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Abstract

Improving the environmental performance and energy efficiency of cooling towers

requires systematic evaluation. However, methodological challenges emerge when

applying typical environmental assessment methods to cooling towers. Hence, this

paper compares the methods, analyzes their strengths and weaknesses, and proposes

adaptions for evaluating cooling towers. As a case study, we applied five methods for

assessing the wet cooling system of the high-performance data center in Stuttgart.

These arematerial flowanalysis (MFA), life cycle inventory, life cycle assessment (LCA),

exergy analysis, and life cycle exergy analysis (LCEA). The comparison highlights that

the LCA provides the most comprehensive environmental evaluation of cooling sys-

tems by considering several environmental impact dimensions. In the case of the wet

cooling tower, however, electricity andwater consumption causemore than97%of the

environmental impacts in all considered impact categories. Therefore,MFA containing

energy flows suffices in many cases. Using exergy efficiency is controversially debated

because exergy destruction is part of the technical principle applied in cooling towers

and, therefore, difficult to interpret. The LCEA appears inappropriate because con-

struction and disposal barely affect the exergy balance and are associatedwith transit-

ing exergy. Themethod comparison demonstrates the need for furthermethodological

development, such as dynamic extensions or the efficiency definition of cooling towers.

The paper highlights that themethodological needs depend on the specific application.

KEYWORDS

cooling tower, data center, exergy analysis, industrial ecology, life cycle assessment, material flow
analysis

1 INTRODUCTION

1.1 Background of effectiveness and efficiency evaluation of cooling towers

Cooling towers are indispensable in many cases to transfer heat from technical processes to the environment to close the overall energy bal-

ance. In 2021, space cooling required 2000 TWh of electricity worldwide (IEA, 2022). Moreover, the energy demand for cooling increases with

rising outside temperatures (Deroubaix et al., 2021). Especially the required removal of low-grade heat from data centers significantly increases

(Cannistraro et al., 2016; Turek & Radgen, 2021; Zhang et al., 2021). For decades, research has focused on the effectiveness of heat transfer
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F IGURE 1 Intersections and relationships betweenmaterial flow analysis, life cycle inventory, life cycle assessment, exergy analysis, and life
cycle exergy analysis.

(Kloppers & Kröger, 2005; Sun et al., 2019). However, some cooling towers consume up to 45 kWel/MWth of electricity (DIN SPEC 15240, 2019,

p. 53) or up to 4.5 m3/h/MWth of water (Hincke & Hainbach, 2018, pp. 330−335), whereas once-through cooling requires 10 to 100 times more

water than cooling towers (EuropeanCommission, 2001, p. 72;Macknick et al., 2012, p. 6). Therefore, beyond the effectiveness assessment of cool-

ing systems, systematic efficiency assessment is needed to identify and implement necessary measures for energy efficiency improvements and

environmental protection and, thus, achieve energy and climate targets. Nevertheless, the cooling tower characteristicsmake the efficiency assess-

ment difficult, with efficiency as the ratio of useful output to useful input. Quantifying the useful output of cooling towers is themain challenge due

to different technical requirements and ambient conditions.

1.2 Methods overview and previous research

An almost infinite number of methods, method extensions, and combinations exist for environmental and sustainability assessment. Each method

has a different focus, so the selection can significantly impact the conclusions. Therefore, previous studies developed approaches to systemati-

cally select an assessment method at the beginning of the study (Ness et al., 2007; Rodríguez et al., 2019; Wenzel & Radgen, 2022). Additionally,

case study comparisons are essential for the application area of cooling towers since only practical use reveals the specific advantages and disad-

vantages, and these rarely exist for cooling towers hitherto. With the energy and climate targets in mind, we focus on environmental assessment

methods applicable to process scale. Like Loiseau et al. (2012), we exclude methods for economic evaluation, such as life cycle costing or material

flow cost accounting, andmethods for social impacts, such as social life cycle assessment (LCA). These are complementarymethods for sustainabil-

ity assessment considering the triple bottom line (social, environmental, and economic aspects). Furthermore, we limit the study to input–output

approaches for a specific system boundary because the system’s evaluation is usually conducted before the optimization and simulation. Due to

these reasons, we choose the following fivemethods.

Material flow analysis (MFA) and LCA are essential methods in the field of industrial ecology (Clift & Druckman, 2016, p. xviii). TheMFA system-

atically quantifies material flows and stocks of a temporally and spatially defined system (Brunner & Rechberger, 2004, p. 3). MFA serves mainly

for broader perspectives, such as sectors, regions, and nations, but also for industrial processes, such as cooling towers (Cullen & Cooper, 2022, pp.

527, 529; Schlei-Peters et al., 2017). Extending MFA to a life cycle perspective and up to elementary flows leads to the life cycle inventory (LCI).

Elementary flows enter or leave the system from or into the environment without human intervention, such as natural resources and emissions.

LCI bridges to LCA, which additionally includes the impact assessment, among others. To evaluate the environmental impact of services, processes

or products throughout the life cycle, the LCA methodology has four stages: (1) definition of goal and scope, (2) LCI, (3) impact assessment, and

(4) interpretation (ISO 14040 (2021) and 14044 (2021)). BeyondMFA, exergy analysis uniformly evaluates material, electricity, and heat (Cullen &

Cooper, 2022, p. 529). Exergy is the work obtainable by the reversible interaction of matter or energy with the natural surroundings. Using exergy

units enables the combined and equal evaluation of material and energy efficiency (Hernandez et al., 2018). The life cycle exergy analysis (LCEA)

combines the concepts of exergy analysis and LCA to evaluate the exergy flows of a product or service during its life cycle, including construction,

operation, and disposal. The key indicator of the LCEA is the natural resource consumption during each life cycle stage using the exergy analysis

(Gong &Wall, 1997). MFA, LCAwith LCI, and exergy analysis are significantly more common than LCEA. Nevertheless, we use LCEA for completing

the exergy evaluation from a life cycle perspective. Figure 1 illustrates themethodological linkages.

While themethod’s general strengths andweaknesses are largely known (Angelakoglou&Gaidajis, 2015; Baars et al., 2022; Loiseau et al., 2012),

we anticipate additional aspects and challenges when applying them to cooling towers, some of which appear in previous studies.
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These studies have usedMFA, LCI, LCA, and exergy analysis to evaluate cooling towers. Schlei-Peters et al. (2017) applied theMFA to reveal the

energy and water-saving potentials of an industrial cooling tower. Moreover, they examined ecological aspects, defining the functional unit (FU) as

the “provision of 1-megawatt heat rejection (cooling) capacity (MWth) for a period of 1 year” (Schlei-Peters et al., 2017, p. 50). Schulze et al. (2019)

conducted an LCA of industrial cooling towers considering all life cycle stages with the FU “cooling of 1 kg water from 35◦C to 28◦C in Germany

for the overall usage time,” meaning the entire life cycle (Schulze et al., 2019, p. 140). Furthermore, several studies evaluated cooling towers using

exergy analysis (Ghazani et al., 2017; Farmahini-Farahani et al., 2012;Muangnoi et al., 2007; Peng et al., 2017; Singh&Das, 2017). In general, exergy

input, the exergy of the useful product, and exergy loss are distinguished, leading to the exergy efficiency as the ratio of exergy of the useful product

and exergy input. For cooling towers, however, other definitions of exergy efficiency have been discussed, such as the ratio between exergy output

and exergy input, the ratio between desired exergetic effect and exergy use, and the change in products exergy and supply exergy (Madlool et al.,

2012, p. 925; Qureshi & Zubair, 2007, p. 190).

1.3 Objective of this study

This study aims to fill the gap in standardizing environmental and energy efficiency assessment for cooling towers (cf. Section 1.2) by examining the

capability of five methods: MA, LCI, LCA, exergy analysis, and LCEA. Based on Section 1.2, we chose these five methods to investigate the mass,

energy, exergy flows, and environmental impacts, either with or without a life cycle perspective. The study provides new case study data and offers

a rare interdisciplinary perspective across the different fields of these methods to demonstrate how they can supplement each other. Additionally,

the study aims to reveal the hotspots of mass, energy, exergy, and environmental impact of the wet cooling tower. Thus, we analyze whether con-

struction and disposal contribute significantly less than the operational phase. Furthermore, we examine the share of electricity consumption in the

hotspots and to what extent the changing German electricity mix toward higher shares of renewable electricity affected the cooling tower’s envi-

ronmental impacts over the past 20 years. Finally, based on these results, we discuss how targetedMFA, LCI, LCA, exergy analysis, and LCEA are for

the efficiency assessment of cooling towers in terms of the results achieved, necessary data and assumptions, remaining challenges, and required

methodological development. The study is structured as follows: Section 2 includes themethods and case study data, Section 3 presents the results

for eachmethod, and Section 4 discusses the case study results, and themethod comparison before Section 5 presents our conclusions.

2 APPLIED METHODS AND CASE STUDY DATA

2.1 Methods overview

AsMFA, LCI, LCA, exergy analysis, and LCEAoverlap to a certain extent, they partly require the samedefinitions, data, and assumptions. This section

introduces the essential methodological parts to achieve our goals, with Table 1 highlighting which methods require which elements. Section 2.2

provides the goal and scope definition, including the FU, the system definition, and the impact assessmentmethodologies. Only LCI and LCAusually

require a standardized goal and scope definition. Nevertheless, the system definition is essential for every analysis independent of the method

applied. Furthermore, Section 2.3 presents the data and assumptions for the case study evaluation, Section 2.4 contains the calculation of exergy

values, and Sections S1 and S3 in the Supporting Information S1 provide further calculation details.

2.2 Goal and scope

For the long-term goal of standardized environmental and efficiency assessment of cooling towers, the application of the methods in this study

aims to identify the hotspots of environmental impacts, energy and mass flows, and exergy flows from cradle to grave. Since Schulze et al. (2019)

identified electricity consumption as the most significant parameter and the electricity mix (shares of energy sources) and thus the environmental

impact changes significantly over the years, we additionally model the impact change from 2000 to 2021. Comparing the operational phase (MFA

and exergy analysis) and life cycle perspective (LCI, LCA, and LCEA) shall reveal the relevance of the life cycle perspective for assessing cooling

towers.

The scope of the analysis depends on each method (cf. Figure 1). In our study, all methods refer to a specific FU, although a FU definition is

standardly only intended for LCI and LCA. This consistent FU allows comparability between the methods within the scope of this paper. In this

study, the FU is the cooling throughout 2019 with 2,450,000 m3 of circulating water cooled from 21.21 to 14.87◦C on average and under ambient

conditions in Stuttgart-Vaihingen. The data wasmeasured at 5min intervals.

The examined wet cooling system is situated at the High-Performance Computing Centre (HLRS) of the University of Stuttgart. The cooling

system operates in counterflow while the air is drawn in by forced-draft ventilation. The investigated system consists of four cooling towers with
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TABLE 1 Comparison of requirements for different assessment methods: an overview of whichmethods require which definitions, data, and
other methodological parts, which are described in Sections 2.2 to 2.4. For material flow analysis and exergy analysis, the functional unit definition
is not necessary as standard but optionally applicable.

MFA LCI LCA Exergy analysis LCEA

Goal and scope definition (Section 2.2)

FU definition (X) X X (X) X

System definition and description X X X X X

Life cycle impact assessment methodology ‒ ‒ X ‒ ‒

Case study data (Section 2.3)

Construction and disposal materials [kg] − X X − X

Freshwater (kg) X X X X X

Circulating water (kg) X X X X X

Water additives (kg) X X X X X

Electricity (GJ) X X X X X

Electricity mix (shares of energy sources) − X X − −

Cooling water inlet/outlet temperatures (K) X X X X X

Ambient temperature and pressure (K, Pa) − − − X X

Chemical composition of the environment − − − X X

Exergy calculation (Section 2.4) − − − X X

a nominal cooling capacity of 1.2 MWth each, providing a total cooling capacity of 4.8 MWth (Brodbeck et al., 2020, p. 32). In this dimensioned

case, at a wet-bulb temperature of 5.5◦C, a water volume flow of 400 m3/h can be cooled from 20 to 10◦C (Spindler et al., 2016, p. 5). In 2019, the

average outside temperature was 10.40◦C, and the relative humidity amounted to 70% (IWS, 2021). Furthermore, in 2019, the measured average

water inlet and outlet temperatures were 21.21 and 14.87◦C, respectively. The mean water flow rate amounted to approximately 280 m3/h, of

which 0.8% evaporated (M. Brodbeck et al., personal communication, 2021). The cooling tower removed 65,006GJth of heat in 2019 (cf. Supporting

Information S1 Section S1).

The system boundary of the wet cooling system includes the four wet cooling towers, each with two 22-kW fans, and the cooling water cir-

cuit with, in total, two 22-kW pumps (at 50 Hz) operating continuously. The fans and pumps are speed controlled with temperature as a control

variable. Figure 2 illustrates the structure and system boundary of the system. LCI, LCA, and LCEA cover the entire life cycle starting from the

material extraction and endingwith the disposal (cradle-to-grave up to elementary flows). In contrast, theMFA and the exergy analysis include only

the operational phase. In this study, we define the life cycle stage “disposal” from the time of disposal of the cooling tower. Hence, the life cycle

stage “operation” includeswastewater disposal during operation. As thewastewater is not treatedwithin the cooling tower facility, thewastewater

enters the wastewater market, meaning the average European treatment options provided by the ecoinvent database (cf. Supporting Information

S2 Section S12).

To examine the environmental impacts of the wet cooling system, we perform an LCA according to DIN EN ISO 14040 (2021) and 14044 (2021)

using the software GaBi (version 8.7.0.18 by thinkstep AG, Sphera) with ecoinvent (2018) database (version 3.5) with the cut-off allocation system

model. The impact categories, classification, and characterization are carriedout according to theCentrumvoorMileuwetenschappenLeiden (CML)

with version 4.8, 2001–August 2016 (CMLDepartment of Industrial Ecology, 2016; Guinée et al., 2002). In this study, the impact assessment com-

prises the following characterization factors: the potentials of abiotic depletion, acidification, eutrophication, freshwater aquatic ecotoxicity, global

warming, human toxicity,marine aquatic ecotoxicity, ozone layer depletion, photochemical ozone creation, and terrestric ecotoxicity.With theCML

methodology, global warming potential refers to the effect of greenhouse gases over 100 years, considering the lifetime of each gas. Additionally,

we examine the temporal variation on global warming potential and global temperature change potential of the Intergovernmental Panel on Cli-

mateChange fifth assessment report (AR5) (Myhre et al., 2014), comparing the time horizons of 20, 50, and 100 years of carbon equivalent impacts.

For accuracy estimation and comparability with other studies, we supplementarily conduct the impact assessment with two other methodologies:

ReCiPe 2016 version 1.1 (Midpoint Hiearchist) (Huijbregts et al., 2017) and TRACI 2.1 (Bare, 2014).

2.3 Case study data

This section presents the underlying data and assumptions for the evaluation of the wet cooling tower. The measurement series refer to the year

2019. Table 2 provides the physical inputs and outputs related to the wet cooling system per year or per life cycle, as stated. The assumed life span
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F IGURE 2 Process structure of the wet cooling system and system boundary for the case study. Material flow analysis and exergy analysis
exclude the cooling towers’ construction and disposal. In contrast, life cycle inventory (LCI), life cycle assessment (LCA), and life cycle exergy
analysis cover the life cycle perspective with extended system boundary of LCI and LCA up to elementary flows.

of all components is 20 years (Schulze et al., 2019, p. 140; VDMA 24659, 2016, p. 12), except for the 400-ton concrete building, which amounts to

80 years. Thus, 25% of the total concrete mass (100 tons) is assigned to the cooling tower life cycle of 20 years, assuming the re-use of the con-

crete building after 20 years. Accordingly, 5 tons are allocated to the functional unit, although construction, operation, and disposal of the concrete

enclosure are separated in time. This input–output table is an essential part of all methods in this study.

Pumps and fans consume 3032GJ of electricity per year, corresponding to the energy demandmeasured for 2019, which depends on, but is not

directly linked to, the temperature profile. The electricity mix is assumed to be the one of Germany in the year 2019. The energy carrier shares are

assumed to equal those of the German gross electricity generation according to the German Bundesnetzagentur (BNetzA, 2021, p. 52). Further-

more, we assume grid losses of 4.8% at the low-voltage level (BNetzA, 2021, p. 29) because the examined pumps and fans operate on low voltage.

Accordingly, as ecoinvent version 3.5 does not provide these electricity mix data, we added the electricity mixes manually. Supporting Information

S2 Section S10 provides the documentation. Biocide, hardness stabilizer, and corrosion inhibitor are added to the freshwater. Thesewater additives

consist of sodium hydroxide, sulfamic acid, and sulfuric acid, each dissolved in water. The 733 kg of biocide contain 128 kg sodium hydroxide and

128 kg sulfamic acid, which are included in the input table, while 477 kg of water are negligible compared to 28,847,000 kg freshwater input. The

same applies to the hardness stabilizer and the corrosion inhibitor, where only sulfuric acid is considered.Moreover, we neglect the energy demand

for construction and disposal.

Regarding the reference stateof theenvironment, the averageambient temperaturewas10.40◦C in2019. Furthermore,weassume101.325kPa

ambient pressure and 70% relative humidity of the environment. Additionally, the composition of the environment is defined according to (Szargut

et al., 1988).

2.4 Exergy calculation

To conduct the exergy analysis and LCEA, we calculate the exergy of the energy and material flows of the operation phase and the entire life cycle,

respectively. Electrical, magnetic, mechanical, kinetic, and potential energy comprise 100% exergy. The exergy fraction of a heat flow equals the

Carnot factor. The physical exergy Bph of material depends on its enthalpy Hph, its entropy Sph, its temperature T and pressure p, and the ambient

enthalpyHamb, entropy Samb, temperature Tamb, and pressure pamb.

Bph = Hph (p, T) − Hamb (pamb, Tamb) − Tamb
(
Sph (p, T) − Samb (pamb, Tamb)

)
(1)
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TABLE 2 Physical input–output table of the wet cooling system of the HLRS of the University of Stuttgart related to 1 year of operation or the
life cycle (LC) as stated.

Parameter Value Unit Ref. Comment

Removed heat 65,006 GJth/a
a Based onmeasuredwater flow and temperatures

Cooledwater (circulatory) 2,450,000 m3/a a Measured data

Input Stainless steel 9120 kg/LC Masses of thematerials of the wet cooling system, including

the fans and pumps, estimated by themanufacturer

Aluminum 1000 kg/LC

Polypropylene 1800 kg/LC

Concrete 400,000 kg/80 years a Calculated based on construction plans: 400 tons of concrete,

estimated lifetime: 80 years

Electricity mix Germany 3032 GJel/a
a 965.2 GJ/a pumps, 2066.4 GJ/a fans (3031.6 GJ/a)

Freshwater 28,847 m3/a Compensation for evaporation and blow-down losses

Sodium chloride 18,000 kg/a b Softening salt

Sodium hydroxide 128 kg/a 733 kg biocide; composition according to safety data sheet;

brominemonochloride andwater neglected

Sulfamic acid 128 kg/a

Sulfuric acid 62 kg/a 2069 kg hardness stabilizer and corrosion inhibitor; 3%

sulfuric acid according to safety data sheet;

hydroxyphosphono-acetic acid andwater are neglected

Output Wastewater 8844 m3/a b Desludging/blow-down

Water vapor 19,684 m3/a a Evaporation

Scrap steel 9120 kg/LC End of life, disposal of technical facilities, masses equal the

input masses

Scrap aluminum 1000 kg/LC

Waste polypropylene 1800 kg/LC

Waste concrete 100,000 kg/LC

aM. Brodbeck et al., personal communication, 2021.
bBrodbeck et al. (2020, pp. 42−43).

The physical exergy Bph,ig of an ideal gas can be calculated from the specific heat capacity cp of the gas in the case of a reversible, isobaric process

from T2 to T1 with ambient temperature Tamb. This correlation is shown by Gutowski et al. (2011), among others.

Bph,ig = cp (T2 − T1) − Tambcpln
T2
T1

(2)

The non-reactive standard chemical exergy of substances is tabulated by Szargut (2007) and others (Koroneos & Tsarouhis, 2012; Morris &

Szargut, 1986; Szargut et al., 1988). These literature values refer to standard conditions, which are 25◦Cof ambient temperature Tamb, 70% relative

humidity, and 101.325 kPa of pressure. In some cases, unaffected exergy flows are excluded as “transiting exergy” (Brodjanskij, 1994). Supporting

Information S1 (Section S3) provides calculation details of exergy analysis and LCEA. Due to the inconsistent definitions of the exergy efficiency of

cooling towers (cf. Section 1.2), we refrain from calculating the exergy efficiency within this study.

3 RESULTS

3.1 MFA and LCI results

Figure 3 presents the results of MFA and LCI for the wet cooling tower as a Sankey diagram, including the energy and material requirements for

construction and disposal that flow through the systemduring its life cycle per FU. The systemboundary of theMFAexcludes the life cycle perspec-

tive and contains only the annual energy andmass flows. Section S1 in Supporting Information S1 provides the calculation details forMFA and LCI.

Figure 3 does not illustrate the circulating cooling water, which is 2.45Mio. m3 per FU but the associated enthalpy.
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F IGURE 3 Material flow analysis (MFA) and life cycle inventory (LCI) results of the wet cooling tower as Sankey diagram referring to the
functional unit, which is cooling 2,450,000m3 of water from 21.21 to 14.87◦C throughout 1 year. TheMFA includes all flows across the inner
system boundary (inner dashed line), which excludes construction and disposal. In contrast, the LCI includes all flows related to the outer system
boundary (outer dashed line), which also includes construction and disposal. Supporting Information S2 Section S4 provides the underlying data.

TheMFAand LCI demonstrate that the freshwater flows are about 5000 times larger than thematerial flows of construction, disposal, and chem-

ical additives. The freshwater demand results from approximately 30%wastewater through draw-off water and 70% evaporation. Sodium chloride

has the highest mass percentage of water additives: 98%.Moreover, concrete has themost significantmass share of 89% of the constructionmate-

rials related to the FU. The enthalpy of the circulating water decreases by 59% in the cooling tower. This enthalpy difference leaves the system as

waste heat. The electricity consumption of 3032GJ per FUmeasured in energy corresponds to approximately 2.7% of the total enthalpy input.

3.2 LCA results

Based on the LCI results in Section 3.1, Figure 4 illustrates the LCA results related to the FU using the CML impact assessment methodology. The

contribution to the individual environmental impacts caused by electricity, freshwater, wastewater, and others is represented as a percentage of

the total impact while listing the total as an absolute value per FU. The electricity mix refers to the year 2019 (cf. Section 2.3). Water additives

comprise the input of sodium chloride, sodium hydroxide, sulfamic acid, and sulfuric acid. Furthermore, the term “construction” summarizes the

main constructionmaterials: stainless steel, aluminum, polypropylene, and concrete. Finally, the term “disposal” includes the relatedmaterial waste

streams.

The LCA reveals that construction and disposal cause less than 2.5% of the environmental impacts in all examined impact categories. Electricity

consumption is the main factor in most categories; it induces more than 89% of the fossil abiotic depletion, acidification, eutrophication, freshwa-

ter ecotoxicity, global warming, and marine aquatic ecotoxicity potential. Freshwater consumption causes more than 14% of the abiotic depletion

(elements), ozone layer depletion, photochemical ozone creation, and terrestrial ecotoxicity potential. Furthermore, the additives for freshwater,

especially sodium chloride, cause 39% of the abiotic depletion (elements). Regarding the terrestrial ecotoxicity, wastewater induces around 25% of

the overall impact. Section S2 in Supporting Information S1 contains further hotspot analysis.

In conclusion, electricity, freshwater, and wastewater are the most significant factors, and these occur in the use phase (use phase according to

our system definition in Section 2.2). The life cycle perspective, including construction and disposal, contributes 2.5% of the overall impacts. The

impact assessment results using themethods TRACI and ReCiPe (Supporting Information S1 Section S3) confirm these findings.
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F IGURE 4 Life cycle assessment results using the Centrum voorMileuwetenschappen Leiden 2001–August 2016methodology referred to
the functional unit, which is cooling 2,450,000m3 of water from 21.21 to 14.87◦C throughout 1 year. Supporting Information S2 Section S5
provides the underlying data.

50%

60%

70%

80%

90%

100%

110%

120%

130%

140%

150%

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

20
10

20
11

20
12

20
13

20
14

20
15

20
16

20
17

20
18

20
19

20
20

20
21

 hti
w re

wot gnilooc eht fo stcap
mi latne

mnorivne dezila
mro

N
)

% 001 
= 9102(  sraey eht revo xi

m yti cirtcele gnigna hc

Abiotic Depletion (elements);
 100% = 0.984 kg Sb eq.

Abiotic Depletion (fossil);
 100% = 5 388 548 MJ

Acidification Potential;
 100% = 2 839 kg SO2 eq.

Eutrophication Potential;
 100% = 2 422 kg Phosphate eq.

Freshwater Aquatic Ecotoxicity Potential;
 100% = 317 025 kg DCB eq.

Global Warming Potential (100 years), incl biogenic carbon;
 100% = 459 718 kg CO2 eq.

Global Warming Potential (100 years), excl biogenic carbon;
 100% = 405 109 kg CO2 eq.

Human Toxicity Potential;
 100% = 239 284 kg DCB eq.

Marine Aquatic Ecotoxicity Potential;
 100% = 769 770 329 kg DCB eq.

Ozone Layer Depletion Potential;
 100% = 0.035 kg R11 eq.

Photochem. Ozone Creation Potential;
 100% = 71.79 kg Ethene eq.

Terrestric Ecotoxicity Potential;
 100% = 2 113 kg DCB eq.

Impact Category Indicator
Amount
(100%)

Unit

Abiotic Depletion (elements) 0.984 kg Sb eq.

Abiotic Depletion (fossil) 5 388 548 MJ

Acidification Potential 2 839 kg SO2 eq.

Eutrophication Potential 2 422 kg P eq.

Freshwater Aquatic Ecotoxicity 
Potential

317 025 kg DCB eq.

Global Warming Potential (100 
years), incl biogenic carbon

459 718 kg CO2 eq.

Global Warming Potential (100 
years), excl biogenic carbon

405 109 kg CO2 eq.

Human Toxicity Potential 239 284 kg DCB eq.

Marine Aquatic Ecotoxicity 
Potential

769 770 329 kg DCB eq.

Ozone Layer Depletion 
Potential

0.035 kg R11 eq.

Photochem. Ozone Creation 
Potential

71.79 kg Ethene eq.

Terrestric Ecotoxicity 
Potential

2 113 kg DCB eq.

F IGURE 5 Relative change of the life cycle assessment results using the Centrum voorMileuwetenschappen Leiden 2001–August 2016
methodology referred to 2019 due to changing electricity mix. Supporting Information S2 Section S6 provides the underlying data.

To take a closer look at electricity consumption as themost significant impact contributor, Figure 5 shows the percentage deviation of the differ-

ent impact categories due to the changes in the electricity mix in Germany since 2000 compared to the German electricity mix in 2019. Section S6

in Supporting Information S2 provides the data in Figure 5.

Most of the environmental impacts of the wet cooling tower decrease on average, correlating with the increasing share of renewables in the

German electricity mix since 2000. Exceptions that do not decrease are increasing acidification potential, increasing abiotic depletion, and terres-

trial ecotoxicity potential, which remains nearly constant. The reason behind this is that a higher share of renewable compared to fossil power

generation technologies does not reduce all specific environmental impacts but is detrimental in some impact categories, which previous studies
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1.47 GJch
4.28 GJch
8.50 GJch
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1 441.12 GJch
4.40 GJch
0.24 GJch

Fresh water
Sodium chloride
Sodium hydroxide Exergy loss

(exhaust air and 
heat losses) 
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Exergy loss 
(wastewater)

14.87°C 357.51 GJphCirculation water*
447.87 GJ

*transiting chemical exergy of 
circulation water is not illustrated 

Ambient air   0 GJ10.40°C

10.40°C

10.40°C = ambient temperature

F IGURE 6 Exergy analysis and life cycle exergy analysis (LCEA) results of the wet cooling tower as Sankey diagram referring to 10.40◦C
ambient temperature and the functional unit, which is cooling 2,450,000m3 of water per year from 21.21 to 14.87◦C throughout 1 year. The
exergy analysis includes all flows across the inner system boundary (inner dashed line), which excludes construction and disposal. In contrast, the
LCEA includes all flows related to the outer system boundary (outer dashed line), which also includes construction and disposal. Supporting
Information S1 Section S3 and Supporting Information S2 Section S7 provide the underlying data.

analyzed in detail for the changing electricity mix (cf. Baumgärtner et al., 2021; Luderer et al., 2019; Sacchi et al., 2022; Turconi et al., 2013). For

example, the increasing share of photovoltaic and wind power in the electricity mix can cause increasing abiotic depletion (Günkaya et al., 2016,

p. 12; UNECE, 2021, p. 55). Moreover, the reasons for the increasing acidification are, among others, decreasing nuclear power proportion, which

causes less acidification relative to the other electricity generation technologies, and a rising share of biomass-based electricity since fertilizers and

soil leaching cause higher acidification (EcoinventCentre, 2018; Siddiqui & Dincer, 2017). The variations in the electricity mix result in unsteady

curves. In conclusion, the graph highlights that the overall impacts of the cooling tower are highly dependent on the electricity mix. However, as

the detailed analysis of the electricity mix is not our focus, we refer to the abovementioned studies for details on the specific influencing factors,

uncertainties, and future trends.

3.3 Exergy analysis and LCEA results

Figure 6 presents the exergy analysis and LCEA results per FU. The inner system boundary of the exergy analysis excludes life cycle consideration,

whereas the extended system boundary of the LCEA also includes construction and disposal. Section S3 in Supporting Information S1 contains the

calculation details, and Section S7 in Supporting Information S2 provides the data in Figure 6.

As Figure 6 illustrates, the LCEA contains the chemical exergy of the construction and disposal materials. Since little chemical transformation

occurs during the life cycle of the construction materials, this study neglects the slight changes in chemical exergies, for example, due to corrosion.

Other exergy flows are considered equally by both exergy analysis and LCEA because both refer to the FU. The physical exergy of the circulating

water entering the cooling tower decreases by 83%before leaving the cooling tower. Thus, the circulatingwater output still has 17%of the physical

exergy of thewater input, which amounts to 358GJ per FU. In addition, thewastewater leaves the cooling towerwith 448GJ of physical exergy per

FU. Furthermore, freshwater contains chemical exergy, and electricity consists of 100%exergy. Exergy loss occurs due tomixing and contamination

of the freshwater and is part of the exergy loss in theoutput. In addition, the electrical exergy for driving thepumps and fans is completely converted

to kinetic energy and heat. Consequently, this exergy leaves the system as exergy loss.



702 WENZEL AND RADGEN

4 DISCUSSION

4.1 Case study results and limitations

Reflecting on the case study results, our finding that thewater and electricity consumption cause themajority of thematerial, energy, exergy flows,

and environmental impacts meets the expectation based on the literature consensus. However, wastewater and some water additives, especially

sodium chloride, have a significant impact, which is less highlighted in the literature. The 39% share of water additives in the abiotic depletion

potential (elements, CML impact assessment) is significantly higher than in all other characterization factors. Supporting Information S1 Section S2

provides a detaileddiscussionof each characterization factor.Nevertheless, the additionally conducted impact assessmentmethods cannot confirm

this high share because the othermethods do not include themetric of antimony equivalents. Thus, conclusions are limited. In addition, considering

the concrete enclosure results in a small share of overall exergy and environmental impact. Thus, environmental improvement efforts should focus

on comparably higher influencing factors, such as electricity and water consumption. A significant lever is obtaining electricity from renewable

sources, although this does not reduce all impacts (cf. Figure 5).

Regarding the model simplifications, we neglect copper and zinc due to data availability for the case example, although these materials have a

significant specific environmental impact. The two pumps with an electric motor contribute less than 15 kg of copper or zinc per FU (M. Koenen,

personal communication, 2022).With up to8kgofCO2 equivalents per kilogramof copper and6kgofCO2 equivalents per kilogramof zinc (Nilsson

et al., 2017, p. 5), these impacts are less than 0.3% of the overall global warming potential of the cooling tower. Moreover, due to the standard

chemical exergy of 2100 kJ/kg of copper and 5400 kJ/kg of zinc (Michalakakis et al., 2021, p. 281; Szargut, 2007), the exergy of copper and zinc is

negligible compared to the other exergy flows per FU. Thus, neglecting thesematerials hardly affects the results.

Moreover, we examined the chemical exergy of the materials using literature values at 25◦C, despite the site’s average temperature being

10.40◦C, as it mainly depends on the reference environment composition. Furthermore, we do not separate exergy destruction from exergy loss,

as the exact exergy of the exhaust air is unknown and is considered completely destroyed by the mixture with the environment. Another limitation

is that we omit the energy consumption during construction and disposal and, thus, the associated electricity mix. Comparing the electricity and

gas consumption of fewer than 1.7 GJ/t (Schlemme et al., 2019, p. 13) for 456 kg steel per FU and the electricity consumption during the operation

of 3032 GJ/FU (cf. Figure 3) justifies this simplification. Furthermore, as the share of renewables in the electricity mix increases, most—but not

all—environmental impacts decrease, resulting in increasing percentages of impacts fromwater, construction, and disposal. Since we examined the

cooling tower retrospectively, future studies should provide a prospective LCA, for example, based on Jacobsen et al. (2017) and Sacchi et al. (2022),

and consider the impact of the energy demand of construction and disposal.

Comparability to other studies using a reference unit is limited due to different temperature levels, cooling system dimensioning, and time hori-

zons. Schulze et al. (2019, p. 140) define the FU as the “cooling of 1 kgwater from 35 to 28◦C in Germany for the overall usage time.”Moreover, the

wet cooler considered by Schulze et al. (2019) weighs 1.8 tons (without water) and cools from 35 to 28◦C using 3110 GJ electricity and 63,000m3

of water per life span. In contrast, the wet cooling system examined in this paper weighs nearly 12 tons (without water and concrete building) and

cools water from 21 to 15◦Cwith an annual demand of 3032 GJ of electricity and 28,847 m3 of freshwater. Although we calculate over 1 year and

Schulze et al. (2019) over 20 years, some impact assessment results of this study are of the same order ofmagnitude because the electricity input of

the LCI is also similar in size. These effects interact in a way that, almost coincidentally, the same amount of CO2 equivalents appears. For example,

Schulze et al. (2019) find 473,303 kg CO2 equivalents per FU. Our study results in 472,594 kg CO2 equivalents per FU. This high similarity comes

from the similar electricity consumption per FU and the similar electricity mix with similar environmental impacts, while the impact share of elec-

tricity is 96% in their study and 91% in our study. A contribution of manufacturing to human toxicity of approximately 50%, as shown by Schulze

et al. (2019, p. 144), could not be confirmed in this paper for the cooling system under investigation. One reason is that the cooling tower examined

in this study has relatively fewer construction materials than electricity consumption. However, the comparability of the results is severely limited

by the different FU. An additional limitation is that the wet cooling system is connected to a refrigeration system that operates at high ambient

temperatures and provides redundancy, further restricting the comparability.

4.2 Method comparison

Beyond each method’s general strengths and weaknesses, they differ in suitability for the efficiency evaluation of cooling towers, with efficiency

being the ratio of useful output to useful input (cf. Section S9 in Supporting Information S2). All methods quantify the useful input in units of mass,

energy, exergy, and environmental impact. However, the main challenge for all methods is quantifying useful output, for example, as a functional

unit, while ensuring the comparability of different cooling towers. Furthermore, applying the exergy analysis and LCEA, the definition of the refer-

ence state and environment composition (called the dead state) is additionally challenging, as the ambient conditions vary. Exergy analysis offers a

comprehensive approach to understanding energy efficiency by identifying specific exergy destruction, unlike our study, which focused on general

exergy loss. However, the general framework using the exergy efficiency as an indicator ismisleading as the task of a cooling tower is to destruct the
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exergy by transferring heat to the environment. If the process temperatures are close to the ambient temperatures, as in the case of cooling towers,

the dead state definition will be crucial. In future studies, the dead state definition and the varying environmental conditions should be integrated

and further examined. For example, the ambient temperature at the examined site ranged between−8.7 and+36.3◦C in 2019.

Moreover, based on our results, we conclude that evaluating existing facilities hardly requires the life cycle perspective due to the small share

of the construction and disposal phase compared to the operational phase, which is the case for all methods. Therefore, the life cycle perspective

will be only necessary if very specific research questions for cooling tower design or cradle-to-grave approaches are to be evaluated. Furthermore,

in some cases, methods that examine electricity and water consumption directly without the conversion into impact metrics may be sufficient. In

these cases, the complexity and data acquisition of LCA is not worthwhile for assessing cooling systems. In conclusion, we recommend themethods

for the following application areas of cooling towers:

∙ MFA: either more cursory investigations of existing cooling towers in industry, data centers, and others, or research questions including detailed

dynamic analyses

∙ LCI: as part of LCA and to expand databases

∙ LCA: evaluation of environmental impacts of cooling towers as part of a process system; furthermore, research on the trade-off between more

constructionmaterials or more water consumption versus more electricity consumption and, thus, development and design of new plants

∙ Exergy analysis: research on exergy destruction in the cooling tower including dynamic analyses; potentially, the definition of FU for LCA or

development of a key performance indicator

∙ LCEA: research on the trade-off betweenmore constructionmaterials or more water consumption versus more electricity consumption

5 CONCLUSIONS

For the efficiency evaluation of cooling towers, this study reveals the hotspots of the mass, energy, exergy flows, and environmental impacts of the

entire life cycle of a wet cooling tower. For this purpose, we applied MFA, LCI, LCA, exergy analysis, and LCEA as a case study, providing new LCI

data. Electricity and water consumption, accompanied by water additives and wastewater, cause more than 97.5% of the environmental impact in

all considered impact categories. Thus, we conclude that, if no impact assessment is targeted, a detailed MFA of energy and water consumption

instead of LCA suffice for analyzing existing cooling towers, depending on a study’s objectives. However, LCA proves to most comprehensively

assess several environmental impact categories, clarifying the significance of the electricity mix to the overall environmental impact. Furthermore,

LCA reveals the trade-off between more construction materials or water consumption versus more electricity consumption and, thus, serves to

optimize the design and develop new plant concepts. Furthermore, exergy analysis clarifies exergy loss and destruction in the cooling tower and

helps to define the FU for LCA or to develop a key performance indicator. In contrast, we do not recommend LCEA for cooling towers because the

life cycle perspective barely affects the findings and includes transiting exergy.

Nevertheless, specific challenges in the energy and environmental assessment of cooling systems remain, which the case study demonstrates.

The varying environmental conditions make the dead state definition for the exergy analysis and LCEA complex and require a dynamic analysis in

the next step. Furthermore, comparability defining useful output or the FU remains one of themain challenges. These aspects need further research

for the long-term goal of standardized assessment of energy efficiency and environmental performance of cooling towers.

ACKNOWLEDGMENTS

This researchwas funded by the Graduate and Research School for Energy Efficiency Stuttgart, GREES Ph.D. scholarship.We thank Tim Schaffitzel

for the support in collecting LCI data as part of his master’s thesis. Furthermore, we acknowledge the technical discussion and data provision of the

HLRS of theUniversity of Stuttgart, in particular AndreasKoniarski,Marcel Brodbeck, Norbert Conrad,Nils Beyer,Michael Koenen, and the cooling

towermanufacturer.

Open access funding enabled and organized by Projekt DEAL.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

There is no additional data apart from the data presented in this paper and the supporting information.

ORCID

PaulaM.Wenzel https://orcid.org/0000-0001-7117-046X

Peter Radgen https://orcid.org/0000-0001-6723-7211

https://orcid.org/0000-0001-7117-046X
https://orcid.org/0000-0001-7117-046X
https://orcid.org/0000-0001-6723-7211
https://orcid.org/0000-0001-6723-7211


704 WENZEL AND RADGEN

REFERENCES

Angelakoglou, K., & Gaidajis, G. (2015). A review of methods contributing to the assessment of the environmental sustainability of industrial systems. Journal
of Cleaner Production, 108, 725–747. https://doi.org/10.1016/j.jclepro.2015.06.094

Baars, J., Rajaeifar, M. A., & Heidrich, O. (2022). Quo vadis MFA? Integrated material flow analysis to support material efficiency. Journal of Industrial Ecology,
26, 1487–1503. https://doi.org/10.1111/jiec.13288

Bare, J. (2014). Tool for the Reduction and Assessment of Chemical and Other Environmental Impacts (TRACI) TRACI. Version 2.1. User’s guide (EPA/600/R-12/554).
https://nepis.epa.gov/Adobe/PDF/P100HN53.pdf

Baumgärtner, N., Deutz, S., Reinert, C., Nolzen, N., Kuepper, L. E., Hennen,M., Hollermann, D. E., & Bardow, A. (2021). Life-cycle assessment of sector-coupled

national energy systems: Environmental impacts of electricity, heat, and transportation in Germany till 2050. Frontiers in Energy Research, 9, 621502.
https://doi.org/10.3389/fenrg.2021.621502

BNetzA. (2021).Monitoringbericht Energie 2020: Monitoringbericht gemäß § 63 Abs. 3 i. V. m. § 35 EnWG und § 48 Abs. 3 i. V. m. § 53 Abs. 3 GWB Stand: 01. März
2021. https://www.bundesnetzagentur.de/SharedDocs/Mediathek/Monitoringberichte/Monitoringbericht_Energie2020.pdf?__blob=publicationFile&v=

8

Brodbeck, M., Lorenz, B., Fischer, T., Conrad, N., & Wöckener, I. (2020). HLRS Umwelterklärung 2019. https://www.hlrs.de/fileadmin/about/social_

responsibility/Sustainability/HLRS_Umwelterklaerung-2019.pdf

Brodjanskij, V. M. (Ed.). (1994). Energy research: Vol. 9. The efficiency of industrial processes: Exergy analysis and optimization. Elsevier.

Brunner, P. H., & Rechberger, H. (2004). Practical handbook of material flow analysis (1st ed.). Advanced methods in resource and waste management: Vol. 1. Lewis.
https://thecitywasteproject.files.wordpress.com/2013/03/practical_handbook-of-material-flow-analysis.pdf

Cannistraro,G., Cannistraro,M., Cannistraro, A., Galvagno,A., &Trovato,G. (2016). Reducing thedemandof energy cooling in theCED, “Centers of Processing

Data”, with use of free-cooling systems. International Journal of Heat and Technology, 34(3), 498–502. https://doi.org/10.18280/ijht.340321
Clift, R., & Druckman, A. (2016). Introduction. In R. Clift & A. Druckman (Eds.), Taking stock of industrial ecology (1st ed., pp. xi–xxi). Springer Open. https://doi.

org/10.1007/978-3-319-20571-7

CML Department of Industrial Ecology. (2016). Centrum voor Milieuwetenschappen Leiden impact assessment (CML-IA) characterisation factors. https://www.
universiteitleiden.nl/en/research/research-output/science/cml-ia-characterisation-factors

Cullen, J. M., & Cooper, D. R. (2022). Material flows and efficiency. Annual Review of Materials Research, 52(1), 525–559. https://doi.org/10.1146/annurev-
matsci-070218-125903

Deroubaix, A., Labuhn, I., Camredon, M., Gaubert, B., Monerie, P.-A., Popp, M., Ramarohetra, J., Ruprich-Robert, Y., Silvers, L. G., & Siour, G. (2021). Large

uncertainties in trends of energy demand for heating and cooling under climate change. Nature Communications, 12(1), 5197. https://doi.org/10.1038/
s41467-021-25504-8

DIN EN ISO 14040. (2021). Environmental management – Life cycle assessment – Principles and framework (DIN EN ISO 14040). Beuth Verlag GmbH.

DIN EN ISO 14044. (2021). Environmental management – Life cycle assessment – Requirements and guidelines (DIN EN ISO 14044). Beuth Verlag GmbH.

DIN SPEC 15240. (2019). Deutsches Institut für Normung e. V. Energy performance of buildings – Ventilation for buildings – Inspection of air-conditioning systems
(DIN SPEC 15240). Beuth Verlag GmbH.

EcoinventCentre. (2018). Ecoinvent database (Version 3.5). [Cut-off systemmodel]. www.ecoinvent.org

European Commission. (2001). Reference document on the application of best available techniques to industrial cooling systems: Integrated Pollution Prevention and
Control (IPPC). https://eippcb.jrc.ec.europa.eu/reference/industrial-cooling-systems

Farmahini-Farahani, M., Delfani, S., & Esmaeelian, J. (2012). Exergy analysis of evaporative cooling to select the optimum system in diverse climates. Energy,
40(1), 250–257. https://doi.org/10.1016/j.energy.2012.01.075

Ghazani, M. A., Hashem-Ol-Hosseini, A., & Emami,M. D. (2017). A comprehensive analysis of a laboratory scale counter flowwet cooling tower using the first

and the second laws of thermodynamics. Applied Thermal Engineering, 125, 1389–1401. https://doi.org/10.1016/j.applthermaleng.2017.07.090

Gong, M., & Wall, G. (1997). On exergetics, economics and optimization of technical processes to meet environmental conditions: Exergy Studies. In R. Cai

& M. J. Moran (Eds.), Thermodynamic analysis and improvement of energy systems: Proceedings of international conference (pp. 453–460). World Publishing

Corporation.

Guinée, J. B., Bruijn, H., van Duin, R., Huijbregts, M. A. J., Gorree, M., Heijungs, R., Huppes, G., Kleijn, R., Koning, A., van Oers, L., Wegener Sleeswijk, A., Suh, S.,

&Udo deHaes, H. A. (2002). Handbook on life cycle assessment: Operational guide to the ISO standards. Eco-efficiency in industry and science Series: Vol.

7. Springer. https://doi.org/10.1007/0-306-48055-7

Günkaya, Z., Özdemir, A., Özkan, A., & Banar, M. (2016). Environmental performance of electricity generation based on resources: A life cycle assessment

case study in Turkey. Sustainability, 8(11), 1097. https://doi.org/10.3390/su8111097
Gutowski, T. G., & Sekulić, D. P. (2011). Thermodynamic analysis of resources used inmanufacturing processes. In B. R. Bakshi, D. P. Sekulić, & T. G. P. Gutowski

(Eds.), Thermodynamics and the destruction of resources. Cambridge University Press.

Hernandez, A. G., Paoli, L., & Cullen, J. M. (2018). How resource-efficient is the global steel industry? Resources Conservation and Recycling, 133, 132–145.
https://doi.org/10.1016/j.resconrec.2018.02.008

Hincke, P., & Hainbach, C. (2018). Komponenten und Bauteile: Rückkühler. In IKET GmbH (Ed.), Pohlmann Taschenbuch der Kältetechnik: Grundlagen, Anwen-
dungen, Arbeitstabellen und Vorschriften (22nd ed., pp. 324–335). VDE Verlag GmbH. https://content-select.com/en/portal/media/view/5c7e722b-acd0-

42da-bfe1-7986b0dd2d03

Huijbregts, M. A. J., Steinmann, Z., Elshout, P., Stam, G., Verones, F., Hollander, A., Zijp, M., & van Zelm, R. (2017). ReCiPe 2016 v1.1: A harmonized life cycle

impact assessment method at midpoint and endpoint level, Report I: Characterization (RIVM Report 2016-0104a). Bilthoven.
IEA. (2022). Space Cooling [International Energy Agency, Paris, License: CC BY 4.0]. https://www.iea.org/reports/space-cooling

IWS. (2021). Daten und Schaubilder der Wetterstation Lauchäcker: Jahresrückblick 2019. Universität Stuttgart; Institut für Wasser- und Umweltsystemmodel-

lierung (IWS). https://lhg-902.iws.uni-stuttgart.de/

Jacobson,M. Z., Delucchi, M. A., Bauer, Z. A. F., Goodman, S. C., Chapman,W. E., Cameron,M. A., Bozonnat, C., Chobadi, L., Clonts, H. A., Enevoldsen, P., Erwin,

J. R., Fobi, S. N., Goldstrom, O. K., Hennessy, E. M., Liu, J., Lo, J., Meyer, C. B., Morris, S. B., Moy, K. R., . . . Yachanin, A. S. (2017). 100% clean and renewable

wind, water, and sunlight all-sector energy roadmaps for 139 countries of the world. Joule, 1(1), 108–121. https://doi.org/10.1016/j.joule.2017.07.005
Kloppers, J. C., & Kröger, D. G. (2005). A critical investigation into the heat andmass transfer analysis of counterflowwet-cooling towers. International Journal

of Heat andMass Transfer, 48(3-4), 765–777. https://doi.org/10.1016/j.ijheatmasstransfer.2004.09.004

https://doi.org/10.1016/j.jclepro.2015.06.094
https://doi.org/10.1111/jiec.13288
https://nepis.epa.gov/Adobe/PDF/P100HN53.pdf
https://doi.org/10.3389/fenrg.2021.621502
https://www.bundesnetzagentur.de/SharedDocs/Mediathek/Monitoringberichte/Monitoringbericht_Energie2020.pdf?__blob=publicationFile&v=8
https://www.bundesnetzagentur.de/SharedDocs/Mediathek/Monitoringberichte/Monitoringbericht_Energie2020.pdf?__blob=publicationFile&v=8
https://www.hlrs.de/fileadmin/about/social_responsibility/Sustainability/HLRS_Umwelterklaerung-2019.pdf
https://www.hlrs.de/fileadmin/about/social_responsibility/Sustainability/HLRS_Umwelterklaerung-2019.pdf
https://thecitywasteproject.files.wordpress.com/2013/03/practical_handbook-of-material-flow-analysis.pdf
https://doi.org/10.18280/ijht.340321
https://doi.org/10.1007/978-3-319-20571-7
https://doi.org/10.1007/978-3-319-20571-7
https://www.universiteitleiden.nl/en/research/research-output/science/cml-ia-characterisation-factors
https://www.universiteitleiden.nl/en/research/research-output/science/cml-ia-characterisation-factors
https://doi.org/10.1146/annurev-matsci-070218-125903
https://doi.org/10.1146/annurev-matsci-070218-125903
https://doi.org/10.1038/s41467-021-25504-8
https://doi.org/10.1038/s41467-021-25504-8
http://www.ecoinvent.org
https://eippcb.jrc.ec.europa.eu/reference/industrial-cooling-systems
https://doi.org/10.1016/j.energy.2012.01.075
https://doi.org/10.1016/j.applthermaleng.2017.07.090
https://doi.org/10.1007/0-306-48055-7
https://doi.org/10.3390/su8111097
https://doi.org/10.1016/j.resconrec.2018.02.008
https://content-select.com/en/portal/media/view/5c7e722b-acd0-42da-bfe1-7986b0dd2d03
https://content-select.com/en/portal/media/view/5c7e722b-acd0-42da-bfe1-7986b0dd2d03
https://www.iea.org/reports/space-cooling
https://lhg-902.iws.uni-stuttgart.de/
https://doi.org/10.1016/j.joule.2017.07.005
https://doi.org/10.1016/j.ijheatmasstransfer.2004.09.004


WENZEL AND RADGEN 705

Koroneos, C., & Tsarouhis, M. (2012). Exergy analysis and life cycle assessment of solar heating and cooling systems in the building environment. Journal of
Cleaner Production, 32, 52–60. https://doi.org/10.1016/j.jclepro.2012.03.012

Loiseau, E., Junqua, G., Roux, P., & Bellon-Maurel, V. (2012). Environmental assessment of a territory: An overview of existing tools and methods. Journal of
Environmental Management, 112, 213–225. https://doi.org/10.1016/j.jenvman.2012.07.024

Luderer, G., Pehl, M., Arvesen, A., Gibon, T., Bodirsky, B L., De Boer, H. S., Fricko, O., Hejazi, M., Humpenöder, F., Iyer, G., Mima, S., Mouratiadou, I., Pietzcker,

R. C., Popp, A., VanDen Berg,M., Van Vuuren, D., &Hertwich, E. G. (2019). Environmental co-benefits and adverse side-effects of alternative power sector

decarbonization strategies.Nature Communications, 10(1), 5229. https://doi.org/10.1038/s41467-019-13067-8
Macknick, J., Newmark, R., Heath, G., & Hallett, K. C. (2012). Operational water consumption and withdrawal factors for electricity generating technologies:

A review of existing literature. Environmental Research Letters, 7(4), 045802. https://doi.org/10.1088/1748-9326/7/4/045802
Madlool, N. A., Saidur, R., Rahim, N. A., Islam,M. R., & Hossian, M. S. (2012). An exergy analysis for cement industries: An overview. Renewable and Sustainable

Energy Reviews, 16(1), 921–932. https://doi.org/10.1016/j.rser.2011.09.013
Michalakakis, C., Fouillou, J., Lupton, R. C., Hernandez, A. G., & Cullen, J. M. (2021). Calculating the chemical exergy of materials. Journal of Industrial Ecology,

25(2), 274–287. https://doi.org/10.1111/jiec.13120
Morris, D. R., & Szargut, J. (1986). Standard chemical exergy of some elements and compounds on the planet earth. Energy, 11(8), 733–755. https://doi.org/

10.1016/0360-5442(86)90013-7

Muangnoi, T., Asvapoositkul, W., & Wongwises, S. (2007). An exergy analysis on the performance of a counterflow wet cooling tower. Applied Thermal
Engineering, 27(5-6), 910–917. https://doi.org/10.1016/j.applthermaleng.2006.08.012

Myhre, G., Shindell, D., Bréon, F.-M., Collins, W., Fuglestvedt, J., Huang, J., Koch, D., Lamarque, J.-F., Lee, D., Mendoza, B., Nakajima, T., Robock, A., Stephens,

G., Takemura, T., & Zhang, H. (2014). Anthropogenic and natural radiative forcing. In T. Stocker, L. Alexander, & M. Allen (Eds.), Climate change 2013: The
physical science basis; Working Group I contribution to the fifth assessment report of the Intergovernmental Panel on Climate Change (pp. 659–740). Cambridge

University Press.

Ness, B., Urbel-Piirsalu, E., Anderberg, S., & Olsson, L. (2007). Categorising tools for sustainability assessment. Ecological Economics, 60(3), 498–508. https://
doi.org/10.1016/j.ecolecon.2006.07.023

Nilsson, A. E., Aragonés, M. M., Torralvo, F. A., Dunon, V., Angel, H., Komnitsas, K., & Willquist, K. (2017). A review of the carbon footprint of Cu and Zn

production from primary and secondary sources.Minerals, 7(9), 168. https://doi.org/10.3390/min7090168

Peng, D., Zhou, J., & Luo, D. (2017). Exergy analysis of a liquid desiccant evaporative cooling system. International Journal of Refrigeration, 82, 495–508. https://
doi.org/10.1016/j.ijrefrig.2017.06.021

Qureshi, B. A., & Zubair, S. M. (2007). Second-law-based performance evaluation of cooling towers and evaporative heat exchangers. International Journal of
Thermal Sciences, 46(2), 188–198. https://doi.org/10.1016/j.ijthermalsci.2006.04.014

Rodríguez, C. M., Rodas, C. F. R., Muñoz, J. C. C., & Casas, A. F. (2019). A multi-criteria approach for comparison of environmental assessment methods in the

analysis of the energy efficiency in agricultural production systems. Journal of Cleaner Production, 228, 1464–1471. https://doi.org/10.1016/j.jclepro.2019.
04.388

Sacchi, R., Terlouw, T., Siala, K., Dirnaichner, A., Bauer, C., Cox, B., Mutel, C., Daioglou, V., & Luderer, G. (2022). PRospective EnvironMental Impact asSE-

ment (premise): A streamlined approach to producing databases for prospective life cycle assessment using integrated assessmentmodels. Renewable and
Sustainable Energy Reviews, 160, 112311. https://doi.org/10.1016/j.rser.2022.112311

Schlei-Peters, I.,Wichmann,M. G., Matthes, I.-G., Gundlach, F.-W., & Spengler, T. S. (2017). Integratedmaterial flow analysis and processmodeling to increase

energy andwater efficiency of industrial cooling water systems. Journal of Industrial Ecology, 22(1), 41–54. https://doi.org/10.1111/jiec.12540
Schlemme, J., Schimmel, M., & Achtelik, C. (2019). Energiewende in der Industrie: Potenziale und Wechselwirkungen mit dem Energiesektor. Branchensteckbrief

der Eisen- und Stahlindustrie (42/17 SISDE17915). Germany. https://www.bmwk.de/Redaktion/DE/Downloads/E/energiewende-in-der-industrie-ap2a-

branchensteckbrief-stahl.pdf?__blob=publicationFile&v=4

Schulze, C., Thiede, S., & Herrmann, C. (2019). Life cycle assessment of industrial cooling towers. In L. Schebek, C. Herrmann, & F. Cerdas (Eds.), Sustainable
production, life cycle engineering and management. Progress in life cycle assessment (pp. 135–146). Springer International Publishing. https://doi.org/10.1007/
978-3-319-92237-9_15

Siddiqui, O., & Dincer, I. (2017). Comparative assessment of the environmental impacts of nuclear, wind and hydro-electric power plants in Ontario: A life

cycle assessment. Journal of Cleaner Production, 164, 848–860. https://doi.org/10.1016/j.jclepro.2017.06.237
Singh,K., &Das, R. (2017). Exergyoptimizationof cooling tower forHGSHPandHVACapplications.EnergyConversion andManagement,136, 418–430. https://

doi.org/10.1016/j.enconman.2017.01.024

Spindler, K., Bedenik, S., & Heidemann, W. (2016). Untersuchung zur Optimierung der Kühlwasserversorgung des HLRS hinsichtlich Energie- und Kosteneffizienz:
Phase 1: Analyse des Klimatisierungskonzeptes des HLRS. Institut für Thermodynamik undWärmetechnik.

Sun, Y., Guan, Z., Gurgenci, H., Wang, J., Dong, P., & Hooman, K. (2019). Spray cooling system design and optimization for cooling performance enhancement

of natural draft dry cooling tower in concentrated solar power plants. Energy, 168, 273–284. https://doi.org/10.1016/j.energy.2018.11.111
Szargut, J. (2007). Egzergia: Poradnik obliczania i stosowania. Appendix 1: Standard chemical exergy. Wydawnictwo Politechniki Śląskiej. http://web.mit.edu/2.

813/www/readings/APPENDIX.pdf

Szargut, J., Morris, D. R., & Steward, F. R. (1988). Exergy analysis of thermal, chemical and metallurgical processes. Hemisphere Publishing Corporation.

Turconi, R., Boldrin, A., & Astrup, T. (2013). Life cycle assessment (LCA) of electricity generation technologies: Overview, comparability and limitations.

Renewable and Sustainable Energy Reviews, 28, 555–565. https://doi.org/10.1016/j.rser.2013.08.013
Turek, D., & Radgen, P. (2021). Optimized data center site selection—Mesoclimatic effects on data center energy consumption and costs. Energy Efficiency, 14,

14(3). https://doi.org/10.1007/s12053-021-09947-y

UNECE. (2021). Life cycle assessment of electricity generation options. United Nations. https://unece.org/sites/default/files/2021-10/LCA-2.pdf
VDMA 24659. (2016). Economic analysis and partial carbon footprint of evaporative cooling equipment: Guideline for calculation (VDMA 24659). Beuth Verlag

GmbH.

https://doi.org/10.1016/j.jclepro.2012.03.012
https://doi.org/10.1016/j.jenvman.2012.07.024
https://doi.org/10.1038/s41467-019-13067-8
https://doi.org/10.1088/1748-9326/7/4/045802
https://doi.org/10.1016/j.rser.2011.09.013
https://doi.org/10.1111/jiec.13120
https://doi.org/10.1016/0360-5442(86)90013-7
https://doi.org/10.1016/0360-5442(86)90013-7
https://doi.org/10.1016/j.applthermaleng.2006.08.012
https://doi.org/10.1016/j.ecolecon.2006.07.023
https://doi.org/10.1016/j.ecolecon.2006.07.023
https://doi.org/10.3390/min7090168
https://doi.org/10.1016/j.ijrefrig.2017.06.021
https://doi.org/10.1016/j.ijrefrig.2017.06.021
https://doi.org/10.1016/j.ijthermalsci.2006.04.014
https://doi.org/10.1016/j.jclepro.2019.04.388
https://doi.org/10.1016/j.jclepro.2019.04.388
https://doi.org/10.1016/j.rser.2022.112311
https://doi.org/10.1111/jiec.12540
https://www.bmwk.de/Redaktion/DE/Downloads/E/energiewende-in-der-industrie-ap2a-branchensteckbrief-stahl.pdf?__blob=publicationFile&v=4
https://www.bmwk.de/Redaktion/DE/Downloads/E/energiewende-in-der-industrie-ap2a-branchensteckbrief-stahl.pdf?__blob=publicationFile&v=4
https://doi.org/10.1007/978-3-319-92237-9_15
https://doi.org/10.1007/978-3-319-92237-9_15
https://doi.org/10.1016/j.jclepro.2017.06.237
https://doi.org/10.1016/j.enconman.2017.01.024
https://doi.org/10.1016/j.enconman.2017.01.024
https://doi.org/10.1016/j.energy.2018.11.111
http://web.mit.edu/2.813/www/readings/APPENDIX.pdf
http://web.mit.edu/2.813/www/readings/APPENDIX.pdf
https://doi.org/10.1016/j.rser.2013.08.013
https://doi.org/10.1007/s12053-021-09947-y
https://unece.org/sites/default/files/2021-10/LCA-2.pdf


706 WENZEL AND RADGEN

Wenzel, P.M., & Radgen, P. (2022). Multi-criteria comparison of energy and environmental assessment approaches for the example of cooling towers. Applied
System Innovation, 5(5), 89. https://doi.org/10.3390/asi5050089

Zhang, Q., Meng, Z., Hong, X., Zhan, Y., Liu, J., Dong, J., Bai, T., Niu, J., & Deen, M. J. (2021). A survey on data center cooling systems: Technology, power

consumptionmodeling and control strategy optimization. Journal of Systems Architecture, 119, 102253. https://doi.org/10.1016/j.sysarc.2021.102253

SUPPORTING INFORMATION

Additional supporting information can be found online in the Supporting Information section at the end of this article.

How to cite this article: Wenzel, P. M., & Radgen, P. (2023). Extending effectiveness to efficiency: Comparing energy and environmental

assessment methods for a wet cooling tower. Journal of Industrial Ecology, 27, 693–706. https://doi.org/10.1111/jiec.13396

https://doi.org/10.3390/asi5050089
https://doi.org/10.1016/j.sysarc.2021.102253
https://doi.org/10.1111/jiec.13396

	Extending effectiveness to efficiency
	Abstract
	1 | INTRODUCTION
	1.1 | Background of effectiveness and efficiency evaluation of cooling towers
	1.2 | Methods overview and previous research
	1.3 | Objective of this study

	2 | APPLIED METHODS AND CASE STUDY DATA
	2.1 | Methods overview
	2.2 | Goal and scope
	2.3 | Case study data
	2.4 | Exergy calculation

	3 | RESULTS
	3.1 | MFA and LCI results
	3.2 | LCA results
	3.3 | Exergy analysis and LCEA results

	4 | DISCUSSION
	4.1 | Case study results and limitations
	4.2 | Method comparison

	5 | CONCLUSIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES
	SUPPORTING INFORMATION


