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Abstract. The efficient use of water resources is one of the main challenges of the steel sector, according to the
European Union water policy. On this subject, monitoring and optimization systems, linked to the innovative
water treatments, represent important tools to improve water management and the related energy use. The
present paper describes a part of the work developed in the early stage of the project entitled “Water and related
energy Hub Advanced Management system in steelworks — WHAM?”, which is co-funded by the Research Fund
for Coal and Steel. The project aims at optimizing water consumption in the steelworks through a holistic
combination of on-line monitoring and optimisation and innovative water treatment technologies. As different
aspects affect water use in the steelmaking processes, in the first part of the paper, the main technical barriers
and factors, that can impact on reuse and recirculation of wastewater and energy efficiency, are analysed. The
main constraints on water management in the steel sector, such as fresh water availability, its quality and local
legal requirements, were considered in order to maximise the water reuse and recycling. Furthermore, the main
barriers, such as environmental issues and several costs, were investigated. In the second part of the paper, a set
of Key Performance Indicators are listed. They aim at assessing and monitoring the water management
sustainability in a holistic way, both in terms of environmental and economic performances, as well as of new
water treatments efficiency and their economic viability. Key Performance Indicators will be used to monitor the
efficiency of water management, aiming at achieving significant increase of performances. On the other hand,
some of these indicators will be used as objective functions for problems optimization. The computation of the
selected Key Performance Indicators will take into account both industrial data and results from simulations
that will be carried out after the development of suitable tools in order to assess the feasibility of some relevant
process modifications or the applications of new technologies.

Keywords: industrial water networks / water management / steel industry / Key Performance Indicators /
optimization / analysis of barriers

1 Introduction

Among its priorities, the steel industry is committed to use
water in a sustainable way in order to follow the Circular
Economy principles and obtaining all related advantages
from economic, environmental and social point of view.
Water is used in steel production in different ways,
depending on its availability, types of processes and plant
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operating conditions and local regulations. According to
the Word Steel Association [1], the average water input for
the integrated route and for the Electric Arc Furnace
(EAF) route is 28.6 and 28.1 m” per ton of steel produced,
respectively, while the average water discharge is 25.3 and
26.5m?, respectively. The overall water consumption per
ton of steel produced ranges from 3.3 to 1.6 m® and most of
it is lost by evaporation both from direct product cooling
and from cooling towers. Nevertheless, in steelworks water
can be reused in a closed loop, although there are significant
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differences among various facilities with respect to the
averages per ton of product. Usually, water reuse concerns
cleaning and cooling water flows, aiming to its recirculation
into the water process. The combination of different
technologies makes wastewater reuse of up to 90% possible.
During direct cooling water gets in contact with products.
This produces the variation of temperature as well as of
some water characteristics, such as suspended solids, oils,
conductivity, hardness, that should be considered during
the water treatments to reuse and recirculate it.

A valuable approach to calculate the volume of direct
and indirect water consumption in production processes is
the Water Footprint (WF). WF is a multi-dimensional
indicator for water consumption. For instance, blue WF
refers to the consumption of ground and surface water,
green WF is the volume of rainwater consumption, and
grey WF is the volume of polluted water from production of
goods and services. The use of WF instead of conventional
indicators was recently proposed for the steel sector [2]. A
WP calculation model and a calculated WF of steel from a
life cycle assessment perspective were developed. However,
the assessment of WF in industrial sectors requires many
data from each production step. Therefore, the availability
of a simpler method to evaluate blue and grey WF is surely
beneficial [3].

Regarding the energy consumption related to water
circuits, pumping and some treatments need large amounts
of energy. Specific electric energy consumption in water
circuits can be affected by various factors, such as cooling
system type, specific water consumption, efficiency of the
pumps and cooling units, age of pipes, etc. Using water and
related energy in a more appropriate way, through the closed
circuit monitoring and the water leakages reduction, is a
priority and there is room for improvement in optimization
potential.

On this subject, developing and implementing an
integrated water management strategy with water reuse
and recycle [4], applying the Best Available Techniques [5]
for the wastewater treatments, aim at reducing the
environmental impacts.

Digital and smart tools contribute to water optimiza-
tion. For instance, smart sensors can be used in the water
and energy management processes. On the other hand,
collected data can be treated and optimized through
machine learning and artificial intelligence techniques [6].
In addition, online monitoring of water use can make it
possible to control its specific consumption. The applica-
tion of a digitalized water network system in a steel plant
can make online monitoring, diagnosis and warning of
water quality and quantity possible in all areas of the plant,
by thus saving water through network optimization and
control based on real-time data [7]. A recent study covered
a superstructure-based modelling and optimization ap-
proach for industrial water networks, including relevant
equations among different water utilities, flow rate and
mass balance constraints and property constraints. This
application in coal-based chemical complex can provide
about 25% reduction in water flow rate, and, consequently,
water system annual cost reduction of about 18% [8].

In general terms, the main factors affecting the
industrial water performance are physical (flow velocity,

temperature, pressure, etc.), chemical (pH, total dissolved
solids, organic matter, metallic ions, etc.) and biological
(aerobic and anaerobic bacteria). On this subjects, process
waters from steelworks and their treatment optimization
[9,10] were studied as well as new water treatments to
decrease or eliminate pollutants from different steelmaking
processes resulted in improving internal water reuse [4].

Concerning water treatments processes, the application
of Micro Filtration (MF), Ultra Filtration (UF) as well as
Reverse Osmosis (RO) in different industrial sectors was
assessed [11]. Some new membranes in ceramics, alumina,
metals for MF and UF were applied [12,13]. However, they
present significant limits when used in the industrial
environment (e.g. in the steel sector). For this reason, the
main challenge concerns the development of membranes
avoiding blockage and easy to be cleaned. New monomers
and new polymerization process as well as the modification
of the structure of conventional membranes or the
combination of different materials, the use of nano-
particles, were studied [14,15]. In addition, recent studies
were focused on the assessment of the increase of membrane
fouling, to choose the most effective cleaning method [16].
Membrane fouling is due to inorganic salts, micro-
organisms, colloidal material and other pollutants, which
deposit on the membrane surface. Such deposits can reduce
the membrane flux, the quality of treated water and,
consequently, the treatment efficiency. Low membrane
fouling can be solved through ad-hoc cleaning processes,
but severe membrane fouling can lead to high degradation
of membrane characteristics and, thus, to its replacement.
For these reasons, the fouling characteristics are among the
most critical factors for the selection of pre-treatment
processes and chemical additives. The application of UF
and RO to reduce salt concentration and the possible reuse
of blowdown in some steelmaking processes were investi-
gated. In addition, the assessment of process integration
solutions through ad-hoc simulations before real imple-
mentation was carried out, considering technical con-
straints and saving resources and costs [17]. This has led,
for instance, to the reduction of freshwater make-up by
20% through a modification of a part of the whole water
network [18]. Moreover, the application of these techniques
for producing demineralized water to be used in thermal
power stations and in the regeneration of coke-making area
wastewater in a steelworks were assessed [19]. Further-
more, the UF and RO can be applied for reducing salt
concentration in brackish water or wastewater, to be
reused in steelmaking processes. In particular, the water
blowdown can be reused as make-up water in other
processes with or without pre-treatments [20].

Although different solutions can be applied to optimize
the water management and to reduce its consumption in
the steelworks, different factors hamper these improve-
ments. As general rule, within this paper we named these
factors “barriers”. Therefore, in order to evaluate the
potential barriers, a wider variety of factors affecting water
optimization in steelmaking processes need to be consid-
ered, which can be of technical, regulatory, infrastructural,
environmental and economic nature. In particular, techni-
cal barriers require comprehensive and integrated strate-
gies. Moreover, it is crucial to analyze the factors which
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most commonly lead to lack of efficiency within industrial
water networks and water treatment processes as well as
the factors influencing wastewater reuse, recirculation,
energy efficiency and efficiency of monitoring systems.

In this context, Key Performance Indicators (KPIs) are
tools that make the quantification of environmental,
economic and social performances possible. In particular,
the development of specific KPIs aims at applying this
metric to simulation tools of steelmaking plants to
investigate possible improvements in water management.
The KPIs, used to aggregate data of a technology or a
process, are quantified into a representative figure, that
makes comparison to the reference case possible. In
particular, KPIs can measure progress towards measurable
objectives within business units of a process (e.g. bench-
marking), in which the objectives/performance require-
ments have to be clear and the results need to be
quantitatively/qualitatively measurable and comparable
with the settled objectives [21]. KPIs present some specific
characteristics, that, according to EUROFER [22] are, as
follows: Representativeness, Comparability, Simplicity,
Reliability, Quantifiable, Sensitive to changes, Cost
Efficiency.

A single indicator usually refers to a specific environ-
mental issue, while KPIs, grouped into a set of indicators
(e.g. Indicator systems), refer to a set of environmental
issues related to a specific industrial activity. Due to their
multidimensional nature, the environmental issues cannot
be analyzed though a single indicator. For this reason,
before the KPIs development, a system of indicators needs
to be formalized, aiming at a manageable number of
indicators covering all categories [23]. Within the steel
sector, the KPI-based assessment of the environmental
footprint of the production processes was widely applied in
a number of applications covering all the aspects of the
environmental impact. In particular, an integrated scenar-
io analysis tool was developed, including process modelling
and metrics tools, for process data analyses and scenario
simulations [24]. KPIs were developed for monitoring the
efficiency of the gas management and the objectives of the
optimization were defined [25]. Furthermore, a simulation
model aimed at assessing the impact of operation units (i.e.
production processes, fumes and wastewater treatment
plants) and comparing the environmental and energy
impacts related to the production of the most common steel
grades [26].

This paper concerns a part of the work developed inside
the project entitled “Water and related energy Hub
Advanced Management system in steelworks— WHAM?”,
co-funded by the Research Fund for Coal and Steel
(RFCS). In the first part, the main technical barriers and
factors, that can affect reuse and recirculation of
wastewater and energy efficiency, were analysed. More-
over, further barriers, such as environmental and economic
issues, were investigated. In addition, the main constraints
on water management in the steel industry were taken into
account. In the second part the set of KPIs are presented,
which were selected in order to monitor the efficiency of
water management as well as to be used as objective
function for optimization problems.

The paper is organized as follows: Section 2 provides
the overall approach of the WHAM project; in Section 3
technical barriers and factors affecting the wastewater
reuse and recirculation and the energy efficiency are
presented and discussed; Section 4 provides the selection
of the KPIs in the WHAM project. Finally, Section 5
proposes some concluding remarks and hints for future
work.

2 The WHAM Project

The WHAM project aims at minimizing water consump-

tion in steelworks by applying a holistic approach, which

combines flexible on-line monitoring, optimization plat-
form and innovative water treatment technologies. The
proposed approach includes:

— a system for monitoring, simulating and optimizing the
water network, taking into account physical, thermal and
chemical qualities of the water. This system will work as
decision support system, providing information on the
current condition of the water network and analyzing
potential upgrades and related benefits;

— proposing new and more effective water purification
technologies in terms of both water quality and
management costs.

The online monitoring system will provide technical
personnel and plant managers with an updated overview of
the status of the circuits and of the main qualitative
parameters of the water streams. Furthermore, together
with the simulation and optimization packages, it will
support management of water systems and implementa-
tion of suitable corrective actions in order to quickly
identify faults and losses of efficiency, correctly handle
reuse and recycling and manage water treatments. The
optimal water management will be achieved by applying
advanced optimization techniques and by providing
support to decisions. In particular, according to the main
industrial needs and main bottlenecks, specific objective
functions will be settled (e.g. by exploiting defined KPIs as
they are or through ad-hoc adaptations). Manipulated and
controlled variables and constraints will be selected by
taking into account plant staff indications and optimiza-
tion needs. The optimization algorithms will be written in
Python language by wusing ad-hoc packages, which
implement robust optimization methods and are free for
commercial use. Problem parameters will be provided to
the optimization algorithms directly by the on-line
monitoring system, which is linked with plant IT, or by
exploiting the results of the simulation tool. Therefore,
problems belonging to the class of linear, nonlinear and
mixed integer programming problems will be addressed.
The overall system is expected to facilitate daily work of
operators and to lead to consistent savings of freshwater.
The use of novel water treatment technologies will help to
achieve the final target.

The case studies analysed in WHAM project concern
the Rolling area for seamless pipes at TenarisDalmine
(located in Dalmine, Bergamo, Italy), the rolling area and
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first rain tanks at Ferriere Nord (located in Osoppo, Udine,
Ttaly) and the finishing line in a Spanish steelworks of
ArcelorMittal.

Starting from the analysis of water networks, all
factors affecting water recirculation, water treatment
efficiency and water network monitoring were identified.
Factors, such as water extraction from rivers, wells or
other sources, discharge, filtration, cooling, effluent
treatment, and water reuse and recycling, were taken
into account. Field data were collected, such as physical,
chemical, electrochemical and biological parameters of the
circulating water (i.e. pH, hardness, temperature, con-
ductivity, suspended solids, oil content, metal concen-
trations, bacteria content). In particular, the last
parameters represent the main fouling agents, affecting
the quality of industrial water. This is a crucial aspect of
the water management as some water streams can affect
the steel products quality, due to the direct contact of
water and product within specific steps of the manufactur-
ing chain. On the other hand, the factors that can affect
the efficiency of industrial water networks were analysed.
In particular, additives (i.e. biocides, anticorrosive and
antiscalant agents, detergents, oil-removing agents, and
sodium hypochlorite), used in the water circuit aim at
improving the plant performances.

In addition, according to the needs of the different
facilities, global-purpose Key Performance Indicators were
defined.

3 Technical barriers and relevant factors

Large amounts of water are used in the different processes
of the steel production chain. In particular, water is mainly
used for cooling but also for descaling, dust scrubbing and
other processes. Consequently, water losses are primarily
due to evaporation or as wastewater. All kind of waters are
used in the steel sector. First of all, fresh water is used as
make-up water and can be provided by different sources,
such as rivers and groundwater. However, the main issue is
represented by the fresh water availability as well as the
water quality. For this reason, water resources manage-
ment is a key challenge along with climate change for the
worldwide community and, consequently, also for the steel
sector [1]. In particular, the availability and the quality of
fresh water as well as the water regulations represent the
main constraints for water management in the steel sector.
Starting from these main constraints, the following further
factors affecting the water use in the steel sector,
considering the main steelmaking processes, were taken
into account:
— Older facilities are usually less efficient as, due to their
sizes, their retrofitting is often not economically viable;
— Processing techniques are different and they do not show
the same efficiency in the water management;
— Different processing steps are required for different water
sources showing different characteristics;
— Different products can have different impacts on water
consumption.

Furthermore, as water consumption in different
facilities presents specific features, continuous improve-
ments for a specific plant should be assessed. Reduction of
water consumption can be achieved through efficient use of
water, higher recycling rate, water withdrawal reduction,
wastewater reduction (e.g. by applying water-saving
technologies), water recirculation and outsourcing of
available water sources (e.g. rainwater). In this back-
ground, process modelling and simulation can forecast
process behaviour before plant applications as for instance
was described in [27] for the reuse of continuous casting
wastewater blowdown in basic oxygen steelmaking gas
washing system. In addition, Process Integration contrib-
utes to save energy, water and resources [28]. In deeper
details and according to [29], within steelworks (as in all
kind of process industries) the following three main
arrangements are available (see Fig. 1):

— Water reuse (Fig. 1A): blowdown water from one process
is (partly) reused in another one, where the contamina-
tion from the upstream process can be accepted, and,
consequently, water can be used twice or more;

— Water regeneration reuse (Fig. 1B): water reused in a
process is reused in another one after a treatment stage,
which makes its quality acceptable downstream. The
water flows through the user only once;

— Water regeneration recycling (Fig. 1C): water used in the
whole system is treated and then recycled. Accordingly,
water can be used many times in the whole system.

In order to apply the arrangements presented in
Figure 1, the water quality required in each process should
be specified. In the steel industry the wastewater reuse/
recycle is commonly applied, in order to reduce the water
intake. After cleaning and/or cooling, this results in around
90% of reused /recycled water [1]. Nevertheless, the volume
depends on different boundaries and restrictions, such as
plant layout, process constraints, legislation limits and
physical conditions. In order to maximise the water reuse/
recycling for all the arrangements, the following common
constraints should be taken into account:

— corrosion limitations;

— fouling and scaling limitations;

— foaming limitations;

— minimum of mass transfer driving force;

— minimum flow rate requirements;

— maximum inlet contaminants concentration for up-
stream process;

— maximum inlet contaminants concentration for down-
stream treatment;

— product defects due to a bad process water quality.

Furthermore, all the listed arrangements should
consider energy efficiency as well. In addition, in the
second and third arrangements the exploitation of water
treatments, affecting the water reused/recycled and the
water management costs, is required.

For instance, direct cooling of hot steel products and
some plants components, such as the hot rolling mill
cylinders, requires large amount of water and related water
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Fig. 1. Water reuse arrangements and related advantages and disadvantages.

circuits often present an open recirculating system with a
dedicated water treatment plant.

Concerning the water reuse (Fig. 1A), this procedure
makes reducing the freshwater and wastewater volumes
possible. However, although strongly recommended, the
water reuse is limited, due to the contamination limits of
water users. On this subject, some technical barriers for an
efficient water management should be taken into account.
Concerning the water recirculation, the main specific
barrier is represented by the possible increase of contami-
nant concentrations. This makes reusing water possible
only in limited cases, such as in processes accepting certain
level of contaminants.

Due to the increase of contaminant concentrations, the
water reuse /recycling can be limited, due to the constraints
on the amount of contaminants accepted by the water user.
In addition, before water reuse/recycling, cooling is often
necessary. Accordingly, water used in a process can be
treated and/or cooled and afterwards used in a down-
stream process; otherwise the total amount of used water
can be regenerated and subsequently recycled. With these
arrangements, that include regeneration (Figs. 1B and 1C),
some more significant achievements can be obtained with
respect to the “water reuse arrangement”, such as for the
freshwater and wastewater amount reduction (regenera-
tion and recycling provide the highest reduction).
Furthermore, a part of the effluent load is removed before
reuse/recycling, by reducing the complexity of the
wastewater treatments. However, treatments/cooling

processes need to be included in the network. This results
in increasing investments and operational costs, which
represent further significant barriers. In particular, the
main cleaning and cooling treatments need large energy
and chemical consumptions as well as the use of
consumable parts of equipment (e.g. membranes). Conse-
quently, significant safety and environmental issues can
occur. In addition, as above mentioned, recycling increase
leads to higher contaminant concentrations, depending on
recycling cycles and due to the evaporation increase. This,
in turn, produces increased water losses and consequent
salts concentrations. For all these reasons, a holistic
approach of the whole impact on the water resources makes
the evaluation of the water reuse effectiveness possible,
taking into account the environmental impacts and
potential increase in energy use.

As stated before, in the steel sector water is highly used
in cooling operations. Cooling systems can be classified as
follows:

— open recirculating cooling water system;
— closed recirculating water system;
— once-through cooling water system.

In the different water cooling circuits, water savings can
be obtained, depending of the different configurations. The
once-through system uses more water than the recirculat-
ing one. On the other hand, in the indirect cooling circuit
(i.e. generally the heat exchangers closed circuit where
water have no direct contact with the product) more water
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Table 1. Comparison of water intake demands for two water systems for an integrated steel production site of 4 Mt/y

[30].
Water intake Water savings with recirculation (%)

Water use Once-through (m*/min) Extensive recirculation (m*/min)

Indirect cooling 675 7.4 98.9

Direct cooling 265 6.2 97.7

Process water 7.7 5.1 33.8

Potable 1.5 1.5 0.0

Global 949.2 20.2 97.1

intake is required compared to a direct water circuit (i.e.
the direct spraying of water onto products or equipment).
The water amounts required for the cooling tower in a once-
through system and in a recirculation system differ from
each other. In indirect and direct cooling systems, the
extensive recirculation reduces the total water intake to
almost 2.4% with respect to the demand of the once-
through system [30]. Table 1 provides an example of water
intake demands for main uses in two different types of
water systems for an integrated steel production site with a
capacity of 4Mt/y. The first column lists the different
water use (they are related to different required water
quality), the second and third columus report the figures of
water intake requirements related respectively to once-
through water system and to an extensive recirculation
water system and the final column depicts the water
savings that can be obtained with recirculation. The
reported values in Table 1 well depict the considerations
given before. For a better visualization, the numbers
reported in Table 1 are compared in Figure 2, which depicts
also how the distribution of water intake demands for
different uses changes in case of extensive recirculation; in
that case, all the main users require comparable water
intakes with respect to a more diversified situation in the
once-through system.

In order to recycle the water within the same process,
suspended solids and oils present in contact cooling waters
must be removed. This removal process leads to good
performance of the circuit and extends the lifetime of
equipment. The water treatment can be performed by
settling tanks or decanters, often with the support of
coagulants or flocculants, where the suspended solids
settle. These treatments work thanks to density differences
between solid particles, water and oils; after the phase
separations, skimmers or scrapers are used to remove the
undesired phases from water. However, these systems are
useful for removing big particles and free oils. In order to
achieve higher results, filtration units can be used, where
sands with variable granularity entraps smaller suspended
solids, resulting in a filtered stream with suspended solids
characterized by a particle size lower than 100 pm.

On the other hand, in order to understand how further
barriers can face up, advanced treatments should be
considered, such as desalination through for instance RO
and UF [17,19,20], where the membrane technology shows
a promising potential for the treatment of (acidic) process
water in the steel industry [31]. Desalination is a
fundamental treatment as the increase of salt concentration,

due to water evaporation or to direct contamination, can
negatively affect process equipment (e.g. hot rolling mills)
or product (hot rolled coil). In order to overcome the
barrier consisting in the contaminants quantity in the
concentrate, UF and the RO implementation can maxi-
mize wastewater reuse in different plants. These environ-
mentally friendly (no use of chemicals) treatment
technologies produce a high quality recovered permeate,
which can be reused, while the concentrate is often suitable
to discharging. Although the implementation of UF and
RO present economic barriers, due to high investment and
operating costs, mainly related to the membranes and
energy costs, a significant example of RO application in
steelworks, along with other treatments, is the treatment
of overflow coming from the clarifiers of the washing water
of the Blast Furnace (BF) gas cleaning. They collect water
from the BF gas cleaning system, showing high concen-
trations of ammonia, chloride, calcium and not negligible
amount of cyanides; in particular, it is noteworthy that
these lasts represent a crucial issue as proved by the recent
studies on innovative cyanide treatments. Ozone can
provide the optimal means for the minimization or
elimination of cyanide releases from the water-supply
cycle of BFs, resulting in cyanides completely decomposed,
without waste production and the need for other reagents
[32]. A process model was developed to test a wide range of
operating conditions and wastewater features and to prove
the robustness of the process based on ozonation to control
cyanide in the wastewater of the BF gas washing system
[33]. In addition, after validation, the model was used to
analyse scenarios, by considering also real contexts. In
particular, pilot tests were extended, process knowledge
was improved by obtaining useful suggestions [34].
Therefore, by coupling RO and ozonation treatments, a
considerable amount of BF gas washing water can be
recovered and reused.

After the performed analysis, the main constraints and
barriers affecting wastewater reuse and recirculation in
steelworks can be summarized as reported in Table 2.

4 Selected key performance indicators

In order to assess the sustainability of the water
management in an integrated way, a holistic approach
was used. On this subject a balanced set of indicators was
selected. In particular, the selected KPIs allow measuring
pertinent parameters and quantities to simplify complex
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Table 2. Main constraints and barriers for wastewater reuse and recirculation in steelworks.

Constraints

Barriers

Water amount required by the process
Water quality impacting process operation
Water quality impacting on

health and safety

Legal requirements

Availability of freshwater
Environmental issues (e.g. related to the use of chemicals)

Relevant capital expenditure (e.g. related to the need for
very efficient treatment processes)

High operating costs (e.g. for pumping and treatments)
Maintenance costs

Reduction of product quality

Reduction of discharging water quality

variables, providing easy information on water manage-
ment. Through this approach different efficiency and
effectiveness aspects can be measured and quantified, by
providing a comprehensive perspective concerning all
impacts on water resources.

Concerning the WHAM project, 22 KPIs were selected
starting from literature and operational practices, as
presented in Table 3. They aim at monitoring and
assessing the environmental performance of the water
management in steelmaking processes as well as at
monitoring the efficiency of new treatments of wastewater
[35]. Furthermore, the economic viability and the economic
impact of water management were taken into account, by
selecting a list of 8 Economic Key Performance Indicators
(EKPIs), listed in Table 4. These indicators take into
account costs of the total water used as well as the
operating costs. They will allow evaluating not only the
water treatment technologies, but also estimating the
effectiveness of water saving. They, were subdivided in five

categories that allow analysing all economic aspects of
water management, such as energy costs, staff costs,
reagents costs, waste costs, costs of maintenance.

Going to more detail, the indicators selected in this
work will aim at reflecting the status as well as the progress
of water management. This will be carried out by
monitoring the efficiency through some simplified analyses
that usually would be difficult and subjective to be
performed. If significant improvements are achieved in
water management, KPIs 1, 2, 3,4, 6, 7, 17 are expected to
decrease. This involves also the energy KPIs, such as KPIs
18, 19, 20, 21, 22. This is also reflected in the increase of
KPIs 5, 8, 9, 10 and, in absolute terms, of KPIs related to
the treatments’ efficiency, that are KPIs 11 (Change in
total suspended solids), 12 (Change in chemical oxygen
demand), 13 (Change in biochemical oxygen demand), 14
(Change in bacteria load), 15 (Change in electrical
conductivity), 16 (Change in Hardness). Consequently,
a good compromise between the improvement of both
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Table 3. Key Performance Indicators for water management.

N. KPI Name Description U.M. Scope-Facilities Calculation/
Evaluation method

1 Total freshwater Water quantity m® - Measured
withdrawal extracted from

steelworks sources
(e.g. wells or rivers)

2 Specific water Amount of water used m?®/ty (m®/tyg) It assesses water use  Total water use (m®)/

consumption when a ton of steel is technology and Produced steel (ty or
produced. measure water saving  trg)
effectiveness

3 Percentage of Ratio between water % It measures the (Discharged Water
blowdown water discharged into the percentage of (m®)/Total water

water body and water discharged water with withdrawal (m®))*100
withdrawal for respect to the total
industrial use water withdrawal

4 Specific freshwater Direct specific use of — m?/ty (m®/trg) It measures the water Total freshwater
consumption fresh water for steel efficiency withdrawal /Produced

production Steel (tg or trs)

5 Specific recycled water Amount of water m®/ty (m®/trg) Tt reflects water- Recycled Water/

recycled per ton steel. recycle technology. Produced Steel (tgs or
trs)

6 Specific sewage Amount of sewage m?/t (m®/trs) Tt assesses water Discharged Water
emission emission per ton steel. saving effectiveness (m*)/Produced Steel

and the environmental (tg or trg)
impacts.

7 Specific water losses ~ Amount of water m®/ty (m*/trg) Tt is useful for closing (Total freshwater

losses per ton steel the water balance and withdrawal —
in order to evaluate Discharged Water
possibilities of losses  (m®))/Produced Steel
recovery (tes OF trg)

8  Water resource Comparison between — — It indirectly assesses vy =1/Fresh water
efficiency (vy) fresh water the use of industrial ~ consumption/Total

consumption and total fresh water and water water consumption)
water consumption in use technologies

a specific production

process

9 Water circulation rate Ratio of recycled % It assesses water = Recycled water
(1) water to the total resource use and consumption/Water

water consumption water use technology  consumption x 100%

10 Water environmental ~ Reciprocal of sewage  ty/m® (trg/m®) It assesses the m = 1/Specific Sewage
efficiency (m) emission per ton steel. environment friendly  emission

degree during water
consumption.

11 Change in total Difference between mg/L It assesses treatments TSS in discharged/
suspended solids TSS (mg/L) in efficiency in removal  treated water — TSS
(TSS) discharged /treated of TSS in incoming water

water and TSS (mg/
L) in incoming water
12 Change in chemical Difference between mg/L It assesses treatments COD in discharged/

oxygen demand

(COD)

COD (mg/L) in
discharged /treated
water and COD (mg/
L) in incoming water

efficiency in removal

of COD

treated water — COD
in incoming water
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N. KPI Name Description U.M. Scope-Facilities Calculation/
Evaluation method
13 Change in biochemical Difference between mg/L It assesses treatments BOD in discharged/
oxygen demand BOD (mg/L) in efficiency in removal  treated water — BOD
(BOD) discharged /treated of BOD in incoming water
water and BOD (mg/
L) in incoming water
14 Change in bacteria Difference between BL. CFU/mL It assesses treatments BL in discharged/
load (BL) (CFU/mL) in efficiency in removal  treated water — BL in
discharged /treated of bacteria incoming water
water and BL (CFU/
mL) in incoming
water
15 Change in electrical Difference between EC wS/cm It assesses efficiency of EC in discharged/
conductivity (EC) (kS/cm) in treatments,/water treated water — EC in
discharged /treated management in EC incoming water
water and EC (uS/ control
cm) in incoming water
16 Change in Hardness Difference between Ha °fH It assesses efficiency of Ha in discharged/
(Ha) (°fH) in discharged/ treatments/water treated water — Ha in
treated water and Ha management in the incoming water
(°fH) in incoming Ha control
water
17 Specific additives used Additives with g/L (L/m?) It quantifies the total ~ Sum of all the
different purposes amount of used exploited additives (g
(biocides, additives or L)/Total water use
anticorrosive, anti- (m®)
scaling agents,
detergents) that are
added into the circuits
18 Energy consumption  Amount of energy kJ - Sum of the energy
for water treatment consumed during the consumed during the
treatment of process treatment of process
water water
19 Energy consumption  Amount of energy kJ - Sum of the energy
for water pumping consumed by the used by the pumps
pumps
20 Other energy Amount of energy kJ - Sum of the energy in
consumption related consumed during water management
to water management management of water (no treatment, no
that is not included in pumps)
KPIs 16 and 17
21 Total energy Total energy kJ - KPI 16 + KPI
consumption consumption for water 17+ KPI 18
management
22 Specific energy Specific energy kJ/tss (kJ/trs) It measures the KPI 19 (kJ)/Produced
consumption consumption specific energy Steel (tes oOr trg)

consumption related
to water management

KPIs and EKPIs is expected and, for this reason, a right
choice of objective functions is necessary in provided
optimization studies. These objective functions can be
some KPIs in their current form or after modifications or
combinations. The information provided by KPIs can

allow detecting significant trends and impacts. Therefore,
if the previous listed expectations are not achieved and
undesirable results are reached, the corresponding values
of KPIs will allow the rapid identification of suitable
countermeasures.
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Table 4. Economic Key Performance Indicators for water management.

N. KPI Name Description U.M.  Scope- Calculation/Evaluation
Facilities method

E1  Water costs Costs of water withdrawal. € - Sum of the costs of the

water withdrawal

E2  Specific Energy Costs related to the total €/ m® - Sum of the costs of energy
costs energy consumption, including consumed during the

the energy consumed during treatment of process water,

the treatment of process water, costs of the energy used by

the energy used by the pumps the pumps and costs of the

and the energy in water energy in water

management (no treatment, no management (no

pumps) treatment, no pumps)/
Total water use (m?)

E3  Specific Staff They include wages, social €/m* - Sum of the total staff

costs security charges, taxes, and costs/Total water use (m®)
social insurance of the staff
involved in the water
management

E4  Specific Costs for additives, required for ~ €/m* — Sum of all the exploited
Additives costs different purposes, that are additives costs/Total

added into the circuits water use (m®)

E5  Specific Waste They include the costs €/m* -~ Sum of the costs for waste
costs associated with waste and and sludge management /

sludge management related to Total water use (m®)
the water network.

E6  Specific They include costs for €/m* -~ €/Total water use (m®)
Maintenance equipment and machinery
costs maintenance and replacement.

E7  Total specific All the costs involved in the €/m® Tt assesses global ~KPI E1/Total water use
water water management economic impact  (m*) + KPI E2 + KPI
management of a water E3 + KPI E4 + KPI
costs management E5 + KPI E6

E8  Specific Water They include all the costs €/m*® It assesses KPI E2 + KPI E3 + KPI
treatment involved in the management of economic impact  E4 + KPI E5 + KPI E6
technology water treatment technology of a specific (related to the particular
costs water treatment technology)

technology

5 Conclusions

Within the paper, the factors affecting the lack of efficiency
of the industrial water networks and of water treatments
were analyzed. Moreover, the main technical barriers and
factors affecting the reuse and the recirculation of
wastewater as well as energy and monitoring systems
efficiencies were considered. A list of KPIs was also
proposed, which were selected within an ongoing EU-
funded research project, aiming at optimizing the water
networks management in steelworks by minimizing the
freshwater consumption. Such KPIs will help monitor the
environmental and economic performances of water
management and the efficiency and economic viability of
new water treatments in the steelworks. Furthermore,

some KPIs will be used as objective functions, as they are or
after ad-hoc adaptations, for the optimization problems
that are under development.

In the future work, the KPI-based analysis will exploit
not only real data provided by the industrial partners but
also the results coming from the simulation work. In
particular, water networks simulation, coupled to on-line
monitoring system, will provide a picture of the status of
the circuits on the main quantitative and qualitative
parameters of the water streams, in case of both usual and
new scenarios, by supporting correct management of the
water systems and suitable corrective actions to identify
faults and losses of efficiency. A quantification of the
system performances will be available to the user through
the defined KPIs, by facilitating critical assessment of the
results and adoption of the most suitable solutions. This
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approach is expected to support further implementation of
reuse and recycling options as well as management water
treatments in order to save freshwater. Therefore, suitable
simulation tools are being developed within the project by
means of the Modelica language, which will allow the
construction of flowsheet-based models and the develop-
ment of scenario analyses aimed at assessing the viability of
some significant changes of processes and operating
practices. Furthermore, KPIs, computed through the
exploitation of laboratory or pilot test results on new
water treatment techniques, will be revised by some
multiplicative scale factors, in accordance to suggestions
provided by technology developers. This will allow a
realistic assessment of the viability of the application of the
new technologies at full scale, by considering potential
advantages and drawbacks.
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