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Abstract 

A sustainable development towards future production systems requires a holistic understanding of the overall production system. As supplier of 
cooling medium for processes, machines and air-conditioning, cooling towers play a key role for various production processes and the overall 
factory. Due to long operating time, significant energy and water demands as well as related environmental impacts, the improvement of cooling 
tower operations has come into focus of industry. Beyond this background, this paper presents an approach for analysing the energy and water 
demand as well as the global warming potential of forced-draft cooling towers for industrial purposes. As the energy and water demand of cooling 
towers is highly influenced by regional conditions, different locations all over the world have been considered in the analysis regarding regional 
climatic data as well as country-specific electrical energy mixes. 
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1. Introduction 

Water is an important medium - for our daily life as well as 
for technical applications. Water is used in a wide variety of 
industrial production processes: as raw material, auxiliary and 
operating material, e.g. for cooling processes and washing 
processes. Studies observed that industrial processes associated 
with water are one main driver for the total energy demand of 
process chains [1]. Therefore, it is important to put a focus on 
such processes in the context of a sustainable production. The 
main share of water is not directly used in products, but for 
energy and mass transport in discrete manufacturing [2]. On the 
contrary, energy is also needed to transport and treat water. This 
bilateral relation of water and energy in the industrial context is 
described by the so-called water-energy nexus [2,3]. Cooling 
towers (CT), as part of the technical building services (TBS) in 
production systems, are an example of the water-energy nexus. 

CT are thermodynamically open systems, in which warm water 
is cooled down at the ambient air, transferring heat and 
evaporated water to the environment. Thus, it is clear that the 
energy and mass balance in a CT depends on regional climatic 
conditions such as ambient air temperature and humidity [4]. 

Several studies have researched dimensioning and operation 
optimization of CT using physical models as well as data-based 
models. Therefore, usually the energy demand and the cooled 
water outlet temperature were focused as target values. 
However, the regional environmental impacts of industrial CT 
caused by energy and water demanded during operation have 
not been focused yet in that way. 

Hence, this paper investigates the regional influences on 
environmental impacts of CT related with their energy and 
water demand. For this purpose, a data-based analysis of an 
industrial force-draft CT located at an automotive 
manufacturing plant in Germany is presented. The system 
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behavior is studied using a physical model, which is able to 
virtually transfer the CT to different locations in the world. 
Furthermore, country-specific energy mixes are used in the 
evaluation to realistically estimate the global warming potential 
(GWP) of the CT operations in different world regions. 

2. Background 

2.1 Approaches assessing the energy and resource demands 
of cooling towers 

In order to assess the environmental impact of a CT 
holistically, its complete life cycle should be taken into 
account. At present, there has not been a full life cycle 
assessment (LCA) that evaluates the entire life cycle according 
to DIN ISO 14040. Nevertheless, some approaches offer 
simplified LCA focussing on the use phase. A guideline 
published by the Mechanical Engineering Industry Association 
(VDMA) for the assessment of the economic efficiency and 
CO2 footprint of evaporation and hybrid CT provides 
orientation points for dimensioning and recommendations for 
the calculation of investment and operating costs. The use 
phase of cooling towers is explicitly focused on, as CO2 
emissions, from the manufacturing phase of the CT is estimated 
to account for less than 1% of total CO2 emissions over the life 
cycle [5].  

Other publications target the use phase of cooling towers in 
case studies or consider them as part of the use phase of other 
objects of interest such as power plants or buildings [6,7,8,9]. 
Furthermore, various approaches have been published 
describing the energy and mass balance within industrial CT 
based on physical models. As often cited, Kloppers and Kröger 
use physical models to calculate energy and mass balances [4]. 
These models were expanded by some authors with 
meteorological data for design and operation optimization of 
CT [10,11].  

Furthermore, simulative or data-based approaches are 
worked out focussing CT operational strategies. Using models 
based on measured data of industrial CT or on laboratory scale 
CT, some authors derive predictions about operational cooling 
performance and energy demand by combination cluster and 
regression analyses [12,13] or artificial neural networks [14]. 
Further approaches use simulative studies based on physical 
models for dimensioning and operation optimization. Schlei-
Peters et al. present an integrated methodology of process 
modelling and material flow analysis, addressing economic and 
ecological key performance indicators (KPI) to improve CT 
operation [15]. In the context of the water-energy nexus, Kurle 
et al. consider CT as part of the water system for unlocking 
water efficiency improvements in production [2]. Thiede et al. 
provide a framework for the systematic analysis of the water-
energy nexus for industrial CT and make proposals for energy 
and water savings as a result of system dynamic based 
simulations [3].  

Most authors who conducted research on the resource 
demand of CT point out the importance to consider the climatic 
conditions of the location. Nevertheless, no approach 
comparing the CT operation under different climatic conditions 
could be identified in the literature (compare Table 1). 

Table 1: Approaches assessing the energy and resource demands of cooling 
towers 

 
 

2.2 Regional climatic conditions affecting cooling tower 
operations 

During the use phase, the operation of industrial devices is 
often significantly influenced by regional climatic conditions. 
Particularly, systems exchanging energy and mass via direct 
contact with the environment such as air-conditioning and 
building shell are affected. This observation applies for both 
production systems but also consumer products like 
automobiles. Exemplary studies on regional factors influencing 
production have been carried out by Dehning, focussing on the 
energy efficiency of automotive factories [16]. In this study, 
the climatic conditions were identified as an important factor 
for the factory's energy demand. Egede comes to a similar 
result regarding the use phase of electric vehicles [17], which 
is highly influenced by the climate zone. 

As CT are also technical devices in direct contact with the 
environment, a significant impact of climatic conditions can be 
expected. The following figure illustrates the main elements of 
an industrial CT. 

 

Figure 1: Elements of industrial cooling towers 
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The source of cooling demand is the production plant where 
waste heat of machines needs to be cooled. The warm water 
mass flow is pumped into the CT and is cooled there by the air 
mass inside. In order to improve the cooling capacity of the air, 
fan operation is used to create an additional air flow. Increased 
air flow enhances the energy and mass transfer due to 
transporting heated and water-saturated air out of the CT. The 
cooled water is pumped back into the production plant. The 
relation between cooling capacity (air side) and cooling 
demand (water side) can be described with a theorem by 
Merkel [18]: 

(1) 

 

In the one side of the equation, the cooling capacity of the 
air is described by the air mass flow  and the enthalpy 
difference of inlet air and outlet air . Thus, the 
specific enthalpy of air depends on the air temperature and 
humidity, these measurable parameter are taken into account 
for further analysis. The other side of the equation describes the 
cooling demand of the heat source. Expressed as the 
mathematical product of the water mass flow , the 
specific heat capacity ( ) and the temperature difference of 
the outlet water  ) and inlet water . The most 
common way to describe the energy and mass balances of 
thermodynamics are in form of equations and diagrams. 
However, in order to improve the understanding of complex 
systems, simplifications and visualizations are required. 

3. Methodology for assessing regional influences on the 
environmental impacts of cooling towers 

An alternative way to explain CT as complex systems is the 
system dynamics method developed by Forrester [19]. It offers 
the capability to identify and investigate functional chains and 
their rather simple explanation by visualization. A qualitative 
system dynamics in form of functional chains regarding the 
energy and mass balance in a CT is shown in Figure 2. 

 

 

Figure 2: System dynamics view on energy and mass balance in a cooling 
tower 

The diagram shows that the climatic conditions, expressed 
by air inlet temperature and humidity, are influencing energy 
and water demands. The energy demand is mainly affected 
through the enthalpy of incoming air , which is 
increasing for higher air temperatures  and humidity 

. Hence, these factors influence the cooling capacity of 

the air and therefore the water outlet temperature ), 
necessitating an increased air mass flow by means of fan 
operations. The water demand is mainly affected through the 
water losses, which increase with higher air temperatures. 

3.1 Concept 

This paper presents an integrated approach with the purpose 
of regional environmental impact assessment. This approach 
includes three main steps. The first step is a data-based analysis 
in which the performance of a CT is evaluated based on 
measurement data. As results, empirical information about the 
time-dependent behavior of system parameters as well as 
operational KPI like water outlet temperature and fan speed are 
received. In the second work step, the system behavior of the 
CT is transferred into a simulation model using agent-based 
and system dynamics modeling paradims. The model allows 
for scenario-based simulation studies in order to calculate life 
cycle inventory KPI (LCI KPI) such as energy demand and 
water losses. Within the third step, the regional impact 
assessment is carried out for selected regions of the world 
considering GWP and fresh water usage. Therefore, climatic 
data and data of the electrical energy mix are varied within the 
simulation model. Finally, these resulting life cycle impact 
assessment KPI (LCIA KPI) are compared and visualized.  
 

 

Figure 3: Concept for a regional environmental impact assessment of cooling 
towers 

3.2 Implementation  

As the approach bases on data from an empirical case, the 
analysis of a real world system needs to be carried out in the 
first step. Thus, this study bases on measurement data of nearly 
one year from an industrial CT, built for cooling a compressed 
air system within a German automotive factory. Since the 
supply of cooling water must be reliably provided throughout 
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the whole year, it is important to adapt CT operations to 
environmental conditions. Variable parameters for the 
operation are in particular the air supply and the water supply, 
technically influenced by the operation of fans and pumps. Due 
to dimensioning restrictions, the water supply of the cooling 
tower by pumps is taken as constant for this approach. In 
contrast, the air supply is adaptable and mainly controlled by 
the rotation speed of the fan. The fan in this use case has a 
nominal power of 20 kW and can be operated in three states: 
off, mean speed and full speed. 

The operation KPI are illustrated by the time series shown 
in Figure 4. From top to bottom, measurement data of ambient 
temperature, water outlet temperature, fan speed and resulting 
energy demand for few hours during a winter day are 
exemplary presented. 

 

 
 

Figure 4: Data-based analysis of cooling tower performance 

As the water outlet temperature has to match a target 
temperature, it plays a key role for the overall CT control and 
performance. As soon as the water outlet temperature exceeds 
the target temperature, the air flow mass must be increased by 
means of an enhanced fan speed. Examining a prompt decrease 
of the water outlet temperature after increasing the fan speed, 
the system reaction time is apparently very short. The last 
diagram shows the total electrical energy demand of the 
cooling tower, comprising pump and fan demands. Knowing 
that the pump demand was rather constant, the significant 
influence of the fan speed on the energy demand can be 
observed. 

Based on this analysis, the system behaviour as well as 
parameter value levels are derived in order to build up a 
simulation model. Therefore, the dynamic system behaviour of 
key parameters from the previously applied data-based analysis 
is integrated into the model. For instance, the climatic 
conditions as ambient temperature and relative humidity are 
implemented as time series in the model. Water inlet and outlet 
temperature, as dimensioning parameters, remain constant 
depending on the black-boxed heat source. The fan speed 
control as well as the water losses are calculated based on the 
measurement data and empiric data for wet air by [18]. 
Therefore tables for specific enthalpy, specific density and 
water load of the air depending on the air temperature of wet 
air are taken into account. The modelling is performed using 
agent based as well as system dynamics methods implemented 
in the multi-method simulation tool ANYLOGIC©. Using 

agent based methods, the speed control logic is implemented 
into the simulation. With system dynamics methods, the energy 
and mass balances are implemented described before based on 
formula. At each simulation time step, the energy and mass 
balance as well as operation of fan is calculated again. The 
energy demand of the CT system depends on the fan operation 
stage and is summarized when the simulation is completed. In 
order to explain the model structure, an extended qualitative 
system dynamics model is presented (see Figure 5).  

 
 

 

Figure 5. System dynamics based cooling tower simulation model 

Additionally, the variable climatic conditions represented 
by ambient temperature and humidity, as well as the GWP of 
country-specific energy mixes are taken into account as 
variable parameter for the simulation scenarios. The main LCI 
results are the energy demand of the CT and water losses by 
evaporation, blow off and water droplet losses. 

As mentioned, the main reaction chain in the CT consists of 
the regulation of the air mass flow by the fan operation 
depending on the water outlet temperature. If the CT is located 
in a region with warm and humid climatic conditions, the 
cooling capacity is reduced. Consequently, more air is required 
to remove the same amount of heat: as the water outlet 
temperature increases, the fan speed is enhanced to increase the 
air mass flow. As a result, the cooling tower's energy demand 
is increased furthermore.  

The regional environmental impacts are determined in two 
work steps: First, the calculation of the LCI results, namely the 
energy demand of the CT and the resulting water demand. 
Second, in order to assess the regional environmental impacts, 
the simulation takes both climatic conditions and the GWP of 
energy mixes into account. The GWP and fresh water usage (= 
water demand) are calculated as LCIA results. 

4. Application  

In order to get a broad view on the potential impact of 
regional climatic conditions, the methodology is applied to data 
from 10 locations around the world, covering different climate 
zones. In order to consider the impact of seasonal climate 
changes, monthly data for a period of one year regarding mean 
temperature and relative humidity is used. The LCIA results 
GWP and fresh water usage are shown numerically in Table 2 
as well as expressed by bar charts at a world map in Figure 6. 
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Table 2: LCIA results and country-specific data from DWD, Ecoinvent and 
World Bank Data.[19,20,21].  

 

 Overall, the LCIA results reveal that warmer climatic 
conditions lead to higher energy demands and fresh water 
usage compared to moderate climate. Regarding the GWP, 
differences between the assessed regions are more significant 
compared to fresh water usage. The yearly impact reaches from 
only 810 kg CO2eq per year (Iceland) to above 130.000 kg CO2eq 

per year (Egypt). The broad span in CO2eq emissions can be 
explained by two factors: On the one hand, a higher energy 
demand due to higher air flow demand in warm climatic 
regions can be observed. On the other hand, the country-
specific energy mix has a high impact on the total GWP of the 
CT. In this study, the CT located in Egypt features the highest 
GWP, although the average temperature and thus the fresh 
water usage is lower than in Brazil. An exemplary sensitivity 
analysis, carried out with a parameter variation up to +/-20 % 
for GWP of the electricity mix and average outside 
temperature, shows that both climatic conditions and energy 
mix impact the total GWP in the same order of magnitude. 
However, the energy mix has a linear impact, as it is used as a 
factor in the step of impact assessment. In contrast to that, the 

ambient temperature affects the cooling capacity of the air and 
therefore the fan speed in a non-linear way. In addition, in this 
case study the fan features only two fixed operation levels, 
hence the fan speed cannot be adapted continuously but only 
stepwise. Due to the given dimensions of the case CT, the fan 
is permanently running on full operation level for the 
simulation of hot locations such as Egypt. A further increase in 
temperature would therefore not result in a further increase of 
energy demands using the current simulation model. 
Accordingly, the CT design should be reconsidered in order to 
guarantee a constant water outlet temperature. 

5. Conclusion and outlook 

This paper presents an integrated approach to assess the 
environmental impact of CT operation for various regions of 
the world. Significant impacts of climatic conditions have been 
evaluated due to data-based and simulative analysis of the CT 
system behavior. However, the climatic conditions of a region 
must be regarded as given. In contrast, the results of this study 
show the high impact of country-specific GWP on the 
environmental impacts of CT. By increasing the share of 
renewable energy in electricity generation, environmental 
impacts of a CT can be reduced significantly. For further 
studies, the authors propose the improvement of the 
methodology by data-driven modeling, using real time data for 
predicting environmental impacts more exactly. For that, 
simplifications could be replaced by measurement data as it 
was demonstrated by climatic conditions. In order to validate 
the focus on the CT use phase, additional analyses could be 
carried out to assess environmental impacts caused during 
manufacturing and construction or end of life phase. 
Furthermore, global water data should be taken into account to 
research the impact of CT on global water scarcity, as the 
environmental relevance of water demands is highly different 
for the regions assessed [22]. Thus, a high water demand could 
be uncritical for Brasil, while it is highly critical for a location 
in Egypt due to population density and annual rainfalls.   

 
 

 

Figure 6: Regional environmental impacts of cooling towers during use phase 
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