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Abstract
An innovative approach of combining membrane and zero brine technologies for a joint treatment of industrial liquid waste 
is investigated regarding its environmental impacts compared to the existing liquid waste treatment. The object of investiga-
tion is the generation of waste acid solution by a hot dip galvanizing plant in Sicily, Italy. The waste acid solution contains 
hydrochloric acid, iron and zinc, which makes it a hazardous waste according to EU classifications. Environmental impacts 
are studied for two scenarios in the Tecnozinco hot-dip galvanizing plant in Sicily, Italy: (i) the current process of pickling 
with linear disposal of waste acid and (ii) the pickling combined with in-situ treatment of the waste acid using a combination 
of diffusion dialysis (DD), membrane distillation (MD) and a precipitation reactor. Results are obtained via an attributional 
life cycle assessment (LCA) approach focusing on the water footprint profile of the process. The linear disposal path creates 
significant costs, environmental burdens and risks during the 1500 km transport of hazardous liquid waste. The combination 
of DD and MD, complemented with a zero-brine precipitation reactor, closes internal material loops, could save local water 
resources and reduces costs as well as environmental impacts. Reduction potentials of 70–80% regarding most LCA impact 
categories can be expected for the application of the novel technology combination supporting the galvanizing pre-treatment 
process under study. Therefore, the application of such technology on the way forward to a more circular economy is recom-
mended from an environmental viewpoint, especially in process plants similar to the investigated one.
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Introduction

In the last decade, Europe has experienced extremely hot 
summers. The 2015 summer in parts of Europe broke tem-
perature records from over 60 years [1]. Moreover, accord-
ing to the World Meteorological Organization, 2015 and the 
following years until 2020 were the warmest years globally 
since temperature was recorded [2]. As observed in Europe 
in 2015 and preceding years, high temperatures and lack of 
precipitation can contribute to droughts, which can in turn 
impact public water supplies and lead to economic losses 
[3]. In Europe, up to 40% of water use could be reduced sig-
nificantly with technological improvements, thus decreasing 
the possibility of water shortages [4]. The implementation of 
those technical improvements is included in the EU circular 
economy action plan European Commission [5] inter alia 
supporting the replacement of primary materials by using 
secondary materials and favouring internal recycling in pro-
duction plants.

As part of the European project “Resource recovery from 
industrial waste water by cutting edge membrane technolo-
gies” (ReWaCEM), the hot-dip galvanizing plant Tecnozinco 
SrL in Carini, on the island of Sicily in the southernmost part 
of Italy, was investigated regarding its liquid waste reduction 

potential originating from pickling steel products. In the 
framework of ReWaCEM, a full-scale internal recycling 
loop was established via a prototype unit and its potential 
for waste acid reduction tested on site [6]. To evaluate the 
environmental aspects of the new technology and its poten-
tial to improve the overall environmental performance of 
the galvanizing process, here we conduct a first life cycle 
assessment (LCA) of a potential annual operation at Tecnoz-
inco, focusing on water-related characterization factors. The 
environmental relevance of the process is illustrated below.

Environmental Relevance of the Galvanizing Process

The metal industry is one of the largest consumers of energy 
and water and the producers of waste [7]. As part of metal 
processing, methods for surface protection such as the 
hot–dip galvanizing process are common. The actual hot-
dip galvanizing process at Tecnozinco requires pre-treatment 
upstream, which can be divided into three steps: (1) degreas-
ing, to remove oil or grease from the surface that is to be 
worked on; (2) acid pickling to remove iron oxides such as 
rust or scale (HCl is used in this case-study); (3) fluxing 
to activate the surface and promote reaction with zinc [8]. 
The second step is the most intensive regarding material 
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consumption, and thus the environmental footprint. It con-
sists in immersing metal pieces in HCl baths. Iron oxide 
is transformed to iron chloride thanks to the action of the 
HCl. In particular, at Tecnozinco there are seven baths at 
different acid concentrations which can be grouped in three 
classes according to their pickling effectiveness: highly, 
intermediate and poorly effective [9]. Pickling with acids 
removes non-metallic substances from the surface, such as 
rust and scale. This makes it possible to provide the mate-
rial of required purity [10] During operation, the quality of 
the pickling solution constantly decreases and, considering 
the acid and iron concentrations, the pickling solution of 
the baths is “corrected” by spilling part of the solution and 
then refilling with water and HCl or fresh HCl make-up to 
remain close to the optimal operating conditions. At the end, 
when concentrations of acid are too low and those of iron 
too high, the solution must be disposed as hazardous acidic 
liquid waste. Considering European and national standards, 
regeneration of spent pickling solutions is a crucial issue 
regarding both the environmental protection and the econ-
omy of the process [10].

In the hot-dip galvanizing bath of the plant under study, 
zinc is used as the galvanizing agent, serving as protec-
tive cover of the metal pieces. The waste acid produced 
in the process is classified as hazardous waste under the 
code 06 01 02* according to the EU classification of waste 
[11] and contains the heavy metals zinc and iron (together 
up to 170 kg/m3). For a detailed description of the waste 
acid solution’s chemistry, see [12]. The current waste acid 
treatment is being considered as the “linear” process in this 
work, described in the following. Currently, the waste acid 
solution is being disposed in northern Italy. The treatment 
there is an energy intensive evaporation process, increasing 
the environmental burden by the use of fossil energy. Sub-
sequently, the remaining acid sludge needs to be disposed 
underground which increases the environmental burden fur-
ther. The recovered acid is of low quality and thus cannot 
be used for the same application. The road transport of haz-
ardous liquid waste for approximately 1500 km to the treat-
ment plant adds additional environmental burden and costs, 
also provoking the risk of critical accidents. Therefore, the 
reduction of waste acid solution on site before final disposal 
was exptected to reduce the environmental impacts caused 
by the overall process of surface treatment, along with the 
linked costs.

The reduction of waste acid can be achieved by a recovery 
of the spent solution to close material loops. Therefore, an 
innovative process combining the technologies of diffusion 
dialysis, membrane distillation, and a reactive precipitation 
stage was developed. This combination will be called the 
“circular” approach in the following, as it uses loops to reuse 
valuable outputs of a process. The feasibility of the innova-
tive technology was tested by installing a prototype unit at 

Tecnozinco industrial site. For technical details of the pro-
totype operation the reader is kindly referred to [6]. There 
are other processes for acid or metal recovery from pickling 
solutions as well, which do not make use of membrane tech-
nology but directly precipitate metals from the solution or 
evaporate the acids. While they are more common in prac-
tice, they are not the best available technologies because they 
allow for less circularity or are energy-intensive. Membrane-
based technologies could replace some of these technologies 
in the long run [13].

The Hot‑Dip Galvanizing Process from LCA 
Perspective

In this study, an LCA is performed to compare the linear and 
the circular operation at Tecnozinco. The results of the LCA 
and a water footprint analysis will be presented to assess 
the potential of the technology implementation on the envi-
ronmental impact and the reduction of water consumption.

Only few LCA studies on hot-dip galvanizing processes 
could be identified by the authors. Relevant LCA publica-
tions focusing on metal surface treatment are [14, 15]. As 
the first one investigates a different surface treatment tech-
nique, namely chromic acid anodizing, it seems that there 
are no direct conclusions relevant to the galvanizing process 
except of the general recommendations to increase pickling 
bath lifetime and reduce energy and water consumption. The 
latter publication on the life cycle assessment of treating hot-
dip galvanizing waste acid with solvent extraction and elec-
trowinning showed notable environmental gains by extract-
ing metal contaminants from the solution on site. However, 
the system boundaries were set much tighter around the 
waste acid processing and disposal instead of the entire 
galvanizing process, which does not allow estimates of the 
overall relevance of the change in waste acid treatment to 
the galvanizing process. The authors could not identify LCA 
studies on the overall hot-dip galvanizing process provid-
ing significant detail on waste acid handling. [16, 17] mod-
elled the waste acid disposal as physicochemical treatment 
with subsequent landfilling of generated sludge, but do not 
address sludge or treatment modelling in any further detail.

Operation Principle of the Circular Waste Acid 
Treatment

To close process loops and reduce the amount of hazardous 
waste generated, an innovative combination of two proven 
membrane technologies with a precipitation reactor was 
developed and applied in the pickling process of the steel 
processing plant. Figure 1 illustrates the previous linear 
operation mode as well as the developed circular operation 
including the new technology. While the process steps of the 
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pre-treatment are identical in both operation modes, some 
in-and outputs of the baths differ due to the difference in 
wastewater treatment.

The innovative technology enabling a circular process 
combines diffusion dialysis and membrane distillation in one 
treatment unit, followed by a continuously stirred tank reac-
tor (CSTR) where a reactive precipitation process occurs. 
The recovery of process materials for an in-house closed 
loop and the production of marketable iron salt are outcomes 
of the technology implementation. The amount of waste pro-
duced is below 10% of the previous state. The following 
sections briefly explains the working principles of the two 
membrane technologies and of the reactive precipitation.

Diffusion dialysis (DD) is a simple process with the 
advantage of low-energy consumption, where an ion-
exchange membrane (IEM) separates two channels with 
solutions at different concentrations [18]. One compartment 
is filled with waste solution, while the other one is filled 
with fresh water as draw solution [19]. If an anion exchange 
membrane (AEM) is used, anions can diffuse through the 
membrane, whereas cations transport is prevented. However, 
considering the case of the HCl acidic pickling solution, 
besides the chloride anions, also protons can pass through 
the membrane due to their very small dimension and the 
tunnelling mechanism [20]. The use of the DD process for 
the recovery of HCl from solutions with very high concen-
trations of iron as in real pickling baths was studied by some 
of the co-authors [12, 21].

Membrane distillation (MD) is a separation process 
governed by thermal gradient, and thus by partial pressure 

difference. It means that if two channels, separated by a 
porous hydrophobic membrane, are at different tempera-
tures, the passage of steam occurs from the hot side to the 
cool side, denying that of water due to the liquids surface 
tension and the hydrophobic nature of the membrane. Metal 
salts dissolved in the feed solution are non-volatile com-
pounds hence massive rejection is achievable. Thus, an acid 
and metals concentrated solution and a slightly acidic solu-
tion (acid contaminated water) can be separated [22]. One of 
the biggest advantages of this technology is that the process 
can be performed at a feed temperature considerably lower 
than the liquid’s boiling point, thus allowing the use of waste 
heat or alternative energy sources [23]. The MD modules 
used in the technology proposed have a conceptually modi-
fied design in order to suit the harsh conditions of the waste 
pickling solutions [24].

Finally, a step of reactive precipitation was used to 
recover iron(III) hydroxide by adding ammonium hydrox-
ide (28–30% w/w) as alkaline reactant. It was selected as the 
more suitable technology to be included in the innovative 
integrated process with the aim of metals separation. As 
iron(II) is present in the real pickling solution, also hydrogen 
peroxide (30% w/w) is added to oxidize iron(II) to iron(III) 
[25]. The result is the production of two valuable products: 
iron(III) hydroxide and a stream of zinc/ammonium chlo-
ride solution which can be used in the fluxing baths within 
the hot-dip galvanizing plant. Indeed, using this circular 
approach, it is possible to have (i) the continuous regen-
eration of the pickling solutions increasing the pickling 
rate and process performance, (ii) the recovery of valuable 

Fig. 1  Flow diagrams for both linear and circular operation modes
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compounds (e.g., acid and metals) and (iii) a dramatic 
decrease of the industrial wastewater disposal [9]. A suit-
able use for the iron(III) hydroxide is the pigment production 
industry, which the product can be sold to and hence reduces 
the demand for it from production from the Laux-process.

Life Cycle Assessment

The comparison of the environmental impacts of both opera-
tion scenarios is follows the methodology of LCA according 
to the standards ISO 14040 [26] and 14044 [27], and the 
establishment of a water footprint profile according to ISO 
14046 [28]. Water footprints build on the same fundamental 
framework as LCA. Both methodologies follow the physical-
technological life cycle of the product or process in data 
collection, modelling and assessment of “the compilation 
and evaluation of the inputs, outputs and the environmental 
impacts of a product system throughout its life cycle.” [26].

For the LCA and water footprint, the GaBi Professional 
ts software and database system is used (in the following 
named GaBi), including all extensions available. The most 
recent available service pack version at the time of the study 
was 2019.3 [29].

Goal and Scope

The aim of the technology implementation analysed in this 
publication is the decrease in production of highly contami-
nated wastewater and the reduction of freshwater use, energy 
consumption and the use of primary materials. The success 
in achieving this goal will be examined here. Therefore, the 
goal of this study is to compare the potential environmental 
impacts of the linear and the circular mode of operation. 
The environmental impacts of the circular approach will 

be determined in a simulation of its full-scale implemen-
tation within the state of operation, substituting the linear 
operation.

Selection of Impact Categories

The environmental impact of a product system is illustrated 
with a selection of impact categories suitable to the goal 
and scope of the analysis [30]. In this study, impacts are 
determined for the categories listed in Table 1.

Results directly related to water are displayed in the 
water footprint profile, while results without direct relation 
to water are presented as part of the LCA results. The water 
footprint profile includes the effect on water scarcity accord-
ing to the AWARE methodology [31]. Moreover, potential 
changes in water quality are assessed regarding the aquatic 
eutrophication on marine and freshwater ecosystems as well 
as the acidification. The further LCA results are presented in 
the impact categories climate change, terrestrial eutrophica-
tion and resource use (energy carriers).

The impact categories for both assessments were selected 
from the methods recommended by the Joint Research 
Council of the European Commission in the framework of 
the Environmental Footprint EF 3.0 [32], as this study was 
embedded in a larger European project. The impact catego-
ries in the PEF are understood to be selected by experts 
in the field as the best classification and characterization 
models available.

System Boundary and Functional Unit

The main function of the investigated process is the sur-
face treatment of steel products in the processing line. 
Along the processing line, the waste acid solution accu-
mulates and must be treated and disposed. In the circular 
operation part of the wastewater can be recirculated and 

Table 1  Impact categories used in this study, selected from European Guidance [35]

Impact category Unit Effect described by the impact category

Water footprint profile
 Acidification mol  H+-equiv Airborne emission of substances potentially leading to the acidification of soils or waters [30]
 Eutrophication, freshwater kg P-equiv The alteration of water quality in freshwater ecosystems by the input of nutrients like phosphorus 

or nitrogen [36]
 Eutrophication, marine kg N-equiv The alteration of water quality in marine ecosystems by the input of nutrients like phosphorus or 

nitrogen [36]
 Water use kg world-equiv The reduction of the available amount of water in a watershed by the water consumption [37]

LCA results
 Climate change kg  CO2 equiv Contribution to climate change due to emission of greenhouse gases like  CO2 [38]
 Eutrophication, terrestrial mol N-equiv The alteration of terrestrial ecosystems by the emission of nitrogen gases leading to increased 

nutrient supply [30]
 Resource use, fossil fuels MJ Amount of non-renewable energy sources used to meet the energy demand of the investigated 

system [39]
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directly used. To assess the environmental potential of the 
circular compared to the previous linear operation, consid-
eration of the entire system influenced is important. This 
means that a common functional unit must be found that is 
tied to a fixed parameter defining the overall galvanization 
process. Therefore, the definition of the Functional Unit is:

“The treatment of waste acid solution produced by 
the processing of 1000 kg of steel.”

The investigated system is defined within the system 
boundary. The processed metal piece is prepared for the 
pickling process by a degreasing and stripping process, 
which requires thermal energy and a degreasing solution 
as inputs. The system boundary is visualized in Fig. 1 and 
its process flow further described in the following.

The pickling process itself includes a step of fresh HCl 
make-up at 34% w/w. As the acid is consumed by dis-
solving iron oxides into the solution, some fresh acid, at 
a standard concentration, is added as make-up to com-
pensate the loss of acidity during the pickling process (as 
described in the Introduction). The water for the solution 
is gained from the rinsing step, which follows the pickling. 
After rinsing, the metal pieces enter the fluxing process, 
which requires an input of thermal energy. An ammonia 
zinc chloride solution, called “double salt”, is used as flux-
ing agent. Moreover, the processing chain is characterized 
by an overall demand on electrical energy for pumping, 
air pressure and the bridge crane moving the steel items. 
All required thermal energy is waste heat supplied from 
the hot-dip galvanizing process. The amount of waste 
heat available is significantly higher than the demand and 
cannot be used somewhere else. This specific situation 
leads to a burden-free allocation of the waste heat. Dur-
ing the entire process, a certain share of gaseous HCl and 
water vapour are emitted to air and, therefore, lost for the 
process.

The linear operation ends with the evaporation process to 
recover some acid and the final disposal of hazardous sludge 
in underground storage. The innovative circular technology 
replaces the previous linear transport to Northern Italy with 
an in situ treatment unit and recycles free acid from the 
Waste Acid Solution (WAS) back to the pickling process. 
The remaining solution is further treated and split into two 
valuable and highly pure products: iron(III) hydroxide and 
a substitute for the fluxing solution [25].

Both the linear and the circular operation result in a 
recovery of acid, but in different qualities and quantities (see 
Tables 3 and 4). In line with the avoided burden allocation, a 
credit is given in both operation modes, for the substitution 
of primary production.

The avoided burden allocation is applied for all market-
able outputs, in both the linear and the circular operation. 
These outputs are recovered HCl and iron(III) hydroxide.

For the use of waste heat, a different allocation is used 
due to the specific situation described before.

Life Cycle Inventory

The investigated Tecnozinco hot-dip galvanizing plant has 
a capacity of 20,000 tons of treated steel per year. Its seven 
pickling baths contain slightly more than 350  m3 of acid 
pickling solution and consume approximately 160 to 240 
tons of acid per year [9]. The annual amount of produced 
waste acid solution is approximately 250 tons. Referring to 
the data available in literature for the hot-dip galvanizing 
industry in Italy, similar to the European average, Tecnoz-
inco can be classified as a small plant [33]. Independent of 
the plant size,general values for fresh acid consumption of 
10–30 kg/ton of treated steel and for the spent liquor pro-
duction of 15–45 kg/ton of treated steel are reported by AIZ 
(The Italian Galvanizing Association) [34].

In the following, we present the inventory data for both 
product systems. The reference for the process data is “1 
year of operation” at the galvanizing plant. The data is 
obtained as one average reference year from production data 
of 5 years (2011–2015). A detailed LCI model was derived 
containing all input and output flows of the investigated 
product systems. In order to facilitate an understanding of 
the presented in- and output flows, two separate life cycle 
inventories for current state and future state are provided. 
The data origin is indicated in the LCI Tables 3 and 4 and 
abbreviated as given in Table 2. While all thermal energy 
is provided directly by waste heat from the galvanizing pro-
cess, the electrical energy is drawn from the Italian grid and 
modelled accordingly.

For the data collection and LCA model development, sev-
eral assumptions were necessary. A comprehensive descrip-
tion of the assumptions and the related limitations of the 
study are provided in chapter 7.

The input parameters only change slightly between the 
linear and the circular operation due to an improved process. 
The major difference is in the output parameters, as seen in 
Tables 3 and 4: In the linear state, 33.3 kg/t are sent for dis-
posal, as in the circular state a circulating flow of 52.7 kg/t 

Table 2  Data origin and associated abbreviations

Data origin Abbreviation used

Calculated c
Estimated e
Measured m
Literature and database l
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Table 3  Life cycle inventory of the linear operation for 1000 kg processed steel

Process step Input flow Amount Unit Additional info [Data origin]

Inputs Degreasing & Stripping Thermal energy 15.8 kWh/t Waste heat used [m]
Degreasing solution 0.6 kg/t [m]

Pickling Fresh HCl make-up 23.4 kg/t 34% w/w [m]
Electrical energy 4.6 kWh/t [c]
Pumping energy 1.5 kWh/t [c]

Rinsing Tap water 6.5 kg/t [m]
Fluxing Double salt 1.0 kg/t ZnCl2 &  NH4Cl [m]

Thermal energy 23.7 kWh/t Waste heat used [c]
Truck transport Transport distance 1,500 km [e]

Diesel used 1.1 kg/t [l]
WAS treatment Net energy used 7.7 kWh/t Electrical evaporation [l]

Process step Output flow Unit Amount Additional info [Data origin]

Outputs Overall HCl gas emission 0.04 kg/t [c]
Water vapour 3.7 kg/t [c]

Degreasing & stripping Sludge 1.0 kg/t [m]
Linear WAS treatment with 

evaporation
Sludge (hazardous waste) 10.6 kg/t [c]
Water vapour 4.6 kg/t [c]
Recovered HCl 18.0 kg/t 14% w/w [c]

Process step Output flow Unit Amount [Data origin]

Flow within system Pickling to WAS treatment Waste acid solution (WAS) 33.3 kg/t [c]

Table 4  Life cycle inventory for a circular operation for 1000 kg processed steel

Process step Input flow Amount Unit Additional info [Data origin]

Inputs Degreasing & Stripping Thermal energy 12.4 kWh/t Waste heat used [m]
Degreasing solution 0.5 kg/t [m]

Pickling Fresh HCl make-up 20.2 kg/t 34% w/w [c]
Electrical energy 3.6 kWh/t [c]
Pumping energy 1.2 kWh/t [c]

Rinsing Tap water 5.8 kg/t [c]
Fluxing Zinc chloride 0.2 kg/t [c]

Thermal energy 18.5 kWh/t Waste heat used [c]
Circular WAS treatment 

(DD + MD + CSTR)
Thermal energy 32.3 kWh/t Waste heat used [c]
Electrical energy 5.2 kWh/t CSTR operation [c]
DD draw solution 27.1 kg/t [c]
Ammonium hydroxide 6.3 kg/t 30% [c]
Hydrogen peroxide 9.6 kg/t 30% [c]

Process step Output flow Unit Amount Additional info [Data origin]

Outputs Overall HCl gas emission 0.03 kg/t [m]
Water vapour 65.2 kg/t [m]

Degreasing & stripping Sludge 0.8 kg/t [m]
Circular WAS treatment 

(DD + MD + CSTR)
Iron(III) hydroxide 8.7 kg/t For sale [c]

Process step Output flow Unit Amount [Data origin]

Flows within system MD to pickling Regenerated acid 29.7 kg/t [c]
CSTR to fluxing Fluxing solution 57.2 kg/t [c]
Pickling to DD Waste acid solution 52.7 Kg/t [c]
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is sent to regeneration and further treatment for recovery of 
secondary materials. The operating materials are increasing 
the input substances in the circular operation, but as shown 
in chapter 5, it does not add relevant environmental burden 
on the overall process.

A detailed explanation on how the in- and outputs 
are modelled in GaBi software is provided in chapter 7, 
Assumptions and limitations.

Results

The results from the LCA and water footprint profile are 
presented in Table 5. The circular operation reduces the esti-
mated environmental impact throughout all analysed impact 
categories. Enormous reductions of 70% and more can be 
observed for five of the analysed seven impact categories: 
climate change, marine and terrestrial eutrophication, acidi-
fication, and resource use of energy carriers.

The results per impact category are composed of con-
tributions from various process steps. A detailed analysis 
of the results is provided in the following subchapters. The 
strong reductions in Table 5 are caused by the drastic change 
in waste acid treatment. While the linear operation causes 
a high environmental impact, the circular operation results 
in the generation of secondary HCl and iron(III) hydroxide 

avoiding primary production of those materials. These are 
included in the balance as negative contributions (“credits”), 
leading to a lower overall impact in the circular operation 
through the avoidance of primary material provision by pro-
ducing substitute material. The largest credit is caused by the 
production of iron(III) hydroxide, while the recovery of HCl 
has rather a small impact.

Since this credit has a major effect on the results, it is 
further investigated in a sensitivity analysis in chapter 6.

Water Footprint Profile

The water footprint profile comprises the change in water 
quality as well as effects on water scarcity. The full results 
for linear and circular operation are illustrated broken down 
into the major process steps as shown in Fig. 2. All catego-
ries show a reduced impact in the circular operation. This is 
mostly an effect of the change in waste acid treatment, which 
in linear operation for acidification and marine eutrophica-
tion contributes the most. Waste acid treatment set aside, the 
consumption of hydrochloric acid contributes significantly 
to the impact of both product systems, especially via fresh-
water eutrophication. The electrical energy consumption fur-
ther contributes a relevant share to all categories, especially 
water scarcity and eutrophication. This is due to upstream 
water use in gas, oil and coal provision. Over 50% of the 

Table 5  Overview over the life 
cycle impact assessment results 
for linear and circular operation 
as well as achievable reduction 
potentials

Profile Impact category Linear Impact change 
(%)

Circular

Water footprint 
profile

Acidification [mol  H+-eq.] 0.12  − 73 0.03
Eutrophication, marine [kg N-eq.] 0.04  − 76 0.01
Eutrophication, freshwater [kg P-eq.] 1.3E-4  − 35 8.3E-5
Water scarcity  [m3 world-eq.] 5.8  − 53 2.8

LCA Climate Change [kg  CO2-eq.] 58.3  − 72 16.4
Eutrophication, terrestrial [mol N-eq.] 0.5  − 78 0.1
Resource use, energy carriers [MJ] 452  − 70 135

Fig. 2  Water footprint profile—
comparing linear and circular 
operation. The net percentage in 
future state is indicated by the 
small bar
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operation’s water scarcity related water use is caused by 
indirect water use during the electricity production, spread 
over several processes including the evaporation in the linear 
disposal route. Nevertheless, the circular operation reduces 
the water use by about 50% due to the less energy intensive 
waste acid treatment and the recovery of process materials 
in the reactive precipitation. HCl production as well as the 
process energy differ only slightly between both operation 
modes.

The main reason for the overall reduced impact of the 
waste acid treatment is the recovery of valuable substances 
instead of the previous disposal route. The production of 
iron(III) hydroxide from the reactive precipitation avoids the 
conventional route via the Laux process. This process was 
selected as avoided reference production route, as among the 
several potential applications for the iron(III) hydroxide, the 
use in pigment production is common and competitive. The 
avoided burden of primary production in the circular opera-
tion leads to a negative impact in acidification and water 
scarcity, as well as in marine eutrophication.

LCA Results

Figure 3 illustrates the LCA results, where the contribution 
of single processes to the respective total of climate change, 
terrestrial eutrophication and the resource use of energy car-
riers show a ranking similar to the water footprint profile.

The major contribution to the greenhouse gas (GHG) 
emissions assessed in the climate change category origi-
nates from the disposal route in linear operation. The 
truck transport of the waste acid and the final underground 
disposal of hazardous sludge is the main source of GHG 
resulting from the linear waste acid treatment process. 
Therefore, the improvement with the circular approach 
is very large with a reduction of about 72%. The effect 
is similar for terrestrial eutrophication and the resource 
use of energy carriers. While the waste acid treatment 

contributes the highest share of environmental burden in 
linear operation, the circular approach leads to a recov-
ery of iron(III) hydroxide from the reactive precipitation, 
substituting primary materials [33]. A detailed descrip-
tion of this process can be found in Randazzo et al. [25]. 
It contributes a credit to the balance and is represented 
as negative values in Fig. 3. The remaining environmen-
tal impact originates from the process electricity and the 
production of the HCl.

Sensitivity Analysis—Influence of Credit 
on Results

The study presented in the previous chapters shows the 
intended implementation of the developed technology, 
resulting in the production of marketable secondary 
resources instead of waste for disposal.

The results presented in chapter 5 show how essential it 
is to produce a sellable quality, because this allows a credit 
to be applied as part of the avoided burden allocation. To 
investigate the sensitivity of the results to the applied cred-
its, the LCA model is calculated additionally without any 
credit given. The results are provided in Table 6.

The results of the sensitivity analysis show that the 
linear operation has an increased environmental impact 
between 6% for water scarcity and 11% for resource use 
(energy carriers), if no credit is given for the recovery 
of HCl by evaporation. For the circular operation an 
increased impact between 21% for water scarcity and 79% 
for resource use (energy carriers) is calculated for the pro-
cess without a credit from iron(III) hydroxide. The inter-
pretation of these results is that the circular operation is 
still superior to the linear one. Even without the credits, 
the benefits of the circular operation outweigh the linear 
operation clearly.

Fig. 3  LCA results—comparing 
linear and circular operation. 
The net percentage in future 
state is indicated by the small 
bar
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Assumptions and Limitations

As defined in the section on goal and scope of the study, the 
present study focuses on the analysis of relevant environ-
mental impact categories and water assessment. Since the 
investigated membrane technologies are currently still under 
development, predictions for their final application cannot be 
made with certainty. Therefore, the calculated linear upscal-
ing of the technology might not depict the environmental 
impacts of real full-scale applications accurately.

The investigated process line is the pre-treatment of a hot 
dip galvanizing process. The actual galvanizing process is 
not part of the study since it is not affected by the new tech-
nology. Furthermore, the treated steel is not included in the 
study, due to the high variability of products being treated.

The presented study is based on calculations and assump-
tion where primary data were not available. This applies 
primarily to mass flow data within the system as well as 
gaseous emissions. Furthermore, the origin of the operat-
ing materials could not be consistently determined, hence 
the dominating market share was used for the LCA model. 
The database processes used, are selected according to their 
availability as close as possible to the local conditions. In 
some cases, European or global average values are used.

The foreground system is based on primary data collec-
tion and expert interviews of involved plant engineers and 
researchers. Upstream information is collected from Tec-
nozinco staff as far as possible and complemented with data 
from GaBi database.

Chemical processes in the pickling and fluxing as well 
as in both end-of-life processes are modelled according to 
stoichiometric reactions and must therefore been understood 
as ideal state. This is due to the fact, that no primary data 
collection was possible for the reactions itself. The authors 
are well aware of the fact, that reality is not an ideal state and 
advise the reader to be aware of that as well. The stoichio-
metric calculations as well as other assumptions are taken 
as close to the reality expected by the experts in the field. 
We expect the trend of the results to remain the same as in 
ideal state.

The underground storage of hazardous acidic sludge 
contributes a significant amount to the environmental 
impact of the linear operation and is based on generic 
GaBi datasets due to the lack of other available informa-
tion. A different disposal might significantly affect the 
results, and therefore, we highlight that the results from 
this study are not to be interpreted generically but always 
in the context of this particular system boundary assessed.

The water scarcity assessment based on AWARE char-
acterisation factors is a young impact assessment method 
and still in refinement and further development. As such, 
the results must be understood as proof of method applica-
tion and ballpark figure but not as highly precise quantita-
tive result.

In the specific case of the Tecnozinco plant, the hot-dip 
galvanizing process provides much more waste heat than 
the neighbourhood can use. Thus, the whole pre-treatment 
under study in this research paper is supplied with waste 
heat and regarded as burden-free. This only applies to 
applications with the same freely available waste heat and 
cannot be understood as standard case.

The thermal energy is modelled as burden free, since 
waste heat is used which does not have any other available 
purpose.

The degreasing solution is a mix of hydrochloric and 
phosphoric acid and is modelled with German production 
data from GaBi database, as well as the hydrochloric acid 
for the pickling. Different production routes will effect 
the related environmental impact, especially the electric-
ity source for the production has a strong effect on the 
 CO2-emissions.

For the tap water the generic Italian tap water from 
groundwater process is modified with regionalized scarcity 
factors for Sicily. The applied AWARE factors are taken 
from the most recent WULCA publication [31].

The production of double salt is modelled as stoicho-
metric combination from ammonium chloride and zinc 
chloride from GaBi database. Additional process energy 
is neglected as minor relevant.

Table 6  Results from sensitivity analysis without credits

Profile Impact category Including credits (Table 5) No credits given

Linear Change (%) Circular Linear Change (%) Circular

Water 
footprint 
profile

Acidification [mol  H+-eq.] 0.12  − 73 0.030 0.13 (+ 9%)  − 67 0.043 (+ 45%)
Eutrophication, marine [kg N-eq.] 0.040  − 76 0.010 0.044 (+ 9%)  − 67 0.014 (+ 42%)
Eutrophication, freshwater [kg P-eq.] 1.3E-4  − 35 8.3E-5 1.4E-04 (+ 10%)  − 29 1.0E-04 (+ 22%)
Water scarcity  [m3 world-eq.] 5.8  − 53 2.8 6.1 (+ 6%)  − 45 3.4 (+ 21%)

LCA Climate Change [kg  CO2-eq.] 58.3  − 72 16.4 63.5 (+ 9%)  − 62 24.4 (+ 49%)
Eutrophication, terrestrial [mol N-eq.] 0.5  − 78 0.10 0.6 (+ 9%)  − 74 0.14 (+ 41%)
Resource use, energy carriers [MJ] 452  − 70 135 502 (+ 11%)  − 52 215 (+ 79%)
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The transport process of the waste disposal in the linear 
operation is calculated with a 32 t diesel truck.

Gaseous HCl water vapour emissions are included in the 
GaBi model as emission flows from the database. The final 
sludge disposal is modelled with a generic dataset for acid/
basic sludge treatment through neutralisation, incineration, 
microencapsulaton and macroencapsulation for underground 
storage.

The recovered acid is modelled with a credit given with 
the identical dataset process which is used as input, scaled 
down to the concentration of the recovered acid gained.

For the circular operation, additionally the inputs of 
ammonium hydroxide and hydrogen peroxide are modelled 
in their used concentration (30%), based on a mix from 100% 
and deionised water. The produced iron(III) hydroxide in the 
reactive precipitator is modelled as avoided burden of the 
production of the same substance via the Laux-process. The 
therefore required iron, nitrobenzene and water are modelled 
with GaBi database from Germany and EU as best available 
data. The simultaneosly produced Anilin is neither included 
in the balance as burden nor as credit.

As described in the LCA standards ISO 14040 and 14044, 
the results are only applicable for the given system boundary 
and the data applied. Therefore the main limiting factor of 
this study is set by the system boundary described in chap-
ter 3. Further investigation on the technology including a 
permanent monitoring of the installed pilot plant is recom-
mended in order to validate the results and the promising 
circular approach.

Discussion, Conclusion and Outlook

The presented study analyses the process adaptation of a 
hot-dip galvanizing plant in Sicily, Italy on its environmental 
impacts with LCA and a water footprint profile. The analyses 
provide environmental potentials of the innovative technol-
ogy approach integrated into an existing linear production 
of steel products. Overall, the environmental impacts of the 
linear operation are dominated by the linear disposal route 
of including a long distance transport and underground final 
storage of hazardous sludge.

This existing waste acid treatment in the linear operation 
is based on the transport of hazardous waste from Sicily 
to northern Italy and has a strong contribution to climate 
change relevant emissions as well as to eutrophication and 
acidification potential. Therefore, a significant improvement 
can be achieved by the process adaptation to a circular oper-
ation, by around 75% in five of the seven analysed impact 
categories. Over 50% of the operation’s scarcity related 
water use is caused by indirect water use during the elec-
tricity production. The circular operation reduces that water 

use by about 50% due to the less energy intensive waste acid 
treatment and the recovery of process materials.

The most sensitive parameters of the LCA model are 
identified with the credit given for the iron(III) hydroxide 
and the thermal energy provision via waste heat.

In further studies it is recommended to investigate varying 
scenarios on the potentially equal usability and marketability 
of the secondary material. Moreover, a different avoided pro-
duction route or varying allocation in the iron(III) hydroxide 
production should be studied. Nevertheless, with a smaller 
value the environmental benefit might decrease in the LCA, 
but the technology is still expected to be profitable for both 
the environment and economically for the operator.

For the applied heat source, further studies are also rec-
ommended. The use of waste heat is strongly advised as the 
authors expect the use of gas or electricity as heat source to 
increase the environmental burden significantly, making the 
benefit disappear completely. In case of lacking waste heat, 
solar thermal heaters are recommended as thermal energy 
source for the operation of the MD.

Further development potential was already identified by 
the local research group at the University of Palermo to tar-
get a direct water use of zero, with an additional MD module 
to recover process water. Since it is not technically applied 
yet, further research on the topic is necessary and promising, 
given the environmental potentials identified by this study.

As this is probably the first LCA and water footprint study 
concerning the pre-treatment steps for hot-dip galvanizing 
in such detail, we are happy to contribute in filling this gap. 
We hope that further studies will confirm our results and 
encourage scientists to perform similar studies.

Overall, the LCA as well as the water footprint profile 
of the technology implementation show very promising 
improvements to close loops in an existing industrial linear 
production line. The combination of different membrane 
systems and zero brine technology has proven its func-
tionality and individual adjustment flexibility to a specific 
application. A further roll-out of the technology in more 
industrial production lines is recommended in support of 
environmental impact reduction following the Sustainable 
Development Goals of the United Nations and the EU Green 
Deal. Furthermore, the change to a renewable energy source 
can contribute to a reduction of the environmental impact, 
especially for the overall process including the energy inten-
sive preheating and hot-dip galvanisation itself. Due to the 
high potential of solar and wind power in Sicily, it is strongly 
recommended to actively work towards the goals of the EU 
green deal.
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