can lead to biodiver-
sity loss, changes in ecological interactions, and economic
damage [1]. Usually, these disturbances are attributed to
globalization, due to the anthropic actions that distribute
and spread the invaders incompetently [2].

Among the biggest drivers of negative impacts on
nature, the expansion of invasive species represents the
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fifth largest global cause for the decline in ecosystem bio-
diversity (terrestrial, freshwater, and marine) [3]. These
invasive species pose a significant threat to the European
Union’s (EU) biodiversity, economy and health sector [4].
The damage amounted to up to 12 billion euros in annual
costs on human health, damaged infrastructure and agri-
cultural losses [4]. Overall, among the most damaging
invasive species found in Europe, 36% are plants, 32% are
invertebrates, 27% are vertebrates and 4% are fungi, and
the environments most affected by these species are 64%
of the terrestrial environment, 26% of fresh water and 10%
of marine habitats [5].

Water hyacinth (Pontederia crassipes Mart.) is an aquatic
plant that is considered one of the 10 worst invasive aquatic
plants spread around the world and generating environmen-
tal, economic, and social impacts [6]. Originally from South
America, the water hyacinth was introduced to Africa, Asia,
the South Pacific, North America and Europe due to its
ornamental appearance and became a potent invader [7].

Water hyacinth is in 11th place among the worst exotic
species found in Europe, according to its total impact factor,
covering environmental and socio-economic impacts, and is
one of the top six European invaders with the greatest poten-
tial for global impacts [5, 8]. Water hyacinth was included
in the list of invasive species from Europe [9]. In Portugal,
water hyacinth is the most mentioned plant in the “Top 10”
of invasive species between Portugal and Spain [10].

Moreover, this aquatic plant has a high reproductive
capacity, because it can reproduce both sexually and
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asexually, develops rapidly at high temperatures and lacks
predators, all of these circumstances increase the problem
of proliferation [11, 12]. Water hyacinth can form dense
carpets of plants intertwined with a complex root struc-
ture that invade freshwater bodies limiting their use. This
infestation prevents fishing and boat navigation, blocks the
entry of sunlight and oxygen into the water, alters water
clarity, and decreases biodiversity, phytoplankton produc-
tion, dissolved oxygen and nutrients in the waterbodies
[12, 13].

Many studies have investigated the control and removal
of water hyacinth, using strategies including chemical,
biological and/or mechanical principles with short-term
goals (1 year), to reduce biomass and plant vigour, and
long-term goals (1-5 years) to evaluate the percentage of
coverage [11]. Many experiments use biotechnologies to
inhibit seed germination and valorize plant biomass, such
as composting and anaerobic digestion [6]. In large-scale
composting, seed mortality tests showed that water hya-
cinth seeds did not survive at temperatures above 57°C,
that are reached during and after the process [14]. Large-
scale water hyacinth composting is, therefore, a promising
and recommended technology, as the seeds of this weed
will not proliferate [6, 14].

Water hyacinth also has a high macronutrient content
(phosphorus, nitrogen and potassium), increasing the added
value to your compost due to nutrient cycling [6]. Water hya-
cinth is a plant that easily absorbs heavy metals, although
the composting process can reduce the heavy metals of the
organic wastes [6]. In the work of Mazumder et al. [15], the
compost of Water hyacinth, showed no phytotoxicity when
doing a germination test in tomatoes (Lycopersicon esculen-
tum) and cabbage (Brassica oleracea). Therefore, the water
hyacinth compost has high economic value, salinity relief
and bioremediation [6].

However, the biochemical composition of water hya-
cinth increases the difficulty of the composting process due
to its high moisture content, presence of heavy metals, lig-
nocellulosic properties of little degradation, and high nitro-
gen content which leads to ammonia volatility [6, 16—18].
Inoculation and biological accelerators should be tested to
increase the biodegradation of this fibrous biomass during
composting [6]. Care must be taken with the application of
compost formed from aquatic macrophytes, as there may be
a high presence of heavy metals, damaging soil and water
resources [19].

As with any industrial process, the composting of bio-
wastes has environmental impacts that can be accounted for
and evaluated through the Life Cycle Assessment (LCA)
approach. LCA is a methodology used to quantify the envi-
ronmental aspects and impacts of a product, process or ser-
vice, from the extraction of raw materials to the disposal or

recovery of waste, under the cradle-to-gate, cradle-to-grave,
gate-to-gate or cradle-to-cradle concept [20, 21].

The most frequently used impact categories attributed
to the composting process are global warming potential
(GWP), acidification potential (AP), eutrophication poten-
tial (EP), photochemical oxidation potential (POP) and
ozone layer depletion (OLD) [22, 23]. These impact catego-
ries are mainly related to the emissions from the composting
process and are influenced by the type of waste that will be
processed [24].

The BioComp_2.0 project engaged two research institu-
tions and a private company, to provide solutions for the
control of the water hyacinth through the combination of
removal, transportation, and composting processes. The wet
biomass of water hyacinth is then incorporated as the main
feedstock in composting piles, alongside additional wastes
that can help to enrich the compost.

This study aims to compare the environmental impacts
of six different composting piles formulations with different
proportions of raw material through the LCA approach. The
outcome is to determine which of these composting piles
was the least harmful to the environment, as each one was
subjected to an individual analysis within the LCA frame-
work. The main feedstock incorporated in all piles was the
water hyacinth. In addition, this study aims to evaluate the
most efficient formulation that can deliver the most suit-
able compost for agronomic purposes, avoiding inorganic
fertilisers.

Materials and Methods

Since this study approached the management of an inva-
sive species, safety regulations were applied following the
diploma DL n.° 565/99, December, to ensure that there is no
dissemination of biological material during the process [25].

The water hyacinth was collected in the central region
of Portugal, specifically at Figueira da Foz and Montemor-
0-Velho municipalities, both of which are under the influ-
ence of a wide water hyacinth proliferation. The collection
regions were chosen based on the use of the surrounding
land, generally downstream sites of intense agricultural
activity, as these sites are more subject to eutrophication.
The composting process was performed at the Agrar-
ian School of the Polytechnic Institute of Coimbra (IPC),
located in the central region of Portugal, with over 28,000
km?, an average annual temperature of 14.9 °C and annual
precipitation of 1056.2 mm [26].

After removing the water hyacinth from the water body,
the biomass was transported to the composting site. At the
composting site, the wet biomass of water hyacinth was
mixed with eight by-products in different proportions,
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forming six distinct composting piles. The piles are desig-
nated according to the by-products used in the formulations:

Formulation M1: water hyacinth +olive pomace + potato
peel

Formulation M2: water hyacinth+olive pomace + cattle
manure + potato leftovers

Formulation M3: water hyacinth+olive pomace+rice
straw + potato leftovers

Formulation M4: water hyacinth+olive pomace+wood
chip + biochar

Formulation M5: water hyacinth +wood chip

Formulation M6: water hyacinth + potato leftovers+ olive
pomace +rice straw

Chemical Characterization

Total solids (TS), moisture content, ash content, volatile
solids (VS), and chemical composition (C, H, N, O), were
analyzed. The TS content and moisture content were deter-
mined by drying samples at 105 °C to constant weight for
about 24 h. The VS content was determined as the mass loss
after heating the samples at 550 °C until constant weight in
a muffle furnace. The remaining fraction after the oxidation
at 550 °C is the ash content. The collected samples were fur-
ther blended, mixed, and grinded to a powder (<0.5 mm).
Then, the finely grained samples (1-2 g), the elemental com-
position (C, H, N, O) in the solid and oily phases was deter-
mined using a CHNS analyzer Flash 2000 (Thermo Fisher
Scientific, Massachusetts, USA), equipped with a thermal
conductivity detector (TCD). To analyze oxygen content, a
nickel-coated carbon, essential as a reaction medium, was
lacking in the laboratory. Consequently, the oxygen content
of the samples was estimated solely through a calculation
using Eq. 1. This serves as an approximate prediction for
the oxygen content of the compost under consideration [27].

Xo :TS—XC—XH _X]V_Xash (1)

Where X, Xy, Xy, and X, g, are the contents (%) of carbon,
hydrogen, nitrogen and ash, respectively, and TS is the total
solids (%).

The physicochemical composition of each by-product
used in the formulations and of the finished compost from
the six composting piles is presented in Tables S1 and S2,
respectively.
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Life Cycle Assessment

The LCA approach was applied in this study to evaluate the
environmental impacts of the composting process of Water
hyacinth according to International Standards Organization
guidelines, ISO 14,040 (2008) and ISO 14,044 (2009) [21,
28]. It consists of four stages: (1) goal and scope definition,
(2) life cycle inventory, (3) life cycle impact assessment and
(4) interpretation of the results.

Goal and Scope Definition

The goal of this LCA is to compare and evaluate the least
impactful feedstock option using water hyacinth as the main
element in the composting piles mixes. The scope considers
the entire waste management from the removal of the water
hyacinth species from the water body until the simulation of
the application of the compost on the lettuce crop to avoid
the production of synthetic fertiliser, using a “cradle-to-
grave” concept of the LCA approach. The stages considered
in the system boundary included all processes from water
hyacinth collection from the water body, with its transport
to the composting location, the complementary transport of
the by-products used in the formulations, and the emissions
from the biological composting process. Additional stages
and scenarios included packaging and the application of
the compost to avoid the production of synthetic fertilisers
(Fig. 1).

The functional unit (FU) provides a reference value from
which input and output data need to be measured [28]. In
this study, one ton of compost was established as the FU
[29-32]. The input flows were the materials, energy, and
resources. The output flows corresponded to the finished
compost, and emissions to air, soil, and water.

For this study two additional scenarios were considered:

Scenario 1: A 50 kg capacity packaging with low-den-
sity polyethylene material was assumed in this scenario.
Includes producing and transporting polyethylene material
until the composting process site. The inventory data used
for the packaging stage evaluation is described in Table S13.

Scenario 2: This scenario includes the production and
transport of synthetic fertiliser and the application of the
compost from the six composting piles on the chosen crop.
Compost from composting piles can be used as a soil condi-
tioner and replace/complement the use of synthetic fertilis-
ers, thus reducing the production of these chemicals [33].
The effectiveness of compost can be compared to a conven-
tional fertiliser considering the rate of nutrient release [34].
The reference crop chosen for compost application was let-
tuce (table S14). The NPK values from the six composts
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Fig. 1 System boundary of the composting process of the water hyacinth for the six composting piles

are shown in Table S15. The availability of NPK present in
compost and in fertiliser dose at 10 t compost/ha are pre-
sented in Table S16.

Life Cycle Inventory

The primary data used in the development of the life cycle
inventory (LCI) were collected on-site, directly on the loca-
tion of the composting process. The secondary data were
sourced from literature, as well as from the GaBi Profes-
sional software and Ecoinvent database.

The primary data of the input flows regarding the collec-
tion of the water hyacinth from the water body, its transport,
and the transport of the by-products until the location of
the composting process, are presented in tables S3, S4, S5,
S6, S7 and S8 for composting piles M1, M2, M3, M4, M5
and M6, respectively. Most environmental issues from the
processes of transport and machinery of the raw materials
are related to diesel consumption [35, 36]. For the inventory
of the transport of by-products (except water hyacinth) the
value of the original mass was assumed to be the same as
that used in the composting pile.

In composting processes, the aerobic and biological
transformation of solid waste generates a stable humus-like
material known as compost, carbon dioxide (CO,), water
and ammonia (NH;) [37]. This transformation is presented
in Eq. 2.

microrganisms

Organicmatter + Oy + nutrients new cells

+ resistant organic matter 2)
+ COs + HyO + NH3 + ... + heat

If the biosynthesis of new cells, and the production of sul-
fate and phosphate are not considered, the initial elemental
composition of formulations from composting piles and the

final product elemental composition (Tables S1 and S2) can
be calculated for the stoichiometric coefficient in Eq. 3.

CoHyO. Ny + 0.5(n*xy + 2s + 1 — ¢) Oy 3
— nCyH, Oy N, + sCOy + rHyO + (d — n*z) NHs ®)

Where r=0.5[b-n*x-3(d-n*z)], s=a-n*w, n=moles of
organic matter in the output/mole of organic matter in the
input.

These coefficients enabled the estimation of the molecu-
lar amount of CO, and NH; produced by the aerobic biodeg-
radation of the feedstock.

The emission of CO, in the composting process is con-
sidered to have a biogenic origin and is not accounted for
by the Intergovernmental Panel on Climate Change (IPCC)
in the inventory of LCA [38]. However, if the composting
pile are poorly managed, methane (CH,) and nitrous oxide
(N,O) emissions should be counted in inventory by Eqs. 4
and 5, respectively [38].

— _ -3
CH, Emissions = Z (M; « EF;)*10 &)
. . _ 73
NoO Emissions = zz: (Mo x EF 1) *10 (5)
Where:

CH, Emissions=total CH, emissions in inventory year,
Gg CH,.

M; = mass of organic waste treated by biological treat-
ment type;, Gg.

EF =emission factor for treatment ,, g CH,/kg waste
treated. In this case was used on a wet weight basis 4 g CH,/
kg waste treated.

; = composting or anaerobic digestion.
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N,O Emissions =total N,O emissions in inventory year,
Gg N,O.

M;, = mass of organic waste treated by biological treat-
ment type ;,, Gg.

EF =emission factor for treatment ,,, g N,O/kg waste
treated. In this case was used on a wet weight basis 0f 0.24 g
N,O/kg waste treated.

;> = composting or anaerobic digestion.

Additional Technical Information and Assumption The
primary data and processes used for the water hyacinth
collection stage are presented in Table S9. The primary
data and processes used for the transport of by-products
to the composting piles site stage are presented in Table
S10. For the transport of the by-products, except for water
hyacinth and cattle manure, the same type of transport
was chosen to allow a comparative analysis. The primary
data and the processes used for the construction and turn-
ing composting piles stage are presented in the table S11
and S12. The composting of this study was carried out
at an experimental scale, and there was an extrapolation
of the hours worked by the machines of the construction
and turning of composting piles, and therefore there was a
large fossil fuel consumption. The packaging used for one
ton of compost was a Big Bag made from polypropylene
fibres (PP) with a capacity of 1000 kg. As an alternative
scenario, a 50 kg capacity package made from linear low-
density polyethylene granulate (LDPE/PE-LLD) material
was considered (table S13) [39].

Information from fertilisation manuals [40, 41] was used
as secondary data for the scenario of fertiliser production
(tables S18, S19, S20, S21, S22 and S23). The chemical fer-
tilisers selected to supply the nutrient needs of the lettuce
crop were urea ammonium nitrate (UAN, 30% N), triple
superphosphate (TSP, 46% P,0s) and potassium chloride
(KCI/MOP, 60% K,O) because they are the most used by
European countries [42].

Life Cycle Impact Assessment

In the third stage of the LCA, the CML environmental
impact assessment method was used, because it is more
used for LCAs for composting [23] and the GaBi profes-
sional software was chosen to develop the model of the
LCA for the composting process and analyze the inven-
tory. The impact categories considered were the most
cited in the literature and more relevant to the compost-
ing process: global warming potential (GWP), acidifica-
tion potential (AP), eutrophication potential (EP), ozone
layer depletion (OLD) and photochemical oxidation cre-
ation (POC) [23]. As CO, emitted from the composting
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process is considered biogenic, that is within the carbon
cycle and not fossil-derived, it is not considered a green-
house gas and is not included in the LCA accounting [30,
31, 43].

Interpretation of Results

In this phase, the compiled data from the life cycle inven-
tory and the results from the impact assessment were ana-
lysed and discussed according to the scope of work. The
discussion includes the comparison among different bulking
agents while using water hyacinth as the main material in
the formulation of the composting piles. Also was evaluated
which of the six formulations was less polluting covering all
its stages from composting them.

Results

The results are organized based on specific stages and pro-
cesses within the system boundary. These stages include
extracting water hyacinth, transporting the water hyacinth
and its by-products to the composting site, constructing
and turning the composting piles, managing the biologi-
cal composting process, and packaging the final product.
Additionally, the compost from the six composting piles
is compared.

Overall Life Cycle Assessment Analysis

From a generic perspective, considering all stages within
the system boundary, the M2 pile obtained the highest con-
tribution for the impact categories AP and EP, the M3 pile
had the highest values for the GWP and OLD, and the M5
pile got the highest contributions for POC (Table 1).

Considering the estimated impacts for the full prod-
uct system, the composting stage contributed the most for
GWP, EP and AP in the case of five of the composting piles,
except for pile M4 (Fig. 2). During the composting process,
there may be leaks of greenhouse gases (CH, and N,O), that
directly contribute to the GWP category, and NH; emissions
affect the AP and EP categories [44].

The stage of construction and turning piles contrib-
uted about 51% for the category POC in the six compost-
ing piles, with greater influence in the M5 and M6 piles
(54.7% and 54.8%, respectively). This can be attributed
to nitrogen oxides emissions from fossil fuel combustion
by the machinery used in the construction and in turning
the piles [36]. The Packaging with Big Bags was the stage
that most impacted the OLD category, with an average of
55% in the six composting piles, prominently in the M4
pile with 64%.
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Table 1 Overall environmental AP [kg SO2 eq.] EP [kg PO43- eq.] GWP [kg CO2 eq.]  OLD [kg R11 eq.] POC [kg C2H4

impact characterization concern- eq.]
. 1l £th 4 M1 37.26 8.4 695.51 2.50E-11 0.17
ing all stages of the composting M2 47.33 10.56 632.51 2.32E-11 0.14
process from the six plles M3 42.04 9.48 816.51 2.99E-11

M4 1.20 0.41 436.71 2.15E-11 0.12

M5 0.23

M6 10.66 2.56 651.21 2.57E-11 0.17

|
Best performance » Worse

M1: water hyacinth + olive pomace + potato peel; M2: water hyacinth + olive pomace + cattle manure + potato
leftovers; M3: water hyacinth + olive pomace + rice straw + potato leftovers; M4: water hyacinth + olive pomace +
wood chip + biochar; M5: water hyacinth + wood chip; M6: water hyacinth + potato leftovers + olive pomace + rice

straw.

AP: acidification potential; EP: eutrophication potential; GWP: global warming potential; OLD: ozone layer depletion;

POC: photochemical oxidation potential.
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Fig. 2 Environmental impact assessment of each composting pile, data normalized as a percentage of the total value

The Biological Process of Composting

The composting stage consists of a biological process of
degradation of organic matter, has releases gases (i.e. CO,,
water vapour, NH;) produced by reaction from microorgan-
isms [45]. If the composting pile is poorly ventilated, small
anaerobic pockets of CH, and N,O can be generated in the
pile, which can directly contribute to the category GWP
[29]. As CH, and N,O directly contribute to an emission
factor of 25 and 298 times, respectively, more than CO,,
the values attributed to them are highly relevant [31]. Look-
ing at the pile formulations, the pile that most contributed
to GWP was the M3 (Fig. 3) with 14,31 kg CH,/ tonne of

compost and 0,86 kg N,O/ tonne of compost (589 kg CO,
eq.) (Tables S5 and S27).

The NH; emission is mostly emitted when the tempera-
ture in the composting pile is above 40-50 °C, causing the
nitrification of ammonium to NHj, instead of the NO2 [46],
and as a consequence contributes to an increase in the AP
and EP categories [47]. In this study, the M2 pile contrib-
uted with the highest value for AP and EP categories with
46.6 kg SO, eq. and 10.42 kg phosphate eq., respectively
(table S26), as the amount of ammonia emitted is around
29.1 kg/ tonne of compost (table S2). This amount of NH,
estimated in this study is significantly high compared to
data found in the literature, 0.025-1.3 kg of NH;/tonne of
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Fig. 3 Environmental impact 100%
assessment of the contribution 90%

of biological process emissions
from the six composting piles 80%
for each impact category. Data 70%
normalized as a percentage of the 60%
total value 50%
40%
30%
20%
10% i
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AP
feedstock [29, 32]. Nonetheless, the M4 pile, with the low-
est contributions to the AP and EP categories, 0.29 kg NH,/
tonne of compost was inside that margin.

For the POC category, the interaction of air pollutants,
such as nitrogen oxides (NOx) and volatile organic com-
pounds (VOCs), with oxygen in the air are the biggest con-
tributors. As in composting, there are emissions of CH,,
NOx and VOCs, even if in small quantities, they affect the
POC category [48].

In the composting process, there is no gaseous emis-
sion interfering with the OLD category (chlorine, bromine,
chlorofluorocarbons and halogenated substances) [49] and,

therefore, the composting process has no direct impact on
this category (Table S27).

Contribution (%)

°

Fossil Fuel Consumption

In general, any process requires some type of energy for its
operation and it is difficult to avoid the use of fossil fuels
nowadays. The burning of fossil fuels is one of the aspects
that most contribute to the categories of environmental
impacts in a composting system [23].

In this study, the M3 was the pile that most impacted all
analysed categories, followed by the M5 with around 99%
(Fig. 4, Table S28).

In the six composting piles, the stages that most contrib-
uted to the impact results were the construction and turning
of the piles (Fig. 5). It was the stage that most used fossil
fuel and operating hours of agricultural machinery, corre-
sponding to around 35 kg of diesel/tonne of compost and
13 h per pile, respectively. Because it was an experimen-
tal essay, the construction and turning stages consumed a
large amount of fossil energy, associated with the operating
time. In this analysis, it is necessary to consider that on an
industrial scale, the processes will be optimized to increase
energy and economic efficiency, with a smaller impact on
the results for the impact categories considered.
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The transportation of by-products was the second stage
that had the most significant impact on the increase in
impact categories. This stage had notable hotspots because
it required the largest distances to transport water hyacinths
from the water body and feedstock from their source to the
composting site using trucks, increasing the use of fossil
fuel.

The transport of feedstocks for the M3 pile had a major
contribution in the five impact categories analysed, due to
the higher distance and greater consumption of fossil fuel
(300 km and 17 kg of diesel/ tonne of compost). The pile
that used potatoes leftover by-products as secondary mate-
rial for the piles was the one that most influenced processes,
contributing to the increase in the impact categories related
to the transportation of by-products, due to its high fuel con-
sumption and distance. Comparing the eight by-products,
potato leftovers have the greatest distance from the origin
(208 km) and this affects the total distance of the piles that
have potato leftovers in their formulation (M3 and M2 piles
with 300 km and 251 km in the total, respectively). Regard-
ing fuel consumption by distances travelled from the ori-
gins of the by-products, the M3 and M2 piles were the first
and second largest fuel consumers, respectively. This hap-
pened mainly due to potato leftovers, which accounted for
approximately 90% of the total diesel consumption in pile
M3 and 72% in pile M2, representing the highest percent-
ages observed (Fig. 6). In contrast, pile M4 had the lowest
contribution among the composting piles, as it consumed
less fuel and presented to be the most efficient transport.

Scenarios

Big bag Packaging Stage and Scenario of the 50 kg
Packaging

In the Big bag packaging and scenario of the 50 kg packag-
ing, the impacts associated with the diesel and electricity
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consumption processes were compared for both options.
Emissions related to the use of the truck for transport, poly-
propylene (PP) fibres process for the big bag material and
polyethylene linear low-density granulate (LLDPE/PE-
LLD) for the 50 kg packaging material. The processes that
caused the most impact were the polypropylene (PP) fibres
process for the Big bag packaging stage and polyethylene

linear low-density granulate (LLDPE/PE-LLD) for the
50 kg packaging scenario (Fig. 7, table S29 and S30).
Globally, packaging using the big bag increased the esti-
mated AP, EP and GWP impact categories by around 25%,
12% for POC and 65% for OLD when compared with the
50 kg packaging. (Fig. 8). The process of producing poly-
propylene fibres is considerably more impactful than the
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process of producing linear low-density polyethylene gran-
ulate [50]. However, the potential for the reuse of 1000 kg
big bags with polypropylene material is superior to that
of polyethylene packaging (which is generally discarded),
thus reducing their environmental impacts, when multiple

@ Springer
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uses are considered. Polypropylene bags that are thick and
durable must be used an estimated 10-20 times to have
the same impacts as polyethylene, slimmer but still reus-
able 5-10 times [39]. The reduction in the expected impact
magnitude related to plastic bags is not necessarily linked
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to the durability of the bag, but rather to the extent to which
the durable bag is reused. In the study by Civancik-Uslu et
al. [51] which evaluated some bags made of polypropylene,
polyethylene and other materials, the results showed that PP
bags (20 uses) had an impact of 7, 3, 5 and 3 times higher
in the categories AP, GWP, EP and POC, respectively, than
LDPE (10 uses). The big bag with PP may have a high
impact according to conventional results from LCA, how-
ever, when considering it is a highly resistant material with
a higher price, it increases the chances of being reused more
times than LDPE and, therefore, becoming the best environ-
mental choice [52].

Application of Compost

By delving into the impact categories of chemical fertiliser
production and transportation, it can be discerned that the
UAN, TSP, and KCI/MOP processes significantly influ-
ence the five key impact categories. This is primarily due
to the substantial energy requirements for their raw material
extraction and manufacturing processes (Fig. 9, Table S31).
In particular, TSP considerably affects the AP, EP and
POC categories due to its emissions being linked to the
use of sulfuric acid to produce phosphoric acid, phosphates
released to water, fluorides and particulate matter to the air
and heavy metal emissions to the soil [53]. UAN obtained
the highest percentage in the GWPs categories because CO,
is produced as a by-product during the production of NH;4
and, consequently is used for the synthesis of urea [54].
KCL/MOP is the lowest impact process compared to
the production of the chemical fertilisers TSP and UAN,
as its production results are mainly from the mining and

D

P GWP 0]

,_
o
@)

C

50 kg packaging scenario B Polypropylene process Il Polyethylene process

processing of potassium salt from seawater. Its emissions
are associated with the GHGs CO2 and CH4 from fossil
energy (natural gas), contributing directly to the GWP cat-
egory and by particulate matter and HCl emissions, which
affect the OLD category [55].

In Fig. 10 (table S32), it is possible to state that the com-
posts produced in piles M5 and M6, were around 4% and 5%,
respectively, more impactful than the other composts. These
differences may be explained by the fact that the compost
from pile M5 was the one with the least availability of N
(0.55 kg of N/tonne of compost) and, consequently, needed
to use the largest amount of UAN (36.5 kg of UAN/tonne of
compost) and, therefore, also contributed more to the GWP
category (33.9 kg CO, eq.). Compost M5 is derived from
mixing only water hyacinth and wood chips. Wood chips
serve as a carbon source but lack nitrogen, which can lead
to lower nitrogen content in the matured compost [14].
Therefore, this may have required greater dependence on
the addition of UAN chemical fertiliser.

The M6 compost had the smallest availability of P,Os
(2.25 kg of P,Os/tonne of compost) and consequently
needed to use the largest amount of TSP (12.5 kg of TSP/
tonne of compost), affecting categories: AP (0.136 kg SO,
eq.) and EP (0.042 kg PO, > eq.).

Compost M3 demonstrated a smaller impact across the
AP, EP, and POC categories, primarily due to the impressive
reduction of TSP production by approximately 46%. In con-
trast, M1 had the most notable effect on the GWP category,
managing to reduce UAN production by approximately
11.23%. Although M6 managed to achieve an 11.43%
reduction in UAN production, it fell short when it came to
minimizing TSP production, providing a potential reduction
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Fig. 9 Environmental impact
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of 28%. As a result, it did not achieve the most significant
reduction in the GWP category (Fig. 11).

Discussion

The approach to discussing results in LCA depends on
the scope defined in the study and the perspective of the
stakeholders. In this context, the discussion must consider
the fact that the composting process focuses on an invasive
plant that poses a threat to biodiversity, dealing with its resi-
dues after removal from the affected environment. Water
hyacinth composting has proven to be an effective method
as a complementary process in the control of this invasive
plant, and it was evaluated with the addition of six different
mixtures of waste.

According to the results, the worst estimated environ-
mental performance corresponds to the M2 and M3 piles, as
they were the piles that achieved the highest percentage of
the two impact categories each, GWP and OLD and AP and
EP, respectively. Under such circumstances, when present-
ing the overall results of an LCA of a study, it is up to the
LCA analyser together with interested parties to define the
impact category with the highest priority to reduce its envi-
ronmental burdens [56].

One of the processes that most contributed to the over-
all increase in the impact categories of M2 and M3 piles
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M Truck (transport TSP)

was the biological process of composting. In this case, it is
worth highlighting the decision-making priority of reducing
the GWP, AP and EP impact categories. Measures to reduce
environmental loads related to composting are directly asso-
ciated with fugitive emissions of gases CH,, N,O and NH;
[57, 58].

Continuous improvement in the way of managing and
controlling aeration, temperature, absolute humidity, and
the addition of biological additives (minerals and biochar),
are fundamental factors in reducing gases and GWP [59,
60]. Another factor that contributes to the gases that cause
GWP, AP and EP is the choice of waste to form the compost-
ing pile mixture. Wastes with high nitrogen content, includ-
ing manure, mixed municipal organic waste and wastewater
treatment sludge, tend to increase N,O [57]. Food waste
tends to increase AP and EP impacts [24]. These statements
are in line with the results found in this research, as the M2
pile had manure and food waste in its formulation and it had
one of the highest values of N,O and NH;, whereas the M4,
which had additives such as wood chips and biochar, got the
lowest CH4, N,O and NH; values [61].

In terms of energy consumption (fossil fuel), the worst
environmental performance corresponds to the M3 and
M5 piles, due to the stages of transporting by-products
and maintaining the composting piles, respectively. The
energy consumption of electricity for the operations pro-
cess and diesel in waste collection are the most significant
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contributors to the GWP category [62, 63]. Energy con-
sumption also affects other categories (OLD, human tox-
icity, abiotic depletion and fossil depletion potential) and
therefore stages and processes that consume a lot of fossil
energy tend to have higher impact values in these categories
[23, 62].

The transportation of by-products also needs to be well-
dimensioned, opting for alternatives closer to the com-
posting site. This is a very important issue, as the lack of
optimization and efficiency of processes can bring large
financial, economic and, mainly, environmental costs, mak-
ing the composting process less sustainable. A mixture from
a given compost pile that uses more fossil fuels will emit
more GHG in its life cycle and consequently have a higher
GWP. Such results provide useful information for decision-
making, as they allow the identification of the most impact-
ful system under these conditions.

When considering only the packaging manufacturing,
the Big Bags with polypropylene had the greatest impact,
per tonne of compost, when compared to the alternative
50 kg capacity polyethylene packaging. Such an assess-
ment did not consider the options for recycling and reus-
ing such materials. However, more simulations and new
approaches must be developed to evaluate the impacts and
compensation of the PP and LLDPE/PE-LLD packaging
recycling. The choice of material, volume, capacity and
how the packaging is used can reduce environmental and
financial impacts, especially if it is possible to reuse the
same package multiple times. When applying the com-
post, it should efficiently meet the needs of the crop and
consequently reduce the environmental impacts of the
production of chemical fertilisers. In this regard, the best
compost was the M3, and overall, the worst was the M6.
Compost M6, formed by a mixture of water hyacinth,
olive pomace, potato peel and rice straw, obtained the
highest impact scores for three of the five categories anal-
ysed (AP, EP and POC), that is, the efficiency replacement
of chemical fertilisers by compost M6 was lower than the
other composts.

In future LCA studies, It is noteworthy to emphasize the
need for the incorporation of a complex model that accounts
for the application of compost in the soil, including nutri-
ent dynamics, crop yield, and their associated emissions
[64]. The compost substitution factor is crucial, as compost
application does not entirely replace the use of chemical
fertilisers and the compost application rate and its associ-
ated benefits will vary depending on the type of crop being
cultivated [44]. From another point of view, there is also the
issue of farmers’ preference for applying chemical fertilis-
ers because they increase the apparent productivity of crops
in the short term, reducing the application of compost and
opportunities that investigate their advantages [65].
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In general terms, the M4 composting pile, which incorpo-
rates a mixture of water hyacinth, olive pomace, wood chips
and biochar, can be considered the most environmentally
favourable option. This is because, in practically all phases
and processes involved, this pile had the lowest estimated
environmental impact. In the compost application stage,
its effectiveness was not the worst, presenting only around
10% more environmental impact compared to the M3 pile,
which was the least impactful in environmental terms.

Conclusion

This work evaluated the environmental impacts of the water
hyacinth composting process by considering six composting
pile formulations, using the LCA approach.

The highest GWP contributions are related to the GHG
emissions from the composting process, which can be
reduced through more efficient management. Another rea-
son that causes great environmental burdens on solid waste
treatment processes is the high consumption of fossil energy
by machinery required for operations. If the energy tran-
sition towards renewable and non-fossil alternatives is not
implemented, the operation and maintenance stages will
continue to have an important contribution in all environ-
mental impact categories. Additionally, it is also worth
optimizing routes and means of transportation for waste
collected for composting.

In general, the M4 compost pile, with the mixture of water
hyacinth, olive pomace, wood chip and biochar, obtained
the best environmental performance, including the applica-
tion of compost and the ability to credit the replaced loads
related to the production of chemical fertiliser. Despite the
factors that led to this identification, further modelling still
needs to be carried out with the lettuce crop yield test to
confirm and validate the nutrient availability of the six com-
posts involved.

The use of Water Hyacinth for composting has proven to
be a valuable mechanism to produce quality compost, as it
provides a destination to an invasive species and transforms
it into a valuable product, albeit producing some inevitable
environmental impacts. The composting of water hyacinth
in combination with different types of feedstocks provided
quality composts and a good nutrient content (NPK) that
can help curb the use of chemical fertilisers.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s12649-
024-02677-z.

Acknowledgements This work received funding from COMPETE
2020 - Competitiveness and Internationalization Operational Pro-
gram, Portugal 2020 and FEDER through the project “BioComp 2.0 -
Produgao de compostos organicos bioldgicos para o controlo do jacinto


https://doi.org/10.1007/s12649-024-02677-z
https://doi.org/10.1007/s12649-024-02677-z

Waste and Biomass Valorization (2025) 16:507-523

521

de agua e para a valorizagdo de subprodutos agropecuarios, florestais
e agroindustriais” (POCI-01-0247-FEDER-070123). The authors also
acknowledge the collaboration and contribution of the teams Colina
Generosa, the Polytechnic Institute of Braganca, and the College of
Agriculture from the Polytechnic University of Coimbra to construct
this work. Lais Fabiana Serafini thanks the Foundation for Science and
Technology (FCT, Portugal) for her PhD grant (2023.00407.BDANA).
Verénica Oliveira thanks the national funding by FCT through
the institutional scientific employment programme-contract (doi:
10.54499/CEECINST/00077/2021/CP2798/CT0002). The authors are
grateful to the Foundation for Science and Technology (FCT, Portugal)
for financial support through national funds FCT/MCTES (PIDDAC)
to CIMO (UIDB/00690/2020 and UIDP/00690/2020) and SusTEC
(LA/P/0007/2020).

Author Contributions Lais Fabiana Serafini: Conceptualization; Meth-
odology; Data curation; Investigation; Software; Visualization; Formal
analysis; Roles/Writing - original draft; Writing - Review & Editing.
Margarida Arrobas: Methodology; Resources; Validation. Manuel
Angelo Rodrigues: Methodology; Resources; Validation; Writing - re-
view & editing; Funding acquisition; Project administration. Manuel
Feliciano: Validation; Writing - Review & Editing. Filomena Miguens:
Methodology; Validation; Data Curation. Daniela Santos: Methodol-
ogy; Validation; Data Curation. Veronica Oliveira: Methodology;
Validation; Data Curation. Jose Luis Diaz De Tuesta: Methodology;
Resources. Artur Gongalves: Methodology; Investigation; Writing -
Review & Editing; Supervision; Project administration.

Funding Open access funding provided by FCT|FCCN (b-on).

Data availability The datasets generated and analyzed during the cur-
rent study are available from the corresponding author upon reason-
able request.

Declarations

Competing interest The authors declare that they have no known
competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. TUCN/SSC: Guidelines for the Prevention of Biodiversity loss
Caused by Alien Invasive Species. IUCN Species Survival Com-
mission, Gland, Switzerland (2000)

2.  Pysek, P, Hulme, PE., Simberloff, D., Bacher, S., Black-
burn, T.M., Carlton, J.T., Dawson, W., Essl, F., Foxcroft, L.C.,
Genovesi, P., Jeschke, .M., Kiihn, I., Liebhold, A.M., Mandrak,

10.

11.

15.

17.

18.

N.E., Meyerson, L.A., Pauchard, A., Pergl, J., Roy, H.E., See-
bens, H., van Kleunen, M., Vila, M., Wingfield, M.J., Richardson,
D.M.: Scientists’ warning on invasive alien species. Biol. Rev. 95,
1511-1534 (2020). https://doi.org/10.1111/brv.12627

IPBES: Summary for policymakers of the global assessment
report on biodiversity and ecosystem services: (2019)

IUCN: European Work Programme 2017-2020. International
Union for Conservation of Nature (2017)

Nentwig, W., Bacher, S., Kumschick, S., Pysek, P., Vila, M.:
More than 100 worst alien species in Europe. Biol. Invasions. 20,
1611-1621 (2018). https://doi.org/10.1007/s10530-017-1651-6
Ezzariai, A., Hafidi, M., Ben Bakrim, W., Kibret, M., Karouach,
F., Sobeh, M., Kouisni, L.: Identifying Advanced Biotechnolo-
gies to Generate Biofertilizers and Biofuels from the World’s
worst aquatic weed. Front. Bioeng. Biotechnol. 9 (2021). https://
doi.org/10.3389/fbioe.2021.769366

De Laet, C., Matringe, T., Petit, E., Grison, C.: Eichhornia
crassipes: A powerful bio-indicator for Water Pollution by emerg-
ing pollutants. Sci. Rep. 9, 1-10 (2019). https://doi.org/10.1038/
$41598-019-43769-4

Rumlerova, Z., Vila, M., Pergl, J., Nentwig, W., Pysek, P.: Scor-
ing environmental and socioeconomic impacts of alien plants
invasive in Europe. Biol. Invasions. 18, 3697-3711 (2016).
https://doi.org/10.1007/s10530-016-1259-2

European Commission: Commission Implementing Regula-
tion (EU) 2016/1141 of 13 July 2016 adopting a list of invasive
alien species of Union concern pursuant to Regulation (EU) No
1143/2014 of the European Parliament and of the Council: (2016)
Banha, F., Diniz, A.M., Olivo del Amo, R., Oliva-Paterna, F.J.,
Anastacio, P.M.: Perceptions and risk behaviors regarding bio-
logical invasions in inland aquatic ecosystems. J. Environ. Man-
age. 308 (2022). https://doi.org/10.1016/j. jenvman.2022.114632
Jones, R.W., Hill, J M., Coetzee, J.A., Hill, M.P.: The contribu-
tions of biological control to reduced plant size and biomass of
water hyacinth populations. Hydrobiologia. 807, 377-388 (2018).
https://doi.org/10.1007/s10750-017-3413-y

Villamagna, A.M., Murphy, B.R.: Ecological and socio-eco-
nomic impacts of invasive water hyacinth (Eichhornia crassipes):
A review. Freshw. Biol. 55, 282-298 (2010). https://doi.
org/10.1111/j.1365-2427.2009.02294 x

Clout, M.N., De Poorter, M.: International initiatives against
invasive alien species. Weed Technol. 19, 523-527 (2005)
Montoya, J.E., Waliczek, T.M., Abbott, M.L.: Large Scale Com-
posting as a Means of Managing Water Hyacinth (Eichhornia
crassipes). Invasive Plant. Sci. Manag. 6, 243-249 (2013). https://
doi.org/10.1614/ipsm-d-12-00013.1

Mazumder, P., Khwairakpam, M., Kalamdhad, A.S.: Bio-inherent
attributes of water hyacinth procured from contaminated water
body—effect of its compost on seed germination and radicle
growth. J. Environ. Manage. 257, 109990 (2020). https://doi.
org/10.1016/j.jenvman.2019.109990

. Jain, M.S., Paul, S., Kalamdhad, A.S.: Recalcitrant carbon for

composting of fibrous aquatic waste: Degradation kinetics,
spectroscopic study and effect on physico-chemical and nutri-
tional properties. J. Environ. Manage. 251 (2019). https://doi.
org/10.1016/j.jenvman.2019.109568

Jain, M.S., Daga, M., Kalamdhad, A.S.: Composting phys-
ics: A science behind bio-degradation of lignocellulose aquatic
waste amended with inoculum and bulking agent. Process. Saf.
Environ. Prot. 116, 424432 (2018). https://doi.org/10.1016/j.
psep.2018.03.017

Yu, K., Li, S, Sun, X, Cai, L., Zhang, P., Kang, Y., Yu, Z., Tong,
J., Wang, L.: Application of seasonal freeze-thaw to pretreat
raw material for accelerating green waste composting. J. Envi-
ron. Manage. 239, 96-102 (2019). https://doi.org/10.1016/j.
jenvman.2019.02.128

@ Springer


https://doi.org/10.1111/brv.12627
https://doi.org/10.1007/s10530-017-1651-6
https://doi.org/10.3389/fbioe.2021.769366
https://doi.org/10.3389/fbioe.2021.769366
https://doi.org/10.1038/s41598-019-43769-4
https://doi.org/10.1038/s41598-019-43769-4
https://doi.org/10.1007/s10530-016-1259-2
https://doi.org/10.1016/j.jenvman.2022.114632
https://doi.org/10.1007/s10750-017-3413-y
https://doi.org/10.1111/j.1365-2427.2009.02294.x
https://doi.org/10.1111/j.1365-2427.2009.02294.x
https://doi.org/10.1614/ipsm-d-12-00013.1
https://doi.org/10.1614/ipsm-d-12-00013.1
https://doi.org/10.1016/j.jenvman.2019.109990
https://doi.org/10.1016/j.jenvman.2019.109990
https://doi.org/10.1016/j.jenvman.2019.109568
https://doi.org/10.1016/j.jenvman.2019.109568
https://doi.org/10.1016/j.psep.2018.03.017
https://doi.org/10.1016/j.psep.2018.03.017
https://doi.org/10.1016/j.jenvman.2019.02.128
https://doi.org/10.1016/j.jenvman.2019.02.128
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

522

Waste and Biomass Valorization (2025) 16:507-523

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Shyam, S., Das, T., Kumar, G.V.P.: Co-composting invasive
aquatic macrophytes and pond sediment holds the potential for
environmental amelioration: Selecting the right shade of grey.
Acta Ecol. Sin. 42, 17-23 (2022). https://doi.org/10.1016/].
chnaes.2020.12.004

NP EN ISO 14044: Norma Portuguesa Gestao ambiental Aval-
iacdo do ciclo de vida Requisitos e linhas de orientagdo (ISO
14044:2006): (2007)

NP EN ISO 14040: Environmental management - Life cycle
assessment - Principles and framework: (2008)

Arfaioli, P., Azzini, L., Cincinelli, A., Hefmankova, M., Luc-
chetti, S., Macci, C., Masciandaro, G., Scodellini, R., Renella,
G., Waska, K., Nicese, F.P.. Waste materials-based substrates
for ornamental plant production: Technical and environmen-
tal aspects. Acta Hortic. 1317, 79-86 (2021). https://doi.
org/10.17660/ActaHortic.2021.1317.9

Serafini, L.F., Feliciano, M., Rodrigues, M.A., Gongalves, A.:
Systematic review and Meta-analysis on the Use of LCA to assess
the environmental impacts of the composting process. Sustain. 15
(2023). https://doi.org/10.3390/su15021394

Oldfield, T.L., White, E., Holden, N.M.: The implications of
stakeholder perspective for LCA of wasted food and green waste.
J. Clean. Prod. 170, 1554-1564 (2018). https://doi.org/10.1016/j.
jelepro.2017.09.239

Diario da Republica: Decreto-Lei n.° 565/99 - Diploma Regula
a introdugdo na natureza de. espécies ndo indigenas da flora e da
fauna (1999)

National Statistics Institute (INE): Statistical Yearbook for the
Central region: 2018., Lisbon: (2019)

Liwarska-Bizukojc, E., Ledakowicz, S.: Stoichiometry of the
aerobic biodegradation of the organic fraction of municipal solid
waste (MSW). Biodegradation. 14, 51-56 (2003). https://doi.org/
10.1023/A:1023538123655

EN ISO 14044: Life cycle assessment — Requirements and
guidelines: (2006)

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

Pergola, M., Persiani, A., Palese, A.M., Di Meo, V., Pastore, V.,
D’Adamo, C., Celano, G.: Composting: The way for a sustain-
able agriculture. Appl. Soil. Ecol. 123, 744-750 (2018). https://
doi.org/10.1016/j.aps0il.2017.10.016

Castellani, F., Esposito, A., Geldermann, J., Altieri, R.: Life cycle
assessment of passively aerated composting in gas-permeable
bags of olive mill waste. Int. J. Life Cycle Assess. 24, 281-296
(2019). https://doi.org/10.1007/s11367-018-1514-0

Pergola, M., Persiani, A., Pastore, V., Palese, A.M., D’ Adamo, C.,
de Falco, E., Celano, G.: Sustainability assessment of the green
compost production chain from agricultural waste: A case study
in southern Italy. Agronomy. 10 (2020). https://doi.org/10.3390/
agronomy10020230

Palaniveloo, K., Amran, M.A., Norhashim, N.A., Mohamad-
Fauzi, N., Peng-Hui, F., Hui-Wen, L., Kai-Lin, Y., Jiale, L., Chian-
Yee, M.G., Jing-Yi, L., Gunasekaran, B., Razak, S.A.: Food waste
composting and microbial community structure profiling. Pro-
cesses. 8, 1-30 (2020). https://doi.org/10.3390/pr8060723

van Haaren, R., Themelis, N.J., Barlaz, M.: LCA comparison of
windrow composting of yard wastes with use as alternative daily
cover (ADC). Waste Manag. 30, 26492656 (2010). https://doi.
org/10.1016/j.wasman.2010.06.007

Al-Rumaihi, A., McKay, G., Mackey, H.R., Al-Ansari, T.: Envi-
ronmental impact assessment of food waste management using
two composting techniques. Sustain. 12 (2020). https:/doi.
org/10.3390/su12041595

@ Springer

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

SI.

52.

53.

Cortés, A., Oliveira, L.F.S., Ferrari, V., Taffarel, S.R., Feijoo, G.,
Moreira, M.T.: Environmental assessment of viticulture waste
valorisation through composting as a biofertilisation strategy for
cereal and fruit crops. Environ. Pollut. 264, 1-8 (2020). https://
doi.org/10.1016/j.envpol.2020.114794

Tchobanoglous, G., Theisen, H., Vigil, S.A.: Integrated Solid
Waste Management: Engineering Principles and Management
Issues. Apresentado na (1993)

IPCC: Volume 5 Waste - Chap. 4 Biological Treatment of Solid
Waste. 2006 IPPC Guidel. Natl. Greenh. Gas Invent. 4.1-4.8:
(2006)

Ekvall, T., Liptow, C., Miliutenko, S.: Single-use plastic bags and
their alternatives: Recommendations from Life Cycle Assess-
ments. UNEP (United Nations Environ. Program. 1-76 (2020)
DEFRA: Fertiliser manual (RB 209). 8th edition., Norwich,
United Kingdom: (2010)

Veloso, A., Sempiterno, C., Calouro, F., Rebelo, F., Pedra, F., Cas-
tro, I.V., Gongalves, M. da, Marcelo, C., Pereira, M., Fareleira, P.,
Jorddo, P., Mano, P., Fernandes, R.: R.: Manual de Fertilizagao
das Culturas., Lisboa (2022)

Moreno Ruiz, E., Valsasina, L., FitzGerald, D., Symeonidis, A.,
Turner, D., Miiller, J., Minas, N., Bourgault, G., Vadenbo, C.,
loannidou, D., Wernet, G.: Documentation of changes imple-
mented in ecoinvent database v3.7. ecoinvent., Ziirich, Switzer-
land (2020)

Intergovernmental Panel on Climate Change: IPCC Guide-
lines for National Greenhouse Gas Inventories, Prepared by the
National Greenhouse Gas Inventories Programme., Japan: (2006)
Hangyong Ray, L., Xin, Q., Ali, E.H.: Towards a better environ-
ment - the municipal organic waste management in Brisbane:
Environmental life cycle and cost perspective. J. Clean. Prod. 258,
120756 (2020). https://doi.org/10.1016/j.jclepro.2020.120756
Finore, 1., Feola, A., Russo, L., Cattaneo, A., Di Donato, P.,
Nicolaus, B., Poli, A., Romano, I.: Thermophilic bacteria and
their thermozymes in composting processes: A review. Chem.
Biol. Technol. Agric. 10, 1-22 (2023). https://doi.org/10.1186/
$40538-023-00381-z

Stentiford, E., de Bertoldi, M.: Composting: Process. Em: Solid
Waste Technology & Management, pp. 513-532. John Wiley &
Sons, Ltd, Chichester, UK (2010)

Andersen, J.K., Boldrin, A., Christensen, T.H., Scheutz, C.:
Mass balances and life cycle inventory of home composting of
organic waste. Waste Manag. 31, 1934-1942 (2011). https://doi.
org/10.1016/j.wasman.2011.05.004

Cadena, E., Coldn, J., Artola, A., Sanchez, A., Font, X.: Environ-
mental impact of two aerobic composting technologies using life
cycle assessment. Int. J. Life Cycle Assess. 14, 401-410 (2009).
https://doi.org/10.1007/s11367-009-0107-3

Hauschild, M.Z., Rosenbaum, R.K., Olsen, S.I.: Life Cycle
Assessment - Theory and Practice. Springer International Pub-
lishing, Cham (2018)

United Nations Environment Programme: Single-use plastic
bags and their alternatives - Recommendations from Life Cycle
Assessments: (2020)

Civancik-Uslu, D., Puig, R., Hauschild, M., Fullana-i-Palmer, P.:
Life cycle assessment of carrier bags and development of a litter-
ing indicator. Sci. Total Environ. 685, 621-630 (2019). https:/
doi.org/10.1016/j.scitotenv.2019.05.372

Kimmel, R.M., Cooksey, K.: Life Cycle Assessment of grocery
bags in common use in the United States. Environ. Stud. 6, 5-100
(2014)

Nemecek, T., Kégi, T.: Life Cycle Inventories of Swiss and Euro-
pean Agricultural Production Systems. Final Report Ecoinvent
V2.0 No. 15a. Zurich and Diibendorf, CH (2007)


https://doi.org/10.1016/j.envpol.2020.114794
https://doi.org/10.1016/j.envpol.2020.114794
https://doi.org/10.1016/j.jclepro.2020.120756
https://doi.org/10.1186/s40538-023-00381-z
https://doi.org/10.1186/s40538-023-00381-z
https://doi.org/10.1016/j.wasman.2011.05.004
https://doi.org/10.1016/j.wasman.2011.05.004
https://doi.org/10.1007/s11367-009-0107-3
https://doi.org/10.1016/j.scitotenv.2019.05.372
https://doi.org/10.1016/j.scitotenv.2019.05.372
https://doi.org/10.1016/j.chnaes.2020.12.004
https://doi.org/10.1016/j.chnaes.2020.12.004
https://doi.org/10.17660/ActaHortic.2021.1317.9
https://doi.org/10.17660/ActaHortic.2021.1317.9
https://doi.org/10.3390/su15021394
https://doi.org/10.1016/j.jclepro.2017.09.239
https://doi.org/10.1016/j.jclepro.2017.09.239
https://doi.org/10.1023/A:1023538123655
https://doi.org/10.1023/A:1023538123655
https://doi.org/10.1016/j.jclepro.2013.03.022
https://doi.org/10.1016/j.jclepro.2013.03.022
https://doi.org/10.1016/j.apsoil.2017.10.016
https://doi.org/10.1016/j.apsoil.2017.10.016
https://doi.org/10.1007/s11367-018-1514-0
https://doi.org/10.3390/agronomy10020230
https://doi.org/10.3390/agronomy10020230
https://doi.org/10.3390/pr8060723
https://doi.org/10.1016/j.wasman.2010.06.007
https://doi.org/10.1016/j.wasman.2010.06.007
https://doi.org/10.3390/su12041595
https://doi.org/10.3390/su12041595

Waste and Biomass Valorization (2025) 16:507-523

523

54.

55.

56.

57.

58.

59.

60.

61.

Althaus, H., Chudacoff, M., Hischier, R., Jungbluth, N., Osses,
M., Primas, A., Hellweg, S.: Life Cycle Inventories of Chemicals.
Final report ecoinvent v2.0 No. 8., Duebendorf, CH (2007)
Patyk, A., Reinhardt, G.A.: Diingemittel — Energie- und Stoff-
strombilanzen. Vieweg + Teubner, Wiesbaden (1997)

Zhou, Y., Xiao, C., Yang, S., Yin, H., Yang, Z., Chi, R.: Life cycle
assessment and life cycle cost analysis of compound microbial
fertilizer production in China. Sustain. Prod. Consum. 28, 1622—
1634 (2021). https://doi.org/10.1016/j.spc.2021.09.003

Nordahl, S.L., Preble, C.V., Kirchstetter, T.W., Scown, C.D.:
Greenhouse Gas and Air Pollutant emissions from Compost-
ing. Environ. Sci. Technol. 57, 2235-2247 (2023). https://doi.
org/10.1021/acs.est.2c05846

Sayara, T., Sanchez, A.: Gaseous emissions from the compost-
ing process: Controlling parameters and strategies of mitigation.
Processes. 9, 1-15 (2021). https://doi.org/10.3390/pr9101844

Li, M., Li, S., Chen, S., Meng, Q., Wang, Y., Yang, W., Shi, L.,
Ding, F., Zhu, J., Ma, R., Guo, X.: Measures for Controlling
Gaseous emissions during Composting: A review. Int. J. Envi-
ron. Res. Public. Health. 20 (2023). https://doi.org/10.3390/
ijerph20043587

Li, D., Manu, M.K., Varjani, S., Wong, J.W.C.: Mitigation of
NH3 and N20 emissions during food waste digestate composting
at C/N ratio 15 using zeolite amendment. Bioresour Technol. 359,
127465 (2022). https://doi.org/10.1016/j.biortech.2022.127465
Oldfield, T.L., Sikirica, N., Mondini, C., Lopez, G., Kuikman,
P.J., Holden, N.M.: Biochar, compost and biochar-compost blend

62.

63.

64.

65.

as options to recover nutrients and sequester carbon. J. Envi-
ron. Manage. 218, 465-476 (2018). https://doi.org/10.1016/j.
jenvman.2018.04.061

Keng, Z.X., Chong, S., Ng, C.G., Ridzuan, N.I., Hanson, S., Pan,
G.T., Lau, P.L., Supramaniam, C.V., Singh, A., Chin, C.F.,, Lam,
H.L.: Community-scale composting for food waste: A life-cycle
assessment-supported case study. J. Clean. Prod. 261, 121220
(2020). https://doi.org/10.1016/j.jclepro.2020.121220
Padeyanda, Y., Jang, Y.C., Ko, Y., Yi, S.: Evaluation of envi-
ronmental impacts of food waste management by material flow
analysis (MFA) and life cycle assessment (LCA). J. Mater. Cycles
Waste Manag. 18, 493-508 (2016). https://doi.org/10.1007/
$10163-016-0510-3

Boldrin, A., Neidel, T.L., Damgaard, A., Bhander, G.S., Moller,
J., Christensen, T.H.: Modelling of environmental impacts from
biological treatment of organic municipal waste in EASEWASTE.
Waste Manag. 31, 619-630 (2011). https://doi.org/10.1016/j.
wasman.2010.10.025

Aye, L., Widjaya, E.R.: Environmental and economic analyses
of waste disposal options for traditional markets in Indonesia.
Waste Manag. 26, 1180—-1191 (2006). https://doi.org/10.1016/;.
wasman.2005.09.010

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.jenvman.2018.04.061
https://doi.org/10.1016/j.jenvman.2018.04.061
https://doi.org/10.1016/j.jclepro.2020.121220
https://doi.org/10.1007/s10163-016-0510-3
https://doi.org/10.1007/s10163-016-0510-3
https://doi.org/10.1016/j.wasman.2010.10.025
https://doi.org/10.1016/j.wasman.2010.10.025
https://doi.org/10.1016/j.wasman.2005.09.010
https://doi.org/10.1016/j.wasman.2005.09.010
https://doi.org/10.1016/j.spc.2021.09.003
https://doi.org/10.1021/acs.est.2c05846
https://doi.org/10.1021/acs.est.2c05846
https://doi.org/10.3390/pr9101844
https://doi.org/10.3390/ijerph20043587
https://doi.org/10.3390/ijerph20043587
https://doi.org/10.1016/j.biortech.2022.127465

	﻿The Composting of Water Hyacinth: A Life Cycle Assessment Perspective
	﻿Abstract
	﻿Statement of Novelty
	﻿Graphical Abstract
	﻿Introduction
	﻿Materials and Methods
	﻿Chemical Characterization
	﻿Life Cycle Assessment
	﻿Goal and Scope Definition
	﻿Life Cycle Inventory
	﻿Additional Technical Information and Assumption



	﻿Life Cycle Impact Assessment
	﻿Interpretation of Results
	﻿Results
	﻿Overall Life Cycle Assessment Analysis
	﻿The Biological Process of Composting
	﻿Fossil Fuel Consumption
	﻿Scenarios
	﻿Big bag Packaging Stage and Scenario of the 50 kg Packaging
	﻿Application of Compost


	﻿Discussion
	﻿Conclusion
	﻿References


