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Abstract
Water and energy represent two essential and interrelated resources for manufacturing systems. Thus, measures to increase resource efficiency
have to take a joint analysis of both resources into account. Common methods of analysis focus on one of both resources only. A combined
approach considering especially the interrelation between water and energy is insufficiently addressed. Against this background, the paper
proposes a water-(energy) flow model comprising all relevant water flows as well as manufacturing, supply and disposal areas of a factory. An
integrated simulation enables the evaluation of dynamic effects of production subsystems, e.g. cooling towers. The application of the model is
demonstrated using a case study from the automotive industry.
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1. Introduction
The world’s current development in terms of resource
consumption per capita already exceeds the planet’s natural
bio-capacity [1]. Due to a growing population with changing
lifestyles and evolving consumption patterns, this trend is
expected to continue moving upwards entailing an increased
demand for energy and water by 40% over the next twenty
years [2].
A survey of the OECD (Organization for Economic Cooperation and Development) further predicts an increased
global water demand by 55% in 2050, including an increase in
manufacturing’s share by 400%, which is strongly influenced
by leading emerging nations [3]. This prediction is based on
the understanding that energy and water are two closely
interlinked resources in terms of resource use. On a general
level, energy generation needs water, whereas water treatment
and distribution consume energy [4]. This implies that choices
made in one resource domain have direct and indirect

consequences on the other, as well as further multifaceted
repercussions on often unforeseen developments [5].
At a factory level, water is often used in multiple ways. It
may be used for steam generation, for heating and cooling, as
a solvent, for cleaning as well as a means of transport for
waste and particles. Energy is used to move, heat, cool, treat,
discharge, or recycle the water [6]. Yet, industry often fails to
make use of technological enhancements which can account
for significant improvements in water productivity and its
related energy efficiency [7].
For that reason, it is important to acquire information as
well as a deeper understanding of potential water-energy
measure interdependencies. This may reveal amplifying and
attenuating effects of the chosen measures on the overall
system. Thus, effects of combined measures do not merely
add up but rather show an interdependent behavior.
Against this background, there is a strong need to assess
combined water and energy improvement measures and their
interdependencies. This includes an enhanced understanding
as to why certain effects either have an amplifying or an
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attenuating impact on the environmental performance in terms
of water and energy demand of a company. Therefore, it is
this paper’s objective to establish an integrated modeling
approach, which enables the assessment of water and energy
interdependencies. The initial section of this paper
emphasizes the interrelation between water and energy and
what is commonly known as the water and energy nexus and
prevalent modeling approaches in that context. The
subsequent section presents the proposed integrated modeling
approach subdivided into the system structure and the
mathematical modeling of the data structure. The last section
presents a case study from the automotive industry assessing
joint water and energy measures in a cooling tower.

The energy domain needs water for the extraction and
mining of natural minerals such as coal or natural gas, firstgeneration biofuels and the generation of thermoelectric
energy for cooling purposes [11]. Fig. 1 also indicates the
existence of a reinforcing cycle based on water and energy
demand as a consequence of the coupling between water and
energy. Therefore, an increase in water consumption will also
trigger a higher energy demand resulting then again in further
water demand, creating a speed-up of resource consumption.
Consequently, joint water and energy reduction can also
exhibit a greater impact.

2. Literature Review

To model both domains, there are numerous approaches.
Many efforts have focused on assessing and optimizing the
water supply as well as the water use in manufacturing.
Starting with a broad perspective, some approaches use Life
Cycle Assessment (LCA) to estimate the use of water from a
scarcity perspective in LCA analyses [12]. In that regard,
there are only a few approaches incorporating combined
energy and water assessments which rather focus on energyefficient water supply systems [13]. Similar approaches such
as the Life Cycle Impact Assessment (LCIA) and associated
characterization models consider the environmental impact
the water withdrawal may cause on the location [14], but do
not indicate any relations to energy demand. Another
approach that focuses on the raw material extraction and
manufacturing phase predicting the amount of used water is
called water footprinting. This approach is typically based on
multiple databases and applied to agricultural products.
However, it does not include the specific water and energy
demand, wastewater treatment and/or different manufacturing
processes [15]. The approach has been extended to consider
the water inventory of machining processes (milling, turning,
and drilling) as well as impacts resulting from differently
defined scopes [16]. A broader water minimization
framework, yet neglecting energy demand, has also been
presented with respect to food manufacturing [17]. With
regard to the automotive industry, activities mainly address
separate improvement measures for water and energy savings
[18], but there is no methodology for assessing the
interdependent effects from a combined analysis of both
resources so far.
Alternative approaches initially originated in the field of
process engineering/integration, and commonly known as
pinch analysis, deal on a graphical basis with defining
performance targets and optimizing energy and mass (e.g.
water) allocation [19]. This approach has been expanded to
derive recommendations for a new optimal system design as
well as to retrofit existing systems [20], including
mathematical optimizations for multiple purposes [21].
Extensions of that approach also consider combined energy
and water minimizations, primarily setting targets for
minimum water use while taking heat recovery arrangements
into account [22]. In addition to that, joint optimizations of
superstructures of water and heat exchanger networks [23] as
well as optimal heating and cooling flows for decreased water
and energy demand have been examined [24]. Another field
of approaches looks at optimal electrical pumping strategies

2.1. Water-Energy Nexus
While prior initiatives and developments have rather
focused on securing the supply of energy and water in an
isolated manner, there is an emerging understanding for the
necessity of conjoined analyses of both resources [2,3,5,7].
This is not only because water and energy represent two
indispensable resources for modern economics, but also due
to their intrinsically bound relationship to each other [7]. A
first concept of this relationship was developed by Gleick in
the 1990’s [8]. It describes what is commonly known as the
water-energy nexus including the two links water for energy
and energy for water. They are connected to the climate
system through the water cycle [9]. This nexus is illustrated in
Fig. 1 for the water and energy domain. It is based on their
interdependence in such a way that one resource cannot be
provided, acquired, or utilized without the other.

Figure 1: Relationship between water and energy (adapted from [10])

In the water domain, energy is used for water extraction
from groundwater, desalination of brackish or seawater, water
conveyance through different areas, water distribution, water
treatment by removing chemicals of emerging concern
(CECs), as well as wastewater treatment [11].

2.2. Modeling approaches
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and control settings required to withdraw and dispatch water
within a system [25].
Apart from that, several recent activities focus on smart
power and water grid coupling with respect to a simultaneous,
economic dispatch of both resources [26], also incorporating
plant ramping behavior and impacts of electrical energy and
water storage alleviating demand constraints [27]. Further
activities just started to model the water-energy nexus as an
integrated engineering system [28] to facilitate quantified
planning and management of this topic. Yet, these approaches
are merely the starting point for the planning and integration
of water and energy coupled topics into industry and other
sectors. Adaptations to specific industry needs are yet to be
developed and validated.
3. Integrated Modeling Approach
The energy and water flows in production systems are
linked. In order to capture the effect of water-reducing
measures on energy demand and vice versa, the
interdependencies between energy and water flows must be
determined. These interdependencies are substantially
influenced by process factors. Process factors can be divided
into three categories: process parameters, technical parameters
of the equipment/machines, and external parameters. Process
parameters can be changed easily for an existing process.
Their modification allows the identification and assessment of
measures to reduce energy and water consumption in existing
manufacturing systems without making any structural
changes. The changes of technical parameters are associated
with structural changes in the manufacturing system and are
generally associated with investments. The external
parameters cannot be changed. To get a real estimation of the
energy and water consumption, the behavior of the system
must be investigated in dependence of external parameters
[29].
In this section, an approach for modeling the energy and
water flows in dependence of the process factors is given.
First, the development of the system structure is described.
Second, the mathematical modeling of the data structure for
individual processes is shown. Finally, the system and data
structure of the individual processes is integrated into a water
and energy flow model of the manufacturing systems. This
model can be used both to derive and to assess energy and
water saving measures.
3.1. System structure
Manufacturing systems include a multitude of different
processes. The different processes represent mechanical,
thermal, or chemical transformation processes that convert
inputs such as energy, water, and other raw materials into
outputs such as products, waste water, waste, and emissions.
The transformation processes depend on several process
factors and are interconnected by energy and material flows of
the manufacturing system.
The first step in the development of the system structure is
the definition of system boundaries and the division of the
system into reasonable modules. Since measures usually

affect the system on the process level, the next step is to
specify the main modules into sub-modules, up to the process
level. Then, the input and output flows need to be identified
for each sub-module on the process level. As an example, Fig.
2 illustrates the system structure of a component plant in the
automotive industry. The manufacturing system is divided
into five main modules: power station, cooling system,
fabrication, waste treatment, and waste water treatment. The
module fabrication is composed of the sub-modules foundry,
paint shop, and transmission manufacturing. The paint shop
has, for example, the process cathodic dip painting. Cathodic
dip painting is specified by the inputs raw parts, energy,
water, chemicals, and paint and the outputs painted parts,
waste water, emissions, and waste. The advantage of the
modular structure of the model is the transparency and easy
adaptation of the modules to other manufacturing systems
with similar processes [30].

Figure 2: System structure of a component plant in the automotive industry

3.2. Data structure
For the modeling of the data structure of individual
processes the input/output relations and their reliance on
process factors must be known. Measures to reduce inputs and
outputs may usually affect inputs as well as process
parameters, technical parameters, and outputs. The impact of
measures on inputs and outputs is determined by external
parameters. To model the transformation processes, all
interdependencies between inputs, outputs, and process
factors must be considered. In general, this leads to input
functions (1) and output functions (2), that Schmidt and Keil
[31] extended by the process factors:

xi

f i ( x1 ,..., xi1 , xi1 ,..., xn ; yn1 ,..., ynm ; p1 ,..., ps ) (1)

yj

f j ( x1,..., xn ; yn 1,..., y j 1, y j 1,..., yn  m ; p1,..., ps ) (2)

The function value ݔ is the amount of an input material ݅ and
the function value ݕ is the amount of an output material݆.
The variables ݔଵ ǡ ǥ ǡ ݔ represent the quantities of other input
materials and ݕାଵ ǡ ǥ ǡ ݕା the quantities of other output
materials of the process. The variables ଵ ǡ ǥ ǡ ௦ denote the
process factors. For an existing manufacturing system, the
data required for the modeling of the transformation processes
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are available from process data sheets and specifications of
the equipment manufacturer. Further necessary data can be
generated by using simulation. The definition of the input
functions ( ݂ ) and output functions ( ݂ ) depends on the
underlying manufacturing process and must be determined
individually for each process. The result of the modeling is a
system of equations for each process, which describes the
relations between inputs, outputs and process factors.
In the next step, the equation systems of the individual
processes need to be incorporated into an integrated model.
For the incorporation of individual process models into an
overall model, Petri Nets notation is typically used. With the
Petri Nets notation, the individual models can be encapsulated
into a material flow network [32]. The implementation of the
model in simulation systems such as Umberto or STAN
provides a tool for the derivation and assessment of measures
in the context of scenario and sensitivity analysis [33].

represent the water consumption of the cooling system. In
addition, water is consumed to clean the backwash filter.
Electrical energy is required in the cooling system to operate
the pump, the fans, and the filter system.

4. Case Study
The case study demonstrates the application of the
developed methodological framework to a cooling system as
well as the validity of the approach. The modeling of the
cooling system is illustrated using the above introduced input
and output functions. The model is applied for the assessment
of water and energy saving measures. While the cooling
system represents only one module of the entire production
system in Fig. 2, further modules could be easily added using
the proposed approach but are neglected here for a simplified
comprehensibility.
4.1. Cooling System
The examined cooling system consists of five components:
one pump, one filter system, one heat exchanger, and two
open cooling towers (see Fig. 3). The pump is responsible for
the circulation of the cooling water in the cooling circuit. The
filter system cleans the cooling water from the pollution
caused by the air. The heat exchanger transfers the thermal
energy from the fabrication to the cooling system. The warm
water from the heat exchanger is transported to the top of the
cooling tower, where it is distributed over the wet deck. On
the way down, the water is cooled by the contact with the
opposite air flow, which is drawn in through the air entrance
grid at the bottom of the cooling tower using an axial fan. The
cooling of the water is caused by the direct heat exchange
between water and air (transmission of sensible heat) and the
evaporation of a small part of the water (transmission of latent
heat). The cooled water is transported to the cooling water
tank and then fed back into the cooling circuit [34]. While the
pure water evaporates during the transfer of latent heat, it
leaves salts and other impurities behind. To ensure the
conductivity of the water, a part of the cooling water must be
blown down and replaced with fresh water. The thickening
factor is the ratio of the total salt concentration of the
circulating water and additional water and defines the amount
of cooling water to be blown down. Evaporation and
blowdown lead to water emissions out of the cooling system.
These water emissions must be replaced with fresh water and

Figure 3: Cooling system

4.2. Model
The module cooling system includes the five components
pump, filter system, heat exchanger, and two open cooling
towers. Significant impacts on the energy and water flows in
the cooling system are the external parameters outside
temperature and relative air humidity. These parameters
change in the course of a day. Because the changes of these
parameters are relatively small within one hour, it is sufficient
to normalize all energy and water flows in the cooling system
to one hour. Table 1 provides the inputs and outputs of the
four components of the cooling system as well as their mutual
dependencies and their dependencies on the process factors.
Table 2 contains all relevant process factors.
The settings for the parameters pump speed ( ͳሻ, fan speed
ܿݐ
cooling tower 1 (ݐܿ
ͳ ), and fan speed cooling tower 2 ( ʹሻ
depend on the external parameters outside temperature (ܨܧ
ͳ ),
),
cooling
capacity
required
in
relative air humidity ( ܨܧ
ʹ
secondary circuit (ܨܧ
͵ ), and the regulation of the cooling
system. They must be chosen in such a way that a constant
temperature (ݐܿ
Ͷ ) can be maintained in the cooling water tank,
for example 23 °C.
To calculate the energy and water demand, a load profile
for the cooling tower must be determined based on the
temperature records of the past year and using a simulation.
The load profile indicates how many hours per year the
cooling tower must be operated with which parameter settings

for ( ଵ ሻ , ( ଵ௧ ) and ( ଶ௧ ሻ . The integration of the model
described above in Umberto and the simulation of the model
for a determined load profile provides the energy and water
demand of the cooling system for a period of one year. The
model is validated with regard to data, behavior and structure,
with adequately accurate results [35].

53

54

Ina Schlei-Peters et al. / Procedia CIRP 29 (2015) 50 – 55
Table 1: Inputs and outputs
Specification Name
Cooling water

݂ଵ ሺ ǡ  ሻ







Electrical energy

ܹ݄݇

Cooling water

݉ଷ Ȁ݄

Input ݔଵ

௦

Cooling water

݉ଷ Ȁ݄

௦
Input ݔଶ
௦
Input ݔଷ
௦
Output ݕସ
௦
Output ݕହ

Electrical energy

ܹ݄݇

Fresh water

݉ଷ Ȁ݄

Cooling water

݉ଷ Ȁ݄

Waste water

݉ଷ Ȁ݄

Input ݔଵ

Cooling water

݉ଷ Ȁ݄

݂ଵ ሺݕଷ ǡ ݕସ ሻ

Output ݕଶ

Cooling water

݉ଷ Ȁ݄

݂ଶ ሺݔଵ ሻ

Input ݔଵ௧

Cooling water

݉ଷ Ȁ݄

݂ଵ௧ ሺݕଶ ሻ

Electrical energy

ܹ݄݇

ࢉ࢚ ࢉ࢚
ࢉ࢚
݂ଶ௧ ሺࢉ࢚
 ǡ  ǡ  ǡ  ሻ

Air

݉ଷ Ȁ݄

ࢉ࢚ ࢉ࢚
ࢉ࢚
݂ଷ௧ ሺࢉ࢚
 ǡ  ǡ ૠ ǡ ૡ ሻ

Fresh water

ଷ

݉ Ȁ݄

݂ସ௧ ሺݕ௧ ǡ ଼ݕ௧ ሻ

Output ݕହ௧

Cooling water

݉ଷ Ȁ݄

݂ହ௧ ሺݔଵ௧ Ǣ ଼ݕ௧ ሻ

Output ݕ௧

Waste water
(blowdown)

݉ଷ Ȁ݄

݂௧ ሺ଼ݕ௧ Ǣ ࢉ࢚
ሻ

Output ݕ௧

Air

݉ଷ Ȁ݄

݂௧ ሺݔଷ௧ ሻ

ଷ

ࡱࡲ ࡱࡲ
଼݂௧ ሺݔଵ௧ ǡ ݔଷ௧ Ǣ ࡱࡲ
 ǡ  ǡ  ሻ

Input

ݔଶ௧

Input ݔଷ௧
Input

ݔସ௧

Output

଼ݕ௧

Evaporation

݉ Ȁ݄



௦

4.4. Results

Process
parameters

Table 2: Relevant process factors



Volume flow of fresh water during the
backwash

ࢉ࢚


Fan speed cooling tower 1

%

ࢉ࢚


Fan speed cooling tower 2

%

ࢉ࢚


Thickening factor

--

Table 3 presents the results for the calculation of the
energy demand to operate the pump, the fans, and the filter
system and water demand for the compensation of
evaporation and blowdown. In the base scenario, the cooling
system consumes 373,222 kWh energy and 31,732 m³ water.
The implementation of a new regulation of the cooling system
(measure 1) leads to savings of 44,768 kWh energy and 983
m³ water per annum. Increasing the temperature in the cooling
water tank from 23 °C to 24 °C (measure 2) leads to savings
of 13,389 kWh energy and 4,147 m³ water per annum.

ࢉ࢚


Temperature cooling water tank

°C

Table 3: Results energy and water demand

Specification

Name



ࢌ࢙

ࢌ࢙


Pump speed

%

Number of backwashing cycles

1/h

ࢌ࢙




parameters

External
parameters

Technical



Rinsing time per backwashing cycle

Maximum water flow pump

Unit

h
݉ଷ Ȁ݄

݉ଷ Ȁ݄



Nominal power pump

ܹ݄݇

ࢉ࢚


Nominal power fan cooling tower 1

ܹ݄݇

ࢉ࢚


Nominal power fan cooling tower 2

ܹ݄݇

ࢉ࢚
ૠ

Maximum air flow fan cooling tower 1

݉ଷ Ȁ݄

ࢉ࢚
ૡ

Maximum air flow fan cooling tower 2

݉ଷ Ȁ݄

ࡱࡲ


Outside temperature

°C

ࡱࡲ


Relative air humidity

%

ࡱࡲ


Cooling capacity required in secondary
circuit

ܹ݄݇

4.3. Scenarios
The cooling system model has been applied in order to
assess two different improvement measures compared to a
base scenario, leading to four cases.

Base scenario
Energy
[kWh]

Filter system

݉ Ȁ݄

Output ݕଷ



Heat exchanger

Function

ଷ

 

݂ଶ ሺ ǡ  ሻ


݂ଷ ሺݔଵ ሻ
௦

݂ଵ ሺݕଷ ሻ
ࢌ࢙ ࢌ࢙
௦
݂ଶ ሺ ǡ  ሻ
ࢌ࢙ ࢌ࢙ ࢌ࢙
௦
݂ଷ ሺ ǡ  ǡ  ሻ
௦
௦
݂ସ ሺݔଵ ሻ
௦
௦
݂ହ ሺݔଷ ሻ

Input

Cooling tower

Unit

373,222

Water
[m³]

Pump

Input


ݔଵ

ݔଶ

Base scenario: The current regulation of the cooling
system starts with the irrigation of the cooling water in both
cooling towers. If the operating point is insufficient to cool
the cooling water to the temperature required in the cooling
water tank, the fan of the first cooling tower is additionally
switched on, first at 40 percent. Depending on demand, the
fan speed is raised up to 100 percent. Only if the first fan is no
longer sufficient at 100 percent, the second fan is turned on.
The temperature required in the cooling water tank is 23 °C.
Measure 1: The energy demand of the fan is generally
related to the third power of the speed [36]. Therefore, two
fans consume at the operating point of 40 percent less energy
than one fan at 50 percent. Following this, the fan on the
second cooling tower is already turned on as soon as the fan
of the first cooling tower exceeds 50 percent. Once the speed
of the second fan reaches the speed of the first fan, the speed
of both fans is increased equally. Analogous to the calculation
of the energy and water demand for the base scenario, a load
profile of the cooling system for the new regulation is created
at first. Then, the energy and water demand of the cooling
system is determined using the Umberto model.
Measure 2: Better insulation of water pipes and reduction
of losses allow for an increase of the temperature in the
cooling water tank from 23 °C to 24 °C
Measure 1+2: In this scenario, the combination of both
measures is examined.

31,732

Measure 1

Measure 2

Measure 1+2

328,454

359,833

318,014

[-44,768]

[-13,389]

[-55,208]

30,749

27,585

26,740

[-983]

[-4,147]

[-4,992]

The implementation of both measures (measure 1+2) leads to
savings of 55,208 kWh energy and 4,992 m³ water. Although
the first measure aims at saving energy, water is also saved by
the redistribution of the transfer of sensible and latent heat.
The combination of both measures leads to 2,949 kWh less
energy savings and 138 m³ less water savings compared to the
sum of the individual savings. The results show the
importance of an integrated approach. Measures, such as
increasing the temperature in the cooling water tank, can be
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evaluated only with integrated models, because they affect
both energy and water consumption. Furthermore, the energy
saving measures may, as it is evident from the case study, not
only directly influence water consumption, but also indirectly
affect the effectiveness of other measures. The combination of
measures does not lead to simple summation of the results. In
this case, the combination of both measures leads to 5 percent
less energy savings and 3 percent less water savings.
5. Conclusion and Outlook
In this paper, an integrated approach to model the energy
and water flows and their interdependencies in production is
presented. The model depicts the energy and water flows as a
function of the relevant process factors and enables both the
derivation and assessment of energy and water saving
measures. The approach is applied to a cooling system from
the automotive industry. Two measures to improve the
systems efficiency are investigated. The case study shows the
effectiveness and the necessity of the approach, since
measures can easily be modeled and their effects do not
simply add up.
Future works will focus on the development of additional
modules of the manufacturing system and the development of
a standardized procedure to close data gaps with simulation.
Besides, further interdependencies such as e.g. CO2 or VOCemissions will be addressed as well. Moreover, the modeling
will be extended to the economic evaluation of the measures,
to enable in particular also an adequate assessment of the
variation of technical parameters. The aim is a holistic
approach for the derivation, evaluation and selection of
measures to increase energy and resource efficiency.
References
[1] Evans, S., Gregory, M., Ryan, C., Bergendahl, M. N., Tan, A., 2009.
Towards a sustainable industrial system: With recommendations for
education, research, industry and policy, University of Cambridge,
Cambridge, United Kingdom, p. 7.
[2] World Business Council for Sustainable Development, 2010. The Vision
2050:
The
new
agenda
for
business.
Available:
http://www.wbcsd.org/pages/edocument/edocumentdetails.aspx?id=219&
nosearchcontextkey=true.
[3] OECD (Organisation for Economic Co-operation and Development).
2012b. Environmental Outlook to 2050: Key Findings on Water. Paris,
OECD.
[4] Rio Carrillo, A.M., Frei, C., Water: A key resource in energy production,
Energy Policy, Volume 37, Issue 11, November 2009, Pages 4303-4312.
[5] WWAP (United Nations World Water Assessment Programme). 2014. The
United Nations World Water Development Report 2014:
Water and
Energy. Paris, UNESCO.
[6] UNIDO (United Nations Industrial Development Organization). 2011.
Industrial Development Report 2011: Industrial Energy Efficiency for
Sustainable Wealth Creation: Capturing Environmental, Economic and
Social Dividends. Vienna, UNIDO.
[7] Ecologic, Institute for International and European Environmental Policy,
2007. EU Water saving potential (Part 1 –Report), Berlin, Germany.
[8] Gleick, P.H. (ed.), 1993. Water in Crisis: A Guide to the World’s
Freshwater Resources, Oxford University Press.
[9] Palaniappan M, Gleick PH. Peak water. The world’s water 2008–2009.
Chapter 1. p. 1–16.
[10] Dubreuil, A., Assoumou, E., Bouckaert, S., Selosse, S., Maizi, N. Water
modeling in an energy optimization framework – The water-scarce
middle east context, Applied Energy, Vol. 101, Jan. 2013, pp. 268-279.
[11] Water in the West Stanford University, 2013, Water and Energy Nexus:
A Literature Review.

[12] Bayart, J.B., Bulle, ., Deschênes, L., Margini, M., Pfister, S., Vince, F.,
Koehler, A., 2010. Framework for assessing off-stream freshwater use
in LCA: The International Journal of Life Cycle Assessment, Vol. 15,
No. 5, pp.439-453.
[13] J. Stokes and A. Horvath, Life cycle energy assessment of alternative
water supply systems, International Journal of Life Cycle Assessment,
11 (2006) 335–343.
[14] T. Lévová, M.Z. Hauschild, Assessing the impacts of industrial water
use in life cycle assessment, CIRP Annals - Manufacturing Technology,
Volume 60, Issue 1, 2011, Pages 29-32.
[15] Hoekstra, A.Y., Chapagain, A.K., Aldaya, M.M., Mekonnen, M., 2011.
Water Footprint Assessment Manual: Setting the Global Standard,
Earthscan, London, UK.
[16] F. Zhao, J. Ogaldez, J. W. Sutherland, Quantifying the water inventory
of machining processes, CIRP Annals - Manufacturing
Technology, Volume 61, Issue 1, 2012, Pages 67-70.
[17] Sachidananda, M., Rahimifard, S., 2012. Reduction of Water
Consumption within Manufacturing Applications in Leveraging
Technology for a Sustainable World. Springer Berlin, 455-460.
[18] Enderle, P., Nowak, O., Kvas, J., 2012. Potential alternative for water
and energy savings in the automotive industry: case study for an
Austrian automotive supplier, Journal of Cleaner Production, Vol. 34,
pp. 146-152.
[19] Wang, Y.P., Smith, R., 1994.Wastewater Minimization, Chemical
Engineering Science, 49/7, pp. 981-1006.
[20]Iancu P, Plesu V, Lavric V: Waste water network retrofitting through
optimal placement of regeneration unit. Chem Eng Trans 2009, 18:851856.
[21] Su W-N, Li Q-H, Liu Z-Y, Hui Pan Ch-H: A new design method for
water-using network of multiple contaminants with single internal water
main. J Cleaner Prod 2012 doi: 10.1016/j.jclepro.2012.01.041.
[22]Savulescu L, Kim J-K, Smith R.: Studies on simultaneous energy and
water minimisation, Part I: systems with no water re-use. Chem Eng Sci
2005, 60:3279-3290.
[23]Manan ZA, Tea SW, Wan Alwi SR: A new technique for simultaneous
water and energy minimisation in process plant. Chem Eng Res Des
2009, 87:1509-1519.
[24] Gololo V., Majozi T., Zhelev T., Semkov K.: Guided design of heating
and cooling mains for lower water and energy consumption and
increased efficiency. Chem Eng Trans 2011, 25:755-760.
[25] BenjamÕғn Barán, Christian von Lücken, Aldo Sotelo, Multi-objective
pump scheduling optimisation using evolutionary strategies, Advances in
Engineering Software, Volume 36, Issue 1, January 2005, Pages 39-47.
[26] Apoorva Santhosh, Amro M. Farid, Kamal Youcef-Toumi, Real-time
economic dispatch for the supply side of the energy-water nexus,
Applied Energy, Volume 122, 1 June 2014, Pages 42-52.
[27] A. Santhosh, A. M. Farid, K. Youcef-Toumi, The impact of storage
facility capacity and ramping capabilities on the supply side economic
dispatch of the energy–water nexus, Energy, Vol. 66, 1, Mar. 2014, pp.
363-377.
[28]Lubega WN, Farid AM. A meta-system architecture for the energy-water
nexus. IEEE Syst J 2014; 1–10.
[29] Chenery, H.B. (1953): Process and Production Functions from
Engineering Data, in: Leontief, W.: Studies in the Structure of the
American Economy — Theoretical and Empirical Explorations in InputOutput Analysis. New York-Oxford. P. 297-325.
[30] Gutenberg, E. 1983: Die Produktion.. Springer. Berlin, Heidelberg.
[31] Schmidt, M.; Keil, R., 2002. Stoffstromnetze und ihre Nutzung für mehr
Kostentransparenz sowie die Analyse der Umweltwirkung betrieblicher
Stoffströme. Beiträge der Hochschule Pforzheim Nr. 103
[32] Moeller, A., Prox, M., Schmidt, M., & Lambrecht, H., 2009. Simulation
and optimization of material and energy flow systems. In Simulation
Conference (WSC), Proc. of the 2009 Winter (pp. 1444-1455). IEEE.
[33] Schultmann, F., 2003: Stoffstrombasiertes Produktionsmanagement.
Betriebswirtschaftliche
Planung
und
Steuerung
industrieller
Kreislaufwirtschaftssysteme. Erich Schmidt Verlag, Berlin.
[34] Erens, P.J., Reuter, H.C., 2013. N4 Kühltürme. In: VDI-Wärmeatlas.
Springer. Berlin, Heidelberg. p. 1655-1674.
[35] Sterman, J. D. 2000. Business dynamics: systems thinking and modeling
for a complex world. Irwin/McGraw-Hill. Boston.
[36] Eck, B., 1972. Ventilatoren. Springer. Berlin, Heidelberg, New York.

55

