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Abstract: Industrial water circuits (IWC) are frequently neglected as they are auxiliary circuits of
industrial processes, leading to a missing awareness of their energy- and water-saving potential.
Industrial sectors such as steel, chemicals, paper and food processing are notable in their water-related
energy requirements. Improvement of energy efficiency in industrial processes saves resources and
reduces manufacturing costs. The paper presents a cooling IWC of a steel wire processing plant
in which steel billets are transformed into wire. The circuit was built in object-oriented language
in OpenModelica and validated with real plant data. Several improvement measures have been
identified and an optimisation methodology has been proposed. A techno-economic analysis has
been carried out to estimate the energy savings and payback time for the proposed improvement
measures. The suggested measures allow energy savings up to 29% in less than 3 years’ payback time
and water consumption savings of approximately 7.5%.

Keywords: energy efficiency; industry; water circuits; OpenModelica; optimisation

1. Introduction

Industrial Water Circuits (IWCs) encompass all the water streams of a factory unit, including the
most common uses of water industrially such as water cooling and water treatment. Such processes are
responsible for significant consumption of water as well as energy. The industrial sector is responsible for
20% of the total water consumption in the world [1], while in terms of energy it represents 30% of the
global final end-use of energy [2]. The European industry in particular is responsible for 40% of the total
water abstractions [3] and 25% of the final end-use of energy in the European Union is attributed to this
sector [4]. Electric motors, in turn, represent 65% of the total electric energy consumption in European
industry [5] and pumping systems in particular account for 21% of the aforementioned share of electricity
consumption [6]. These figures show that it is crucial to improve the energy efficiency of IWCs.

The 2012 Energy Efficiency Directive [7] and implementing directive for the Ecodesign
requirements for water pumps [8] focus on reducing energy consumption and consequently,
water consumption. These directives emerged in the scope of the climate change and energy targets of
the Europe 2020 Strategy [9]. Hence, increasing attention have been given to alternative strategies for
the reduction of energy and water consumptions.

The European project WaterWatt [10] aims to develop new tools and guidelines to reduce energy
consumption in IWCs. IWCs are generally treated as secondary streams in the production process
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of a plant and therefore neglected. Furthermore, the associated energy consumption is frequently
despised, as the circuits only represent a minor part of the total electricity consumption. In this
alignment, the present paper presents an object-oriented model, developed in the open source
OpenModelica Software in order to analyse and improve the energy consumption of an IWC case
study part of the WaterWatt project [11].

The optimisation problems approached in this work are based on the application of improvement
measures to reduce electric energy consumption and water consumption in IWC. The measures
for energy efficiency improvement in IWC, and similar systems such water networks and water
distribution systems, have been proposed by several authors. Cabrera et al. [11] proposed two
sets of strategies for energy efficiency improvement, an operational-type set and structural-type set.
In operational group, it was proposed: the operation of the pumping systems at the best efficient point
(BEP), the improvement of the system regulation to avoid surplus energy, the minimization of leaks
and the minimization of friction losses. For the structural group, it were proposed: the use of more
efficient pumps, the decoupling of energy sectors and the improvement of designs and layouts.

As part of the WaterWatt project and this work specifically, the optimization based on energy
efficiency improvement of the IWC will be performed taking into account the knowledge about the
proposed measures for this type of systems and the knowledge about the achievement of energy
savings by the adjustment of the operation of electric motors. The application of variable speed
drives (VSD) in electric motors is proposed to attain considerable reductions in both water and
energy consumptions, which in the case of the pumping systems it has been revealing as an excellent
alternative to currently applied improvement measures.

In this paper, different improvement measures are proposed, and energy savings and payback
associated to these are estimated. The case study corresponds to water cooling circuit of a steel wire
processing plant in Germany in which steel billets are transformed into wire. In general, iron and steel
industry present an electrical energy consumption of 2327 ktoe/year, which represents about 12% of the
total energy consumption of the industrial sector namely in Germany [12]. Moreover, the production
of basic metals in the manufacturing industry in Germany has a total water consumption of about
581 dam3, in which 85% corresponds to water cooling [13].

2. Model Assembling

2.1. Circuit Description

The cooling circuit under analysis includes a hot roiling mil, four cooling towers, three pump
groups, four sand filters, one oil separator and a cyclone separator (Figure 1). The pump group 1 is
constituted by two pumps that transport cooled water from a tank (Cold Water Tank) to the rolling mill.
Then, the water stream flows down the channel to an oil separator and cyclone (Cyclone Tank) for the
pre-treatment of water. The pre-treated water is distributed to two sand filters by the action of pump
group 2, constituted by two pumps in operation. From the sand filters, the water stream flows back to
the cooling tower tank. The designated pump group 3 is part of a secondary circuit, constituted by two
pumps. Pump group 3 corresponds to the same type as pump groups 1 and 2 to reduce maintenance
and logistic effort. This separate water stream is transported from the cooling tower tank to the four
cooling towers and the outlet water streams from the cooling tower are then, transported back to the tank.
This secondary circuit is part of a recent modernisation drive in the factory. Such modernization aims
to improve energy efficiency. It was installed to allow the operation of the cooling towers only when
required (i.e., when the temperature at the cold water tank increases above the operational target-value by
0.5 ◦C) and as soon as temperature drops the circuit stops. For instance, this may constitute a constraint
for the process optimization based on energy efficiency improvement, in which the temperature of the
cold water tank must not be exceeded by 0.5 ◦C relatively to its target-value. Otherwise, this operational
requirement is considered to be surpassed. The separation of the cooling towers from the main circuit
also allows a closer control on the cooling process as the water demand in the circuit is variable. This is
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because the billets are produced in batches and due to the existence of variabilities in the material and
the rolling mill operational conditions, such as rolling speed and cooling speed.

The inlet water stream in the rolling mill is used for the main purpose of direct and indirect cooling.
Nonetheless, it used in the remaining processes of hot forming, such as descaling and scale transport.
For that reason, a water treatment section is installed after the hot forming process. This section is
constituted by the filtration units, constituted each one, by two sand filters. Moreover, it is preceded
by an oil separator and a cyclone, constituting a pre-treatment section.

Energies 2019, 12, x FOR PEER REVIEW  3 of 21 

 

process as the water demand in the circuit is variable. This is because the billets are produced in 
batches and due to the existence of variabilities in the material and the rolling mill operational 
conditions, such as rolling speed and cooling speed. 

The inlet water stream in the rolling mill is used for the main purpose of direct and indirect 
cooling. Nonetheless, it used in the remaining processes of hot forming, such as descaling and scale 
transport. For that reason, a water treatment section is installed after the hot forming process. This 
section is constituted by the filtration units, constituted each one, by two sand filters. Moreover, it is 
preceded by an oil separator and a cyclone, constituting a pre-treatment section. 

 
Figure 1. Schematics of the case study cooling circuit. 

Table 1 summarizes the specifications for the design and assembling of the model circuit 
(described Section 2.2). 

Table 1. Specifications for the assembling of the cooling circuit. 

Annual Operational Time (h/year) 6600 
Main Circuit Nominal Flow rate (m3/h) 1000 

Secondary Circuit Nominal Flow rate (m3/h) 1200 
Main Circuit Operational Flow Rate (m3/h) 900 

Secondary Circuit Operational Flow Rate (m3/h) 900 
Latitude of the Plant 51°36′ N 

Main circuit 

Pump Group 1 

Nominal Flow rate (m3/h) 500 
Nominal Head (m) 48 
Motor Velocity (rpm) 1450 
Motor Efficiency (%) 90 
Design Power (kW) 110 
Running Power (kW) 90 

Rolling Mill Pipe 

Diameter (m) 0.5 

Length (m) 200 

Pressure Drop (bar) 4.6 

Outlet Temperature (°C)—Tin,1 24.5 

Pump Group 2 

Nominal Flow rate (m3/h) 500 
Nominal Head (m) 48 
Motor Velocity (rpm) 1450 
Motor Efficiency (%) 90 
Design Power (kW) 110 
Running Power (kW) 90 

Cyclone Tank 
Area (m2) 45 

Height of water (m) 2 

Pipe (Pump Group 2 to Sand Filters) 

Diameter (m) 0.5 

Length (m) 200 

Pressure Drop (bar) 3.1837 

Figure 1. Schematics of the case study cooling circuit.

Table 1 summarizes the specifications for the design and assembling of the model circuit (described
Section 2.2).

Table 1. Specifications for the assembling of the cooling circuit.

Annual Operational Time (h/year) 6600
Main Circuit Nominal Flow rate (m3/h) 1000

Secondary Circuit Nominal Flow rate (m3/h) 1200
Main Circuit Operational Flow Rate (m3/h) 900

Secondary Circuit Operational Flow Rate (m3/h) 900
Latitude of the Plant 51◦36′ N

Main circuit

Pump Group 1

Nominal Flow rate (m3/h) 500
Nominal Head (m) 48
Motor Velocity (rpm) 1450
Motor Efficiency (%) 90
Design Power (kW) 110
Running Power (kW) 90

Rolling Mill Pipe

Diameter (m) 0.5
Length (m) 200
Pressure Drop (bar) 4.6

Outlet Temperature (◦C)—Tin,1 24.5

Pump Group 2

Nominal Flow rate (m3/h) 500
Nominal Head (m) 48
Motor Velocity (rpm) 1450
Motor Efficiency (%) 90
Design Power (kW) 110
Running Power (kW) 90

Cyclone Tank Area (m2) 45
Height of water (m) 2

Pipe (Pump Group 2 to Sand Filters)
Diameter (m) 0.5
Length (m) 200
Pressure Drop (bar) 3.1837

Sand Filters

Nominal Pressure
Loss (bar) 1.3

Area (m2) 78.5
Diameter (m) 5

Pipe (Sand Filters to Cold Water Tank)
Diameter (m) 0.5
Length (m) 20
Pressure Drop (bar) 0.3184
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Table 1. Cont.

Secondary circuit

Pump Group 3

Nominal Flow rate (m3/h) 600
Nominal Head (m) 47.5
Motor Velocity (rpm) 1450
Motor Efficiency (%) 90
Design Power (kW) 110
Running Power (kW) 104

Cooling Towers

Motor Velocity (rpm) 1500
Installed Power (kW) 22

Inlet Temperature (◦C)—Tout,2 22
Outlet Temperature (◦C)—Tin,2 20
Ambient Temperature (◦C) 11
Wet-bulb Temperature (◦C) 8

Pipe (Cold Water Tank to Cooling Towers)
Diameter (m) 0.5
Length (m) 7
Pressure Drop (bar) 3.96

Main and Secondary circuit Cold Water Tank
Area (m2) 75
Height of water (m) 1

Additional pipe parameters

Material Stainless Steel
Roughness (mm) 0.015
Re 24300
Friction Factor 0.025

The heat input at the hot rolling mill (qinput,RM) is determined by:

qRMinput = Q1 × ρw × cpw × (TRMinlet − TRMoutlet) (1)

where Q1 and Q2 corresponds to the water flowrate of the main and secondary circuit respectively
(Table 2). The density of the water (ρw) corresponds to 999 kg/m3 and the specific heat (cpw) to
4.186 kJ/kg◦C. The Tinlet_RM is determined by:

Q1 × ρW × CP,w × (Tin,1 − Tout,1) = Q2 × ρW × CP,w × (Tin,2 − Tout,2) (2)

whereas:
Tout,1 = TRMinlet (3)

These two additional inputs of the circuit are listed in Table 2.

Table 2. Additional inputs in the IWC.

Parameter Results

qinput,RM (kW) 1380
TRMinlet (◦C) 22.1

The measurements at the plant included the water temperature, water flowrate and pressure
drop across pumps and sand filters (Table 3). In order to measure the flowrate, ultrasonic signals
have been used, employing the transit time difference principle. The ultrasonic signals are emitted by
a transducer installed on the pipe and received by a second transducer. The transit time difference is
measured and allows the flowmeter to determine the average flow velocity along the propagation path
of the ultrasonic signals. A flow profile correction is then performed to obtain the area averaged flow
velocity, which is proportional to the volumetric flow rate. Two integrated microprocessors control the
entire measuring process, removing disturbance signals, and checking each received ultrasonic wave
for its validity which reduces noise. Moreover, the temperature of the water circulating within the
pipes was measured by coupling two resistance thermometer (RTD) temperature probe (applicable to
the supply and return pipes simultaneously) whose outputs are integrated with the flow measurements
at the meter. The pressure drops across pumps and filters have been measured by the coupling of
manometers before and after each component. Also, the power of pumps have been recorded during
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representative period of time. This has been performed by a power analyser connected to a data logger,
taking three phase power measurements by coupling clamp meters into the phases. Table 1 summarizes
the specifications for the design and assembling of the model circuit (described Section 2.2).

Table 3. Specifications for each type of measurement.

Measurement Flowrate Temperature Pressure Power

Range 0.03 to 82 ft/s −238 to +1040 ◦F 0 to 100 psi 10 W to 10 GW

Resolution 0.15% of reading
±0.03 ft/s 0.01 K 2 psi ±1% ± 0.3% of

nominal power

Accuracy ±1.6% of reading
±0.03 ft/s

±0.01% of reading
±0.03 K 3/2/3% of reading 0.01 kW

2.2. Design and Assembling of IWC Model

The IWC was built in the object-oriented language in OpenModelica, used for the modelling of
such physical systems and supports most of the equipment (Figure 2).
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Figure 2. Diagram of the circuit of a steel wire processing plant in OpenModelica (Legend: (1) Pump
Group 1, (2) Hot Rolling Mills, (3) Cyclone Tank, (4) Pump Groups 2, (5) Pipes from pumps to filters,
(6) Sand Filters, (7) Pipes from filters to tank, (8) Pump Group 3, (9) Pipes from pumps to cooling
towers, (10) Cooling Towers, (11) Cold Water Tank, (12) Reference System).

Currently, a number of free and commercial component libraries in different domains are available,
including electrical, mechanical, thermo-fluid and physical-chemical. The current case study was
built using the ThermoPower library [14] that has been developed with the goal of providing a solid
foundation for dynamic thermal and power modelling. It includes a list of components, such as pumps,
tanks, cooling towers, pipes and filters, that can be “drag and drop” for the modelling assembling.
Each component corresponds to singular model to be setup accordingly with the required parameters
and therefore, replicability is assured.

The selected components and respective models correspond to the main components of the circuit
namely: tank model, pump model, pipe model, filter model, cooling tower model and rolling mill as
further described. Each model was accordingly setup using the measured data collected in the case
study circuit and presented in the beginning of this section.
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2.2.1. Tank Model

The model represents a free-surface water tank corresponding to the vertical axis in the region
where the fluid level is supposed to lie within. The tank geometry is described the input parameters: V0

(volume of the fluid when the level is at reference zero height), A (cross section of the free surface) and
y0 (height of “zero-level”). The model also requires the input parameters ymin and ymax, which should
be appropriate to avoid underflow or overflow of the tank. The pressure at the inlet and outlet ports
accounts for the ambient pressure and the static head due to the level, while the pressure at the inlet
port corresponds to the ambient pressure.

Concerning the mass and energy balances the model assumes there is no heat transfer except
through the inlet and outlet flows. It is to note that, due to the inexistence of the performance of heat
transfer directly in the modelling of the cold water tank in the present IWC, the sand filters outlet
water streams are cooled through the contact with the water stream from the secondary circuit at
a lower temperature.

2.2.2. Pump Model

The model represents a centrifugal pump, or rather a group of centrifugal pumps in parallel.
The input parameters are related with the pump curves therefore defined in the model for each single
pump or pump group. The component characteristics are given for nominal conditions of flowrate and
rotational speed. These characteristics may be then adapted according to similarity equations, namely
the affinity laws for the pumps to different flow conditions (Equation (7)).

There are two input functions: flowCharacteristic that corresponds to the relationship of the
volumetric flowrate and the head, while the efficiencyCharacteristic, corresponds to the relationship
between the volumetric flowrate and the hydraulic efficiency. One of the output parameter is the
electric power of the pump (Pump). This also accounts for the mechanical efficiency of the pump
motor (motorEfficiency) also set as input.

In addition to the inlet and outlet ports of the water stream, the pump models also include inlet
ports for the motor speed (in_n), the electricity tariff (tax) and the number of pumps in parallel (in_NP).

2.2.3. Pipe Model

The model represents the piping system of the circuit, either as a single tube or by N parallel tubes,
representing the water flow streams of the factory unit. It is built with certain assumptions, such as:
one-phase fluid state, uniform velocity across the section, constant turbulent friction, longitudinal heat
diffusion is neglected and uniform pressure distribution in the energy balance equation.

The finite volume method is used to discretize the mass, momentum and energy balance equation,
taking as the state variables one pressure, one flowrate and N-1 specific enthalpies. The dynamic
momentum is not accounted by default.

The input parameters for the pipe model are: the pressure losses on the pipes due to the friction
phenomena (dpnom) and the static head (h) as well as the mass flowrate (wnom). In addition to the inlet
and outlet ports of the water stream, the pipe model also contains a wall-type inlet (wall), which can
be specified for a certain heat input. Taking into account that the circuit pipes are all installed at the
same level, this is, it does not exist pressure losses due to elevation, the total pressure drop of the
sections of the piping system are determined considering the head losses due the friction of the pipes,
according to:

∆Pf = ρwg f
L
D

u2

2g
(4)

The friction factor (f ) was determined using the Moody pipe friction chart, according to
a transitional flow regime (Re = 24,300). Moreover, for the total head losses the minor losses are also
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considered. The minor losses consist of the local pressure drop (Equation (5)) due to sudden or gradual
expansion or contraction, the presence of bends, elbows, tees and valves (open or partially closed).

∆PL = ρwg f KL
u2

2g
(5)

The KL is determined according to tabulated values for each type of local pressure drop [15].

2.2.4. Filter Model

The model is set to induce and determine the pressure loss in the circuit. The pressure drop across
the inlet and outlet connectors of the components is proportional to the square velocity of the fluid,
defined according to a turbulent friction model. The input parameter corresponds to the pressure drop
across de filter (dpnom).

2.2.5. Cooling Tower Model

The model represents an open cooling tower with fans and it is filled with metallic packaging.
The humid ambient air is used to cool the incoming water stream. The fluid is modelled using the
IF-97 water-steam model as an ideal mixture of dry air and steam.

The hold-up of water in the packaging is modelled assuming a linear relationship between the
hold-up in each volume and the corresponding outgoing flow. The finite volume method is used to
discretize the corresponding 1-D counter-current equations. The Merkel’s equation [16] is used for the
mass and heat transfer phenomena from the hot water to the humid air (Equation (6)):

k S
QMw

= Cpw

Tw,in∫
Tw,out

1
(Hs − Hair)

dT (6)

Note that k designates the overall heat and mass transfer coefficient and S the surface of packing.
The required input parameters correspond to: the overall mass and heat transfer (k_wa_tot), nominal
water mass flowrate (wlnom), nominal air volume flow rate (qanom), normal air density (rhoanom),
surface of packing (S), nominal fan rotational speed (rpm_nom) and the nominal power consumption
(Wnom). The fan behaviour is modelled by kinematic similarity: the air flow is proportional to the fan
speed (rpm_nom) and the electric power consumption (Wnom) is proportional to the cube of the speed,
according to the affinity laws for the fans (Equations (7) and (8)).

The cooling tower model also contain an inlet port for the fan speed (fanRpm). In which, similarly
to the pump motor rotational speed, the fan speed can be changed relatively to the nominal value
(in_n). The outcome parameters include the inlet (TCTinlet) and outlet (TCToutlet) ports of the water
stream, there is also an outlet port for the electric power consumption of the fan (powerConsumption).

2.2.6. Rolling Mill

The rolling mill connects two models from the ThermoPower library, namely the heat source
model and the pipe model already described above. Regarding the heat source model it corresponds
to an ideal tubular heat flow source, with uniform heat flux. The actual heating power (P) is provided
as input by the power signal connector (in_p). The finite volume method is used for discretisation.
The output parameter corresponds to the water outlet temperature (TRMoutlet).

While the comprehension of the thermal phenomena intrinsic in the analysis of this type of circuits
have been performed for the design and calibration assuming the more accurate values possible, it is to
note that the cooling system of a rolling mill component has been simplified. This represents a thermal
power input in the circuit, allowing the increase of temperature proportional to that heat input and
water flow rate. Therefore, it still lacks a more complex understanding of the occurrence of phenomena
at a more dynamic basis.
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2.2.7. System and Time Tables

The System component must be added in any circuit in order to define the system condition,
namely water temperature and ambient pressure. In this study, the temperature was considered
approximately 15 ◦C according to the average water temperature provided by the utility company in
Germany. The Time Table component allows the user to specify a certain input value over time for
a specific component. In the current case study, they are connected to the pump motor and to the fan
of the cooling tower to specify the rotational speed of these equipment(rpm). Furthermore, it can also
be connected to the rolling mill to specify the thermal input change with time. Additionally, a time
table can be connected to specify the electricity tariff price with time.

3. Model Validation

The model results have been validated with real casa data from the case study. For the energy
and water consumption the following parameters have been identified for validation: pumps power
(Pump1, Pump4, Pump8), the inlet and outlet water temperature at the cooling towers (TCTinlet and
TCToutlet) and the water outlet temperature of the rolling mills (TRMoutlet). The outputs of the numerical
results for these parameters are presented from Figures 3–5.
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Furthermore, it is also relevant to analyse the values obtained for the temperatures in different
points of the circuit, namely the inlet and outlet water stream temperature at the cooling tower
(Figure 4) and outlet water temperature at the rolling mill (Figure 5).

The deviation that has been observed for each pump group to comparison to the nominal value
was listed in Table 3 above. The measured electric power used for the operation of the pumps was
analysed and validated against plant data and summarized in Table 1. It is observed that the values
obtained in the simulation are overall consistent with plant data. Moreover, the value outlet water
stream temperature of the hot rolling mill and at the inlet of the cooling towers have minor deviations
compared to the real values. The slightly major deviation is related with the outlet temperature at
the cooling towers (Table 4). This may be related with the fact that the water circuit in the cooling
towers corresponds to a separated circuit from the main circuit. Overall, the thermal phenomena are
consistent with plant data and the required cooling load is given by the model.
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Table 4. Deviations obtained for the pumps measured power.

Parameter Deviation (%)

Power of Pump Group 1 (Pump_1) 0.74
Power of Pump Group 2 (Pump_4) 0.77
Power of Pump Group 3 (Pump_8) 1.56

Inlet Temperature of Cooling Tower (TCTinlet) 2.62
Outlet Temperature of Cooling Tower (TCToutlet) 4.75

Outlet Temperature (TRMoutlet) 3.29

4. Sensitivity Analysis

A sensitivity analysis of the model was performed. It corresponds to a crucial analysis for the
solving of the optimisation problems. The methodology to perform this analysis is distinct from the
ones elaborated in dynamic modelling and simulation. As there is a high number of required inputs to
be given to the model in order to run, a pre-selection of variables to analysis is required. The selected
variables for the analysis correspond to the speeds of pump motor and the cooling tower fan which
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have a direct influence on power consumption and operational requirements of the IWC. Different
scenarios have been defined for these variables (Tables 5 and 6) to understand their influence on the
power consumption (Figure 6). The scenarios have been assembled following a methodology similar
to the Monte Carlo method. For this study, is based on random sampling, in which the results for
power consumption are obtained for random rotational speeds values. Thus, different values for
power consumption are obtained for different scenarios. To note that the best scenarios have been
selected based on the lower power consumption of all the pump groups and also without surpassing
the operational requirements.

Table 5. Scenarios for the variation of Pump Rotational Speed.

Scenario Pump Groups 1 and 2 Rotational Speed
(nPG1 and nPG2)

Pump Group 3 Rotational Speed
(nPG3)

1 1444 1401
2 1413 1434
3 1408 1373
4 1405 1342
5 1372 1328
6 1418 1401
7 1411 1392
8 1350 1350
9 1442 1403

10 1341 1400

Moreover, it is also necessary to evaluate the influence of those input parameters on simulations
results related to temperature and hydraulic parameters. In this study, the influence of the change of
the motors speed of pumps and fans (cooling tower) on the water temperature at the cold water tank
will be analysed (Figures 7 and 8).

For the sensitivity analysis related with the change of the pump motor rotational speeds, the power
consumptions of both pump groups 1 and 2 were analysed simultaneously, since both are part of the
main circuit, and having the same technical characteristics. Figure 6 presents the results ten scenarios
for the power consumption of pump groups 1, 2 and 3.
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From the ten created scenarios, it is necessary to select the ones associated to higher reduction
in power consumption of both pump group 1 and 2 and pump group 3. This analysis focuses on
the favorable scenarios on the viewpoint of energy efficiency and the possibility of its application.
Therefore, observing Figure 6, the three scenarios correspond to 5, 8 and 10 and to be selected to
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proceed with the sensitivity analysis (Figure 7). The remaining scenarios were neglected, as they do
not present significant reduction in power consumption.
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Table 6. Scenarios for the variation of Cooling Tower Fans Rotational Speed.

Scenario Cooling Towers Fans Rotational Speed (nCT)

1 1392.48
2 1350.50
3 1190.55

The scenarios for the cooling towers (Table 6) were created considering the share of reduction
in power consumption by the decrease of the rotational speed of the cooling tower fans, following
the affinity laws of the fans (Equation (8)). Thus, three scenarios designated 1, 2 and 3 were created
bearing in mind shares of reduction in power consumption of, respectively, 20%, 27% and 50%.
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Figure 8. Influence of rotational speed of the cooling tower fans (nCT) on the water temperature of the
cold water tank (T).

The most efficient scenarios for each case: promoting the major energy reductions in power
consumption respecting the operational requirements in temperature, will be analysed furtherly.
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5. Identification of Improvement Measures

The efficiency of water circuits can be reached by the dynamic adjustment of the circuit operation
to the production process, through the reduction of pressure demand and pressure losses in the
circuit and by improvement of energy efficiency of pumps and cooling tower. Such improvements
include matching the scale of the motor service to the work demand (i.e., speed control devices such
as adjustable speed drives); reducing demand for energy services (e.g., substituting a blower for
compressed air or turning off steam supplied to inactive equipment) and the replacement to high
efficiency motors. The improvement measures should account for the technical specifications of the
process: avoiding interruptions, improvement of production reliability (maintaining required flow,
pressure and temperature) and improved maintenance practices. The measures do also account for
economic and environmental aspects namely cost reduction, energy savings and reduction of CO2

impact which are the primary aspect that industrials consider regarding energy efficiency.
The present model allows a prior analysis of efficiency measures to be implemented in the IWC

avoiding extra costs with technical work. To note that the structural related input variables such
as: length and diameter of the pipes, heat inputs in the case of non-looped circuits, despite being
highly influential and part of the formulation of certain optimisation problems, they are set as design
variables, meaning constant parameters of the assembling of the circuits. Therefore, the analysis of
such measures, as related to energy efficiency measures at the design stage and therefore not in the
scope of this work.

Furthermore, aim of this work does not focuses on the analysis of process control strategies.
Noteworthy such strategies are intrinsic in the operation of all the processes in industry, including the
water circuits. Thus, a more accurate analysis of these models would require the comprehension of the
models related to types of valves, flowmeters, electric meters and temperature sensors. Such extensions,
would possibly assist the operational improvement measures, as well as the application of control
related measures. Hence, this paper analyses the application of five improvement measures to the
case study circuit in order to reduce the energy and water consumption as well as guaranteeing the
required operation conditions.

5.1. Variable Speed Drives (VSD) in Pumps

The coupling of VSD’s allow energy savings of 20% to 25% [17]. The installation of VSD in pump
motors allows the automatic flow adjustment to the needs of the process. The change of the pump
speed adjusts the pump rotation frequency to the optimal efficiency point. The performance of this
measure relies on the affinity laws for the pumps. The automatic flow adjustment is described by
Equation (7) [18]:

Qw,nom

Qw,opt
=

Qpump,nom

Qpump,opt
(7)

For the cooling circuit under analysis, the operation of the pump motors was initially set at
rotational speed of 1450 rpm for the nominal flowrate. Applying the Equation (7) for the real running
flowrate, the optimised rotational speed corresponds to 1350 rpm. New simulations have been
performed for the optimal point speed and savings have been estimated and presented in Table 7.

5.2. Refurbishment of Pumps

The refurbishment of pumps corresponds to the mechanical cleaning and overall of a pump
to restore its initial functioning, namely its energy efficiency. Pumps without maintenance over the
years generate a lower flow. The improvement measure for the pumping system of the case study
circuit considered the refurbishment of all pumps. For the calculations, the authors have assumed
an improvement of 10% in the hydraulic efficiency of the pump, set in IMechE [19].
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5.3. Change of Filters

In water treatment process, sand filters present considerable impact on energy efficiency due to
lower pressure drop induced into the water. The improvement measures for the treatment section was
to. In replace the two sand filters with a pressure drop of 1.3 bar to new ones with a pressure drop of
0.5 bar. The results are presented in Table 7.

5.4. Change of Electric Motors of the Pumps

The change of electric motors in pumping systems, specifically to electric motors categorized as
IE3 Premium Efficiency allow high energy savings. A higher efficiency motor is more expensive than
a conventional motor however its lifespan is much longer as it operates at a lower temperature and
hence heat losses are lower [20]. In the current circuit, the pump motors with an initial mechanical
efficiency of 90% were exchanged to IE3 electric motors with a mechanical efficiency of 95.4%.
The savings are presented in Table 7.

5.5. VSD in the Cooling Tower Fans

The installation of VSDs in the cooling tower fans allow a dynamic adjustment of the airflow
respecting the required temperature values in the circuit. The power consumption associated to the
operation of the fan is directly linked to the fan speed, therefore high energy savings can be achieved
with adjustments decreasing the fan speed [21]. The performance of this measure relies on the affinity
laws for the fans. The automatic air flow adjustment is described by Equation (7) [22]. Moreover,
the change on the power of the fans is described by Equation (8) [18]:

Qair,nom

Qair,opt
=

η f an,nom

η f an,opt
(8)

Pf an,nom

Pf ans,opt
=

(
η f an,nom

η f an,nom

)3

(9)

In the circuit under analysis the operation of the four cooling tower fans operates at an initial
rotational speed of 1450 rpm. This has been changed to an optimal speed of 1350 rpm. The results are
presented in the Table 7.

6. Definition of Optimization Methodology

An optimisation methodology must be developed with the aim to improve energy efficiency in this
IWC. This methodology is primarily based on the assembling of several settings for each case, in which
a certain input parameter is modified with the aim to achieve lower energy consumption. These are
primarily related with the operational conditions of the pumps and cooling towers. The definition
of this methodology is necessary for the techno-economic evaluation of the analysed improvement
measures. Based on the scenarios assembled in the sensitivity analysis, the objective functions are
attained by the changes on the decision variables, although that change must respect the operational
requirement of the circuit which are translated by the constraints.

The main objective of the presented optimisation problems is the reduction on electric energy
consumption. Although thermal energy consumption is also a relevant concern, and heat is a direct
input in certain components of these models, the thermal phenomena are mostly treated as imposed
variables of the model, namely as input parameters. Hence, the optimisation methodology includes
the definition of objective functions, decision variables and constraints.

The secondary circuit is only switched on when the temperature of the water inside the cold water
tank (TCWT) reaches more than 0.5 ◦C relatively to the target value (22.1 ◦C). From this, the constraint is
defined as a requirement of not exceeding 0.5 ◦C of the temperature at the cold water tank. This allows
to maintain the cooled water temperature close to the required in the cooling process.
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The objective functions correspond to the reduction of energy consumption. The decision variables
are the same as the ones selected for the sensitivity analysis: rotational speeds of pump motors
(nPG1, nPG2 and nPG3), cooling tower fans (nCT) and the hydraulic and mechanical efficiencies of the
pumps (designated by ηhydr and ηmech, respectively) as well as the pressure drop in the filters. Table 7
summarizes the objective functions, decision variables and constraints of the optimisation problems.

Table 7. Deviations obtained for the pumps measured power.

Objective Functions Decision Variables Constraints

min (ELCPG1 + ELCPG2 + ELCPG3 + ELCCT)

nPG1

TCWT (nnom) − TCWT (n) < 0.5 ◦C

nPG2
nPG3
nCT
ηhydr
ηmech

∆Pfilter

The scenarios presented in the sensitivity analysis enables high energy savings by respecting the
circuit operational conditions. For the solving of optimisation problems, the scenarios associated to
the lower energy consumption respecting the process limit conditions, this is, its constraints, will be
selected and analysed for energy efficiency improvements. The application of VDS’s in pump motors
is related to scenario 8 for the variation of pump motor speed. The application of VSD’s in cooling
tower fans are related with the scenario 2 for the variation of fan speed.

7. Techno-Economic Evaluation

A techno-economic analysis was undertaken for the implementation of specific improvement
measures. The economic savings of an improvement measure, determined in a per year basis, are,
in general, calculated according to Equation (9), in which Savings designates power savings, top the
annual operational time, C the electricity cost per energy unit and Pnom and Popt the power at initial
conditions and optimized conditions, respectively:

Savings = top × Celec × (Pnom − Popt) (10)

In the case of the implementation of electric motors with higher efficiency, the method to calculate
economic savings by Equation (10) takes the form of Equation (11):

Savings = top × C×
(

PIE1

ηIE1
− PIE3

ηIE3

)
(11)

The PIE1 and ηIE1 correspond to the pump power and its overall efficiency at initial conditions of
a standard efficiency motor E1. While PIE3 and ηIE3 correspond to the pump power and its overall
efficiency of a premium efficiency motor IE3.

In the case of the application of VSD’s in electric motors, the savings are calculated according to
Equation (12), in which Pnom and ηnom designate, the power of a pump and its overall efficiency at
initial conditions respectively; Popt and ηopt correspond to the power of a pump and its mechanical
efficiency, respectively, by the installation of VSD’s and i to the numeral designation of a load regime:

Savings = ∑
i

top × C×
(

Pnom

ηnom
− PVSD

ηVSD

)
(12)
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Since the electric motors in question, namely pump and fan motors, are operated in a continuous
load regime, Equation (12) is simplified to:

Savings = top × C×
(

Pnom

ηnom
− PVSD

ηVSD

)
(13)

The investment payback period of a given measure is calculated according to Equation (14),
in which PB designates the payback period and Inv the investment cost:

PB =
Inv

Savings
(14)

The implementation of an improvement measure is considered economically viable under the
patterns of European industry if the payback period is below 2–3 years. The economic evaluation was
proceeded by considering an average electricity price in Portugal of 0.0923 €/kWh [23] and a simple
payback, not considering an inflation rate of the investment costs. The cost of the electric motors has
been obtained from the manufacturer catalogue [24] as well as the cost of the variable speed drives [25].
The cost of the refurbishment of each pump was estimated to be 2 full days of working hours of
a maintenance technician with a monthly salary of 800 Euros. It is assumed that the material required
for repairs and exchanges of equipment are intrinsic to the company hence no cost was considered.
The energy savings, a share of energy savings, investment cost and the payback values are presented
in Table 8.

Table 8. Energy savings, investment cost and payback period of proposed measures.

Improvement Measure Annual Energy
Savings (MWh/year)

Share of Energy
Savings

Investment Cost
(€) Payback (Years)

(i.1) Couple VSD in pump group 1 231.74 19% 21,622 1.0
(i.2) Couple VSD in pump group 2 231.05 19% 21,622 1.0
(i.3) Couple VSD in pump group 3 266.24 20% 21,622 0.9
(ii) Refurbishment of the pumps 524.18 12% 436 0.01
(i.1) and (ii) in pump group 1 400.60 29% 21,786 0.6
(i.2) and (ii) in pump group 2 399.83 29% 21,786 0.6
(i.3) and (ii) in pump group 3 452.77 29% 21,786 0.5
(iii) Change filters (1.3 bar to 0.5 bar) 146.67 4% 42,196 3.1
(iv) Change motors to high-efficiency (IE3) 212.46 6% 134,916 6.9
(i.1) and (iv) in pump group 1 286.51 24% 66,594 2.5
(i.2) and (iv) in pump group 2 285.84 24% 66,594 2.5
(i.3) and (iv) in pump group 3 327.86 24% 66,594 2.2
(v) Couple VSD in fans 157.40 27% 14,872 1.0

Furthermore, the application of VSD’s in pump motors also allows the achievement of savings in
water consumption by the decrease of water flow rate (Table 9).

Table 9. Savings in Water Consumption.

Improvement Measure Savings in Water Consumption (m3/h) Share of Water Savings (%)

(i.1) Couple VSD in pump group 1
35

7.5
(i.2) Couple VSD in pump group 2

(i.3) Couple VSD in pump group 3 45

Total 80

8. Discussion

Overall all the applied improvement measures allowed energy savings. The payback period was
generally lower than 3 years, with exception to measure iv) and largely overcoming that period and
therefore not considered as an efficient economic measure.
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In general, the application of VSD in the pumps (measure i.1, i.2, i.3) allows energy consumption
reductions from 19% to 20%. This converges with the typical values of energy savings with such
application [19]. Furthermore, it reveals itself as favorable measure due to its low payback time of
approximately from 11 mouths to 12 months for all pump groups. The coupling of VSD in the cooling
tower fans (measure v) is equally an attractive measure, with energy savings of 27% and payback
period of nearly a year.

The refurbishment of pumps (measure ii) is peculiarly advantageous because despite saving less
than the applying of VSD it presents a low payback time. This is due to the low investment cost of the
implementation of such measure. Adding the application of VSD in pumps and its refurbishment is
shown as the most propitious measures since it produces the larger reduction in energy consumption
associated to an acceptable payback period.

The replacement of conventional pump motors to the IE3 premium efficiency pumps has not
the same propitiousness as the aforementioned measures. This is also applied to the change of filters.
However, to note that motors and filters are changed at the end of their lifecycle and savings can
be expected at that time. If the replacement is joined with the coupling of VSD however it becomes
a very attractive measure presenting a payback of 2.5 years for pump group 1 and 2 and 2.2 years
for pump group 3. Such approach is also beneficial on a technical point of view as the application of
VSD reduces of the motors lifetime and replacing to a high efficiency motor enables to overcome such
limitation [17].

From an environmental perspective, the application of VSD in pumps allows to reduce fresh
water consumption. The current nominal water flow rate corresponds to 600 m3/h for the pump group
3. From the simulation, it was observed that required the cooling load was achieved for a flowrate of
555 m3/h. Taking into account that average annual water consumption per inhabitant in Germany in
2016 was 45 m3 [26] the water savings could meet the needs of 6601 inhabitants.

9. Conclusions

The present work presents the modelling and optimisation of an IWC, with the following
steps: model assembling, modelling, simulation results, model validation, sensitivity analysis,
formulation of optimisation problems, implementation of energy efficiency improvement measures
and a techno-economic evaluation.

The simulation results for the presented IWC have been successfully calibrated against real
measured data. The deviations corresponded to: pump group 1 (0.74%), pump group 2 (0.77%),
pump group 3 (1.56%), the cooling tower inlet (2.62%) and outlet (4.75%) and the rolling mill water
outlet temperature (3.29%).

Overall, the hydraulic phenomena, namely the pump power demonstrate lower deviations than
the thermal phenomena. This is due the hydraulic phenomena being directly related to energy use of
the pumping systems that correspond to the main power consumers of the IWC. Thus, they are
also associated to the main improvement measures. While the thermal phenomena are related
with temperatures requirements that are associated to the limit conditions. Furthermore, several
improvement measures have been identified and their implementation allowed up to 29% share
of energy savings. For this case study, indeed there is a large potential for energy savings and
improvement of the efficiency in related industrial water circuits (IWC). This has been envisaged in
general by the WaterWatt project [7] and demonstrated through the case studies part of the project.

The presented methodology has been successfully replicated for the other steel sector case-studies
of the WaterWatt project [7] including: closed cooling circuit of an inductive furnace and closed cooling
circuit of a blast furnace. Similarly, for each case-study, simulation results have been validated against
real measured data, optimisation problems have been formulated and sets of scenarios have been
defined for the improvement measures as well as for the techno-economic analysis.
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Nomenclature

Index
1 Main Circuit
2 Secondary Circuit
air Air
CT Cooling Tower
CWT Cold Water Tank
elec Electricity
G Group
i Load regime
in Inlet
IE1 IE1 Standard Efficiency Motors Installed
IE3 IE3 Premium Efficiency Motors Installed
L Minor Losses
nom Nominal conditions
out Outlet
opt Optimised conditions
op Operational
RM Rolling mill
S Saturated Air
VSD Variable Speed Drives Installed
w Water
filter filter
Abbreviations
Baseline Operational conditions for nominal pump motor and fans speed
EEM Energy Efficiency Improvement Measure
ELC Electric Energy Consumption
IWC Industrial Water Circuits
Measured Measured plant data
RTD Resistance thermometer
VSD Variable Speed Drive
Parameters
CP,w Water heat capacity (kJ ◦C−1 kg−1)
Celec Cost of electricity (€/kWh)
D Pipe diameter (m)
ELC Energy Consumption (MWh/year)
f Darcy friction factor
g Gravitic acceleration (m s−2)
H Enthalpy (J/kg)
k Overall heat mass transfer coefficient (kg m−2 s−1)
KL Coefficient of Minor Losses
L Pipe length (m)
n Rotational Speed (rpm)
P Power (kW)
Q Water flowrate (m3/s)
QM Water mass flowrate (kg/s)
Re Reynolds Number
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Savings Economic Savings (€/year)
S Cooling tower surface of packing (m2)
T Water temperature (◦C)
top Operational Time (h/year)
Z Depth of a vertical pipe (m)
∆P Pipe pressure drop (Pa)
ρw Water density (kg/m3)
ηhydr Hydraulic efficiency
ηmech Mechanical efficiency
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