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Abstract
The literature review concerning various materials for production of sheet piles used in wet ground, waterfront and marine 
conditions has been presented. Polyvinyl chloride has been identified as a promising steel alternative. Despite unambiguous 
findings suggesting a higher environmental impact of steel sheet piles compared to polymer products, the necessity of further 
detailed surveys, confirming the preliminary conclusion, has been perceived. The main objective of this study has been to 
compare the environmental impact of steel and vinyl sheet piles taking into consideration various corrosion rate depending 
on the local conditions. The comparative life cycle assessment analyses have been carried out according to a cradle-to-site 
approach. The comparison of indicators has shown that the environmental impact of polymer products had been significantly 
lower than that of steel products. In case of the most aggressive environment, the differences of results have reached an order 
of magnitude. The dominant environmental impact has resulted from the production process of sheet piles. An uncertainty 
analysis has been carried out by means of Monte Carlo simulations. The study has also provided sensitivity analysis to the 
assumptions of the model applied. The minimum thickness of steel sheet piles after 50 years of use, including loss allow-
ances and protective coatings, as well as different parameters of transport has been analyzed. Irrespective of the assumed 
conditions, the general conclusion has remained the same: steel sheet piles indicated significantly higher environmental 
impact than vinyl sheet piles.

Keywords Corrosion · Life cycle assessment · Polymer sheet piles · Polyvinyl chloride · Steel sheet piles

Introduction

Some types of terrain require particular measures of pro-
tection against erosion. In particular, they are required by 
waterfront areas where waves and tides have a destructive 
effect on backshore areas. A typical method of protection in 
such locations is the installation of seawalls that are modular 
waterfront structures constructed of sheet piles (Vaidya et al. 
2005a, 2005b). Traditionally sheet piles are produced using 
conventional construction material such as steel. This mate-
rial is characterized by satisfactory mechanical strength, 

but at exploitation stage it causes problems associated with 
corrosion.

There are a number of studies describing the corrosion 
rate of steel sheet piling. The authors of the publication 
point out that the rate of corrosion depends on the loca-
tion specificity and loading conditions. The type of environ-
ment (dry and wet soil, fresh and sea water) as well as its 
physicochemical variables (pH, resistivity, redox potential, 
electric potential at the soil-metallic structure interface) and 
exposure time influence the dimensions of corrosion loss 
(Houyoux et al. 2007; Alamilla et al. 2009).

The traditional approach for providing the durability of 
steel sheet pile walls assumes the use of secondary corrosion 
protection measures such as protective coatings, cathodic 
protection systems or corrosion loss allowances. Neverthe-
less, neither of the first two options are very effective in 
constructions situated above the water surface especially 
in the long term (Ferguson and Trewern 2015). Corrosion 
allowances can be considered as the only effective measure 
to prolong the life of the steel piling structure; however, this 

Editorial responsibility: M. Abbaspour.

 * A. Marcinkowski 
 andrzej.marcinkowski@p.lodz.pl

1 Faculty of Management and Production Engineering, 
Institute of Social Sciences and Management 
of Technologies, Lodz University of Technology, Łódź, 
Poland

http://orcid.org/0000-0002-9699-4251
http://orcid.org/0000-0002-0228-7741
http://crossmark.crossref.org/dialog/?doi=10.1007/s13762-020-02750-9&domain=pdf


4020 International Journal of Environmental Science and Technology (2020) 17:4019–4030

1 3

solution requires the use of additional steel thickness that 
results in a significant increase in the amount of material 
consumed. The values for the loss of thickness due to cor-
rosion for sheet piles situated in soils, fresh water and sea 
water for different time periods from 5 to 100 years have 
been estimated within European research project (Houyoux 
et al. 2007). The European standard EN 1993-5 has pre-
sented the values as recommended corrosion allowances 
(European Committee for Standardization 2007). Depending 
on the type of the environment, the allowances for 100 year 
period range from 1.2 mm (in case of undisturbed natural 
soils like sand, silt, clay, schist) up to 7.5 mm (for sea water 
in temperate climate in the zone of low water and splash 
zones). The values of thickness losses due to corrosion 
have been confirmed by later study (Wall and Wadso 2013). 
Despite the allowances applied, the corrosive processes 
result in the necessity to replace the sheet piles after the 
assumed time; otherwise, the waterfront wall could be dam-
aged and would no longer perform its function. However, 
replacement of worn-out steel sheet piles during a structure’s 
life is often either impossible or not practicable (Ferguson 
and Trewern 2015).

With regard to described problems related to the applica-
tion of steel in aggressive environments, alternative materi-
als for construction of structures used in wet ground, water-
front and marine conditions have been analyzed (Dunalska 
et al. 2015; Gerritsen et al. 2014; Parker 1992; Scuero and 
Vaschetti 1997; Bardakjian and Olmos 2018). Comparative 
tests have been carried out on infrastructure to be used in 
aggressive environment made of steel, cast iron, polyvinyl 
chloride (PVC), polyethylene (PE), composites, etc. (Vaidya 
et al. 2005b; Tang et al. 2006; Beamer and Kendall 2009). 
Some results of the researches indicate that PVC is a prom-
ising material for the production of sheet piles. Vinyl sheet 
piles exhibit substantial mechanical strength as well as high 
resistance to corrosion, UV radiation and other environmen-
tal factors (Vaidya et al. 2005b; Dutta and Vaidya 2003; 
Ferguson and Trewern 2015).

Nowadays, besides utility features and financial issues, 
the environmental impact is an increasingly important cri-
terion for product selection. Some of the recognized prop-
erties of the examined types of sheet piles have distinct 
environmental implications. Given the lower plastic den-
sity compared to steel density, the weight of PVC sheets is 
expected to be much lower than that of steel sheets of the 
same mechanical strength. As the result, in case of PVC, the 
amount of material needed to produce the waterfront wall 
is smaller, which may contribute to the reduction of envi-
ronmental impact both at the stage of production of sheet 
piles and during the transport of products to the place of 
application. Contrary to steel sheet piles, vinyl products do 
not require application of corrosion allowances that consid-
erably reduces the amount of material needed (especially in 

the case of the most aggressive waterfront conditions) which 
additionally contributes to the reduction of the environmen-
tal impact caused by the phase of sheet piles production. 
Corrosion of the metal eventually leads to the destruction 
of the seawalls, so they need to be replaced with new ones. 
The replacement of sheet piles multiplies the environmental 
impact of various phases of the life cycle. However, despite 
unambiguous findings suggesting a higher environmental 
impact of steel sheet piles compared to alternative products, 
the detailed determination and comparison of the environ-
mental impact of steel and plastic sheet piles is more com-
plex. This requires taking into consideration:

• Substantial differences in production technology for dif-
ferent materials (iron ore and crude oil extraction and 
processing),

• Multiple factors resulting from specific properties of 
materials used,

• Different environmental damage categories (resources 
consumption, emissions, etc.),

• The impact of subsequent life cycle phases of compared 
products.

Complex analyses including mentioned issues could 
be carried out applying the life cycle assessment (LCA) 
approach. However, the current literature indicates a short-
age of published research results on the environmental 
impact of various types of sheet piles despite the growing 
importance of alternative materials used for their produc-
tion and technical availability of LCA method. In order to 
fill this literature gap, the main objective of this work is to 
determine and compare the environmental impact of steel 
and PVC sheet piles using life cycle assessment method. The 
research was carried out at the Faculty of Management and 
Production Engineering of Lodz University of Technology 
at the turn of 2019 and 2020.

Materials and methods

LCA provides a very wide perspective that includes various 
life cycle phases, like:

• Acquisition of resources (metal ores, crude oil, coal 
extraction processes, etc.),

• Raw materials production, from which the final product 
is being made (production processes of metals, alloys, 
plastic, ceramic, etc.),

• Raw materials, materials and semi-products transport 
(influence of transport means on the environment),

• Final product manufacturing processes (direct environ-
mental impact of the product manufacturer),

• Packaging production,
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• Product distribution (supplying the product to wholesal-
er’s, chain stores and customers—environmental impact 
of transport),

• Phase of product usage (materials needed, energy con-
sumption),

• Waste disposal (Marcinkowski and Zych 2017).

The life cycle assessment method is standardized, the 
principles and requirements are specified by the Interna-
tional Organization for Standardization (2006a, b). Accord-
ing to the standards, the LCA framework consists of four 
main stages:

• Goal and scope definition,
• Life cycle inventory,
• Life cycle impact assessment,
• Interpretation.

In this study the subsequent stages are included in the 
“Materials and methods” section (Goal and Scope Definition 
and Life Cycle Inventory) and the “Results and discussion” 
section (Life Cycle Impact Assessment and Interpretation).

The environmental impact assessment was analyzed 
according to a cradle-to-site approach (cradle-to-gate 
approach extended by transport of product to the destination 
waterfront site). The comparison of environmental impact 
of steel and PVC sheet piles was based on the fact that both 
products fulfill the same function. The functional unit was a 
100 m long waterfront wall made of sheet piles with a verti-
cal dimension of 5 m used for 50 years. The time period was 
determined on the basis of the warranty duration of vinyl 
sheet piles (see assumption 4 for detailed information). The 
assumed distance between sheet piles manufacturer and a 
place of waterfront construction was 500 km.

It was considered that the thickness of steel sheet piles in 
the ground and water environment decreases over time due 
to corrosion. In order to determine the amount of material 
necessary to produce the sheet piles taking into account the 
corrosion processes, the following assumptions were made:

1. The minimum thickness of steel sheet piles after 50 years 
of use t50 is 4.5 mm. The assumed value was chosen as 
the mean of minimum thickness of cold formed steel 
sheet piles (3 mm) (ArcelorMittal 2019a) and minimum 
thickness of steel sheet piles produced by hot-rolling 
technology (6 mm) (ArcelorMittal 2019b). However, 
the specific value of 4.5 mm was assumed as a base-
line thickness and the other values were also considered 
in the “Thickness of steel sheet after 50 years of use” 
section together with the analysis of the effect of this 
assumption on comparison results.

2. Allowances for steel corrosion are taken on the basis 
of the values of thickness losses recommended by the 

European Committee for Standardization (2007) assum-
ing symmetrical corrosion degradation:

• As the least aggressive environment (lae), undisturbed 
natural soils (sand, silt, clay, schist, etc.) was assumed, 
in which one-sided loss of thickness due to corrosion 
within 50 years Llae is 0.6 mm.

• As the most aggressive environment (mae), sea water in 
temperate climate in the zone of high attack (low water 
and splash zones) was assumed, where one-sided thick-
ness loss due to corrosive impact during 50-year time 
period Lmae is 3.75 mm.

3. The assumed initial thicknesses tinit of steel sheet piles 
taking into account two first assumptions were deter-
mined by means of Eq. 1: 

where t50 is the minimum thickness of steel sheet piles 
after 50 years of use and the subscript i denotes the type 
of the assumed environment.

Thus the assumed tinit were as follows:

• For the least aggressive environment tinit = 5.7 mm,
• For the most aggressive environment tinit = 12.0 mm.

The products available on the European market whose 
parameters are close to the assumptions are hot-rolled steel 
sheet piles of two types, respectively:

• ArcelorMittal GU 6N 6/6 mm,
• Larssen 43 12/12 mm (InfraRentals 2019),

whose parameters were taken for further analyses. The 
environmental impact of industrial processes to produce the 
corresponding amount of hot-rolled steel sheets (including 
mining of iron ore and coal, extraction of limestone and 
dolomite, minerals transportation and processing, blast 
furnace, casting line and hot strip mill) was determined 
using the Ecoinvent 2.2 database (Frischknecht et al. 2005). 
According to the products specification, the mass of 1 m2 
of sheet piles is 69.9 kg (GU 6N) and 166.0 kg (Larssen 
43), respectively (InfraRentals 2019), so that the mass per 
functional unit is:

• 34.95 t (69.9 kg/m2 × 100 m × 5 m)—for the least aggres-
sive environment,

• 83 t (166 kg/m2 × 100 m × 5 m)—for the most aggressive 
environment.

• The alternative for steel products meeting the assump-
tions is a vinyl sheet pile of type GW-610/6.4. On the 
basis of the results of the aging tests, the manufacturer 
grants a 50-year durability warranty on the products 

(1)t
init

= t
50
+ 2L

i
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due to declared resistance to bio-corrosion, rust, crack-
ing, scratching, abrasion, sea water and UV rays (Pie-
trucha Group 2014). The product specification states 
that the mass of 1 m2 of sheet piles is 15.92 kg (Pietru-
cha 2018); hence, the mass per functional unit is: 7.96 t 
(15.92 kg/m2 × 100 m × 5 m).

The remaining assumptions of the applied research 
model are:

5. The raw material for the production of vinyl sheet piles 
is polyvinyl chloride granulate. The environmental 
impact of industrial processes for manufacturing the 
respective quantity of PVC granulate (including acqui-
sition of resources, transport and raw material produc-
tion) was determined using the Ecoinvent 2.2 database 
(Frischknecht et al. 2005). The transformation of 1 t of 
PVC granulate into vinyl sheet piles requires the con-
sumption of 490 kWh of electricity, which is converted 
into heat energy ultimately emitted to the environment 
as a waste heat flow.

6. It has been assumed that the means of transport of prod-
ucts are lorries with a load capacity of 24 tons and a 
total permissible mass exceeding 32 tons. The vehicles 
meet the EURO 4 emission standard and are operated in 
European conditions.

7. The environmental impact of the installation phase of 
both types of sheet piles has been assumed to be compa-
rable, and therefore the installation processes have been 
excluded from the analysis.

8. It was assumed that there would be no impact of sheet 
piles on the environment during the use phase and after-
wards besides loss of thickness due to corrosion which 
was considered by the model within production stage 
assuming thickness allowances (see assumptions 2 and 
3).

Environmental impact analyses were carried out by 
means of SimaPro 7.3.0. software applying the ReCiPe 
Endpoint (H) method using recommended procedures 
given European conditions (Europe ReCiPe H/A) to deter-
mine indicators for 17 characterization impact categories 
as well as 3 endpoint categories: human health, ecosystems 
and resources.

The environmental impact of industrial processes was 
determined using the Ecoinvent 2.2 database. The envi-
ronmental impact of the electricity generation process 
was determined taking into account the energy mix for 
27 countries of European Union. An uncertainty analysis 
associated with input parameters of the LCA model was 
performed using Monte Carlo simulations assuming 95% 
level of confidence.

Results and discussion

Baseline scenario

The baseline scenario refers to the model conditions associ-
ated with the assumptions described in the “Materials and 
methods” section. The results obtained for this scenario were 
presented below.

Table 1 depicts characterization and normalization indica-
tors for assumed types of steel sheet piles. Figure 1 illustrates 
the results for GU 6N piles in the form of process networks 
with the indicators for human health, ecosystems and resources 
damage categories. The presented indicators show that the 
dominant environmental impact (97%) results from the pro-
duction process of hot-rolled sheets. The remaining part of the 
environmental burden (2.5–3.3%) is due to transport. These 
proportions show that, compared to the production processes, 
the transport distance from the manufacturer to the installation 
site has an insignificant impact on the final results. If GU 6N 
steel sheet piles were produced at the location of their applica-
tion, the overall environmental impact would be reduced by 
only a few percent. Identical conclusions can be drawn for 
sheet piles type Larssen 43 (normalization indicators are about 
twice as high, but the proportions between the environmental 
impact of sheets production and transport are analogous).

Table 2 shows characterization and normalization indica-
tors for PVC sheet piles. The same results in terms of endpoint 
indicators are illustrated in Fig. 2 in the form of process net-
works. The presented values indicate that the environmental 
impact is dominated by the sheet piles manufacturing (98%). 
The process with the highest share is PVC granulate produc-
tion (84–93% of the total environmental impact), whereas 
electricity consumption for polymer extrusion is much less 
significant (the share is below 15%). As in the case of steel 
sheet piles, the share of transport does not exceed a few percent 
of the total environmental impact.

The comparison of the indicators obtained for steel sheet 
piles GU 6N and PVC sheet piles clearly shows that the envi-
ronmental impact of vinyl products is significantly lower than 
that of steel piles. Depending on the endpoint, the indicators 
determined for PVC sheet piles are from 2.2 to 4.4 times lower 
than values obtained for GU 6N piles and from 5.2 to 10.4 
times lower than those for Larssen 43 piles. The largest dif-
ferences are observed for the category of ecosystems while 
the smallest differences has been recorded for the category of 
resources. The individual indicators for the compared types of 
sheet piles are shown in Fig. 3.

Uncertainty analysis

The aim of this section is to estimate uncertainties of the 
analysis outputs resulting from the uncertainties of input 
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Table 1  Characterization and normalization indicators for steel sheet piles

a Characterization unit depends on the damage category as follows: HH (human health) [DALY]; E (Ecosystems) [species yr]; R (resources) [$]

Impact category Characterizationa Normalization (–) Share (%)

GU 6N Larssen 43 GU 6N Larssen 43 Production Transport

Climate  changeHH 1.15E−01 2.73E−01 5.71E+00 1.36E+01 97.8 2.2
Ozone  depletionHH 1.37E−06 3.24E−06 6.77E−05 1.61E−04 41.4 58.6
Human  toxicityHH 1.21E−03 2.87E−03 6.00E−02 1.43E−01 85.8 14.2
Photochemical oxidant  formationHH 7.98E−06 1.89E−05 3.96E−04 9.40E−04 94.0 6.0
Particulate matter  formationHH 1.81E−02 4.31E−02 9.00E−01 2.14E+00 95.3 4.7
Ionising  radiationHH 2.80E−06 6.64E−06 1.39E−04 3.29E−04 0.0 100.0
Climate  changeE 6.52E−04 1.55E−03 3.73E+00 8.87E+00 97.8 2.2
Terrestrial  acidificationE 1.59E−06 3.78E−06 9.11E−03 2.16E−02 97.3 2.7
Freshwater  eutrophicationE 2.62E−08 6.22E−08 1.50E−04 3.56E−04 68.8 31.2
Terrestrial  ecotoxicityE 4.57E−07 1.08E−06 2.62E−03 6.21E−03 91.9 8.1
Freshwater  ecotoxicityE 4.78E−08 1.13E−07 2.74E−04 6.50E−04 97.1 2.9
Marine  ecotoxicityE 9.31E−12 2.21E−11 5.33E−08 1.27E−07 47.8 52.2
Agricultural land  occupationE 9.21E−08 2.19E−07 5.27E−04 1.25E−03 0.0 100.0
Urban land  occupationE 3.72E−07 8.84E−07 2.13E−03 5.06E−03 0.0 100.0
Natural land  transformationE 1.03E−06 2.45E−06 5.91E−03 1.40E−02 0.0 100.0
Metal  depletionR 7.53E+00 1.79E+01 2.81E−04 6.67E−04 0.0 100.0
Fossil  depletionR 3.45E+05 8.20E+05 1.29E+01 3.06E+01 96.7 3.3

Fig. 1  The process network diagrams obtained for steel sheet piles GU 6N
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Table 2  Characterization and 
normalization indicators for 
steel sheet piles

a Characterization units depend on the impact category as follows: HH (human health) [DALY]; E (Ecosys-
tems) [species yr]; R (resources) [$]

Impact category Characterizationa Normalization Share (%)

Production Transport

Climate  changeHH 2.62E−02 1.30E+00 97.8 2.2
Ozone  depletionHH 1.24E−06 6.17E−05 85.3 14.7
Human  toxicityHH 1.14E−03 5.66E−02 96.6 3.4
Photochemical oxidant  formationHH 3.33E−06 1.65E−04 96.7 3.3
Particulate matter  formationHH 5.01E−03 2.48E−01 96.2 3.8
Ionising  radiationHH 1.24E−05 6.18E−04 94.9 5.1
Climate  changeE 1.48E−04 8.49E−01 97.8 2.2
Terrestrial  acidificationE 3.33E−07 1.91E−03 97.0 3.0
Freshwater  eutrophicationE 2.49E−08 1.43E−04 92.5 7.5
Terrestrial  ecotoxicityE 8.39E−08 4.81E−04 89.9 10.1
Freshwater  ecotoxicityE 6.46E−09 3.70E−05 95.2 4.8
Marine  ecotoxicityE 1.45E−11 8.30E−08 92.4 7.6
Agricultural land  occupationE 4.61E−08 2.64E−04 54.5 45.5
Urban land  occupationE 1.82E−07 1.04E−03 53.3 46.7
Natural land  transformationE 2.95E−07 1.69E−03 20.3 79.7
Metal  depletionR 4.43E+00 1.65E−04 61.3 38.7
Fossil  depletionR 1.58E+05 5.89E+00 98.4 1.6

Fig. 2  The process network diagrams obtained for PVC sheet piles
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parameters of the baseline LCA model. Monte Carlo sim-
ulations were applied to generate 95% confidence inter-
vals for the results. The confidence ranges are depicted in 
Fig. 4. In case of steel sheet piles absolute relative devia-
tions from the mean values ranged 0.6–2.4% and were the 
largest for the damage category of resources. The results 
of PVC sheet piles indicated significantly greater absolute 
deviations which varied within a range of 12–19%. As 

in the case of steel products, the largest deviations were 
observed for the resources endpoint. However, despite 
wider confidence intervals, the comparison of the highest 
indicators for vinyl piles with lowest indicators for GU 6N 
piles would not change the conclusion drawn: the envi-
ronmental impact of PVC products is significantly lower 
than that of steel sheet piles (depending on the damage 
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category, the indicators obtained for vinyl products are 
from 1.9 to 3.8 times lower than values for GU 6N piles).

Sensitivity analysis

The baseline scenario model involves a few main assump-
tions that could affect the outcomes and conclusions drawn: 
the thickness of steel sheet after 50 years of use, corrosion 
rate, transport distance, emission standard of transportation 
vehicles.

Thickness of steel sheet after 50 years of use

According to the assumption 1 (in the “Materials and meth-
ods” section), the minimum thickness of steel sheet piles 
after 50 years of operation is 4.5 mm. As the baseline sce-
nario indicated a substantial advantage of vinyl products 
over steel products, increasing this value would result in an 
upscaling of the environmental impact of steel sheet piles 
and consequently even greater discrepancies in outcomes 
for both solutions. To test the effect of this assumption on 
the comparison results, a smaller thickness t50 of steel sheets 
was assumed: 3 mm (the minimum thickness of cold rolled 
steel profiles available on the market (InfraRentals 2019; 
ArcelorMittal 2019a). Including the corrosion loss allow-
ances according to Eq. 1, the initial thicknesses of steel sheet 
piles, tinit, were:

• for the least aggressive environment tinit = 4.2 mm,
• for the most aggressive environment tinit = 10.5 mm.

The products with corresponding parameters, taken for 
further analyses, were steel sheet piles of the following 
types:

• ArcelorMittal PAU 2240 6 mm (42.3 kg/m2),
• Larssen 23 11.5/10 mm (155.0 kg/m2) (InfraRentals 

2019). Thus, the mass per functional unit is:
• 21.15 t—for the least aggressive environment,
• 77.5 t—for the most aggressive environment.

The obtained normalization indicators for the compared 
types of sheet piles are depicted in Fig. 5. For comparison, 
the same graph presents the values obtained for baseline sce-
nario (solid bars). The results show that despite the assumed 
minimum thickness of steel sheet piles, the environmental 
impact of PVC products is distinctly lower compared to the 
impact of steel products. In case of steel piles assumed for 
the least aggressive environment, the differences are not that 
great as in baseline scenario. For human health and eco-
systems damage categories, the indicators determined for 
PAU 2240 piles are 2.5–2.7 times higher compared to vinyl 
alternative, but in case of resources endpoint the relative 
difference equals only 32%. Despite lower differences, the 
general conclusion remains the same as in the “Baseline sce-
nario” section—steel sheet piles indicate significantly higher 
environmental impact than PVC sheet piles.

The rate of corrosive processes

According to the discussed outcomes, the rate of corro-
sion has a significant impact on the environmental impact 
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indicators. The results determined for the most aggressive 
environment, for which the corrosion rate is the highest, sub-
stantially exceed the values obtained for the less aggressive 
conditions. The indicators concerning sheet piles Larssen 43 
and Larssen 23 are 2.4–3.7 higher than those for sheet piles 
GU 6N and PAU 2240. The assumption of a higher corro-
sion rate would increase the environmental impact of steel 
products leading to greater discrepancies between the envi-
ronmental performance of steel and PVC products. Given 
this conclusion, the opposite change of the assumption, 
namely, lower corrosion rate was analyzed in this section. 
In an extreme case, it could even be assumed that there is 
no corrosion, but provided the use of the secondary protec-
tion technique. In case of not very aggressive environment, 
like submerged zones, for instance, a corrosion prevention 
measure such as protective coatings could be sufficiently 
effective and allow to avoid the application of thickness loss 
allowances (Ferguson and Trewern 2015). In this regard, the 
use of 3-mm-thick steel sheet pile (PAL 3030) with coat-
ings was assumed as a material for waterfront construction. 
As the unit mass of the product is 29.4 kg/m2 (InfraRentals 
2019), the total mass related to the functional unit equals 
14.7 t. Figure 6 depicts the comparison of normalization 
indicators for steel sheet piles coated with zinc or powder 
and PVC sheet piles. The results show that the vinyl product 
remains the best choice from the environmental perspective; 
however, the differences between the values obtained for dif-
ferent sheet piles are markedly lower compared to the data 
presented above. For human health and ecosystems catego-
ries, the indicators determined for steel products are 1.9–2.1 

times higher compared to vinyl alternative, but in case of 
resources endpoint the results are almost the same (the rela-
tive difference equals only 0.8–2.0%). Excluding the impact 
of coating processes, the indicator determined for steel piles 
would be even lower than the value for PVC piles, which is 
due to a difference within a fossil depletion impact.

Assumptions concerning transport

The baseline scenario comprised a few assumptions con-
cerning transport processes: transportation distance from 
sheet piles manufacturer to the place of waterfront construc-
tion (500 km) and means of transport (lorries complying 
with the emission standard of EURO 4 with a total permis-
sible mass exceeding 32 tons).

In the comment to Fig. 1, it was noticed that the assumed 
transport distance had an insignificant impact on the final 
results. If steel sheet piles were produced at the place of 
their application, the overall environmental impact would 
be reduced by only a few percent. The same conclusion 
could also be drawn for vinyl sheet piles. The opposite sce-
nario considering longer transportation distance was also 
analyzed. Figure 7 depicts normalization indicators for the 
compared types of sheet piles assuming four times greater 
transport distance than in the baseline scenario (2000 km). 
The bars indicating steel piles are noticeably higher than 
the bars denoting PVC products. The relative differences 
are very similar compared to baseline scenario (compare 
Fig. 3). Depending on the endpoint, the indicators deter-
mined for vinyl sheet piles are from 2.3 to 4.4 times lower 
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than those of GU 6N and from 5.4 to 10.4 times lower than 
values obtained for Larssen 43. The share of environmental 
impact resulting from transport does not exceed 10%. The 
analysis results allow further generalization of conclusions: 
in the scale of distance corresponding to European region, 
the environmental impact of transport is insignificant in 
comparison with the impact of sheet piles production pro-
cesses. Thus, the assumed transport distances for raw materi-
als, products and waste do not have a crucial impact on the 
scale of the environmental impact of the entire life cycle.

In order to test the assumption concerning emission 
standard of transportation vehicles, additional analyses were 
carried out assuming better and worse standards: EURO 5 
and EURO 3. The determined endpoint indicators are pre-
sented in Table 3.

The obtained results indicate that the total environmental 
impact of the life cycle of the sheet piles is almost inde-
pendent of the assumed emission standard. Relative differ-
ences of results range between 0.2 and 0.7% depending on 

the damage category. The greatest differences (obtained for 
human health endpoint) are illustrated in Fig. 8.

Conclusion

The main objective of this study was to determine and com-
pare the environmental impact of steel and PVC sheet piles 
using life cycle assessment method. The functional unit was 
a pile wall with a length of 100 m made of sheet piles with 
a vertical dimension of 5 m used for 50 years in waterfront 
conditions. A number of assumptions were made to deter-
mine the scope of the analysis within the baseline scenario. 
The environmental impact assessment was determined 
according to a cradle-to-site approach. Monte Carlo simula-
tions method was used to generate 95% confidence intervals 
for the results. Sensitivity analyses were also conducted to 
assess the resistance of the obtained results to the assumed 
parameters of the baseline scenario.
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Table 3  Normalization indicators obtained for various emission standards

Damage category Larssen 43 GU 6N PVC

EURO 3 EURO 4 EURO 5 EURO 3 EURO 4 EURO 5 EURO 3 EURO 4 EURO 5

Resources 30.72 30.60 30.61 12.94 12.88 12.89 5.90 5.89 5.89
Human Health 15.93 15.84 15.83 6.71 6.67 6.66 1.61 1.60 1.60
Ecosystems 8.95 8.92 8.92 3.77 3.76 3.76 0.86 0.85 0.85
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The comparison of the indicators obtained for steel sheet 
piles and vinyl sheet piles clearly shows that the environ-
mental impact of PVC sheet piles is significantly lower than 
that of steel sheet piles. In case of damage categories of 
human health and ecosystems for the most aggressive envi-
ronment, the differences between the indicators determined 
for steel and vinyl products reached an order of magnitude. 
The dominant environmental impact resulted from the pro-
duction process of sheet piles. The share of environmental 
burden is due to transport ranged only between 1.6 and 3.3%. 
Basing on these proportions a conclusion was drawn that 
the transport distance from the sheet piles manufacturer to 
the waterfront construction site had an insignificant impact 
on the final results. This conclusion was confirmed by sen-
sitivity analysis assuming four times longer transportation 
distance (2000 km). The share of transport processes in 
the entire environmental impact did not exceed 10%. The 
assumption concerning emission standards of transportation 
vehicles had an even smaller impact on the results obtained. 
The relative differences between the normalization indica-
tors determined for lorries complying with EURO 3, EURO 
4 and EURO 5 standards amounted to less than 0.7%.

The analyses conducted also included the assessment of 
sensitivity of the results to the minimum thickness of steel 
sheet piles after 50 years of use. According to the baseline 
scenario, the thickness was assumed to be 5 mm. Increasing 
this value would result in an extended environmental impact 
of steel sheet piles and consequently greater discrepancies 

in outcomes for analyzed materials. However, the results 
obtained assuming the 3 mm thickness of steel piles after 
50 years of operation demonstrated reduced differences 
between indicators determined for steel and PVC products. 
Depending on the damage category, the ratio varied in the 
range 1.3–2.7 (compared to 2.2–4.4 obtained in baseline 
scenario). Even smaller differences between the results 
determined for steel and PVC products were observed when 
assuming the use of 3-mm-thick steel piles coated with zinc 
or powder protective layers. The ratio of normalization indi-
cators ranged 1.01–1.98 and 1.02–2.13 for powder and zinc 
coating, respectively, demonstrating almost equal environ-
mental impact in terms of resources depletion.

Despite lower differences, the general conclusion 
remained unchanged: steel sheet piles indicated markedly 
higher environmental impact than vinyl sheet piles. The 
assumptions made for the baseline scenario did not affect 
the final results significantly.
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