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Abstract
The concept of circular economy, aiming at increasing the sustainability of products and services in the water and other 
sectors, is gaining momentum worldwide. Driven by this concept, novel bio-composite materials produced by recovering 
resources from different parts of the water cycle are now manufactured in The Netherlands. The new materials are used for 
different products such as canal bank protection elements, as an alternative to similar elements made of hardwood. As much 
as these new materials are appealing from the sustainability point of view, they may leach toxic substances into the aquatic 
environment given some of their ingredients, e.g., cellulose recovered from wastewater treatment. Therefore, a methodol-
ogy for the assessment of related environmental risks is needed and it does not exist currently. This paper addresses this 
knowledge gap by presenting a framework for this. The framework is based on European environmental risk assessment 
guidelines, and it includes four key steps: (i) hazard identification, (ii) dose–response modelling, (iii) exposure assessment 
and (iv) risk characterisation (i.e. assessment). As part of the first step, laboratory leaching tests were carried out to evaluate 
the potential release of specific chemical substances such as heavy metals and resin compounds into the aquatic environment. 
Laboratory test results were then used as input data to evaluate the risk of potential leaching from canal bank protection ele-
ments into surface water. A deterministic model was used first to identify the chemicals exceeding the guideline threshold. 
Subsequently, a stochastic model was applied to evaluate the environmental risks across a range of leachate concentrations 
and water velocities in the canal, thereby simulating a broader spectrum of possible situations. The risk analyses were con-
ducted for four alternative bio-composite materials made of different ingredients, two different flow conditions (stagnant 
water and advective flow) in two types of canals (wide ditch and primary watercourse) and for two different water levels 
based on season conditions (summer and winter conditions). The results obtained from leaching tests identified Cu, Mn, 
Zn, styrene and furfuryl alcohol as potentially troublesome chemicals. In the case of stagnant water, the absence of a flow 
rate increases the residence time of the chemicals in the surface water, resulting in a higher PEC/PNEC (i.e. risk) value. 
However, under stagnant case conditions, environmental risks for all chemicals considered turned out to be below the safety 
threshold. In the advective case, the existence of a flow rate, even at low velocities simulating the conditions of ‘almost no 
flow,’ contributes to increased dilution, resulting in lower PEC/PNEC ratio values. The results presented here, even though 
representing real-case scenarios, are only indicative as these are based on laboratory leaching tests and a number of assump-
tions made. Additional field tests involving collecting and analysing water and sediment samples from the canal where the 
canal bank protection elements are located, over a prolonged period, are required to come up with more conclusive findings.

Keywords Bio-composite materials · Canal bank protection environmental risk assessment · Heavy metal contamination · 
Leaching tests · Sensitivity analysis · Surface water

Introduction

The move towards circular economy solutions is desired and 
encouraged for several reasons, including the availability 
and low cost of upcycled products and economic well-being. 
The world’s population is growing and with it the demand 
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for raw materials, while the availability of raw materials is 
limited. The use of upcycled materials, according to Euro-
pean reports (E.U.C, 2023), may reduce the use of natural 
resources, reduce landscape and habitat disruption and help 
limit biodiversity loss. Another reason for moving to a circu-
lar economy is the potential to reduce greenhouse gas emis-
sions (E.U.C, 2023). Creating sustainable products based on 
recovered and recycled materials helps to reduce energy and 
resource consumption.

In The Netherlands, novel bio-composite materials have 
been successfully developed by using various resources 
recovered from different parts of the water management 
cycle (Nativio et al. 2022). These bio-composite materials 
are used to replace traditional materials such as hardwood in 
the manufacture of a range of products, including canal bank 
protection elements. As these materials and related products 
are produced by recovering resources from wastewater and 
other sources and using resins, there is a potential for toxic 
substances such as heavy metals (e.g. Co, Cu, Cr, Pb, V, Zn 
and As) and resin compounds to leach into the environment. 
Contamination with heavy metals is a pervasive phenom-
enon in nature, demonstrable by the prominent accumulation 
of aluminium in indoor environments as reported by Cetin 
and Abo Aisha (2023). Furthermore, a comprehensive inves-
tigation conducted by Cetin et al. (2020) evaluated heavy 
metal pollution specifically focusing on the assessment of 
calcium, copper and lithium contamination in blue spruce 
trees. Complementing this research, Cesur et al. (2021) 
investigated the accumulation of heavy metals in plant 
organs. The trend of accumulation of heavy metals poses 
concern in terms of air and soil pollution. In line with the 
latter, bio-monitors, such as trees, soil and plants, commonly 
serve as effective tools for monitoring atmospheric heavy 
metal concentrations. Cetin et al. (2022) conducted also 
an insightful study mapping the accumulation patterns of 
specific heavy metals, including nickel and cobalt, through 
topsoil sampling.

In the context of the current study, it is crucial to evaluate 
the applicability of novel materials as canal bank protec-
tion elements and the potential hazards associated with the 
water body contamination. The presence of heavy metals 
poses substantial concerns for both surface and groundwater 
quality, given their documented adverse effects on aquatic 
ecosystems, agriculture and human health, as demonstrated 
in previous studies (Naito et al. 2010; Srinivasa Gowd & 
Govil 2007). Consequently, it is essential to evaluate the 
environmental risks related to the use of these new materials 
in aquatic environments.

Currently, there are no established industry standards 
for the environmental risk assessment of novel bio-com-
posite materials, regardless of their application. We pro-
pose a methodology based on European environmental 
risk assessment guidelines (E.C.H.A., 2023; Manuilova 

2003; van Vlaardingen et al. 2005) that uses an experi-
mental approach applied under relevant conditions, tak-
ing into account the allowable environmental limits. For 
this purpose, the viability of laboratory leaching tests is 
evaluated based on published literature. The value of con-
ducting leaching tests for environmental risk assessment 
has been demonstrated previously by van der Sloot et al. 
(2017). They described how leaching tests can be used to 
conduct an environmental risk assessment for construc-
tion materials. Leaching tests have been instrumental in 
characterising soil contamination with potential implica-
tions for underground water quality, as highlighted by 
Amlal et al. (2020). These tests offer valuable insights 
into leaching rates, chemical accumulation and associated 
risks. Kabiri et al. (2022) conducted diverse leaching test 
methods to explore PFASs leaching behaviour from soil. 
Additionally, leaching tests were employed by Guleria and 
Chakma (2019) for human health risk assessment, specifi-
cally evaluating heavy metals leaching to assess potential 
risks via dermal contact. Notably, all the mentioned stud-
ies in the literature employed leaching tests based on a 
simulation approach. The latter aims to replicate specific 
field scenarios in laboratory settings, ensuring the results 
are interchangeable and comparable.

The goal of carrying out the environmental leaching tests 
is to provide an estimation of the leaching potential of con-
stituents from various materials across a range of potential 
scenarios. Therefore, selection of the appropriate leaching 
test and testing protocol is crucial for the reproducibility 
and downstream usability of the results. Four internationally 
recognised types of leaching tests are the pH-dependence 
test, the percolation test, the monolith test and the com-
pacted granular test (van der Sloot et al. 2017). In the pH-
dependence test, solid materials are submerged into eluents 
of different pH for fixed time intervals. Variation of a single 
parameter (pH) captures the response of the material to dif-
ferent environmental conditions (acidic/basic). The percola-
tion test, or as often referred to in the literature as dynamic 
column leaching test, evaluates the leaching of the material 
as a function of eluent volume and dry weight of the mate-
rial. The monolith test is used for the analysis of single solid 
pieces of material. From this method, information about the 
predominant release mechanism can be obtained. Leaching 
of the finely grounded clays is analysed with a compacted 
granular test. This test is performed in the same manner of 
as the monolith leaching test, but applicable only for fine-
grained materials. van der Sloot and Kosson (2012) per-
formed a comparative analysis between the pH-dependence 
leaching test and percolation (column leaching test) test, for 
the leaching from hazardous waste and industrial sludge. 
At the same pH and L/S (liquid/solid) ratio, the results 
from both tests are comparable. However, if the material is 
expected to be exposed to the eluents with the range of pH 
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values, then the pH-dependence tests would provide a more 
comprehensive picture.

Abovementioned leaching tests and other tests docu-
mented in the literature (van der Sloot & Kosson 2012; van 
der Sloot et al. 2017) show that tests can be conducted across 
a spectrum of scenarios involving different materials (waste, 
ash, construction materials, soil, sediments, etc.) and water 
samples (Bridson et al. 2021). The choice of the specific 
type of leaching test to be undertaken should be guided by 
the objectives of the study and the chemicals to be analysed 
(Bridson et al. 2021). In this study, the percolation dynamic 
column leaching test was utilised. This test was selected 
according to the scenario to be simulated. The aim of this 
study is to analyse the leaching of heavy metals and resin 
compounds such as styrene and furfuryl alcohol, from the 
novel bio-composite materials used as canal bank protection 
and their potential impact on the aquatic environment. The 
environmental scenario is therefore characterised by surface 
water with an almost constant pH and continuous flow rate. 
This excludes the use of pH-dependence tests. The mono-
lithic test is used to evaluate the mass transfer of monolithic 
construction materials such as concrete.

In this study, a new type of bio-composite material made 
from resources recovered from the water sector was ana-
lysed. Thus, the percolation column leaching test (column 
leaching test) was selected as more appropriate for the pur-
pose of this study and for the environmental conditions to 
be simulated.

The leaching of the chemicals depends on several factors. 
As demonstrated by van der Sloot and Kosson (2012), chem-
ical parameters, such as pH of the eluent, redox potential, 
kinetics, adsorption, ion exchange and electrostatic attrac-
tion, affect the leaching behaviour. Cappuyns and Swennen 
(2008) assessed the mobility of heavy metals within river 
soil sediments, depending on the eluent pH. The mobility of 
elements such as Zn, Cd, Ni and Mn increased at decreasing 
pH, for others such as Cu and Fe, a higher leachability was 
observed at greater pH values. From these studies, it can be 
concluded that variations in the pH can greatly affect the 
results. As mentioned above, the environmental scenario 
consists of the application of these novel materials as canal 
bank protection in surface water canals. Therefore, no sig-
nificant pH variations are expected. In order to remove the 
effects of pH changes on the results, in this study, it was 
decided to use buffered ultrapure water having a constant 
pH of 7.00 ± 0.2 as influent.

Oppel et al. (2004) investigated the environmental impact 
of pharmaceutical leaching in soil and groundwater and the 
consequent toxicity to human health due to groundwater con-
tamination. Their study highlights that examining the envi-
ronmental impacts of a product in the aquatic environment 
may have implications for human health and safety, result-
ing in impacts on the entire ecosystem. In this study, only the 

environmental risk associated with the use of these materi-
als in an aquatic environment was assessed. This was done 
because of the novelty of these new bio-composite materials. 
These materials have never been tested for environmental risk 
assessment and have never been used for canal bank protection 
or other applications yet.

The majority of the research reported in the above litera-
ture utilised soil and/or sediment samples for their studies. 
On-site samples were collected to assess potential leaching, 
after which laboratory leaching tests were employed to repli-
cate leaching under controlled conditions. Subsequently, the 
obtained results were compared with chemical analyses of on-
site leaching samples, serving as a baseline for environmental 
risk assessment. However, in the current study, collecting on-
site samples as a baseline for laboratory leaching tests was not 
feasible; thus, only laboratory leaching tests were performed 
to assess the environmental risks. On the basis of the above, a 
knowledge gap was identified: no environmental risk assess-
ment of the leaching of toxic substances into the aquatic envi-
ronment from these new bio-composite materials, particularly 
those used as canal bank protection elements and similar prod-
ucts, has been carried out. By conducting leaching tests under 
controlled laboratory conditions, it may be possible to obtain 
a more complete general picture of constituents leaching from 
different bio-composite materials. In the meantime, these data 
provide significant information that could be used for environ-
mental risk assessment. In the absence of a baseline, usually 
represented by on-site water and sediment samples, a number 
of assumptions had to be made, as described in ‘‘Materials and 
methods’’ of this paper. This, in turn, has led to the selection of 
the existing environmental risk assessment (ERA) framework 
(Manuilova 2003) for environmental risk analysis.

In this paper, the fate of chemicals once leached from the 
canal bank protection element, made of bio-composite material, 
into the surface water was not part of the scope of this research. 
However, it would be interesting to extend the framework with 
artificial neural network modelling to predict contaminant behav-
iour, and subsequent concentrations, in surface water. Moreover, 
artificial neural network modelling can be utilised to model the 
adsorption of heavy metals into the soil and monitor their fate 
within the groundwater cycle (Ucun Ozel et al. 2020).

The paper is structured as follows. The experimental setup 
and the methodology are described in ‘‘Materials and meth-
ods’’. The results for both a deterministic and stochastic risk 
assessment approach are presented in ‘‘Results and discus-
sion’’. Conclusions are then presented in ‘‘Conclusions’’.

Materials and methods

The identified knowledge gap concerning the leaching 
test and the environmental impact assessment of these 
emerging bio-composite materials, particularly in water 
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environments, have been addressed by proposing a frame-
work. This framework is based on three building blocks: 
(i) the existing environmental risk assessment (ERA) 
(Manuilova 2003) and the corresponding Dutch guide-
lines published by the Dutch National Institute for Public 
Health and the Environment (RIVM) (van Vlaardingen 
et  al. 2005); (ii) the database of European Chemicals 
Agency (E.C.H.A., 2023); (iii) percolation column leach-
ing tests (U.S.E.P.A. 2017) providing input data for the 
environmental risk assessment, and simulating the real 
case scenario in absence of detailed on-site data due to 
the novelty of these materials. Leaching test results were 
used and modelled to simulate the potential leaching in the 
real canal under various environmental conditions such 
as a stagnant case (absence of flow rate) and the presence 
of flow rate. Two types of canals were analysed. No other 
leaching tests were performed on this new type of bio-
composite material up till now, while the corresponding 
environmental risk analysis was not conducted so far.

Bio‑composite materials and their use for canal 
bank protection elements

This work assesses the environmental risks associated with 
potential leaching of heavy metals and resin compounds 
from canal bank protection elements made from new 

bio-composite materials. The purpose of canal bank protec-
tion elements is to protect the canal bank from soil collapse 
into the water. The canal bank elements are placed on both 
sides of the canal. Four different alternatives of new bio-
composite materials (M1, M2, M3 and M4) are considered 
to produce these elements. Table 1 presents the raw compo-
nents used in the four alternatives bio-composite materials. 
The four materials are all made of natural fibres and fillers 
(e.g. water reeds, wastewater cellulose and bio-filler from 
agricultural waste) with additives added for different pur-
poses, and all bonded together using a resin (e.g. polyester 
resin or furan resin).

The analysed water canal system consists of (i) wide ditch 
and (ii) primary watercourse. To estimate the flow rate, the 
full operation of the nearby pumping station, located along 
the primary watercourse, was taken into account. Further-
more, the flow rate varies based on the water level, which 
varies according to the seasonal conditions (summer and 
winter conditions). The characteristics of the wide ditch and 
primary watercourse are as follows (see Fig. 1 for the wide 
ditch and Fig. 1 in the Supplementary Material for the pri-
mary watercourse).

1. Wide ditch: trapezoidal profile, bottom width of 4 m, 
top width of 8 m and effective depth of 1 m in the mid-
dle. The water cross-section velocity was measured and 

Table 1  Bio-composite 
materials used for canal bank 
protection elements

1 Calcite mix: mix of 50% mined calcite and 50% recycled calcite from drinking water softening process. 
2Polyester resin, as well as unsaturated polyester resin with 50% bio-content contain styrene. 3Furan resin 
containing furfuryl alcohol. 4Additives: used as catalyst to stimulate the chemical reaction (polymerisation) 
of the resin, improve impact resistance (impact agents), release agents to prevent sticking to the mould and 
allow releasing the part (release agents)

M1 M2 M3 M4

Water reeds Water reeds Wastewater cellulose Grass
Mined calcite Calcite  mix1 Calcite mix Bio-filler from 

agricultural 
waste

Polyester  resin2 Unsaturated polyester resin 
with 50% bio-content

Unsaturated polyester resin 
with 50% bio-content

Furan  resin3

Additives4 Additives Additives Additives

Fig. 1  Wide ditch profile
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found to have an average of 2.4 m/h. The flow rate based 
on water cross-section area was calculated to have an 
average value of 11.52  m3/h under summer conditions 
(low water level due to the dry season). In contrast to an 
average value of 14.4 m.3/h, under the winter conditions 
(high water level due to the rainy season)

2. Primary watercourse: similar profile as the wide ditch 
(trapezoidal profile) with a bottom width of 5 m and a 
top width of 10 m, and a depth of 1 m in the middle. 
The water cross-section velocity was measured to be 
270 m/h on average. The flow rate, based on the water 
cross-sectional area, was estimated to be 1620  m3/h 
under summer conditions (low water level due to the 
dry season) and 2025 m.3/h under the winter conditions 
(high water level due to the wet season)

The pumping station works approximately 800 h per year.
The canal bank protection elements, placed on both 

sides of the canal, are of conventional pile-bulkhead con-
struction, using a combination of softwood where possible 
(always below the waterline), and bio-composites where 
needed to extend the lifespan of the system (below and 
above the waterline, depending on the season). The water 
level changes with the seasons, as explained above. Based 
on expert knowledge, it was assumed that the water level 
varies by 0.2 m between the summer and winter seasons. 
The 0.4 m high bio-composite elements are then assumed 
to be submerged by a minimum of 0.1 m (low water level 
representing summer season conditions) to a maximum of 
0.3 m (high water level representing winter season condi-
tions). Only the submerged part of the bio-composite bank 
protection elements is considered in this paper.

Table 2 lists the mass of the submerged bio-composite 
material over 1 m of length, during the summer and winter 
season conditions. The dimensions of the canal bank protec-
tion elements (e.g. width, length and thickness) are the same 
for all four bio-composite alternatives. Each bio-composite 
alternative has a specific density, which defines the actual 
submerged mass. Density data are not shown here for con-
fidentiality reasons.

Column leaching test

To analyse the potential leaching of heavy metals and resin 
compounds from bio-composite materials in an aquatic envi-
ronment, percolation column leaching tests were carried out, 
following Dutch standard Guidelines (N.E.N.-7373 2004) 
and U.S.E.P.A. Method 1314 (U.S.E.P.A. 2017). Percolation 
test, called column leaching test in this paper, is a dynamic 
leaching test method that requires the continuous renewal 
of the influent. Column leaching test method was selected 
based on the purpose of the study: evaluate the potential 
leaching from new bio-composite canal bank protection 

in surface water (canals at almost constant pH and various 
flow rates). As mentioned in ‘‘Introduction’’, Bridson et al. 
(2021) suggested to select carefully the leaching test method 
based on the environmental conditions. In the present study, 
canal bank protection elements, submerged in surface water 
canals, were analysed in terms of their potential leaching. 
Thus, a test that took into account a constant renewal of the 
influent, by using a pump providing fresh influent continu-
ously to the columns, was preferable. Figure 2 shows the 
experimental setup.

The bio-composite materials were grinded to a parti-
cle size up to 4 mm and packed in sealed glass columns 
(0.3 kg of material in each column) to a height of 20 cm. 
Gauzes and quartz sand (20–30 mesh) were used as fil-
ters at the bottom and the top of the columns. A buffered 
ultrapure water at pH 7.00 ± 0.2 was used as influent for 
the experiments. The columns were operated at a spe-
cific liquid–solid ratio (L/S). The liquid-to-solid ratio is 
defined as the fraction of the total liquid volume (includ-
ing the moisture contained in the ‘as-used’ solid sample) 

Table 2  Mass of submerged bio-composite material during the sum-
mer and winter season conditions per 1  m of length of canal bank 
protection

Material Flow regime Mass of submerged material 
per m of canal length (kg/m)

M1 Summer conditions 1.032
Winter conditions 3.096

M2 Summer conditions 1.032
Winter conditions 3.096

M3 Summer conditions 1.068
Winter conditions 3.204

M4 Summer conditions 0.828
Winter conditions 2.484

Fig. 2  Experimental setup for leaching tests



 Environmental Science and Pollution Research

to the dry mass equivalent of the solid material. L/S is 
typically expressed in volume units of liquid per dry mass 
of solid material (ml/g-dry) (U.S.E.P.A. 2017). A flow 
rate of 9 ml/h was chosen to maintain the liquid–solid 
ratio between 0.5 and 1.0 l/kg per day, specifically about 
0.72 l/kg in this case, to facilitate the higher probability 
of achieving local equilibrium between the solid and liq-
uid phase (U.S.E.P.A. 2017). The effluent samples to be 
analysed were selected on the basis of the liquid–solid 
ratio as specified in the leaching tests standard and guide-
lines (N.E.N.-7373 2004; U.S.E.P.A. 2017), as shown in 
Table 3. Four 24 h composite samples (shown in bold 
in Table 3) were collected on days 1, 2, 6 and 13 of the 
2-week periods for which the leaching tests lasted. The 
effluent samples were collected and stored in the fridge at 
4 °C, until further analysis. Analyses for resin compounds 
(styrene and furfuryl alcohol) were performed within 
1 week of sampling as both styrene and furfuryl alcohol 
are VOCs (volatile organic compounds). All leaching tests 
were carried out in duplicates. ICP-MS was used to meas-
ure the concentrations of heavy metals in water samples. 
The samples were homogenised and acidified  (HNO3), 
after which the analysis was performed from the liquid 
phase. GC–MS was used to measure styrene in water sam-
ples. HPLC–UV was used for measuring furfuryl alcohol 
in the samples.

Environmental risk assessment

The environmental risk assessment framework used in this 
study (Manuilova 2003) is based on European guidelines 
and the RIVM Dutch guidelines (van Vlaardingen et al. 
2005) and shown in Fig. 3.

Environmental risk assessment (ERA) is a method used 
to evaluate the environmental safety of manufactured prod-
ucts, focusing on the potential impacts of pollutants on 
ecosystems, including various species and the long-term 
consequences of contaminant releases. The ERA frame-
work, based on European guidelines, categorises environ-
mental compartments such as seawater, freshwater and 
soil and identifies affected species such as fish, algae and 
microorganisms.

The ERA framework involves the following four main 
steps:

1. Hazard identification: Presence of heavy metals and 
resin compounds in the leaching effluents

2. Dose–response model: Freshwater (surface water in which 
the canal bank protection elements are applied) is selected 
as the receiving ecosystem. The predicted no effect con-
centrations (PNEC) for freshwater were collected from 
European Chemical Agency (ECHA) database (E.C.H.A., 
2023). The PNEC represents the concentration of a sub-
stance below which adverse effects are unlikely to occur 
in both long-term and short-term exposure scenarios. 
Table 4 shows the PNEC values in [μg/l]

3. Exposure assessment: The predicted effects concentra-
tion (PEC) is the predicted environmental concentration 
of the contaminant. The next step is to assess whether 
the pollutant can pose a threat at this concentration. The 
PECs have been estimated for various environmental 
conditions, which are explained in ‘‘Leaching scenar-
ios’’. The input data for this exposure assessment were 
derived from the laboratory leaching tests. These data 
were used to calculate the potential concentrations in the 
real case scenarios, taking into account key factors such 
as the dimensions of the bank protection and the canal, 
as well as the flow rates (‘‘Leaching scenarios’’)

4. Risk characterisation: the environmental risk was calcu-
lated as follows:

When the PEC/PNEC ratio is below the threshold of 
1.00 set by the European and Dutch guidelines, the risk 
level is considered acceptable (Manuilova., 2003; van 
Vlaardingen et al. 2005). Exceedance of the threshold of 
1.00 means that the PEC is greater than the PNEC and is 
not acceptable.

The above ERA methodology was conducted using the 
following assumptions:

1. No further degradation or transformation of the leached 
chemicals occurs in the canal

(1)Risk =
PEC

PNEC

Table 3  Effluent fractions sampling based on NEN7373, NEN7343 
and USEPA method 1314 guidelines

Fraction Volume (l) S (kg) L/S in l/kg

1 0.22 0.3 0.72
2 0.43 0.3 1.44
3 0.65 0.3 2.16
4 0.86 0.3 2.88
5 1.08 0.3 3.60
6 1.30 0.3 4.32
7 1.51 0.3 5.04
8 1.73 0.3 5.76
9 1.94 0.3 6.48
10 2.16 0.3 7.20
11 2.38 0.3 7.92
12 2.59 0.3 8.64
13 2.81 0.3 9.36
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2. Leached chemicals are instantaneously mixed with canal 
water and no Brownian motion occurs

Leaching scenarios

Two case studies, stagnant water and advective flow, were 
analysed to simulate different real-world flow conditions. 
These two cases were analysed each for two different types 
of canals (wide ditch and primary watercourse, described in 
‘‘Bio-composite materials and their use for canal bank pro-
tection elements’’), and for winter and summer conditions 
resulting in a total of eight cases. The description of the case 
studies (stagnant water and advective flow) is given below.

1. Stagnant water case: when the pumping station is off, the 
scenario assumes instantaneous mixing and no Brown-
ian motion. Both summer and winter conditions were 

evaluated for the wide ditch and the primary water-
course. Contaminant concentrations in the water, based 
on leaching from the canal bank protection elements, 
were calculated for all four bio-composite materials

2. Advective flow case: the pumping station operates 800 
h per year. Both the wide ditch and the primary water-
course were evaluated under summer and winter condi-
tions. The contaminant concentrations in the water, based 
on leaching from the canal bank protection elements, 
were calculated for all four bio-composite materials

The environmental risk was assessed using both a deter-
ministic approach and a stochastic approach (using the 
Monte Carlo method) in all 8 cases mentioned above. The 
deterministic approach was used to assess whether one or 
more chemicals exceeded the safety threshold. The stochas-
tic approach was used to perform a sensitivity analysis. This 

Fig. 3  Scheme of the environmental risk assessment based on the European and RIVM Dutch Guidelines
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was done by using the Monte Carlo method to evaluate how 
the environmental risk varies with different input data such 
as leachate concentration and water velocity. Two sensitivity 
cases were analysed.

1. Sensitivity s1 case: simulation of leachate concentra-
tions using a uniform distribution based on leaching 
test results. Two batches of data were collected from 
the duplicate tests: one from column 1 (effluent 1) and 
one from column 2 (effluent 2) for day 1. The objec-
tive of this sensitivity analysis was to assess how the 
environmental risk level varies with different leachate 
concentrations

2. Sensitivity s2 case: various water velocities and con-
sequently various flow rates were considered, ranging 
from a minimum value of 0.2 m/h (representing the 
‘almost no flow conditions’) to a maximum value of 270 
m/h corresponding to the pumping station in full opera-
tion on the primary watercourse. The water velocity was 
simulated using a normal distribution, with the mean 
and standard deviation calculated geometrically based 
on the generated vector. The objective of this scenario 
was to evaluate how the environmental level varies with 
flow rates and flow velocities

To simulate the real-world conditions, leaching test data 
were used as input to predict the potential release of chemi-
cals in the real case for both the wide ditch and primary 
watercourse and for both the stagnant and advective sce-
nario, taking into account the seasonal variation in flow rate. 

First, the mass of contaminants released per day under labo-
ratory leaching test conditions was calculated. The equiva-
lent mass released from the submerged bio-composite canal 
bank protection elements was then calculated. These calcu-
lations considered both winter and summer conditions as 
shown in the following equations:

where:

– M1s and  M1w are the masses released over 1 m of canal 
bank from both sides in one day during the summer con-
ditions ( M1s ) and winter conditions ( M1w ), respectively 
[mg]

– CL is the concentration from the laboratory leaching test 
at day 1 [mg/l]

– VolL is the effluent volume of the leaching tests in 24 h 
[l]

– Msub,s and Msub,w are the mass of the bio-composite sub-
merged in the water [kg], over 1 m of canal length, at 
both sides, during the summer conditions ( Msub,s ) and 
winter conditions ( Msub,w ), respectively, listed in Table 2

– ML is the mass of the material used in the leaching test 
(0.3 kg for each analysed bio-composite alternative)

M1s and M1w were then used as input to calculate the 
actual leachate concentrations firstly for the stagnant water 
scenario and then for the advective flow scenario. The con-
centrations for both summer and winter conditions for both 
stagnant and advective cases are given by Eqs. 4, 5, 6 and 
7, respectively.

where:

(2)M1s = CL ∗ VolL ∗

Msub,s

ML

(3)M1w = CL ∗ VolL ∗

Msub,w

ML

(4)C1stagn,s =
M1stagn,s

Volw,s

(5)C1stagn,w =

M1stagn,w

Volw,w

(6)C1Q,s =
M1stagn,s

Volw,s ∗ Fs

(7)C1Q,w =

M1stagn,w

Volw,w ∗ Fw

Table 4  List of PNEC values from the ECHA database

Chemical PNEC [μg/l]

Mercury (Hg) 0.057
Barium (Ba) 114.7
Boron (B) 2900
Cobalt (Co) 1.06
Copper (Cu) 6.3
Lithium (Li) 1650
Manganese (Mn) 34
Molybdenum (Mo) 11,900
Tin (Sn) 37
Vanadium (V) 4.1
Zinc (Zn) 14.4
Cadmium (Cd) 0.19
Chromium (Cr) 6.5
Nickel (Ni) 20
Lead (Pb) 2.4
Arsenic (As) 5.6
Styrene  (C8H8) 28
Furfuryl alcohol  (C5H6O2) 170
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– C1stagn,s and  C1stagn,w are the concentrations that will be 
present in the canal compartment of 1 m length due to 
the leaching under stagnant case, for summer conditions 
( C1stagn,s ) and winter conditions ( C1stagn,w ), respectively 
[mg/m3]. These concentrations are then expressed in µg/l 
for comparison with the PNEC values collected for the 
freshwater compartmentwhere Q is the flow rate in the 
canal in  [m3/day] and V is the volume of water  [m3] for 
1 m length of canal.

– M1stagn,s and  M1stagn,w  are the released concentrations 
from the canal banks in one day calculated using Eqs. 2 
and 3 [mg] under stagnant case for summer ( M1stagn,s ) 
and winter ( M1stagn,w ), respectivelywhere Q is the flow 
rate in the canal in  [m3/day] and V is the volume of water 
 [m3] for 1 m length of canal.

– Volw,s and  Volw,w are the volumes of the water per 1 m 
of canal length, dependent on the water level in sum-
mer conditions ( Volw,s ) and winter conditions ( Volw,w ), 
respectively [m.3]where Q is the flow rate in the canal in 
 [m3/day] and V is the volume of water  [m3] for 1 m length 
of canal.

– C1Q,s and C1Q,w are the concentrations that will be 
present in the canal compartment of 1 m length due to 
leaching under advective flow conditions for both sum-
mer ( C1Q,s ) and winter ( C1Q,w ) conditions, respectively 
[mg/m3]. These concentrations are then expressed in µg/l 
for comparison with the PNEC values collected for the 
freshwater compartmentwhere Q is the flow rate in the 
canal in  [m3/day] and V is the volume of water  [m3] for 
1 m length of canal.

– Fs and Fs are factors that represent the number of times 
the volume of water is renewed under summer ( Fs ) and 
winter ( Fw ) conditions in 1 m compartment per day. The 
factor F is calculated as follows:where Q is the flow rate 
in the canal in  [m3/day] and V is the volume of water  [m3] 
for 1 m length of canal.

Results and discussion

Leaching tests

The leaching test results for four different bio-composite 
materials (M1–M4) are shown in Fig. 4.

As can be seen from Fig. 4, some heavy metals such as 
Co, Cu, Mn, Sn, Zn, Cd, Cr, Ni and Pb leached from all 
four materials at significantly high concentrations ranging 
from 100 to 10,000 µg/l. In addition, styrene (in M1, M2 
and M3) and furfuryl alcohol (in M4) were identified as 

(8)F =

Q

V

resin compounds leaching from the bio-composite materials 
with the highest leachate concentrations up to 10,000 µg/l. 
In the column tests, the highest releases were observed at 
L/S ratio of 0.2 L/kg on day 1 and 0.5 L/kg on day 2, at a pH 
level 7.00 ± 0.2. These results are aligned with the findings 
reported by van der Sloot and Kosson (2012).

As shown in Fig. 4, the concentration of various heavy met-
als such as Ba, Cu, Mn, Zn, Cr, Ni, Pb and As in the leachate 
was higher on the second day than on the first day, for all four 
bio-composite materials. After 24 h, heavy metals could poten-
tially be released in higher amounts compared to the leachate 
concentrations observed on day 1. Several factors influence 
the leaching behaviour, such as variability of pH of the efflu-
ent or the intensity of the flow rate. Cappuyns and Swennen 
(2008) conducted research on the mobility of heavy metals 
due to the leaching, as described in ‘‘Introduction’’ of this 
paper. However, in the leaching tests performed here on new 
bio-composite materials, the pH remained constant due to the 
consistent influent characteristics (buffered ultrapure water 
with a pH of 7.00 ± 0.2). No acidification of the samples was 
introduced to replicate various environmental conditions such 
as rainfall events. The collection of effluent samples, pH meas-
urements were consistently monitored. The monitoring results 
obtained showed a near constant pH value between 6.8 and 7.2. 
Therefore, the observed leaching behaviour cannot be related 
to pH variation but is likely to be related to other factors such 
as slow flow rate, amount of contaminant in the bio-composite 
materials analysed and freshness of the materials. Details of 
the observed leaching behaviour are discussed below.

As it can be seen from Fig. 4, the observed gradual dis-
solution of metal compounds is subject to a time delay. The 
delay may be attributed to the low infiltration rate resulting 
from a slow flow rate (set at 9 ml/h). The reduced infiltration 
rate causes the water to move slowly through the solid mate-
rial, resulting in a gradual release of the metals over time 
rather than an immediate response. The delay was observed 
only at day 2; then, the leachate concentrations showed a 
gradual decrease until day 13, as expected.

Another factor that can influence leaching was observed 
to be the freshness of the samples tested. The bio-composite 
materials M1, M2 and M3, although containing a similar 
amount of polyester resin, showed a significant difference 
in styrene leaching, as shown in Fig. 4a–c representing the 
leaching of M1, M2 and M3, respectively. This discrepancy 
in styrene leachate concentration could possibly be attrib-
uted to the freshness of the materials, knowing that styrene 
is a volatile organic compound. These observed results are 
in line with the findings of Dandautiya et al. (2018), that in 
their study analysed a fresh and a weathered sample 30 days 
after its disposal of fly ash. The aged material was not rep-
resentative of the long-term effects (weathered of 30 days) 
who observed a lower leaching in the weathered samples 
compared to the fresh samples even if the authors analysed 
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a short-time age difference such as 30 days. In the present 
study, materials M2 and M3 were analysed shortly after their 
production while material M1 was produced several years 
before the leaching tests.

According to the safety data sheets and knowing the 
composition of the materials, it was possible to estimate the 
percentage of release of styrene for M1, M2 and M3 and 
furfuryl alcohol for M4. The percentage release, or release 
rate, indicates the mass of a substance, in this case styrene 
and furfuryl alcohol, released relative to the initial mass of 
these substances in the corresponding fresh material. Due 
to the confidentiality of material composition information, 
only the estimated (i.e. calculated) percentage release results 
obtained during leaching tests are presented in Table 5.

As it can be seen from this table, the release of resin com-
pounds is low compared to the total amount present in the 
original bio-composite. Furthermore, as styrene is a volatile 
compound, it is plausible that material M1, being the oldest of 

styrene-containing materials tested and having an initial amount 
of resin comparable to M2 and M3 showed a lower release of 
styrene in the water samples. The bio-composite material M4 
was similarly analysed shortly after its manufacture, but as we 
only had one sample of material containing furfuryl alcohol, 
no conclusion could be drawn on the effect of volatilisation.

The cumulative release curves for leached heavy metals 
from four analysed materials are shown in Fig. 5. As it can 
be seen from this figure, leaching is mainly influenced by 
the content of heavy metal in the bio-composite material. A 
deeper analysis of the cumulative release curves reveals that 
certain metals such as Co, Cr and V exhibit a pronounced 
slope across all four materials. This indicates a rapid release 
of the chemical (high leaching), driven by a strong dissolu-
tion force of the substance in the eluent. As time progresses 
(beyond one week), the curve levels out and reaches a pla-
teau. This plateau indicates a significant slowdown in the 
leaching process, accompanied by a reduction in the driving 

Fig. 4  Leaching test results for all four bio-composite materials

Table 5  Estimated percentage 
of release of chemicals during 
leaching

Chemicals M1 M2 M3 M4

Styrene  (C8H8) 0.0011% 0.0038% 0.0042% Not present
Furfuryl alcohol  (C5H6O2) Not present Not present Not present 0.47%
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force, resulting in the dissolution rate no longer being as 
rapid as in the initial stages. Analysing this plateau is cru-
cial for understanding the leaching behaviour. In previous 
literature, van der Sloot and Kosson (2012) and Cappuyns 
and Swennen (2008) observed a similar trend in the release 
of heavy metals due to leaching. In the first study (van der 
Sloot & Kosson 2012; van der Sloot et al. 2017), the plateau 
suggested that the solution had become saturated with the 
solute, implying that the introduced liquid (influent) could 
no longer dissolve more of the substance as it had reached 
its maximum solubility under the prevailing conditions. In 
the second study, Cappuyns and Swennen (2008) observed 
the gradient concentration as influential parameter for the 
leaching behaviour. Thus, the driving force is the concen-
tration gradient between the solution analysed for leaching 
and the fresh influent, reaching the chemical equilibrium at 
the observable plateau. In this study, concerning the leach-
ing from the novel bio-composite materials, the influent 
was renewed without recirculation. Therefore, it would be 
inaccurate to describe the effluent solution as saturated; it 
probably depends only on the number of heavy metals in the 
bio-composite and the driving force driving the leaching is 
represented by the concentration gradient. More data and 
information are needed to perform more accurate analyses, 
i.e. to establish with larger accuracy why the plateau was 
observed in the cumulative release curves.

Figure 5 displays the cumulative release for Co in M1, As 
in M2, Cr in M3 and V in M4, respectively. Further details 
about cumulative release curve can be found in the Supple-
mentary Material.

Environmental risks of leaching from canal bank 
protection elements made of bio‑composite materials

The study evaluated the effectiveness of the methodologi-
cal approach to assess the leaching of heavy metals and 

resin compounds from novel bio-composite materials in the 
aquatic environment, in the absence of on-site data. This 
section addresses the efficacy of the proposed methodology. 
The laboratory leaching tests demonstrated the suitability of 
this approach in simulating real-world conditions, providing 
a reliable basis for assessing leaching behaviour of novel 
bio-composite materials. The tests were able to simulate two 
different real case scenarios: (i) stagnant conditions and (ii) 
advective conditions. The cost-effectiveness of employing 
this proposed methodology in assessing the environmental 
impact of these novel materials is enhanced by the possibil-
ity of predicting leaching behaviour without on-site data.

To simulate the real conditions, all cases were evalu-
ated by considering only the first day of leaching results as 
the worst-case scenario. Although certain metals exhibited 
higher leaching values on day 2, it was decided to consider 
the first day as the worst-case scenario. This decision takes 
into account the volatile nature of styrene and furfuryl alco-
hol, for which the leaching tests were limited to a 24-h time 
range. For the heavy metals, the differences between the first 
day and second day were very limited. With regard to the 
winter and summer conditions only, the results for winter 
season conditions are shown, representing the worst-case 
scenario with elevated water levels in the canal resulting 
in a greater fraction of bio-composite material below the 
water level. Consequently, higher quantities of heavy met-
als and resin compounds may leach into the water from the 
bio-composite material under these conditions. Additional 
information concerning the summer season conditions can 
be found in the Supplementary Material.

Deterministic environmental risk assessment

Figure 6 shows the environmental risk assessment results on 
day 1 (expressed as PEC/PNEC ratios) for all bio-composite 
materials, for stagnant and advective flow conditions for 
both wide ditch and primary watercourse type canals.

As can be seen from Fig. 6, all environmental risks under 
all conditions are below the threshold for all four bio-com-
posite materials.

A comparison of the results of the stagnant water and 
advective flow cases reveals that the stagnant case, as illus-
trated in Fig. 6a, b for the wide ditch, and primary water-
course, respectively, yielded higher PEC/PNEC ratios for all 
the chemicals analysed. This is because in the stagnant case, 
where there is no flow, the assumed instantaneous mixing 
resulted in retention of chemicals in the water without trans-
port. Unlike this, in the advective flow case, shown in Fig. 6c 
for a wide ditch and Fig. 6d for a primary watercourse, the 
presence of a flow rate allows the transportation of chemi-
cals, leading to further dilution. This results in lower PEC/
PNEC ratios for the advective case for both the wide ditch 
and primary watercourse.

Fig. 5  Cumulative release of Co leached from M1, As released from 
M2, Cr leached from M3 and V released from M4
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Further, when comparing the wide ditch results with the 
primary watercourse results, lower PEC/PNEC ratios were 
observed for the primary watercourse in both stagnant and 
advective cases. This can be attributed to the larger dimen-
sions of the primary watercourse, resulting in a greater 
volume of water and consequently increased dilution in the 
primary watercourse.

The environmental risk assessment carried out in this 
study does not take into account the fate of chemicals 
released and subsequent effects, due to the lack of onsite 
data. For example, certain metals such as Pb, Zn and Cu 
exhibit significant bio-accumulative properties, while 
some metals can react with oxygen, leading to the forma-
tion of toxic substances (Breida et al. 2019). Furthermore, 
leaching behaviour is strongly influenced by the factors 
that represent environmental conditions, such as the pH, 
eluent temperature and redox conditions (Cappuyns & 
Swennen 2008). Given the aforementioned lack of on-
site information, this study employs laboratory leaching 
tests to simulate real-world scenarios, focusing solely on 
assessing the environmental impact of using these new 
bio-composite materials in aquatic environments. The 
availability of on-site data, such as chemical analysis of 

water and/or sediment samples, would have provided a 
more complete picture of the leaching behaviour of these 
materials in a surface water canal. This data would have 
been useful for assessing not only the level of leaching but 
also the potential chemical reactions of leachate elements 
with the oxygen present in the water. This includes ana-
lysing the likelihood of the formation of toxic compounds 
such as oxidates, which provides critical insight into the 
overall environmental impact. Furthermore, on-site data is 
also valuable in defining the reliability of the laboratory 
tests carried out by comparing the results obtained with 
the chemical analyses carried out in the field.

Stochastic environmental risk assessment

The limitations associated with an environmental risk 
assessment based only on laboratory data were mitigated by 
implementing a stochastic approach. In this approach, vari-
ables such as leachate concentrations and water flow veloci-
ties were assumed uncertain. The aim was to analyse the 
potential impact of realistic variations in these values that 
could exist in real-world conditions and could be obtained 
through field testing rather than controlled laboratory 

Fig. 6  Environmental risk expressed as PEC/PNEC on day 1 for stagnant and advective conditions for both wide ditch and primary watercourse
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experiments. The purpose of this analysis was to determine 
whether such variations could affect the overall environmen-
tal risk levels, increasing the PEC/PNEC values above the 
threshold of 1.00.

The stochastic assessment approach is based on the 
Monte Carlo method with 10,000 trials. The selection of 
10,000 trials was based on the observation that no signifi-
cant changes were observed when the number of iterations 
was increased beyond this value (not shown here). Two 
sensitivity cases were modelled, s1 with uncertain lea-
chate concentrations and s2 with uncertain water velocity, 
both using pre-specified probability density functions, as 
described in ‘‘Leaching scenarios’’. The eight cases men-
tioned in the previous section were also analysed here. 
Regarding the stagnant water case, only the variations in 
leachate concentrations were considered, as there is no flow 
in that scenario. Materials M3 and M4 were chosen as rep-
resentative worst-case materials as they showed the high-
est leaching in terms of styrene (M3) and furfuryl alcohol 
(M4), as can be observed from Table 5.

The results obtained for the wide ditch, stagnant water, 
winter condition and materials M3 and M4 are shown in 
Figs. 7 and 8, respectively. As can be seen from this figure, 
the environmental risk levels, expressed by the PEC/PNEC 
ratios, are all below the threshold of 1.00. The primary 
watercourse is characterised by a larger volume of water 
resulting with a higher dilution for the stagnant scenario, 
which significantly reduces the PEC concentrations. Con-
sequently, the environmental risk levels expressed as PEC/
PNEC ratios are even lower for the primary watercourse 
(results not shown).

The results obtained for the sensitivity case s1 for 
the wide ditch, which represents the stagnant case for 
M3 and M4 on day 1 (Figs. 7 and 8), showed minimal 
deviation from the deterministic approach (Fig. 6a). This 
is because the leachate concentrations were modelled 

using a narrow uniform distribution, aligning well with 
experimental data. The range of values used to simulate 
the uniform distribution was based on the analyses of 
the effluent 1 (1st column) and effluent 2 (2nd column) 
from the conducted leaching tests. These results of both 
columns demonstrated a high level of concordance and 
showed minimal discrepancies. Consequently, the results 
observed from this s1 sensitivity case matched well with 
the deterministic obtained results. The inclusion of field 
data would have further improved the sensitivity analysis, 
providing the chance to consider a wider range of values 
and thus a more complete evaluation of potential varia-
tions in the results.

The results for sensitivity case s2 (different water 
velocities at fixed leachate concentrations) in the advec-
tive scenario for wide ditch and are shown in Figs. 9 and 
10, for M3 and M4, respectively. The water velocity was 
modelled by using normal distributions as described in 
‘‘Leaching scenarios’’.

As can be seen from Figs. 9 and 10, the results obtained 
indicate a significant variation in the PEC/PNEC values 
over a range of 10E-09 to 10E-02 and precisely a PEC/
PNEC ratio about 0.108 for furfuryl alcohol in M4, as 
observed in Fig. 10. This can be attributed to the changes 
in the water velocities. The maximum values of PEC/
PNEC ratios were obtained at minimum water velocity, 
for the reasons mentioned before.

The sensitivity analysis indicates that water velocity, and 
therefore flow rate, is the most influential input environmen-
tal parameter affecting the outputs. As expected, higher flow 
rates increase dilution and lead to lower PEC values. This is 
consistent with the results of the deterministic approach and 
further confirms that stagnant conditions (no flow) combined 
with varying leachate concentrations represent the worst-
case scenario.Fig. 7  Environmental risk expressed as PEC/PNEC on day 1 for the 

wide ditch, stagnant case: sensitivity s1 case, for M3

Fig. 8  Environmental risk expressed as PEC/PNEC on day 1 for wide 
ditch, stagnant case: sensitivity s1 case, for M4
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Conclusions

The objective of this paper was to develop a methodology 
and present associated results obtained for the environmen-
tal risk assessment associated with the potential leaching 
of toxic substances from four new types of bio-composite 
materials used in the production of canal bank protection 
elements. A comprehensive set of laboratory leaching tests 
was carried out to generate input data for this assessment. 
Eight cases of potential leaching were analysed by perform-
ing the risk analyses for two flow conditions (stagnant water 
and advective flow) in two types of canals (wide ditch and 
primary watercourse) and for two flow rates (low and high, 
corresponding to summer and winter conditions, respec-
tively). Both deterministic and stochastic environmental 
risk assessment approaches were used, the former to assess 
the environmental risks and the latter to assess the sensitiv-
ity of the results obtained in the deterministic case due to 

uncertainties in leachate concentrations and water velocities 
(i.e. flow rates).

The leaching tests yielded results that could be used as 
input for the environmental risk assessment. The results 
indicated that the release of toxic substances remains within 
acceptable limits, as the PEC/PNEC ratios did not exceed 
the environmental threshold of 1.00 in all cases analysed. 
However, under stagnant conditions in the wide ditch, cer-
tain chemicals showed slightly higher PEC/PNEC ratios 
compared to the other cases. Specifically, furfuryl alcohol 
for material M4 had the highest PEC/PNEC ratio of 0.108, 
which was closest to the threshold of 1.00. Zn was the sec-
ond chemical for material M4, approaching the threshold 
of 1.00 under stagnant conditions with a PEC/PNEC ratio 
of 0.00898. For materials M1, M2 and M3, Zn and styrene 
showed the highest PEC/PNEC values in stagnant scenarios. 
The sensitivity analysis performed in this study indicated 
that water velocity and thus flow rate is the most influential 
input parameter affecting the outputs.

Overall, the findings obtained show the importance of 
monitoring and managing aforementioned chemicals, espe-
cially under specific environmental conditions, to ensure the 
protection of the ecosystem. It would also be interesting to 
assess the potential risks to human health from the use of 
these new bio-composite materials, for example, by analys-
ing human contact with water during recreational activities 
such as swimming in the canals. However, this assessment 
is out of the scope of this paper, i.e. this remains to be done 
as part of future work.

The obtained results are only indicative at this stage, as 
these are based on laboratory leaching tests and a number 
of assumptions mentioned in ‘‘Environmental risk assess-
ment’’. To further validate the accuracy of the approach of 
combining laboratory leaching tests with environmental 
risk assessment, additional field tests are required to col-
lect water and sediment samples from the canal where the 
bank protection elements are located over a longer period 
of time. Analysis of these field samples will provide an 
overview of the water quality and also the actual leaching 
of toxic substances. Furthermore, these field tests would 
provide valuable information on the effects of dilution in 
the real-case scenarios, which is a significant parameter in 
determining whether the leachate concentration of a specific 
chemical is within the environmental risk limits. In addition 
to field tests, simulation of flow rate conditions, particularly 
‘almost no flow’ conditions, could be improved by using 
more detailed mixing models rather than the assumed instan-
taneous mixing used in this work.

Despite the above considerations, the integration of leach-
ing tests with the environmental risk assessment method-
ology, as outlined in this study, has proven its effective-
ness in assessing the risks associated with the use of new 

Fig. 9  Environmental risk expressed as PEC/PNEC for advective 
flow on day 1, wide ditch: sensitivity s2 case for M3

Fig. 10  Environmental risk expressed as PEC/PNEC for advective 
flow on day 1, wide ditch: sensitivity s2 case for M4
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bio-composite materials. This combined approach is signifi-
cant for its applicability to various other implementations 
of bio-composite materials, ranging from building façade 
elements to water level scales installed in canals.
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