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ABSTRACT

In the last few years, the water—energy nexus concept has emerged as a global issue in the
international research community. However, studies on European countries are relatively few,
and often focused on the energy sector and agriculture, even though industry dominates water
use in many European countries. Cooling purposes represent the main part of industrial water
demand, and waste heat recovery is perceived as a main strategy to improve industrial
resource efficiency. In this paper, we consider a real case study of low-temperature waste-heat
recovery in an electric steelmaking industry and evaluate the impact of feasible interventions
on primary energy and water consumption, as well as on CO equivalent emissions. Based on
a Europe wide review of energy and water prices, of energy sources and corresponding
resource efficiency indicators, a Monte Carlo model was developed to undertake a
generalization of the case study to the EU-15. It was found that, in spite of common intuition,
solutions with the lowest primary energy demand and the lowest CO- equivalent emissions
demonstrate the greatest water footprint. This is especially the case of southern European
countries, where heat recovery projects with the highest water intensity are economically
feasible due to high electricity and low water prices. As increasing carbon prices may
exacerbate this phenomenon, inducing a switch to more water intensive technologies, policy
instruments for supporting industrial energy efficiency or carbon emission reduction should

be carefully designed.
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1. INTRODUCTION

The interdependencies between water and energy requirements have been long recognized in
the international scientific community [1] and in policy making, especially in the US [2].
Following the Bonn Nexus Conference in 2011 [3], the water energy nexus has come into
focus also in Europe, and an increasing body of research was developed globally to integrate
the traditionally separate issues of water and energy across the spectrum of policy, planning,
design and operation [4].

The evaluation of the water intensity of the energy sector, from fuel extraction to energy
conversion and distribution, and of the energy intensity of the water sector, including
production, distribution and wastewater management, have represented the core of nexus
research until now [5]. Empirical and model based studies have been performed for individual
countries, among others for the US [6,7], China [8,9], Middle East and North Africa [10],
Brazil [11], Thailand [12].

European studies are relatively few and their focus is more shifted onto agriculture and food
production, in the framework of the expanded water-energy-food nexus concept discussed
within the Bonn Conference [13]. Some studies concerning Spain and Germany are
mentioned in a literature review concerning energy consumption for water use cycles [14],
while a consumptive water footprint of electricity and heat was presented at an aggregated
European level in [15]. However, water footprints of electricity for individual European
countries could not be retrieved in literature.

Furthermore, although manufacturing is one of the sectors where the greatest increases in
water consumption are expected in future [16], the literature on water energy nexus contains
just a few studies focusing on industries other than electricity generation. A recent work by
[17] uses input-output analysis to investigate the nexus between water saving and energy
conservation for the Chinese industrial sector as a whole. At the operational level of single
industries and factories, a framework for extending the energy diagnosis and management
approaches of the ISO 50001 standard to industrial water management was recently proposed
in [18]. Varbanov [19] underlines that the explicit treatment of the nexus in the industrial
context is still not very well pronounced, and it is mainly manifested in the development of
process integration methodologies for the simultaneous optimization of water use and energy

efficiency in the design or refurbishment of process plants [20].



Even though energy, carbon and water related indicators are commonly calculated in
industrial LCA studies, practical case studies discussing the interdependencies of these flows
are rare, and mainly derive from the food industry [21,22] and the textile industry [23].

In the steelmaking industry, awareness of resource efficiency problems is high. In fact, iron
and steelmaking is an energy intensive sector which currently accounts for about 18% of
primary energy consumption and 11% of total electricity consumption of European industries
[24].

As a consequence, steelmaking is also a carbon intensive sector, which accounts for 5% of
total CO2 emission in the world [25]. The steelmaking industry is currently subjected to
emission trading schemes (ETS) in several countries, particularly in the European Union (EU
ETS), where a market of carbon emission allowances was introduced in 2005 to meet the
international commitments under the Kyoto protocol [26].

Steelmaking processes also require large water flows (about 28 m® per ton of steel) [27],
mainly used for cooling purposes, and some studies are concerned with water footprint
calculation for the sector [28]. A position paper published by the World Steel association in
2015 [27] expresses a nexus view of the sector, fostering a holistic approach which should
consider additional energy requirements and all environmental aspects when introducing
water management policies and evaluating discharge reduction projects.

Thus, awareness of nexus problem in the industry is high, but beside the mentioned position
papers, no case studies on interdependences between water and energy consumption could be
found in literature on steelmaking. While many studies deal with energy efficiency and
carbon emission reduction projects in steelmaking (e.g. [29]-[33]), none of them seems to
evaluate the implications of these projects for water consumption.

Apparently, it is generally assumed that energy recovery generates overall benefits also for
other resources.

The objective of this paper is to verify this assumption for a test case, i.e. to assess the impact
of selected energy recovery options, particularly for low grade waste heat recovery from
cooling systems, for steelmaking plants located in Europe, in terms of energy, carbon and
water impact. Taking a nexus view, the paper will analyse the implications of different
economic conditions in European countries and the possible effect of carbon reduction
policies on the feasibility of different technology options, and in turn on their impact on water
and energy consumption.

There are two main technology pathways for steel production, i.e. either iron extraction from

iron ore and refining through a reduction process based on blast furnaces and basic oxygen
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furnaces (BF-BOF) or recycling steel scrap through a melting process performed in an electric
arc furnace (EAF). In this paper we will focus on the EAF route, which currently generates
about 30% of global steel production [34], because recycling is expected to increase in the
next few years and because this route is usually characterized by higher water consumption.
In fact, because of the magnitude of involved materials and water flows, BF-BOF sites are
usually located close to natural water sources (typically the sea) and cooling is performed
through once-through cooling systems [27]. These systems, which take water from the sea,
circulate it through the plant heat exchangers and return it to the local source, are
characterized by high water withdrawals, but relatively low water consumption. Typical EAF
plants, on the other hand, are relatively small systems located close to end markets of steel,
usually in inland areas, which often use closed-loop or wet recirculating cooling systems.
These systems reuse cooling water in a second cycle rather than immediately returning it back
to the original water source.

Most commonly, wet recirculating systems use cooling towers to expose water to ambient air.
Some of the water evaporates; the rest then sent back to heat exchangers for process cooling.
These systems have much lower withdrawals that once-through systems, but tend to have
appreciably higher water consumption [35].

To avoid excessive water consumption, closed circuit dry air-cooled systems are often used in
EAF systems. In this case, the process medium itself or an intermediate coolant (typically
water) is cooled down by conduction and convection through an air stream, created by fans,
which flows past the tubes. Because the heat capacity of air is low and the coefficient of
conduction and convection is low, large air flows are needed and a larger heat exchanging
surface is required than with water cooling. Capital costs and energy consumption are hence
higher than in wet cooling systems of similar performance, but water make-up requirements
are negligible, even when is used as secondary coolant, because circuits are closed.

The motivating case study for this work, which will be examined in section 2, comes from an
Italian EAF site, where dry cooling systems are currently used and options for recovering low
grade waste heat from cooling systems are being evaluated to improve energy and carbon
efficiency.

In order to estimate the carbon footprint, the water footprint and the primary energy factor of
current and alternative technology options, methodologies and data reported in section 3 are
used, including the development of a Monte Carlo model to account for the high variability of

life-cycle parameters depending on different data sources.



While the study starts from an Italian case, a general analysis is performed for Europe, though
restricted to the EU-15 due to the lack of data for remaining countries. The economic
feasibility of selected technology options for waste heat recovery will be evaluated under
average conditions applied to industries in the EU-15 and their water-energy-GHG impacts
will be assessed. Given the mentioned lack of indicators of water consumption for electricity
generation for the EU-15 in literature, their estimates will also be firstly calculated in section
4, which will present the results of economic and water-energy-GHG analysis.

To evaluate the behaviour of steelmaking industries based on calculated performance
indicators, we assume that the rationale of company choices is purely economic, i.e. that the
technology options with the lowest expected life cycle costs are selected, including electricity
and water costs, as well as carbon prices. In particular, the sensitivity of the economic
performance to carbon prices will be examined in section 4, where the potential water-energy
nexus implications of carbon allowances for similar waste heat recovery projects in Europe

will also be discussed.

2. CASE STUDY DESCRIPTION AND TECHNOLOGY OPTIONS

2.1 Case study description

The recovery of low grade waste heat from industries is considered as an enabler of energy
efficiency and CO2 emission reduction, and recent literature is therefore rich in contributions
reviewing recovery technologies for specific processes and industry sectors [36-38], or
estimating waste heat potentials at regional, international and global levels [39-41].

The company of concern is a EAF steel mill operating on a 24/7 basis, employing about 600
people, with a yearly production of about 1,5 Mt of steel, subject to EU ETS obligations for
the reduction of GHG emissions.

The waste heat recovery opportunity of concern derives from the first part of the off-gas
cooling system of the EAF, the so called water cooling duct (WCD) which is represented in
Figure 1. The structure of the off-gas cooling system is typical for EAF processes, and is
described in detail in [42]. The off-gas enters the settling chamber, where larger particles are
separated to reduce sediments in following sections, flows through the water cooling duct
(WCD), which cools it to about 600°C, and is further cooled to 200-300°C by a quenching
tower (QT). The primary gas at 200-300°C is then blended with secondary gas at 50-70°C
coming from the canopy hood situated over the furnace, so that the final mixture reaches a
temperature which allows further de-dusting in a cyclonic separator and in the fabric filters of

the baghouse collector.



For the heat recovery system of concern, we have considered the opportunity of deriving a
water flow from the cooling water circuit corresponding to a heat flow of about 1000 kW.
Such heat flow is however only which is only a fraction of the total heat flow available at the
WCD. Hot water leaving the WCD currently enters a dry cooling device at temperature T11
and leaves it at temperature T12, 10° C below T11.

T12 is based on the average EU-15 external dry bulb temperature raised by an exchanger
temperature difference falling in the range suggested by [43].

The process is intermittent, as the EAF operates as a batch melting process based on the so
called tap-to-tap cycle, which includes furnace charging, melting, refining, de-slagging,
tapping and furnace turn-around. The tap-to-tap time is about 40 minutes, which results in a
typical pattern in flue gas temperatures thoroughly described in literature [32]. Variations in
flue gas temperatures correspond to oscillations in cooling water temperature at heat recovery
outlet (T1 in figure 1). Because a smoother temperature profile is needed for most recovery
options, a hot water tank is interposed as storage system. Figure 2 shows temperature profiles
of hot water leaving the tank (T2 in Figure 1) depending on storage size for the identified
1000 kW waste heat flow. Temperature oscillations within a range of £5 °C, i.e. between 85

°C and 95°C, were deemed acceptable, and a 100 m® hot water storage system was selected.
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Figure 1 Process scheme and waste heat recovery options



2.2 Waste heat recovery options

Literature on heat recovery for steelmaking processes [31] suggests direct use of heat, e.g. via
district heating systems, as a first option. For such projects to be economically feasible,
suitable heat sinks within an economically feasible distance should exist, which is not the case

for the system of concern and for many similar sites in Europe.
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Figure 2 Temperature profiles of hot water at the tank outlet depending on tank size

Even direct use of heat within the steelmaking mill has not been considered in this case study,
because low temperature internal heat demand is already met with other waste heat flows.

If the site has a suitable process or ambient cooling demand, requiring chilled water at about
10° C, and waste heat at suitable temperature levels (typically above 70°C), thermally driven
cooling machines, particularly based on lithium bromide absorption cooling (see e.g. [44])
can also be considered as an active waste heat conversion technology.

At electric steelmaking sites, chilled water is required for air conditioning of electric
transformer, generator and switch cabinets, mostly located within factory sheds.
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At the steel mill in question, chilled water at 7°C outlet temperature is currently obtained by
several vapour compression chillers meeting an average cooling load of 500 kW with an
average measured energy efficiency ratio (EER)* of 4. The cooling load is represented by user
U in Figure 1 and its existing circuit, entering user at T9=7°C and exiting at T10=12°C, is
represented with blue linepoint tract.

Every refrigeration cycle, both mechanical compression and absorption based, requires heat to
be discarded to the environment to enable condensation of coolant fluid at the condenser.
Refrigerators are thus usually coupled with heat dissipations systems, either dry or wet. While
domestic and small scale systems are air-cooled, for large scale refrigerators used in industrial
contexts the choice between dry cooling and wet cooling is determined by the expected
economic performance.

For the case study in question, condensation of the refrigerant in the vapour compression units
is currently performed exchanging heat to air, i.e. with dry cooling. Thus, the reference case,
representing the current situation, is identified as configuration (i) in Figure 1 and in the
following. Configuration (i) includes the independent vapour compression cooling system
represented with blue linepoint tract in Figure 1, and no heat recovery from the WCD. In
Figure 3, which summarizes the analysed system configurations, boundaries and direct flows,
it is shown that only electricity is consumed in configuration (i), because water circuits are
closed and dry cooling is used for WCD water cooling and for chiller.

When waste heat is recovered to drive absorption cooling machines, only single effect
absorption chillers can be used, because hot water is available at an average temperature
T3=90° C, associated with oscillations between 85°C and 95°C as detailed above. A reference
EER of 0.7 is assumed for these machines, based on manufacturers’ catalogues [45][46] and
literature [44].

In this configuration, identified as (ii) in Figures 1 and 3, substitution of vapour compression
units with single effect absorption chillers is associated with the centralization of heat
dissipation systems, which makes it reasonable to consider cooling towers as an option for
dissipating heat from refrigeration cycles.

Figure 3 shows that configuration (ii) requires direct electricity demand for auxiliaries and
circuit pumps. If cooling towers are used, also a direct water consumption is required. In this

case, water enters cooling towers at T11* and leaves them at T12*. T12* and T11* are based

Y In accordance with standard EN 14511, the characteristic parameter of a refrigerator is the energy efficiency
ratio (EER), defined as ratio of the total cooling capacity to the effective power input of the unit, expressed in
Watt/Watt



on a cooling tower approach and range, respectively, falling in the intervals suggested by
[43], starting from the average EU-15 outdoor wet bulb temperature.

Brickner et al. [47] report that, assuming an operation time of 2500 h/year, absorption
cooling is of little interest for industrial consumers requiring high returns on their
investments. However, cooling of internal electric cabinets within a process plant working on
a 24/7 basis is a basic process requirement, likely to be interrupted only during protracted
production stops or for maintenance. A yearly operation time of 7000 h/year can thus be

reasonably assumed for these auxiliaries in steelmaking mills.
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Figure 3. Summary of electricity and power flows for the reference configuration (i) and the

alternative recovery options (ii) and (iii)

If a direct use of waste heat is not feasible, power generation is considered as an energy
conversion option to exploit waste heat. In particular, for low grade waste heat available from
heat sources at temperature higher than 80° C, including cooling water from EAF and heating
furnaces, Organic Rankine Cycles (ORC) are identified by [31] as the most economically
attractive conversion technology, also because of their commercial readiness [48]. Although
the efficiency of ORCs at low temperature is necessarily low, “even technologies with low
conversion efficiencies can be of interest if there is no other use for the excess heat” [31].

Heat recovery through an ORC is thus an option considered in this study, represented in
orange and connected to line dot dot tracts in Figure 1 and identified as configuration (iii) in
Figures 1 and 3. ORC is introduced as an alternative option to allow economic and technical
comparison, as well as for the purposes of generalization to other process industries in
Europe, as it is possible that industries with similar heat recovery opportunities do not have
similar low temperature cooling demand.

To enable comparison, in configuration (iii) we assume that the same heat flow as in (ii) is

recovered for power generation, i.e. about 700 kW. Considering an average inlet temperature
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(T5 in Figure 1) of 90°C and an outlet temperature (T6) of 80°C, a minimum temperature
approach of 5°C between the heat source and the working fluid is assumed. At these
conditions, the estimated efficiency of the ORC is about 9%, which is in line with values

reported by [37] and by [48] for heat source temperatures above 80°C.

3. METHODOLOGY AND MODEL BUILDING

3.1.  Water, energy and carbon footprint evaluation

Carbon footprint has been defined as “the quantity of GHGs expressed in terms of CO2
equivalent mass emitted into the atmosphere by an individual, organization, process, product
or event from within a specified boundary” [49]. As observed by [49], in spite of numerous
standards, there is lack of uniformity over the selection of direct and embodied emissions in
literature, and defining system boundaries is thus a fundamental step in carbon footprint
evaluation.

To evaluate water, energy and carbon footprints in this case study, the boundaries of the
systems have been defined based on flows previously identified in Figure 3. In fact, these are
the main relevant and differential flows for the examined configurations, because their level
changes as a direct result of the decision between options (i), (ii) and (iii).

As e.g. in [50], the assumption in this study is that the technology switch from vapour
compression units to absorption cooling systems is not associated with changes in direct
carbon equivalent emissions from refrigerant leaks. Also, carbon equivalent emissions from
organic fluid leakages in the ORC system have been neglected, since cycles at assumed
temperature conditions and efficiency can be performed with low GWP fluids such as R152a
[48]. Thus, only embodied emissions in purchased electricity have been incorporated in
carbon footprint evaluation. Similarly, primary energy consumption associated with
purchased electricity was calculated based on site-to-source energy conversion factors [51].
Water footprint is generally defined as the measure of “the volume of fresh water used to
produce a product over the full supply chain, showing water consumption by source and
polluted volumes by the type of pollution” [15]. In the present study, however, water
footprint refers to a process, rather than to a product, and particularly to the configurations
identified above. Since all these options concern auxiliary systems, none of them impacts on

total steel production at the steelmaking mill in question.

10



The present evaluation is also limited to blue water footprint, which measures the
consumptive use of surface and ground water, rather than encompassing also grey water, i.e.
measuring water pollution.

In this case, the freshwater footprint has been calculated as the sum of the direct blue
freshwater consumption, evaluated with the system model described in subsection 3.2, and
indirect blue freshwater consumption embodied in purchased electricity, evaluated as in [15],
combining data from the literature on water consumption per MWhe for various energy
sources with data on electricity production mix per country. As several sources and datasets
are used, as illustrated in section 4, estimates are subject to significant uncertainty, which is
treated with a Monte Carlo approach introduced in subsection 3.3.

3.2.  Energy and water flow balances for reference and heat recovery options

Waste heat flows Q, to be dissipated for condensation in refrigeration cycles can be estimated

according to equation 1 as a function of useful cooling effect Q..

1

o =(1+=)0 (1)

As absorption based refrigeration has lower EER than MVC based refrigeration, relevant
waste heat flows are higher. In the case at hand, however, one should consider that waste heat
comes from a cooling water circuit, which would anyway require a cooling system (a dry
cooler, at the moment) to dissipate the waste heat flow Q,, to cool water down to 80°C on
average. Recovering a part of this flow to feed an absorption chiller implies a reduction of
total dissipated heat, which compensates for the relative increase in the cooling load at the
condenser of refrigeration cycles due to its lower EER. The total cooling load at dry-coolers
without heat recovery (configuration i in Figure 1) is thus given by equation 2:

Qa=Qu+(1+-—) )

EER,

whereas when heat is recovered for absorption cooling (configuration ii) the total load for the

cooling system is given by:

Qra = Qv ——=+ (1+——) Q. = Qu+ Q. (3)

EER, EER,
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To obtain an electric power output P from the ORC in configuration (iii), the waste heat flow
to be transferred from the process to the cycle evaporator equals P/7.
Thus, the cycle energy balance, and particularly the heat to be dissipated at the ORC

condenser, implies that the total load for the cooling system in this configuration is:

Qurp = Q=2+ =L+ (1+5) 0 (4)

EER,

Having assumed that in configuration (iii) the same heat flow as in (ii) is recovered for power

generation, the electric power output can be expressed as P= 79¢ Thus, the total load to be

EERq
dissipated in configuration (iii) is:

1
EER,

_ n-Qc
Qnnp = Qu — pooe+ (1 +

) Qc = Qura + Q¢ (%Rc - L) 5)

EER,

the heat load to be dissipated is larger in (iii) than in (ii). When evaluating energy and water
consumption for alternative dissipation systems, for configuration (iii) it will be assumed that
low temperature cooling systems are not modified and thus remain coupled with their current,
dry cooling system. As a consequence, the heat load to be dissipated by the alternative

cooling systems considered will equal:
P P
QHR,iii=Qw_;+(1_77)';=Q_P (6)
If wet cooling systems are used to dissipate residual heat, consumed water W can be estimated

as a function of evaporated water:

— . &
w=kZ @

L being the latent vaporization heat of water (here set at 2200 kJ/kg), Qi the thermal load in
kW and resulting W being expressed in kg/s.

Coefficient k accounts for additional water losses due to bleed off and drift. Since the water is
recycled and there is an opportunity for water constituents to be concentrated in the
evaporative step, bleed off of high mineral water and makeup with freshwater of acceptable
quality is required to keep solid concentration in water circuits below an acceptable threshold
[35]. Losses due to drift are usually minimal, while the effect of bleed off is comparable with

evaporation. Thus, k=2 is a reasonable estimate.
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If dry cooling systems are used, the direct consumption of water is zero. However, an indirect
consumption of water is associated with the electrical energy consumption of these systems.
In this work, the electrical consumption of dry cooling systems was empirically estimated by
interpolating drive power demand data provided by manufacturers (e.g. [52], [53]) as a linear

function of cooling load:

Where Q) is the thermal load in kW, a = 4 kW and b = 0.03 kWe/kW and the resulting power
consumption Pp is expressed in kW. Both for dry and wet cooling systems, power
consumption for water pumping should also be added, which is estimated as:

AR
Py = At
M, CpP

©)

with 4h being the circuit head loss in Pa (46 kPa for the system of concern), c, the constant
pressure specific heat in kJ/(kg K), 4t the temperature difference, p the water density and 7

the pump electric efficiency.

3.3.  Monte Carlo model building

Based on equations (1-9) an energy system model has been built for the configuration of
concern, which was integrated with economic data enabling the calculation of life cycle costs
for each configuration. Configuration (i) is taken as reference, base case and both the dry
cooling (DC) and the cooling tower (CT) variant for each heat recovery configuration (ii) and
(iii) are evaluated under the assumptions clarified with equation 6.

The economic feasibility of each alternative has been assessed for average EU-15 economic
data, using sources detailed in section 4, to generalize the evaluation of the case study of
concern to the European context.

Variability in data and consequent uncertainty in estimates are high, therefore the Monte
Carlo approach is taken, which allows to synthesize the various sources of uncertainty of a
problem and to account for all possible values that can be assumed by uncertain parameters,

weighted by their probability of occurrence [54]. The Monte Carlo approach is widely used in
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energy and environmental analysis [55], and has recently been applied for regional water-
energy nexus evaluations by [56] and [57].

The modeling procedure through Monte Carlo simulation includes the following steps [55]:

1. Specification of uncertain model parameters.

2. Selection of a probability distribution describing the possible value range for each uncertain
parameter.

3. Generation of the output variable from randomly selecting input values on the basis of the
selected distribution for a large number of iterations.

In the present study, the technical parameters (i.e. conversion plant efficiency, EERs, cooling
and power loads and parameters appearing in equations 1 to 9 ) are assumed to be known with

certainty. Uncertainty is associated with economic parameters including:
- capital costs of installed equipment;
- annual operation time;
- water and electricity prices;
- interest rate;

- investment duration, which in this sector is usually significantly shorter than technical
lifetime of plants due to economic obsolescence and payback constraints set by

shareholders.

As in [58] this variation is representative of the unstable economic environment which is
faced by investors making their medium term plans. Moreover, uncertainty is associated with
emission, primary energy and blue water consumption factors for the purchased electricity,
while the electricity generation mix of each country is assumed to be known with certainty,
based on data derived from [59] and [60] for the year 2012.

Probability distribution types are defined by fitting available data or by expert judgement, in
case of limited data availability. In particular, a set of appropriate distribution shapes has been
defined subjectively, based on minimum and maximum values of the possible range of
uncertain parameters retrieved in literature. For instance, continuous distributions extending
to infinity, such as the lognormal or the gamma distribution, were excluded because economic
and environmental parameter are realistically bounded. A preliminary analysis of extreme
values reported in literature was also useful to exclude outliers, maintaining only values

having the same order of magnitude. After that, distribution fitting is performed with the
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commercial software @risk [61], which uses the Akaike Information Criteria to select the best
distribution type and Maximum Likelihood Estimators to estimate distribution adjustable
parameters [61].

Finally, the output is generated from repeated iterations. In particular, the average of the
repeated iterations is an unbiased estimator of the expected value, and the law of large
numbers assures that, for a large number of iterations, it converges to the expected value.
Practically establishing the number of iterations required to assure convergence is a necessary
step to obtain correct estimates, having an acceptable accuracy, i.e. within an acceptably tight
confidence interval. The minimum number of iterations required to achieve a certain
confidence interval can be calculated for each estimated parameter based on the central limit
theorem as reported e.g. in [62]. In practice, as suggested by other authors adopting similar
software packages for Monte Carlo analysis of investments in energy plants [63], the number
of iterations was automatically established by @risk to ensure convergence is achieved for all
simulation outputs within 3% of the actual value of the mean at 95% confidence level [61].

4. DATA COLLECTION

A wide set of existing literature and data sources ([6],[15],[64]-[74]) are used to determine
estimates for carbon emission, water consumption and energy consumption factors for each
primary energy source; these estimates are combined with power generation mix data to
obtain coherent carbon, water and energy indicators for each country. For all the data sources
used ([6],[15],[64]-[74]) and for all indicators investigated, the estimates are based on a life
cycle approach, i.e. all emissions or consumption from extraction to plant construction are
considered. For this reason, emission factors are positive even for renewable sources which do

not entail any combustion or direct use of water in their power generation cycle.

4.1 Water, energy and GHG input data

Distributions used for water-energy-carbon related data are reported in Tables 1-3.

It should be observed that water consumption values (Table 1) are the most uncertain,
especially for hydropower, and even though a number of data sources exist, data fitting leads
invariably to uniform distributions, i.e. every value within the usually wide range is equally
probable. Table 1 reports the extremes of these ranges for the distributions.

For CO> equivalent emissions, reported in Table 2, the best fit for data was obtained with

triangular distributions when more data were available (e.g. for solid fuels, natural gas, solar
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energy, hydropower and wind energy), and it was also possible to develop subjective triangular
distributions for remaining energy sources. For triangular distributions, minimum, maximum and
most likely values are reported in all tables.

For primary energy factors, uniform distributions, whose range extremes are reported in Figure
3, were usually the best fit and have been also subjectively applied to solar energy, for which a
single data source [69] was available.

Table 1. Consumed water per MWhe generated

Primary source Distribution type  Characteristic Values Data sources
I/MWhe
min max
Nuclear Energy Uniform 1677 2900 [15,64,65,66,67,68,
69]
Solid Fuels Uniform 1336 2600 [64,65,66,67,68,69]
Natural Gas Uniform 687 1400 [64,65,66,67,68,69]
Crude Oil Uniform 971 1697 [65,67,69]
Solar Energy Uniform 7 4700 [64,65,66,67,68]
Biomass & Waste Uniform 1145 1853 [67,68,69]
Geothermal Energy Uniform 5824 9033 [67,68]
Hydropower Uniform 5394 68137 [67,68,69]
Wind Energy Uniform 0 4 [15, 64,65,67,68]

Table 2. Carbon dioxide emitted per GWhe generated

Primary source Distribution type Characteristic Values Data sources
tCO2/GWhe
Min ML max

Nuclear Energy Triangular 16.0 23.2 30.0 [69,70,71]
Solid Fuels Triangular 905.7 1,001 987.6 [69,70,71,72]
Natural Gas Triangular 3536 4814 5632 [69,70,71,72]
Crude Oil Triangular 6777 742.1 875.0 [69,70,72]
Solar Energy Triangular 35.0 49.7 130.0 [69,70,71,72]
Biomass & Waste Triangular 18.0 345 51.0 [69,71]
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Geothermal Energy Triangular 15.0 450 104.0 [69,70,71]
Hydropower Triangular 4.0 17.6 40.0 [69,70,71,72]
Wind Energy Triangular 7.0 17.0 29.5 [69,70,71,72]
*ML = most likely
Table 3. Consumed Primary Energy per kWhe generated
Primary source Distribution type ~ Characteristic Values  Data sources
KWhp/KWhe
min max ML
Nuclear Energy Uniform 3.07 350 [69,73,74]
Solid Fuels Uniform 298 3.26 [69,74]
Natural Gas Uniform 202 2.63 [69,74]
Crude Qil Uniform 276 340 [69,74]
Solar Energy Uniform 050 1.00 [69]
Biomass & Waste Uniform 020 453 [69,74]
Geothermal Energy Triangular 040 6.16 4.24 [69,73,74]
Hydropower Uniform 0.06 1.15 [69,74]
Wind Energy Uniform 0.03 1.00 [69,74]

*ML = most likely

4.2 Economic input data

Investment cost distributions, which are the main sources of uncertainty for economic
feasibility assessment, are based on literature [31] and manufacturers’ catalogues and
communications ([45][46][52][53][75]) and are reported in table 4 in the form of size
dependent cost functions, based on power and linear function shapes discussed e.g. in [76].
ORC is the most expensive technology [77], especially in the small capacity range associated
with this application. Absorption chillers have an high proportion of size independent capital
costs, which makes it advisable to avoid redundancies and load partitioning in order to
minimize the number of units.

To assess the economic performance of generic plants, as in [58] triangular distributions are also
used to estimate interest rates, investment duration and annual operation time. The expected

values of these parameters, calculated under current conditions for the steelmaking sector,
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correspond to an interest rate of 7.3%, an investment duration of 7.3 years and about 6100
operation hours per year. The impact of different market conditions in various EU countries is
analysed by considering average prices of electricity and freshwater for industrial customers
in each country.

Such values are particularly difficult to source. For electricity, the Eurostat database [78] is
used and uniform probability distributions were applied to values obtained for the years
(2012-2014). For freshwater, the last comparative study on industrial prices in Europe dates

back to the year 2003 [79] and, as for industry, reports data for seven countries only.

Table 4. Investment cost distributions

Technology Cost function structure Parameter Characteristic Values of
(Yin€) parameter triangular
distribution

Min ML max

Heat storage =a o 15000 20000 30000
o 15000 20000 35000
MVC chiller
Y=o+ BQ (Q cooling power in kW) B 90 112 150
Absorption o 86000 95000 110000
chiller Y= a + BQ (Q cooling power in kW) B 90 94 100
m
Dry cooling Y =Co (g—:) (Qq dissipation Co 6000 8000 12000
system capacity in KW. Qu=200 kW) m 0.55 0.7 0.75
m
Wet cooling Y =Co (%) (Qd dissipation Co 48000 60000 110000
0
system capacity in KW. Qo = 8000 kW) m 0.55 0.7 0.75

- . m
Organic Rankine Y =C, ( Pﬁ ) (P nominal power in Co 150000 300000 400000
0
Cycle KW, Po= 100 kW) m 0.7 0.8 0.9

More abundant and recent literature concerns prices for households [80][81]. Our approach is
thus to extrapolate the ratio between industrial and residential consumer prices from [79],
obtaining an expected value of 77.5%, and to apply it to household price distributions

obtained from [80], integrated with other datasources as shown in Table 5. In particular, for
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Greece [64] and Luxembourg [65] direct data on recent industrial tariffs could be found. For
all countries, uniform price distributions were assumed and their expected values are reported
in Table 5.

A statistical correlation test has been performed for values reported in Table 5, finding that
correlation is not statistically significant. For this reason, it has not been incorporated in the
Monte Carlo model.

Table 5. Expected values of electricity and freshwater prices for industrial consumers

Country Electricity Price* Industrial Water Sources for
Price** water prices
EUR/kWhe EUR/m?
Austria (Osterreich) 0.109 1.523 [80]
Belgium 0.110 2.329 [80]
Denmark 0.094 3.813 [80]
Germany 0.141 2.024 [80][81][82]
Ireland 0.136 1.113 [83]
Greece 0.126 0.886 [84]
Spain 0.119 1.199 [80]
France 0.085 1.726 [80]
Italy 0.175 0.771 [80]
Luxemburg 0.100 2.255 [85]
Netherlands 0.093 1.723 [80]
Portugal 0.117 1.381 [80]
Finland 0.074 1.754 [80]
Sweden 0.073 1.791 [80]
United Kingdom 0.127 1.743 [80]

“Elaboration on Eurostat values [78] **For sources in dollars, the historical (2013)
exchange rate of 1USD = 0.77 € was used

5. RESULTS AND DISCUSSION

5.1 Calculation of water-energy-GHG nexus indicators for electricity generation in the
EU-15
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As a first step, the model developed is used to estimate footprint indicators for electricity
production in the EU-15 countries based on the energy mix as of year 2012 ([59][60]).

The expected values for their distributions are summarized in table 6.

To validate the results, data on CO: equivalent emissions reported by the European
Environment Agency are derived from [86]. Differences between indicators reported in [86],
and expected values calculated for the countries in question given by the model lead to a
mean absolute percentage error (MAPE) equal to 17.4% and a mean percentage error (MPE)
equal to -7.0%. Hence, the model estimates tend to be lower than values reported in [86]. This
may depend on the fact that our estimates are based on the energy mix of year 2012, while
data available from [86] refer to the year 2009.

Similarly, a reference for validating primary energy consumption data can be found in [73],
which contains primary energy factors for a subset of the EU-15 (i.e. data for Austria,
Belgium, Luxembourg and the UK are not available). Validation is approximate, in that most
data in [73] are only graphically represented. Ordering countries by decreasing values of
primary energy consumption per GWh leads to approximately the same country ranking
represented in [73], with the notable exception of the Netherlands and Finland, who ranked,
respectively between Italy and Sweden and at the lower end of the range, between Denmark
and Portugal, according to [73]. Those countries are both characterized by significantly higher
model based estimates of expected primary energy factors than those reported in [73]; for the
Netherlands, also 2009 CO.eq emission factors according to [86] were significantly (22%)
lower than model estimates for 2012, while the opposite holds true for Finland, which has
very low carbon emissions. A deeper analysis of model data reveals that Finland has the
highest share of biomass and waste used for power generation in the EU-15, and that the
model primary emission factors for biomass and waste are particularly high. This is especially
due to values derived from [74], as a result of the high variability in biomass and waste
composition, conversion technologies and relevant impact. A wider set of data, especially
from a European context, would improve the model accuracy in evaluating the impact of
bioenergy for the countries of concern.

With the exception of the Netherlands, primary energy consumption indicators calculated
with the model for 2012 are generally lower than values reported in [73] for the year 2009.
The trend for efficiency increase highlighted by the authors of [73] is thus confirmed.

Due to the scarcity of industry and power generation oriented studies for Europe, only the
continental data reported by [15] may aid to validate the simulated water consumption for

electricity generation. They report a European average water consumptive footprint of 3240
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m3/TJe, i.e. about 11660 I/MWh. This value is considerably higher than our estimates,
probably due to their significantly higher upper bounds of the consumptive water footprint for
several energy sources, especially for bioenergy. A subsequent validation of these bottom up
models with hybrid approaches based on input output models [12] could be the subject of
future research, but is out of the scope of this study, which presents a first estimate of the

freshwater consumption indicator for power generation in the European countries of concern.

Table 6. Expected values of carbon, water and primary energy indicators for electricity

production
Country Simulated COzq  Simulated H20 Simulated
consumption Primary Energy
t/MWhe I/MWhe TOE/GWhe
Austria (Osterreich) 0.18 24972 110
Belgium 0.22 1800 240
Denmark 0.42 894 175
Germany 0.52 2575 224
Ireland 0.49 2152 189
Greece 0.66 3879 216
Spain 0.34 3767 191
France 0.08 5765 246
Italy 0.43 6488 180
Luxembourg 0.29 12366 144
Netherlands 0.53 1273 217
Portugal 0.42 5568 170
Finland 0.12 3839 244
Sweden 0.03 18786 157
United Kingdom 0.53 1942 234

Since model estimates for the three nexus indicators are based on the same dataset, some
significant statistic correlation can be expected. Testing model results, a significant negative
correlation (r = -0.55) is found between water consumption and CO> equivalent emissions and

between water consumption and primary energy consumption (r = -0.76). Hence, countries with
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higher carbon and primary energy indicators usually have significantly lower water consumption
indicators, and vice versa. This is mainly due to the role of hydropower in energy systems, which
is associated with low life cycle carbon equivalent emission factors (Table 2) and primary energy
consumption (Table 3), but has the highest freshwater consumption footprints (Table 1). The
result is in line with similar findings recently reported in literature [87].

The statistical correlation between CO; equivalent emissions and primary energy consumption is
not significant (r = 0.153). This result may appear counterintuitive, but it is justified by the effect
of nuclear energy, which has minimum carbon impact but high primary energy consumption

factors.
5.2 Economic feasibility of the project at average EU-15 conditions

The economic feasibility of the project has been evaluated first in absence of carbon related
obligations or incentives, i.e. at null carbon price, at average EU-15 conditions as for water
and electricity price. The investment analysis is performed on a differential analysis basis, by
considering the differences between the required investment and resulting cash flows of
proposed heat recovery and energy conversion alternatives and the reference base case with
full dissipation through dry cooling. The investment indicators considered are equivalent
annual costs, presented in Figure 4, and simple payback times, presented in Figure 5. In this
case, the interest rate is fixed at 7% and investment duration at 10 years, while the sensitivity
of project profitability to annual operation hours is tested by varying this parameter between
2500 h/year and 7000 h/year.

Box-whiskers diagrams highlight that at 7000 h/year median equivalent costs of all heat
recovery projects are lower than base case medians, and simple payback time medians are
lower than investment duration. Absorption cooling (configuration ii) alternatives, however,
pay off in about one year, with minimum variance in case dry cooling systems are used. The
payback of ORC projects (configuration iii) is much longer and has the highest level of
uncertainty. With 2500 operation hours per year, power generation projects are not feasible
without incentives or carbon prices, while median costs of absorption cooling systems remain

below base case costs both for DC and CT alternatives.
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Figure 4. Equivalent annual costs of systems at average EU-15 conditions.

At the conditions considered, median payback times are acceptable for all absorption cooling
variants also at 2500 h/year operation. However, solutions with CT have higher uncertainty, with
the widest spans between maximum and minimum values and quartiles especially if the
operation time increases.

For all heat recovery options, as we are considering an average distribution of power and
water prices over the EU-15, the introduction of wet cooling systems as a complement to heat
recovery leads to lower profitability and higher uncertainty, because of considerable
variations in industrial water prices among EU-15 countries. In general, we would expect that
without carbon incentives projects including dry cooling would be preferred. Looking at
national outcomes however, results would be different, especially for Italy and other

countries, as discussed in the following sections, where the nexus implications are also
examined.
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Figure 5. Pay back times at average EU-15 conditions.

5.3 Nexus impact of carbon reduction policies in different EU-15 countries

Policies aimed at carbon emission reduction have been debated in Europe since the early
Nineties, and a variety of instruments have been proposed, including voluntary agreements,
unilateral programs and multilateral programs [88], until the emission trading scheme for carbon-
intensive companies was launched in 2005. Research confirms that allowance prices are now
integrated into several aspects of corporate decision making, although technological changes
induced by the EU ETS are moderate, in that the industry prefers small scale projects with short
term horizons rather than to large scale projects with higher returns, but also higher risks [89].
A sensitivity analysis was performed by varying carbon prices between zero (corresponding to
the situation of firms not subject to the EU ETS or other unilateral carbon taxes) and 120 €/t of
CO2 equivalent emissions. The current market value of ETS allowances is around 8 €/t. While
an increase to 20 €/t is expected in the next years, the upper boundary of the proposed range may
seem extremely high. However, renewable energy and other forms of investment in energy
efficiency are subsidized with other instruments in some countries (e.g. white certificates or
renewable energy feed in tariffs in Italy) whose cost, related to carbon equivalent reduction, is

comparable with these ranges.
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Assuming that companies invariably choose the technology with the lowest annual equivalent
costs, including costs from carbon allowances, the aim of this sensitivity analysis is to
determine what carbon prices may induce:

- atechnology switch from configuration (i) to configurations (ii) or (iii), respectively;

- a switch from one cooling system technology for residual heat dissipation to another.

Dry cooling is more energy intensive, and thus more carbon intensive, than wet cooling,
which requires high water supplies, with corresponding costs. Hence, we test whether and
where higher carbon prices may lead to a technology switch from energy intensive dry
cooling to water intensive wet cooling.

For each analysis, the impact of technology switches on the expected values of water
consumption, CO, equivalent emissions and primary energy consumption of the project is
displayed, in Figures 6-8 for configuration (ii), i.e. absorption cooling, and in Figures 9-11 for

configuration (iii), i.e. ORC for power generation, respectively.

5.3.1 Absorption cooling

Based on the model results, the heat recovery project for absorption cooling would be feasible in
every country, even at the lowest electricity prices, mainly thanks to the long operation time
associated with the case study of concern.

In Figures 6-8, the resource efficiency indicators of the projects are plotted at zero carbon price
and compared with the indicators for the base case (i), represented as white bars. Water
footprints are represented in Figure 6, CO2eq emissions in Figure 7 and primary energy
consumption in Figure 8.

Figures 6-8 also highlight the cooling system type selected at zero carbon price, which in all
cases remains unchanged also at the current market price of about 8 €/tCO2eq. For most
countries, the situation remains unchanged even with growing carbon prices, but in four
countries, namely the United Kingdom, Germany, Austria and the Netherlands, marked with
black arrows in figures 7 and 8, a switch from dry cooling to wet cooling systems for heat
dissipation happens at the threshold values reported above the bars, i.e. at 20 €/t for the UK, 50
€/t for Germany and 80 €/t for Austria and the Netherlands.

Wet cooling systems would be selected even at zero or current carbon costs in Italy, Portugal,
Spain, Greece and Ireland. According to our estimates, these countries have the lowest water
prices, with expected tariffs ranging from less than 90 €cents/m*® in Greece to almost 140
€cents/m® in Portugal. With the exception of Ireland, these are Mediterranean countries, exposed

to the highest risk of water scarcity. As shown in Figure 6, for configuration (ii) wet cooling
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entails a total water consumption of about 33000 m?® /year, including the generally small indirect
water consumption, which is a function of the electricity demand for auxiliaries and ranges from
approximately 40 m®/year in the Netherlands to almost 770 m*/year in Austria.

Independent of carbon price, dry cooling is the technology option chosen in Belgium, Denmark,
France, Luxembourg, Finland and Sweden. Belgium, Denmark and Luxembourg have the
highest water prices in Europe, whereas in France, Finland and Sweden water prices are
intermediate, but industrial electricity prices and CO. equivalent emissions for electricity
generation are the lowest in Europe.

When dry cooling is chosen, the configuration (ii) of the heat recovery project invariably leads to
an improvement of water footprint indicators, more evident in the countries with the highest

shares of hydropower in their national energy mix.
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Figure 6. Water consumption for absorption cooling project in EU-15 at zero and current carbon

price and at carbon prices determining cooling systems switch (labels above the bars).

Compared with the wet cooling option, the additional power demand for dry cooling is about 450
MWh/year, which implies additional carbon emissions and primary energy consumption of
variable size, depending on country energy mix. Where dry cooling is preferred for the project,
total CO> equivalent emissions range between 16 t/year in Sweden and 203 t/year in Denmark
(Figure 7) and primary energy consumption ranges from 54 TOE/year in Austria to 120
TOE/year in France and Finland (Figure 8).
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Net benefits deriving from the heat recovery project in configuration (ii) are always high even
with dry cooling, both as to CO. emissions and as to primary energy consumption. When wet
cooling is preferred, however, the increase in direct water consumption is never offset by the
decrease in indirect water consumption associated with lower electricity consumption, even in
the countries with the highest water footprints for electricity production, such as Austria. This
fact mainly depends on the high residual waste heat flows to be dissipated by the condenser of
absorption cooling plants, having an unfavourable ratio to the net electricity consumption

avoided through waste heat recovery.
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Figure 8. Primary energy consumption for absorption cooling project in EU-15 at zero and
current carbon prices and at carbon prices determining technology switch (labels above the bars).

5.3.2 Power generation with ORC

Based on the model results, the heat recovery project for electricity generation would be feasible
in most countries, with the exception of Finland, Sweden and France, which are characterized by
lowest electricity tariffs. Water footprints are reported in Figure 9, CO> equivalent emissions in
Figure 10 and primary energy consumption is represented in Figure 11.

In France, the project configuration (iii) with dry cooling becomes feasible at a carbon price of
80 t/CO2¢q (grey label in Figures 9-11), in spite of the relatively modest reduction in carbon
emissions. The introduction of waste-heat-to-power technology in France is associated with a
more evident decrease in primary energy consumption and indirect water demand, depending on
the high nuclear power share in the electricity generation mix. As dry cooling is preferred in
France, waste heat recovery is also associated with lower water consumption than the base case
(grey arrow in Figures 9-11 ). The opposite occurs when higher carbon prices induce a switch in

cooling systems technologies (black arrows in Figures 9-11).
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Like in configuration (ii), in Italy, Spain, Ireland and Greece wet cooling is the preferred option,
which is associated with somewhat lower water demand than in configuration (ii) (see Figure 9).
As clarified in the presentation of the case study, this is mainly due to the fact that wet cooling is
only used to dissipate waste heat from the ORC condenser and residual waste heat from hot
water circuit, while dry cooling is maintained for dissipation at the condenser of low temperature
vapour compression chillers. In general terms, low grade waste heat recovery with ORC would
be associated with higher residual heat loads to dissipate than absorption cooling. For ORC, also
the ratio between heat loads at cooling systems and the net electricity consumption avoided
through waste heat recovery would be less favourable than for absorption cooling.

In Portugal, dry cooling is the preferred option at zero and current carbon price levels, while a
switch towards wet cooling happens at 50 €/tCOzeq. Switch prices are higher than in
configuration (ii) because the residual heat dissipation capacity required in configuration (iii) is
smaller, and so are reductions in carbon emissions (Figure 10) and primary energy consumption
(Figure 11) associated with changing cooling systems technologies. The switch from dry to wet
cooling systems in Germany, for instance, determines an expected reduction in CO2q emissions
of 120 t/year and a reduction in primary energy consumption of about 51 TOE/year:
corresponding reductions for configuration (ii) in Germany would be almost 240 tcozeq/year and
about 103 TOE/year, respectively. The shift towards water intensive technologies at higher

carbon prices is thus limited to Germany and the UK.
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6. CONCLUSIONS

Moving from a case study of low grade waste heat recovery for absorption cooling or for
power generation through ORC at an Italian electric steelmaking site subject to EU ETS
obligations, a generalization was attempted in that the same project was evaluated in the EU-
15 countries. The aim of the assessment was to establish the impact of heat recovery projects
on CO2 equivalent emissions and on primary energy and water consumption depending on
the associated heat dissipation systems — either based on wet-cooling or dry-cooling — which
are shown to be at any rate needed for absorption cooling or power generation alternatives. It
was assumed that companies decided for different technologies on a purely economic (lowest
expected costs) basis.

Both direct and indirect water consumption were investigated in order to assess whether the
water consumption avoided thanks to electricity savings associated with wet cooling system
could offset the additional direct consumption by these systems. To this end, a first estimate
of national water footprint for electricity generation in the EU-15 has been proposed in this
paper. As to the water-energy-GHG nexus at country level, it is found that EU-15 countries
with higher carbon and primary energy indicators have significantly lower water consumption
indicators, and vice versa, mainly due to hydro-power footprints and shares. This is in line with
the most recent findings by [87], who present the challenge of reducing both carbon and water
footprint at the same time.

The same challenge applies to industrial heat recovery projects.

In this paper, it has been shown that absorption cooling is a viable technology to exploit low
grade waste heat from water cooling systems at a typical electric steelmaking site under the
economic conditions applying in all EU-15 countries. Because the EER of absorption chiller
is lower than that of vapour compression units, they require comparatively higher cooling
loads at dissipation systems, i.e. dry coolers or wet cooling towers, which are balanced by the
reduction in cooling loads for waste heat dissipation. Significant reductions in purchased
electricity are thus achieved, associated with primary energy savings and carbon emission
reduction over the EU-15. However, this study has shown that, depending on local water and
electricity prices, as well as on the national energy mix, a technology switch from dry coolers
to cooling towers may be the least cost option for the project, which may cause even tenfold

increases in the consumptive water footprint of the process.
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This typically happens in countries characterized by low water prices and high electricity
prices for industries. Based on model estimates, this has been found to be the case of southern
European countries, which by contrast are typically affected by water scarcity.

While the economic performance of different cooling technologies and heat recovery
configurations seems to be mainly determined by water and power prices, it has also been
shown how technology choice may be affected by policies aimed at carbon emission
reduction, which cause a shift towards water intensive technologies for carbon prices of 20
€/tCO2 and above.

A similar behaviour was demonstrated for low grade waste heat recovery for power
generation, obtained with ORCs in this case. In this case, economic feasibility is more
importantly affected by incentives, due to high capital costs and limited efficiency of the
conversion systems for typical temperatures of waste heat flows. Even in this case, carbon
prices may determine a switch towards more water intensive technologies for residual waste
heat dissipation.

In spite of common intuition, it has thus been verified that recovering waste heat from cooling
systems does not always generate a reduction in the consumptive water footprint of the
process in question.

It is thus recommended that analysts evaluating energy efficiency projects in the steelmaking
industry, and in process industries on the whole, calculate performance indicators both for
energy and water consumption, as well as for carbon equivalent emissions.

It is also recommended that policy makers designing incentives supporting energy efficiency
or GHG reduction projects for the industry combine them with constraints, incentives or goals
for water consumption reduction, taking a nexus approach.

A limitation of the study is the particular size and shape of the examined solutions and in the
fact that climate differences between different countries have not been considered. Further
research is being conducted to evaluate these aspects, however it is expected that local climate
conditions are even more likely to favour the switch towards absorption cooling systems
coupled with cooling towers in southern European countries. An objective of future research
is also to investigate further technologies, sizes and waste heat flows could be investigated
with this approach.

The present study was also limited by the difficulty in obtaining data, particularly on real
costs of water and electricity for industrial customers. Although appropriate tools exist to
handle uncertainty, including the Monte Carlo approach used in this work, in our view more

accurate results could be the outcome of collaborative research in an international framework,
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which could also link a water-energy-GHG nexus perspective to the investigation of industrial
waste heat potentials. Since southern Europe appears the most problematic area, and since our
analysis had to be limited to the EU-15 due to the lack in economic data for remaining EU-28
countries, countries located in South-Eastern Europe could be a promising target for future

research projects.

NOMENCLATURE

o intercept for capital cost estimation with linear or constant functions
B slope for capital cost estimation with linear functions

n electric efficiency of ORC

m, pump electric efficiency

Ah circuit head loss [kPa]

a subscript for absorption cooling

c subscript for mechanical vapour compression

m equipment vs capacity exponent for capital cost estimation with power functions
r subscript for refrigeration

p subscript for power generation

BF Blast Furnace

BOF Basic Oxygen Furnace

Co Capital cost coefficient for cost estimation with power functions
CO2eq  Carbon dioxide equivalent

CT Cooling Tower

DC Dry cooling

EAF Electric Arc Furnace

EER Energy Efficiency Ratio

EER. Energy Efficiency Ratio of absorption chiller
EERc Energy Efficiency Ratio of compression chiller
EU ETS European Emission Trading Scheme

L Latent Heat for Vaporization of water [kJ/kg]
LTC Low Temperature Cooling

MAPE  Mean Absolute Percentage Error

MPE Mean Percentage Error

MVC Mechanical Vapour Compression

ORC Organic Rankine Cycle

HR Heat Recovery
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Po Reference Power output for ORC capital cost estimation with power function [kW]
Po Auxiliary power consumption for dry cooling [kW]

Pw Auxiliary power consumption for wet cooling [kW]

Porc Electric power output of ORC [kW]

Qo Reference heat dissipation capacity for cooling systems cost estimation [KW]
Qr Heat dissipated for condensation in refrigeration cycles [kW]

Qc Cooling effect, i.e. heat removed from hot medium by refrigeration cycles [kW]
Qd Total waste heat dissipated [kW]

Qi Cooling system load [kW]

Qw Waste heat from process cooling circuit [kKW]

QHRa Total waste heat dissipated with heat recovery for absorption cooling [kW]

Qp Heat dissipated for condensation in power generation cycles [KW]

QHrp Total waste heat dissipated with heat recovery for power generation [kW]

QHRiii Total waste heat dissipated with heat recovery for configuration iii [kW]

TOE Tonne of Oil Equivalent

WCD  Water Cooling Duct
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