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Abstract

A significant amount of energy consumption in buildings is due to heating, ventilation and air-
conditioning systems. Among other systems, refrigeration plants are subject of efficiency im-
provements. However, actual operating conditions of such plants and the performance must be
known as well as any eventual optimization potential identified before enhancements can take
place. Energy and exergy analyses have been widely used to assess the performance of refriger-
ation systems. Among others, exergy efficiency is used as an indicator to determine the system
performance; however, the practical achievable values are unknown. Therefore, this work pro-
poses a practice-oriented evaluation method for refrigeration plants, based on exergy analysis
and technical standards as baseline. The identification of possible enhancements is highly rel-
evant in practice, as measures which improve the system effectiveness most likely prevent fre-
quent shortcomings during refrigeration plant operation. With the introduced optimization po-
tential index (OPI), the achievable enhancements compared to the state of the art in technology
and the performance are identified at a glance regardless the complexity of the system. By divid-
ing the plant into different subsystems, each of them can be assessed individually. Laypersons
can easily determine the system operating state and subsequently, if needed, initiate a detailed
analysis as well as appropriate countermeasures by specialist. Moreover, modeling is seen as an
appropriate method to determine additional reference values for refrigeration machines if none
are available according to technical standards. Among different modeling techniques, artificial
neural network models reveal the best performance for the present application. The application,
functionality and purpose of the presented method is exemplified on two numerical test cases
and on a real field plant as a case study. The investigation reveals an adequate operation of
the studied field plant in general, where three out of seven cooling locations have performance
issues. The reason should be identified in a subsequent detailed study. Overall, the auxiliary
electrical exergy input shows the same magnitude as the thermal exergy input. This empha-
sizes the importance of minimizing the electrical energy usage, as it is the main overhead in
the operating cost of refrigeration plants and also to achieve an increase in system performance.
Moreover, measuring concepts of real systems are analyzed and the corresponding retrofitting
costs for the application of the presented approach are identified. It is shown that a retrofit of
the instrumentation can be worthwhile if the refrigeration plant already comprises a measuring

concept close to the state of the art.

Keywords: optimization potential evaluation method, exergy analysis, vapor compression refrig-

eration plants, optimization potential index, OPI, free cooling

I
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Résumé

Une grande partie de la consommation d’énergie dans les batiments est due aux systémes de
chauffage, de ventilation et de climatisation. Entre autres systemes, les systeémes de réfrigéra-
tion font I’objet de mesures d’amélioration de I’efficacité. Néanmoins, les conditions opéra-
tionnelles réelles de ces installations et leurs performances doivent €tre connues, ainsi que tout
potentiel d’optimisation éventuel, avant que des améliorations puissent étre réalisées. Les anal-
yses exergétique et énergétiques ont été largement utilisées pour évaluer la performance des
systemes de réfrigération. Entre autres, I'efficacité exergétique est utilisée comme indicateur
pour déterminer la performance du systeme, mais les valeurs réalisables dans la pratique sont
inconnues. Par conséquence, ce travail propose une méthode d’évaluation pratique des systemes
de réfrigération basée sur une analyse exergétique et des normes techniques comme base de
référence. L’identification des améliorations possibles est pertinente dans la pratique, car les
mesures qui améliorent I’efficacité du systeme permettent probablement d’éviter de fréquentes
déficiences pendant ’'usage. Avec I'optimization potential index (OPI) introduit dans cet ou-
vrage, les améliorations réalisables par rapport a 1’état de 1’art de la technologie et la perfor-
mance sont identifiées d’un seul coup d’ceil, quelle que soit la complexité du systeme. En di-
visant I’installation en différents sous-systémes, chacun peut étre évalué individuellement. Les
non-spécialistes peuvent facilement déterminer 1’état de fonctionnement du systeme et ensuite,
si nécessaire, lancer une analyse détaillée ainsi que des contre-mesures appropriées. De plus,
la modélisation est considérée comme une méthode appropriée pour déterminer des valeurs de
référence si aucune n’est disponible selon les normes techniques. Parmi les différentes tech-
niques de modélisation, les modeles artificial neural network révelent les meilleures perfor-
mances pour 1’application présentée. L’ application, la fonctionnalité et 1’ objectif de la méthode
présentée sont illustrés par deux cas numériques et sur une installation réelle. La recherche
révele un fonctionnement approprié de I’installation étudiée en général, ou trois des sept es-
paces conditionnés ont des problémes de performance. La raison devrait &tre identifiée dans
une étude détaillée ultérieure. Dans I’ensemble, 1’apport d’exergie électrique auxiliaire est du
méme ordre que I’apport d’exergie thermique. Cela souligne I’importance de réduire la con-
sommation d’énergie électrique au minimum, car elle constitue le facteur principal dans le coft
d’exploitation des installations de réfrigération et permet également d’augmenter la performance
du systeme. En outre, les concepts de mesure des systemes réels sont analysés et les colits de
mise 2 jour correspondants pour I’application de I’approche présentée sont identifiés. Il est dé-
montré qu'une mise a jour de I'instrumentation peut étre rentable, si I’installation frigorifique

comprend déja un concept de mesure proche de 1’état de la art.

Mots-clés: méthode d’évaluation du potentiel d’optimisation, analyse exergétique, installations

de réfrigération a compression de vapeur, optimization potential index, OPL, free cooling
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Nomenclature

Abbreviations

AHU air-handling unit

ANN artificial neural network

C condenser

CFC chlorofluorocarbon

CHF Swiss Franc

CL subsystem cooling location
CPR compressor

CST subsystem cold water storage & transport
DC subsystem dry cooler

E evaporator

EF equation fit

EU European Union

EV expansion valve

FC subsystem free cooling

FV finite volume

GWP global warming potential

HCFC hydrochlorofluorocarbon

HFC hydrofluorocarbon

HFO hydrofluoroolefins

HVAC heating, ventilation and air-conditioning
IEA International Energy Agency

IEFE Institute of Energy Systems and Fluid Engineering
[HX internal heat exchanger

MB moving boundary

MID magnetic-inductive flow rate sensor

ODP ozone depletion potential

PC precooler

PLP physical lumped parameter

PSO particle swarm optimization

RC refrigeration cycle

RM subsystem refrigeration machine

SC subcooler

SFOE Swiss Federal Office of Energy

SIA Swiss Society of Engineers and Architects
SLHX suction line heat exchanger

VDMA Verband Deutscher Maschinen- und Anlagenbau
ZHAW Zurich University of Applied Sciences
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Nomenclature

Variables

a model coefficient U specific internal energy [J/kg]
A heat exchanger surface area [m?] U internal energy [J]

b specific exergy [J/kg] v specific volume [m?/kg]
B exergy [J] 14 volume [m?]

B exergy flow rate [W] w neuron output weighting [—]
c specific heat capacity [J/(kg-K)] w electrical energy [J]

COP coefficient of performance [—] 1% electrical power [W]

CPI control perfect index [-] x model input

cVv coefficient of variation [%] Y exergy destruction ratio [-] /
E energy [J] measured output

EFEI energy efficiency index [-] m modeled / predicted output
EER energy efficiency ratio [—] « neuron output

ESEFER European seasonal energy efficiency ratio [—] AT temperature difference [K]
f amplification factor [—] € heat exchanger effectiveness [—]
F activation function n efficiency [—]

h specific enthalpy [J/kg] T exergetic temperature [—]
H enthalpy [J]

H optimum potential [%]

K costs [CHF]

KPI key performance indicator [—]

™m mass flow rate [kg/s]

MAFE mean absolute error

MSE mean-squared error

n number of data points / refrigeration machines [-]

NTU number of transfer units [—]

OPI optimization potential index [—]

p pressure [Pa]

Q thermal energy [J]

Q heat flow rate (thermal power) [W]

R? coefficient of determination [—]

RI relative irreversibility [—]

RMSE  root-mean-squared error

s specific entropy [J/(kg-K)]

S entropy [J/K]

S entropy production [W /K]

SPF seasonal performance factor [—]

t time [s]

T temperature [K]

T logarithmic mean temperature [K]

TCOP total coefficient of performance [-]

TEPF total energy performance factor [—]

VI
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Subscripts

0
act
amb
aux

ANN

ch
cold

cool

Car
CL
CcP
CPR
cSsST
dest

DC
DL

eff
el
en
ex

exh

EF
EM
FC
FT
gen
guess
hot
HE
HM
HW
thx
n
inst

isen

reference state for exergy analysis
actual

ambient

auxiliary

artificial neural network
condensation

chemical

cold side

cooling

condenser

Carnot

cooling location
circulating pumps
compressor

cold water storage & transport
destroyed

(cold water) distribution
dry cooler

data logging
evaporation

effective

electrical

energetic

exergetic

exhaust

evaporator

equation fit based
electric meter

free cooling

fluid transport
generated

guessed

hot side

heat exchanger

heat meter

hardware

internal heat exchanger
component / system input
installation

isentropic

kinetic

KC

meas
mech

out

ph

PLP

res
rev
RC
RM
sc
sh
st

sYs

th
tot

TLC
TS

un

waste

wT

cold production

losses

mass

measured

mechnical

component / system output
potential / pressure
physical

product

physical lumped parameter
cold utilization

refrigerant

residual

reversible

refrigeration cycle based
refrigeration machine
subcooling

superheating

data storage

system

storage

thermal

total

transmission
telecommunication equipment
temperature sensor

unused

useful

work

waste

heat transport
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Nomenclature

Superscripts

* reference value for the OPI

acc acceptable

act actual

adq adequate

AV avoidable

EN endogenous

EX exogenous

id ideal

UN unavoidable
VIII
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1 Introduction

The world faces an annual increase in energy consumption, which has risen noticeably in recent
decades. According to the International Energy Agency (IEA), the total final energy consump-
tion increased worldwide about 30% in the last 15 years [1]. The main reasons for the increasing
demand are the advancements in technology, global population growth as well as economic de-
velopment. A significant amount of the energy consumption in buildings is due to the heating,
ventilation and air-conditioning (HVAC) systems. Depending on the climatic region, about 40-
70% of the total energy consumption in air-conditioned buildings is due to systems for thermal
comfort applications [2]. Thereby, up to 40% of this energy share is consumed by refriger-
ation machines and plants [3]. Ambient air temperature increase due to the global and local
climate change is most likely the main reason for the increased demand of air-conditioning [4].
The growing implementation and dependence on refrigeration systems results in a significant
increase in electricity consumption and consequently also in primary energy usage, especially
during the warmer months over the year [2]. Consequently, additional power plants, ideally re-
newable energy sources, are needed in order to cover the increased electricity demand [4]. At
the same time, efficient systems are needed in order to reduce the primary energy demand and
correspondingly, to minimize the greenhouse gas emissions [2]. Santamouris identified the fol-

lowing possible countermeasures to decrease the cooling energy demand [4]:

* Initiate actions to reduce the effect of occuring climate change, e.g. increase the use of

renewable energy sources.
* Enhance building structures and improve their effectiveness, e.g. reduce thermal losses.

* Improve the efficiency of mechanical air-conditioning systems and alternative cooling

technologies.

In Switzerland, the Swiss Federal Council initiated a review of the existing energy strategies af-
ter the nuclear disaster in Fukushima (2011) [5]. A long-term sustainable energy policy should
be evaluated, in which, among other measures, a stepwise reduction and finally a complete shut-
down of the in Switzerland existing nuclear power plants is envisaged [5]. From this setting, the

Energy Strategy 2050 was developed which contains the following three main strategies [6]:
* Increasing the energy efficiency of buildings, devices, etc.

* Increasing the use of renewable energy sources (hydro, geothermal, solar and wind power

as well as biomass).

* Step-wise withdrawing from nuclear energy sources.
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1 Introduction

This set of measures was successfully approved by the Swiss population in a nationwide ref-
erendum in 2017 as new Energy Act (EnA) [7]. In line with the presented strategies, a tech-
nical report within the framework of the Swiss Federal Office of Energy (SFOE) program
EnergieSchweiz1 was elaborated. It evaluates measures and activities to achieve an increase
in energy efficiency of refrigeration plants for air-conditioning applications [8]. There is cur-
rently no reliable market data on installed refrigeration plants in Switzerland, but according to
estimations, around 30’000 air-conditioning refrigeration systems with more than 3 kg of re-
frigerant have been installed (status 2015), which have a total electrical power consumption of
1150 MW [8]. According to the authors and the involved experts in the study, a well-designed
and correctly controlled refrigeration plant, which has a regular maintenance, can greatly reduce
the energy consumption and the cooling costs. The consumers have also a significant influence
through their behavior on energy consumption and expenses [8]. They state also, that reasons for
efficiency deficits in refrigeration plants are manifold, which concern all the different actors in
the field. As a consequence, the resulting action plan from the study includes projects to create
tools and information bases for the various actors in the field of air-conditioning refrigeration and
for implementation in the market [8]. The present operating conditions of refrigeration plants
and the performance must be known as well as any eventual optimization potential identified

before enhancements can take place.

At the Institute of Energy Systems and Fluid Engineering (IEFE) at the Zurich University of
Applied Sciences (ZHAW) this led to the idea of developing a simple, practical and widely ap-
plicable approach for performance analysis and identification of possible optimization potentials
of refrigeration plants with respect to the state of the art in technology. It should help actors in
the industry to identify issues, and also, to raise awareness for an efficient refrigeration plant
operation. If possible, the methodology should also serve as a preliminary tool to identify even-
tual problems already in the planning stage. Based on a preliminary study of Kriitli ef al. [9],
the present work focuses on the further development of a goal-oriented assessment method for
refrigeration plants in air-conditioning applications and to elaborate missing components. The

following main objectives were considered during the development:

* Focus on water-water refrigeration plants (no devices with direct evaporation and conden-

sation) including secondary hydraulic circuits with the corresponding auxiliary devices.

* Determining possible optimization potentials and system performance on a daily basis

with respect to the state of the art in technology. If possible, based on enacted technical

1 EnergieSchweiz is since 2001 a platform initiated by the Federal Council, which unites all the activities of the
SFOE in the fields of renewable energies and energy efficiency.
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standards and regulations, as their fulfillment is mostly required and specified in tenders

and contracts, respectively.
* Assessment of individual subsystems.

* Straightforward interpretation of the results. It should not require specialists to determine

whether there is a need to take action on an installation.

* Wide applicability in practice. If possible, implementation with state-of-the-art measuring

concepts of refrigeration plants.
* Low cost with acceptable compromises in accuracy.

* Possible application in monitoring systems.

Chapter 2 presents the state of the art of refrigeration systems and their performance evalua-
tion. First, the typical structure of such systems is shown. Subsequently, existing energy- and
exergy-based assessment approaches with corresponding performance key figures are presented
and refrigeration system enhancements in this context discussed. Additionally, frequent short-

comings in refrigeration plant implementation and operation are revealed.

In chapter 3, the relevant principles and methods of the proposed exergy-based evaluation method
are presented. Exergy analysis principles are discussed and the division of typical refrigeration
plants into different subsystems is shown. Subsequently, novel key figures for the determination
of eventual optimization potentials according to the state of the art in technology are proposed
for two different operation modes of refrigeration plants (refrigeration machine and free cooling
operation). As not all reference values can be determined by technical standards, the method
comprises the modeling of refrigeration machines, especially to correctly determine the part
load conditions of the latter for the evaluation. Accordingly, four different refrigeration machine

models and the corresponding principles are presented as well as analyzed.

Chapter 4 presents the investigated systems and procedures in the study. This comprises two
numerical test cases, a laboratory test rig at the IEFE and a real field plant located in Winterthur,

Switzerland.

In chapter 5, the outcome of the whole analysis is elaborated and discussed. First, the modeling
results are shown, where from the four different models the most promising one is identified.
Subsequently, the application, functionality and purpose of the proposed evaluation method is
exemplified with the numerical test cases and experimental data from the field plant as a case

study.
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1 Introduction

Chapter 6 evaluates measuring concepts of real field plants and estimates eventual retrofitting
costs for the application of the proposed evaluation method. The acquisition process of techni-
cal data of refrigeration plants from a variety of actors in the industry is presented and subse-
quently, where possible, their instrumentation is analyzed. Individual retrofitting cost estimates
are carried out for each measuring equipment, and finally, an overall retrofitting expense for each

investigated field plant is elaborated and discussed.

Finally, chapter 7 gives an overall conclusion of the present work, while further need of research

is discussed and possible next steps are proposed in chapter 8.

All the presented methods, procedures and results are part of or a subsequent development of

two journal publications and a technical report [10-12].
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2 State of the art of performance evaluation of
refrigeration systems

In the present chapter; the state of the art of assessment methods and key figures for determining
the effectiveness, operating conditions and optimization potentials of refrigeration systems as
well as analyses and performance enhancements in this context are presented (see section 2.3).
Frequent problems in refrigeration plant implementation and operation are discussed (see sec-
tion 2.4). Refrigeration systems for air-conditioning applications consist basically of vapor
compression refrigeration machines, heat exchangers and secondary transport systems (pipes,

circulating pumps), whose structures are elaborated subsequently in section 2.1 and 2.2.
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2 State of the art of performance evaluation of refrigeration systems

2.1 Refrigeration machine

Next to ventilation or air-handling units, HVAC systems comprise usually a refrigeration sys-
tem with a single or multiple refrigeration machines (depending on the system size) to generate
the cooling. In such a device, thermal energy is transferred from a cold to a hot reservoir with
a thermodynamic cycle by consuming electrical energy (see Fig. 2.1). If the main goal of the
device is to generate usable heat from the cold source, e.g. the environment, one refers to a heat
pump. If the device is used to generate cold, it is referred to a refrigeration machine. A dis-
tinction is made between absorption and vapor compression cycles. In absorption refrigeration
processes, the working fluid is absorbed by a solvent in an absorber. Subsequently, it is pumped
to a higher pressure level and expelled again with the supply of heat in a generator. In vapor
compression processes, the pressure increase of the working fluid (also denoted refrigerant, see
appendix A.1) is carried out with mechanical work of a compressor. In air-conditioning, about
90% of the employed devices are vapor compression refrigeration machines [13]. Therefore, the
present work focuses on this technology. Fig. 2.2 shows schematically the vapor compression

refrigeration cycle with the main components of the machine in its basic form, which are:

* the compressor,
¢ the condenser,
* the expansion valve,

* and the evaporator.

Refrigeration

machine

Figure 2.1 — Schematic of a refrigeration machine with a cold region at temperature T¢.i4, @ hot region at

temperature 7},¢, the heat flow rates led and Qhat, as well as the electrical power input Wer.
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2.1 Refrigeration machine

The compressor increases the pressure of the refrigerant, which is in superheated vapor state
(see Fig. 2.2, process 1 — 2). The compression may be achieved with either displacement (re-
ciprocating, screw, scroll or rotary) or dynamic (turbo) compressors [14]. Mostly, reciprocating
compressors are used in air-conditioning refrigeration machines. There are three different com-
pressor drive combinations, namely open, semi-hermetic and hermetic [15]. It is not related to
the compression method but on their technical realisation. Open compressors have the com-
pression unit and the motor physically separated, where the seal of the shaft guide separates the
motor from the refrigerant circuit. They are typically used in large refrigeration systems, where
the motor should be easy accessible for maintenance. Semi-hermetic compressors have both
components integrated in the same housing. They are used in mid-range systems and mainte-
nance is still possible, but are more sensible to contaminations. Hermetic compressors are used
in small scale systems, e.g. refrigerators, and are hermetically sealed when mounted. Therefore,

no maintenance is possible and in case of a failure the whole compressor has to be replaced.

In the next step (see Fig. 2.2, process 2 — 3), the heat is released over a heat exchanger, the
condenser, at the high pressure level. The refrigerant is cooled down, liquefied and depending
on the heat exchanger also subcooled. Typically, the condenser is designed as a tube bundle or
plate heat exchanger. The heat dissipation can be achieved with several heat exchangers and thus
on different temperature levels. If the temperature level of the condensation process is elevated,

a portion of the released heat may be utilized further in heat recovery systems.

' Qout

Condenser

Expansion

Compressor «

valve

Evaporator

t Qin

Figure 2.2 — Basic components of a vapor compression refrigeration machine (adapted from [16]).
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2 State of the art of performance evaluation of refrigeration systems

Subsequently, the refrigerant is expanded with an expansion valve to a lower pressure and tem-
perature level, respectively (see Fig. 2.2, process 3 — 4). After the process, the refrigerant is
in vapor state and is supplied to the evaporator. The expansion is achieved with thermostatic or
electronic expansion valves. Thermostatic expansion valves are low-priced and use the suction
gas temperature and evaporation pressure as control variables. However, the correct adjustment
is time-consuming and the needed level of superheating in the evaporator is usually elevated.
Electronic expansion valves use several control variables (e.g. suction gas temperature, evapora-
tion pressure, condensation pressure, subcooling temperature). Therefore, an exact adjustment
of the superheating at the controller is feasible. This allows a decreased level of superheating,

which is favorable for the refrigeration machine performance [17].

In the last step of the cycle (see Fig. 2.2, process 4 — 1), the cold production is achieved. Heat is
removed from a medium to be cooled with a heat exchanger, the evaporator, at the low pressure
level. During the process, heat is absorbed by the refrigerant, which evaporates. Similarly to
the condenser, the evaporator is typically designed as a tube bundle or plate heat exchanger.
It is distinguished between dry and flooded evaporators [14]. In dry evaporation processes,
the refrigerant is in superheated (dry) vapor state at the exit. Therefore, it is important that
the supplied liquid portion of the refrigerant by the expansion valve is only as large as the
heat exchanger is able to fully evaporate under the operating conditions. Liquid refrigerant
would damage the compressor (steam hammer effects). This is the reason why the superheating
temperature is measured and used as a control variable for the expansion valve. In flooded
evaporators, one portion of the refrigerant remains in liquid state in the lower region of the
evaporator, while the superheated refrigerant is extracted in the upper area. This allows lower
superheating temperatures, but increases the amount of refrigerant needed in the refrigeration

machine.

2.2 Refrigeration plant

The refrigeration machine is the main component of refrigeration plants and generates the cool-
ing. The cold water distribution and the heat rejection can be achieved differently, where refrig-

eration plants for air-conditioning applications are categorized into the following configurations:

* Air-air refrigeration system.
* Air-water refrigeration system.

» Water-water refrigeration system.
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2.2 Refrigeration plant

2.2.1 Air-air refrigeration system

Fig. 2.3 shows a simplified schematic of an air-air refrigeration system, which consists basically
of a refrigeration machine with gas-liquid heat exchangers as evaporator and condenser (e.g.
split devices). The room is directly cooled with the air passing the evaporator. Typically, the
heat transfer is enhanced with a ventilator and a tube-fin configuration of the heat exchanger. On
the hot side, the heat is rejected directly to the environment and has no further use. Such devices
are suitable for low cooling loads and when single rooms have to be cooled. These systems
have a close relationship to the room in which they are mounted and used. Ideally, they are
only switched on when they are actually needed. In addition, they are an inexpensive solution,
easy to use and uncomplicated to operate. However, the external devices may interfere with the
architectural design of the building and the fan noise may disturb [17]. The air-air systems are
generally employed in small scale air-conditioning systems and are not discussed further in the

present work.

Ambient air  Refrigeration machine Room air

D

+ £~
=/

O

Figure 2.3 — Simplified schematic of an air-air refrigeration system (adapted from [17]).

2.2.2 Air-water refrigeration system

Fig. 2.4 shows schematically an air-water refrigeration plant. In comparison to air-air systems,
a secondary hydraulic circuit is employed on the cold side of the refrigeration machine which is

cooled down by the evaporator. The design of the chilled water distribution network is discussed

Ambient air  Refrigeration machine  Cold water

¥ S 1 @
|

O

Figure 2.4 — Simplified schematic of a air-water refrigeration system (adapted from [17]).
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2 State of the art of performance evaluation of refrigeration systems

(a)
R O~

(b)

Figure 2.5 — Simplified schematic of air-cooled condensers: (a) separated and (b) integrated (adapted from [9]).

in subsection 2.2.3. In air-water refrigeration plants, the heat from the condenser is rejected
directly to the environment, similarly to air-air systems. The heat rejection is achieved with air-
cooled condensers and ventilators. They are either integrated in the refrigeration machine (e.g. in
roof top units, see Fig. 2.5b) or installed separately (see Fig. 2.5a). If the condenser is deployed
separately, e.g. on a roof, junction lines are necessary for the connection to the refrigeration
machine. This has the disadvantage that depending on where the chiller is installed, e.g. in a
technical room, the quantity of refrigerant required is significantly increased [17]. Air-water
refrigeration systems with air-cooled condensers are commonly used for cooling capacities of

up to 50 kW [9] and are not discussed further in the present work.

2.2.3 Water-water refrigeration system

Water-water refrigeration plants not only incorporate a secondary hydraulic circuit on the cold
but also on the hot side of the refrigeration machine (see Fig. 2.6). They are usually deployed
in mid to large scale refrigeration systems with a cooling capacity from 50 kW up to several
megawatts, whose structure is explained subsequently.

Hot water Refrigeration machine  Cold water

+ £ @
=/

C 1.

Figure 2.6 — Simplified schematic of a water-water refrigeration system (adapted from [17]).
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2.2 Refrigeration plant

Refrigeration machine Cooling locations
O ¥o ¥o: p¥o
< @

Cold water storage

3

Figure 2.7 — Simplified schematic of the chilled water circuit with multiple cooling locations and an integrated

cold water storage (adapted from [17]).

The chilled water distribution network is designed identically as in air-water refrigeration plants.
Usually, water or a water-glycol mixture is used as working fluid. The chilled water is trans-
ported in the distribution network with the aid of circulating pumps up to the cooling location
(see Fig. 2.7). The latter can be an air handling unit (AHU) of a heating, ventilation and air-
conditioning (HVAC) system or the end-use location, e.g. a cooling coil in a chilled ceiling
system. Depending on the size of the refrigeration plant, the cold water is delivered to multi-
ple buildings or end-use locations. Furthermore, a cold water storage may be integrated to the
system if a higher demand of system stability and supply security exists (see Fig. 2.7). The
cold water storage can provide cooling capacity when a low cooling demand is present and the
chiller is turned off. It serves also as an energy storage and safety reserve, e.g. in the event of
a refrigeration machine failure. Moreover, the storage ensures the hydraulic decoupling in the

distribution network to omit that different circulating pumps actively influence each other [17].

On the hot side, a water-cooled condenser with another secondary hydraulic circuit is present.
The distribution network transports the hot water (also denoted cooling water) to a cooler, where
the heat is dissipated to the environment (see Fig. 2.8). The heat rejection is usually carried out
with dry coolers, hybrid dry coolers or cooling towers (evaporative coolers) [17]. Dry coolers
mainly consist of heat exchangers and ventilators. They have low operating and maintenance

Cooler Refrigeration machine

ftion machin

+

@ _©_

D =2

e '

Figure 2.8 — Simplified schematic of the hot water circuit with coolers (adapted from [17]).
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2 State of the art of performance evaluation of refrigeration systems

costs, but require a large surface area depending on the amount of heat which needs to be re-
jected. It is important that no recirculation of the heated air is present at the dry cooler. Such
short circuits can compromise the heat transfer significantly [17]. Hybrid dry coolers have the
same functionality but are additionally wetted, moisted or sprayed with water when higher ambi-
ent air temperatures are present. The evaporated water cools the air as well as the heat exchanger
surface. This results in an increased heat transfer and a decreased temperature in the hydraulic
circuit compared to conventional dry coolers. However, a water supply is necessary and the
operating and maintenance costs are elevated [17]. In cooling towers, the hot water from the
condenser is injected directly into the air flow of the cooler. This results in an air-water mix-
ture (humidification), which is cooled by the air flow. The humidification with water enables
adiabatic cooling, in which a part of the water evaporates. Therefore, the humidified air can
be cooled below ambient air temperature. While this system is very effective regarding heat
transfer and space requirements, the amount of supplied water is large and needs to be precondi-
tioned. The system also needs frequent cleaning, and thus, the operation and maintenance costs

are significantly elevated compared to the other cooling systems [17].

If the temperature level of the condenser side is sufficiently high, a part of the heat may be
recovered, e.g. for space heating or domestic hot water (see Fig. 2.9). Similarly to the structure
of the chilled water circuit, multiple heating locations and a heat storage may be integrated to

the system [17]. The unusable heat is rejected conventionally with the aforementioned coolers.

The use of free cooling is feasible if the surrounding air temperature is substantially lower than
at the cooling location. Therefore, this operating mode is mostly present in the colder months
of the year. In the simplest form, free cooling is achieved with a heat exchanger arranged in
parallel to the refrigeration machine (see Fig. 2.10). The heat exchanger couples both hydraulic

circuits and allows an indirect cooling, where the heat is transferred from the cooling location

Cooler Heating locations Refrigeration machine
O — |
+

D
D

¥ W m =

Hot water storage

Figure 2.9 — Simplified schematic of the hot water circuit with multiple heating locations and a hot water stor-

age (adapted from [17]).
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2.3 Assessment methods and performance of refrigeration systems
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| ©tje

26

O %o Xo
0 J I
® . — ]
%] Cold water

storage
@ Lt £

-

Free cooling module

Figure 2.10 — Simplified schematic of a refrigeration plant with free cooling (adapted from [17]).

via the heat exchanger to the coolers and rejected to the environment. The refrigeration machine
is usually turned off in free cooling operation and thus, the electrical energy of the compressor
can be economized. An exception is a bivalent operation, where the free cooling module is
used to precondition the cooling water before entering the evaporator. In order to make optimal
use of free cooling, the hot side hydraulic circuit is designed for small temperature differences.
This results in large volume flow rates and correspondingly large pipe diameters [17]. One of
the main application for free cooling is in refrigeration plants of data centers. Since the chilled
water temperature in such systems is elevated, the use of free cooling is economically reasonable

and can be realized over longer periods during the year.

2.3 Assessment methods and performance of
refrigeration systems

In order to increase the effectiveness of refrigeration systems, different key figures and proce-
dures were applied or developed to examine the energy usage and to determine optimization
potentials. In the following, evaluation methods and key figures are discussed, where it is dis-
tinguished between energy- and exergy-based approaches. In this context, analyses and perfor-

mance enhancements of vapor compression refrigeration machines and plants are presented.

2.3.1 Energy-based approaches

The energy analysis is the most common method to evaluate thermodynamic systems involving

energy transfer and conversion. It is based on the first law of thermodynamics, where energy is

13
Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI014/these.pdf

© [L. Brenner], [2021], INSA Lyon, tous droits réservés



2 State of the art of performance evaluation of refrigeration systems

conserved in every component or process. An energy balance is typically carried out to assess
the corresponding incoming and outgoing energy flows of a system or component, while the
performance evaluation is then realized in terms of key figures, e.g. ratios of energy output to
input. Waste emissions, like heat transfer to the environment, may be determined and reduced

accordingly, improving the effectiveness by still ensuring the desired initial task of the system.

The most applied performance indicator in this context is the energy efficiency n,,,. It generally

describes the ratio between the useful and supplied energy or power and is defined as [18, 19]:

out (2 1)

with F;,, and FE_ ,, the energy input and output of the system, respectively. The key figure

out?
provides information on how much input is needed to achieve a desired output. In the context
of refrigeration machines, the coefficient of performance COP is widely used as an indicator of
performance, which is described as follows [14, 19, 20]:
Qp

WCPR

COP = (22
where Q g represents the cooling capacity of the evaporator and WC pr the electrical power input
of the compressor. Usually, the COP is larger than 1 and determined from data of stationary
operating points. The parameters of these operating points, e.g. condensation or evaporation
temperature, must be known accordingly to ensure an equitable comparison between different
devices. If a whole refrigeration plant is examined, the energy consumption of all auxiliary
devices, e.g. circulating pumps in the distribution network, should be considered. The system
coefficient of performance is [21]:

coP,,, = Qv 2.3)

Wepr + Woue

where QU is the useful thermal power at the cooling location and Wauw the electrical power input
of the auxiliary devices. Another key figure used to determine the performance of refrigeration
systems in air-conditioning applications is the energy efficiency ratio EER, which is given by
[17,22]:

FER = £ (2.4)
eff

which describes the ratio of the cooling capacity to the effective electrical power input V'V6 7f to
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2.3 Assessment methods and performance of refrigeration systems

the refrigeration system. The latter includes the electrical power consumption of the compressor,
all control, regulation and safety equipment as well as partially the electrical power consumption
of ventilators and pumps. For water cooled refrigeration machines, the EER™ is applied, where
additionally the electrical power consumption of the coolers are considered [17,22]. To deter-
mine the yearly performance of refrigeration systems, the ESEER (European seasonal energy
efficiency ratio) finds application. As the cooling demand is usually depending on the season
and the refrigeration systems may operate in part-load conditions, the year is divided into four
cooling load ranges, whereas each of them is weighted according to an assumed operating time

over the year. Consequently, the ESEER is defined as [17,22]:
ESEER =0.03- EER ¢ + 0.33 - EER750, + 0.41 - EER5g, +0.23 - EERy50,  (2.5)

where EE Ry, to EER, 5y, denote the energy efficiency ratio at 25% to 100% load, respec-
tively. Like the EER, the ESEER applies for refrigeration systems in air-conditioning applica-
tions and is not suitable for systems with high internal loads or heat utilization as they typically

reveal a different operating scheme [17].

2.3.1.1 Technical standard VDMA 24247-2

A detailed assessment of the refrigeration machine is introduced in the technical standard VDMA
24247-2 [23]. It is mentioned that the influence on the COP due to temperature differences in
heat exchangers, which affect the evaporation and condensation temperature, as well as the in-
teraction between system components remains hidden. The key figure value is influenced by a

diversity of parameters, and thus, a reliable comparison between refrigeration systems is only

Figure 2.11 — Simplified schematic of a refrigeration machine with the different key figures: cold production
efficiency nx ¢, heat transport efficiency nw r, fluid transport efficiency 77 and cold utilization

efficiency n¢, (adapted from [23]).
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2 State of the art of performance evaluation of refrigeration systems

possible at the same operating conditions [23]. For those reasons, potentials for achieving the
highest possible energy efficiency may remain unexploited. The following four key figures are
proposed in the technical standard to allow a comprehensive assessment of the refrigeration ma-

chine performance (see Fig. 2.11) [23]:

¢ Cold production efficiency 1y~
* Heat transport efficiency 7y, 1
* Fluid transport efficiency 7y

* Cold utilization efficiency 7,

The cold production efficiency 1y~ compares the real to the ideal refrigeration cycle [23]:

QE Tc — Te
e = 2B Tete 2.6)
Wepr  Le

with the cooling capacity of the evaporator Q 1 and the electrical power input of the compressor

WC pr- 1, and T, correspond to the evaporation and condensation temperature, respectively.

The performance indicator evaluates the influence of losses during the cold production and is
also denoted Carnot quality grade [17]. The heat transport efficiency 7,1 is defined as [23]:

1. T, - Ty

=—=—" 2.7

wr T, T.-T, 2.7

where T7; is the useful cooling temperature, e.g. of the cooling location, and 7, the temperature

of the heat sink, e.g. the environment. Unfavorable temperature differences in heat exchangers

decrease the system performance. Therefore, the key figure evaluates the influence of these

differences on the efficiency of the refrigeration machine [23]. The fluid transport efficiency

Npp 1s written as [23]:

CPR
Nrr = —7 (2.8)
tot

where Wtot represents the total system power input. The performance indicator assesses the
influence of the energy demand of auxiliary devices in the refrigeration machine, e.g. fans of an
integrated air-cooled condenser [23]. The cold utilization efficiency 7, is given by [23]:

Qu

N9, = Q7E (2.9)

with the useful thermal power for cooling QU and the cooling capacity of the evaporator Q 1o

A larger cooling capacity is required to compensate for undesired heat flows. The latter can be
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2.3 Assessment methods and performance of refrigeration systems

induced by unwanted heat transfer to the refrigeration machine from the environment, e.g. due to
insufficient insulation of the pipes. The key figure assesses the influence of undesired heat supply
on the cold side on the useful cooling capacity [23]. Further, the technical standard proposes an
overall system efficiency, the energy efficiency level 7, ,, by multiplying the aforementioned key
figures with each other [23]:

@ Ty - Ty

Mot = NxcwrrTQe = Wtot T, (2.10)

The key figure can be interpreted as the ratio of the system COP and the COP of a reversible
refrigeration cycle. Interestingly, the energy efficiency level corresponds to the definition of the
exergy efficiency of a refrigeration plant if 7} is chosen to be the temperature of the reference

environment. However, this coherence is not mentioned in the norm.

2.3.1.2 Technical standard VDMA 24247-7

The assessment of refrigeration plants during operation is described in the technical standard
VDMA 24247-7 [24]. The authors state that in order to measure and check the energy effi-
ciency of plants during operation, a continuous monitoring is required, which should already be
considered in the planning stage. Consequently, power and energy efficiency key figures can be

determined from the measured and logged quantities (temperatures, volume flow rates, etc.) [24].

Storage Distribution Transmission
losses Qs losses Q; p losses Q@

f

E Cooler

Evaporator

cooling Useful cooling
energy Qg energy Qy

C

Cold water Auxiliary

S

Refrigeration machine Heat exchanger

storage devices
Electrical Auxiliary Room (final use)
energy electrical energy \

Figure 2.12 — Subsystem boundaries for assessing the refrigeration system: refrigeration machine (I), refriger-
ation machine including air-cooled condensers or hot side hydraulic circuit (II) and refrigeration

plant (IIT) (adapted from [24]).
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2 State of the art of performance evaluation of refrigeration systems

The technical standard suggests to use three different subsystems to assess the refrigeration plant
(see Fig. 2.12). Subsystem I represents the refrigeration machine and subsystem II the refrig-
eration machine including air-cooled condensers or the hot side hydraulic circuit. Additionally,
subsystem III represents the whole refrigeration plant including the distribution network with
auxiliary devices and cold storages [24]. The first key figure defined in the technical standard is
the total coefficient of performance TCOP [24]:

rcop — 2u 2.11)

tot,i

- the measured total electrical power

where (), ; denotes the measured cooling power and W,_, ,

consumption with respect to the selected system boundaries. If subsystem III is evaluated, the
TCOP corresponds to the system COP defined in Eq. 2.3. The other key figure, the total energy
performance factor TEPF, is given by [24]:

[2)

)., dt
QU,Z QUi

_ Jt _ )
TEPF = = e 2.12)
Wior; dt '

t1

with the cooling energy ();;; and the total electrical energy input W, ; according to the se-

ot,i
lected system boundaries as well as the evaluation start and end time, ¢; and t,, respectively.
The key figure describes the ratio of the measured cooling energy to the measured electrical
energy consumption of all components related to a specific evaluation period and to the selected
subsystem [24]. Therefore, the TEPF estimates the overall performance of the system and has a
similar form as the cooling seasonal performance factor (CSPF) [25,26]. The seasonal perfor-

mance factor (SPF) is typically used for heat pumps, which is defined as the ratio of the useful

heating energy to the total electrical energy input evaluated over a certain time period.

Field tests were carried out, in order to develop a standardized methodology to systematically
monitor refrigeration systems and their efficiency [27]. The authors investigated the implemen-
tation of the energy efficiency rating approach of the standards VDMA 24247-2 [23] and VDMA
24247-7 [24] on four different field plants. As a result, a basic energy consumption monitoring
was possible in most of the cases and potentials for optimization as well as efficiencies at dif-
ferent operating conditions were identified. However, difficulties occurred due to the measuring
concepts of some field plants, as not all needed variables were available for monitoring. Thus,
the implementation of the energy efficiency assessment for existing systems was difficult or

impossible with the pursued method.
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2.3 Assessment methods and performance of refrigeration systems

2.3.1.3 Reference-based performance indicators

Another approach for assessing a thermodynamic system is to define a key figure, where the
actual performance or operating condition of a system is compared to a reference one. As an
example, Sorrentino et al. introduced a model-based key performance indicator KPI in order to
assess and monitor a telecommunication cooling system, where the key figure is defined as [28]:

FEEI

act
2.13
EFEI,,, 13)

KPI =

with the actual energy efficiency index EE1, ., and the reference or desirable energy efficiency
index EET,.; of the investigated telecommunication cooling system. The energy efficiency
index EEI is given by [28]:

EEI = — Wric (2.14)
WTLC + W, l + Wauz

COO

where W, LC> W, and W, are the electrical power inputs of the telecommunication equip-
ment, the cooling system and auxiliary devices, respectively. The authors mention two possible
applications of the KPI. On the one hand, the key figure may be used to assess the cooling ef-
ficiency of the system, meaning to determine if the actual cooling strategy is convenient or not.
On the other hand, the key figure may be used as a tool for model-based diagnostics. By com-
paring the measured (actual) cooling system power consumption to a simulated (reference) one,
a faulty behavior may be detected. This reduces the risk of cooling device failure or an increased
energy consumption can be avoided. The introduced method is applied for a single room as well
as on a central office level. A lumped capacity model of the room developed by the authors was
applied and run in parallel to the real system, in order to determine reference values resulting

from different cooling strategies [28,29].

2.3.1.4 Performance analysis and optimization of refrigeration machines

Among others, Gordon et al. investigated the behavior of a commercial R123 centrifugal chiller
by varying the coolant flow on the secondary side of the condenser [30]. They determined, that
an augmentation in coolant flow rate reduces the thermal lift in the compressor and therefore
the power consumption decreases. A more significant change in the thermal lift was found at
higher cooling loads and thus an improvement of the coefficient of performance COP from 1%
in partial and up to 10% in full load operating conditions was observed. Zhao et al. carried out a

model-based optimization of vapor compression refrigeration cycles [31]. By applying the found
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2 State of the art of performance evaluation of refrigeration systems

optimized set point to an experimental test rig with R134a as refrigerant, they demonstrated an

overall energy saving potential of around 9% compared to traditional on-off controlled systems.

Fritschi er al. conducted investigations in parallel compression cycles with carbon dioxide as
refrigerant [32]. A numerical model was developed, which showed a good correlation to exper-
imental data, in order to determine ideal operation conditions of the chiller. The conventional
(single compressor) operation was compared with the parallel compression configuration, yield-
ing an increase in COP value of up to 20%. Nevertheless, the biggest increases in efficiency are
possible under circumstances that would, in any case, have a negative effect on the operation of
any refrigeration system. An increase in efficiency of at least 10% is achievable, while still meet-
ing the boundary conditions for an economical reasonable deployment. Refrigeration systems
with parallel compressors are particularly well suited to systems with evaporating temperatures
below or above 0 °C. However, based on the findings acquired in the study, the use of a parallel
compressor in air-conditioning applications can be ruled out due to economic reasons. Further-
more, the study revealed a positive effect on the parallel compression circuit while having a low
evaporation temperature and a high temperature at the gas cooler outlet. The latter is a critical
factor in the refrigeration system, which determines the subcritical or transcritical operation of

the system.

By replacing the conventional expansion valve with an expander, the cooling effect is enhanced
by reducing the enthalpy at the evaporator inlet [33]. Also, the compressor power usage is de-
creased due to the recovery of expansion losses, which results in higher COP values. Expanders
are typically used in CO, refrigeration cycles, because of the significant effects due to the large
pressure differences [34—36]. Baek et al. developed a novel piston-cylinder expansion device,
where they achieved an increase in system performance by up to 10.5% [37]. Gongalves et al.
determined a theoretical increase in COP of up to 5% by implementing an expander with real-
istic efficiencies in a R134a cycle [38]. The authors found that the efficiency improvement is
more noticeable at higher condensing temperatures. Medium scale refrigeration machines with
conventional refrigerants and expanders were investigated by Subiantoro et al. [39]. The authors
showed an ideal COP increase of 19% by using an expander compared to a standard refrigeration

cycle with R134a as refrigerant and a cooling capacity of 5.27 kW.

Similarly to expanders, expansion losses can be recovered with the use of ejectors [33]. How-
ever, they do not replace the expansion valve but are integrated additionally. With the use of an
ejector, the pressure at the compressor suction line is increased. Therefore, the energy consump-

tion of the compresser is reduced. Ersoy ef al. achieved experimentally a COP increase of up
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Figure 2.13 — Schematic of a vapor compression cycle with an IHX.

14.5% compared to a conventional refrigeration machine by integrating a two-phase ejector in
a R134a refrigeration system [40]. Around 14-17% of the expansion work was recovered in the
ejector. Furthermore, they determined a lower pressure drop over the evaporator in the ejector

system with same external conditions.

By deploying an internal heat exchanger (IHX) in the compressor suction line, a so called suction
line heat exchanger (SLHX), the subcooling on the high pressure and the superheating on the
low pressure side is increased, respectively. This leads to a higher evaporator capacity and there-
fore to an extended cooling potential (see Fig. 2.13) [33]. Furthermore, the SLHX guarantees
the supply of superheated steam to the compressor, which is important to omit any mechanical
damages. The degree of subcooling might be enhanced as well within the condenser itself (con-
denser subcooling) or by applying an additional heat exchanger after the condenser in the cycle,
the so called subcooler. Pottker et al. investigated in an experimental and theoretical study the
effects of condenser subcooling and internal heat exchangers regarding the performance of an
air-conditioning refrigeration machine with R134a as refrigerant [41,42]. They demonstrated
an increase in COP from 1.66 (near zero condenser subcooling) up to 1.96 (with condenser sub-
cooling). Furthermore, they were able to maximise the COP value to 2.11 by using a SLHX. An
increase in cooling capacity of around 8% was shown by Navarro-Esbri et al. by applying an

SLHX in a R1234yf refrigeration machine [43].
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2 State of the art of performance evaluation of refrigeration systems

2.3.1.5 Performance analysis and optimization of refrigeration plants

Regarding the performance of refrigeration plants, Shan et al. proposed an improved chiller
sequence control strategy for refrigeration plants with centrifugal chillers [3]. Typically, an op-
timal sequencing of the refrigeration machine operation can improve the plant efficiency and
therefore, reduce the electrical energy consumption. The authors showed an energy saving po-
tential of 3% in comparison to the original control strategy. Wei et al. investigated a chiller plant
with four refrigeration machines, four cooling towers and two cold storages [44]. A data-driven
approach was chosen to model the plant and subsequently, to ameliorate the operating condi-
tions. A multi-layer perceptron model was used in order to optimize the on / off strategy of the
different refrigeration machines and the temperatures in the plant. The model was applied with
measurement data of two days, where the authors demonstrate an energy consumption reduc-
tion of approximately 14%. Another study focused on the energy optimization of a multi-chiller
plant with cooling towers in a multistory office building [45]. The authors state that the total
power consumption of such plants is significant and is increased due to mostly suboptimal plant
operation. The refrigeration plants are either operated at design conditions or are only optimized
locally. Energy models for the chillers, cooling towers and auxiliary devices were developed, in
order to improve the energy utilization. For the optimization routine, the building load (chilled
water mass flow rates and temperatures) and ambient conditions were used as inputs. The opti-
mization delivered ideal on / off strategies of the equipment as well as chilled and cooling water
conditions. By carrying out three case studies, the authors identified an average energy saving

of 20% for small chiller plants and up to 40% for moderate sized refrigeration systems.

Next to the refrigeration machine, the cooler fans and circulating pumps can contribute signifi-
cantly to the overall system energy consumption. A study was carried out in order to determine
the energy savings if variable drives for cooling tower fans are implemented [46]. The sys-
tem performance was compared to the dual speed mode, where the fan speed automatically
switches between a low and a high rotational frequency depending on the needed water temper-
ature leaving the cooling tower. Results showed that with a variable frequency drive, the water
consumption was lowered by 13%. Furthermore, for the same cooling load, the overall energy
consumption of the refrigeration plant was reduced by 5.8%. Mu et al. investigated in optimiza-
tions for the condenser water loop of a refrigeration system [47]. They proposed an extremum
seeking control scheme which determines the ideal cooling tower fan speed as well as the ideal
hot water distribution network mass flow rate. The power consumption of the chiller, the cooler

fans and the circulating pumps were used as feedback signals. A simulation study of a virtual
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refrigeration plant was carried out, where three different ambient conditions were applied. The
authors showed an energy efficiency increase of up to 26% in comparison to fixed operating con-
ditions of the auxiliary devices. Furthermore, they mentioned that model-based optimizations
may increase the energy efficiency of refrigeration plants, but can be limited in practice due to

sensor errors or model uncertainties.

To further reduce the energy consumption of the refrigeration plant, a free cooling system may
be integrated. Yang et al. investigated in a refrigeration system with cooling towers and a
parallel heat exchanger for free cooling operation in a data center [48]. Their analysis showed
an operating cost reduction of the refrigeration plant by more than 50% in free cooling operation.
In another study, free cooling for a data center in a hot summer and warm winter region with a
cooling load of approximately 10 MW was evaluated [49]. The authors found an annual system

COP increase from 5.9 to 7.3 and an energy saving rate of 19.2% if free cooling is fully utilized.

2.3.1.6 Limitations of energy analysis

As seen in the literature review, energy analysis is widely used to thermodynamically exam-
ine refrigeration systems and is particularly useful when investigating existing devices. Energy
inputs and outputs can be assessed, where the latter can be split into useful and waste energy
flows. The performance of refrigeration systems is usually determined and compared in terms
of the COP. The latter is also often used in tenders for new plants and in the subsequent commis-
sioning to verify whether the specified performance by the manufacturer is achieved. However,
the influence of the operating conditions, e.g. temperatures, on the COP remains hidden. The
reason is, that energy can be seen as a measure of quantity, which can neither be destroyed or
produced, in accordance with the first law of thermodynamics. All the different forms of energy,
e.g. thermal and mechanical energy, are considered to be equal. As a consequence, in energy
analysis, the quality of different energy forms and the degradation of energy in a process due
to irreversibilities are not considered. This results in some cases to a misleading interpretation
of the system performance or wrong indications for optimization. To overcome this issues, the

concept of exergy is applied, which is discussed in the subsequent section.

2.3.2 Exergy-based approaches

The exergy method has gained increased attention in the last decades. With the goal to reduce
the energy demand of air-conditioning systems in buildings, exergy analyses were carried out
for various applications in this context, such as the building envelope [50, 51], building energy

systems [52, 53], photovoltaics [54-57], HVAC systems [58-61], heat pumps [62-66] and re-
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frigeration systems [43, 67-76]. In general, exergy is defined as the unrestricted convertible
portion of energy (maximum work) which can be obtained from any form of energy in a system
by reversible interaction with a defined reference environment [77]. In other words, exergy can
be seen as a measure of energy quality or useful energy which is fully transformable into any
other form of energy and is the counterpart to the inconvertible portion, the anergy. In com-
parison to energy, exergy is a non conservative quantity. It is destroyed due to irreversibilities
in real thermodynamic processes, e.g. in the compression process of a refrigeration machine,
which represents a reduction in obtainable work or thermal potential. Such losses are related to
the entropy production in the system [78], and thus, exergy analysis associates energy principles
with the second law of thermodynamics. When considering solely heat transfer, where no work
is obtained or consumed, exergy losses can be interpreted as a reduction in energy quality due to
an inappropriate sizing of heat exchanger surfaces and the pumping of the heat transfer medium.
Those losses are related to a certain temperature level, which allows an examination of the re-
lationship between mass flow rate and temperature level of the investigated system. In exergy
analysis, the quality of different energy flows and the respective losses as well as their magnitude
can be identified throughout a system on a detailed level. This highlights different aspects of the
energy usage, which are not visible in purely energetic considerations. Reducing exergy losses
is the key for optimization, and thus, the exergy analysis is also useful when it comes to the
subject of system improvement. Different forms of energy, e.g. electrical and thermal energy,
are also comparable with the exergy method, as it is always referred to the same quantity. This

enables a relative comparison between systems and processes.

Similarly to energy analysis, an exergy balance can be applied to determine the respective in-
coming and outgoing exergy flows as well as exergy losses of a system (see subsection 3.1.1.1).
Likewise, one of the most applied key figure in exergy analysis is the exergy efficiency 7,,.. In
general it is defined as the ratio of the exergy output to the exergy input. It can also be written in

function of the destroyed exergy in the system [19,79-81]:

Bout _ 1 _ Diest (2.15)
B, B

wm wm

where Bm and B(mt represent the total exergy input and ouput of the system, respectively. Bdest
describes the destroyed exergy, also denoted exergy consumption or internal exergy losses, in
the system due to irreversibilities, e.g. friction in a hydraulic circuit. The latter is related to the
entropy production in the system (see subsection 3.1.1). The exergy efficiency can be determined

for any arbitrary system without any additional information. It is a pure function of exergy
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2.3 Assessment methods and performance of refrigeration systems

reduction due to irreversibilities. The key figure yields 1 when assessing a reversible process and
0 if the energy is completely degraded. It yields a realistic estimation of the system performance,
meaning the ability to deliver a high quality energy output with a certain exergy input in a defined
process, and thus, giving insight to the energy utilization. Eq. 2.15 is also referred to as total
(overall) [79] or rational exergy efficiency [18]. However, there are different views how the
exergy input and output is compounded, resulting in different definitions of the exergy efficiency
depending on the investigated process [80]. As there is often a portion in the output exergy
stream which is not utilized, another common definition of the exergy efficiency is [18, 80, 82]:
Bp B Bwaste_+ Beat 1 By

- —_— 2.16
B. B. B. (2.16)

m m m

with B p the amount of exergy in product outputs (useful output) and B the waste exergy,

waste
also denoted external exergy losses, e.g. waste heat emissions to the environment. B 1 represents
the total exergy loss in the system (both waste and destroyed exergy). As an example, Simpson
et al. investigated the hydrogen production via steam methane reforming, while defining the

exergy efficiency accordingly [83]:
.H2 B 1 _ Beazh + Bdest
B. B. B.

m m m

Moy = 2.17)
where B 1, represents the exergy output of the hydrogen stream and Bun the unused exergy.
Bemh depicts the exergy output of the exhaust stream and Bdest the destroyed exergy due to
irreversibilities. For the investigated process, the exergy of the exhaust stream is not useful and
is regarded as waste exergy, while theoretically it would be recoverable. The authors mention
that if a bottoming cycle and a reactor would be implemented in the system to make use of
the exhaust stream exergy, the exergy efficiency could theoretically be increased by 5% [83].
Therefore, the definition of the exergy efficiency from Eq. 2.16 considers the purpose of the
system and that some exergy output streams are not utilized or valuable, resulting in a more
meaningful estimation of the system performance. What all definitions have in common is, that
the total exergy output and the destroyed exergy sums up to the total exergy input [19]. Electrical
energy is per definition pure exergy, as it can be fully transformed into any other form of energy,
e.g. heat. The exergy efficiency 7, ), of a refrigeration cycle is therefore defined as [84]:
By _ WCPR,rev

New.prr = B = — (2.18)
“ WCPR WC’PR

which relates the thermal exergy output of the evaporator B  to the compressor input WC PR
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2 State of the art of performance evaluation of refrigeration systems

The key figure can also be defined by the ratio of the ideal power input WC PR ey Of areversibly
working machine (no losses) to the actual compressor effort, meaning that a reversibly operating
refrigeration machine needs to supply at least the same amount of work as the cooling load
exergy of the evaporator. If the whole refrigeration plant is considered, the exergy efficiency

Te,sys 15 defined as [21]:
B B
Nex,sys = T3 £ ==Y (2.19)
Werr T Waue  Wior

with BU the useful thermal exergy at the cooling location, Wam the electrical power input of the
auxiliary devices and Wtot the total electrical power input of the refrigeration plant. Exergy loss
ratios can be applied to compare components or subsystems in the overall process. The exergy

destruction ratio y, is described by [81, 82]:

o Bdest,i
W=,

wm

(2.20)

where Bde <.; represents the exergy destruction in the i" component or subsystem of the inves-
tigated system. Alternatively, the exergy destruction ratio relates the exergy destruction of a
component or subsystem to the total exergy losses in the system defined as [82, 85]:
B dest,i

RI, =

(2

2.21)

where R, is the exergy destruction ratio, also denoted relative irreversibility [81]. This key
figures are useful for the comparison of components and subsystems, indicating the contribution
to the overall exergy losses due to irreversibilities. In comparison, such an evaluation is not

possible in purely energetic considerations.

2.3.2.1 Advanced exergy analysis

Morosuk et al. showed the application of an advanced exergy analysis on refrigeration ma-
chines with different working fluids [86]. The study followed the approach to split the exergy
destruction of every system component in endogenous and exogenous as well as avoidable and
unavoidable portions (see Fig. 2.14). The same approach was used in other studies, e.g. for a
refrigeration machine with parallel compression [69], for an ejector refrigeration cycle [87] or

a ground source heat pump [88]. To consider the interaction between different system compo-
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nents, the destroyed exergy in every i component Bde st; 1s defined as [69, 86, 87]:

Bdest i Bdest i + Bdest i (222)

where Bcﬁzl and BdEe)S(“ is the endogenous and exogenous exergy destruction, respectively.
The endogenous part describes the exergy losses generated only in the im component due to ir-
reversibilities, while elsewhere ideal processes are considered. The exogenous portion describes
the exergy loss in the ih component which is generated by imperfections of the remaining ones
and the structure of the overall system. Such a distinction provides information about which
components have the greatest influence on the efficiency. To consider technological limitations,

the destroyed exergy in every im component Bde st; can also be separated as follows [69,86,87]:

Bdest i Bdest i + Bdest i (223)

where B%il and Bi!t,i is the unavoidable and avoidable exergy destruction, respectively. The
unavoidable exergy destruction represents the exergy loss which cannot be avoided due to the
technological constraints. In contrast, the avoidable exergy destruction describes the exergy loss
which can be minimized by optimizing the overall system and components, e.g. by enhancing
the operating conditions. Coupling both splitting approaches, the destroyed exergy in every it

component B’dest,i can be written as [69, 87]:

: _ BUNEN | pUN.EX AV,EN AV,EX
Bdest 7 Bdest K Bdest K + Bdest K + Bdest ) (224)
with Bgzs\; fN the unavoidable endogenous exergy losses and BC%Z JZEX the unavoidable exoge-

nous exergy losses, which cannot be avoided in the respective component and overall system.

BAV.EN

desti Tepresents the avoidable endogenous exergy loss which can be minimized by improv-

AVEX

ing the considered component. B desti

describes the avoidable exogenous exergy loss which
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Figure 2.14 — Graphical representation of the exergy destruction splitting approach (adapted from [89]).
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can be reduced by optimizing the remaining components and the system structure. The latter
two parts are important parameters which represent the achievable improvement potential. Ad-
ditionally, the mexogenous (mixed exogenous) exergy destruction is used in order to evaluate

the simultaneous interaction between the system components [69, 87,90].

Such advanced exergy analysis delivers a deepened insight into the exergy destruction and the
interaction between system components, which provides a detailed understanding of the system
irreversibilities. Accordingly, the potential for improvements and the priority which components
should be mainly enhanced is revealed. This is helpful for a goal-driven system optimization.
However, the determination of the different types of exergy losses is difficult and usually based
on different assumptions and subjective decisions [91]. In the study of Morosuk et al. for
example, an unavoidable and a theoretical refrigeration cycle is defined to split the exergy de-
struction [86]. For the unavoidable case it is assumed that the temperature differences in the heat
exchangers (condenser and evaporator) between the refrigerant and the secondary side fluid is
0.5 K and that the compressor has an isentropic efficiency of 95%, which represents the techno-
logical limitation. The rest of the exergy destruction is assumed to be avoidable. To distinguish
between endo- and exogenous exergy losses, four hybrid refrigeration cycles are conceived,
where in each of them only one irreversible operating component is present [86]. The main
conclusion of the authors is that an improvement in system performance would be achieved by
first enhancing the evaporator and subsequently the compressor. Also, when considering the
unavoidable refrigeration cycle, the interactions between the system components seem minor.
Nevertheless, Byrne ef al. mention in their study, that the above assumptions for the techno-
logical limitation seem not realistic and having a discrepancy from values obtained with their
prototypes [21]. Furthermore, the authors found with their literature search that the exergy losses
are influenced strongly by temperature and pressure differences in the system and indirectly by

the operating conditions, which is linked to the sizing of the components.

2.3.2.2 Reference-based performance indicators

Similarly to energy analysis, the method to assess a system by applying reference-based key
figures is also employed in exergy analysis. This approach was followed by Fan ef al. in order
to evaluate the performance of an HVAC system in an airport terminal building and to determine
the influence of different control strategies [59]. Firstly, by means of a simulation model of the
building and HVAC system as well as exergy analysis, the exergy efficiencies and exergy loss

ratios were determined for every component in the system (cooling tower, chillers and AHU
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2.3 Assessment methods and performance of refrigeration systems

with secondary pump). By investigating the yearly values, it was found that the AHU has the
highest optimization priority, followed by the chillers. Furthermore, in order to evaluate the
system performance over a certain time period in the setting of different control strategies with
respect to an ideal operating level, the control perfect index CPI was introduced. It is defined
as [59]:

N ..
Bld
’2:1 dest,sys,i
CPI =

sys

(2.25)

X Hact
Z Bdest,sys,i
i=1

where C'PI, is the system control perfect index and N the number of operation conditions

act . denote the ideal (i.e. lowest or minimal)

over the chosen period. Bﬁfést sys,i and Bieg o

exergy losses of the ideal operating level and the actual destroyed exergy of the system in the im
operation condition, respectively. The larger the key figure is, the more suitable is the control
strategy and the better is the performance of the HVAC system. Furthermore, the optimum
potential H is defined as follows [59]:

H, =(1-CPI,.)-100% (2.26)

sys sys

where H sys Tepresents the system optimum potential, which describes the degree of possible
improvements with respect to the chosen control strategy and the ideal operating level. In the
study, the ideal operating level was determined with a particle swarm optimization (PSO) algo-
rithm and three different control strategies (original, optimal load allocation and optimal supply
air temperature reset) were assessed. The highest yearly CPI value of 0.82 was reached with
the optimal load allocation strategy in comparison to (.77 with the original strategy. Another
study applied the CPI on the same HVAC system, but considering 6 control strategies and two
different ideal operating levels [60]. On the one hand, a limited-ideal operating level similar to
the precedent study was considered, which represents the minimal exergy loss situation of the
system at a specific operation condition. On the other hand, an ideal operating level was defined,
which considers the minimal exergy losses over the year at various operation conditions [60].
As an outcome, control strategy 6 performed best, where the temperature level of the supplied
cooling water and the supplied chilled water as well as the outdoor air flow rate is optimized
at the same time. Also, the water side of the refrigeration system yields greater improvement

potential compared to the air side, with respect to the chosen control strategies.
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2 State of the art of performance evaluation of refrigeration systems

2.3.2.3 Evaluation of subsystems

Regarding refrigeration plants, the interest extents from the refrigeration machine itself to the
neighboring components. It can be beneficial to partition the refrigeration plant into different
subsystems. With this method, the exergy analysis reaches an increased level of detail. The
key figures, e.g. the exergy efficiency, can be determined for every subsystem and each of them
can be assessed individually. The approach to split the investigated system into subsystems was
applied for a chilled water system of a campus [75]. It was divided into four subsystems (chilled
water distribution, refrigeration, steam turbine drive and heat rejection), in order to carry out
an energy-, exergy- and cost analysis of the plant. Fang er al. evaluated the operation perfor-
mance of an HVAC system by partitioning it into three subsystems (cooling water, chilled water
and air handling unit) and by applying ideal exergy flow models [61]. By minimizing the ex-
ergy destruction caused by the control system in each subsystem, the ideal operating level was
defined. Five different control strategies were assessed, where the best strategy yields a perfor-
mance improvement of 11.9 % compared to the most unfavorable one. Menberg et al. carried
out a comprehensive exergy analysis of a ground-source heat pump in cooling and heating mode,
where subsystems were chosen accordingly for a detailed evaluation of the plant (e.g. down to
the detail of mixing valves) [66]. The exergy performance was analyzed by applying 6 differ-
ent key figures in the form of exergy efficiencies, e.g. the ratio of exergy output to non-natural
exergy input, or exergy ratios, e.g. the ratio of natural exergy input to total exergy input. The
investigation discovered different exergy losses in the components with respect to the operating
mode. The exergy performance in heating mode is mentioned to be twice as high as in cooling
operation. The authors state the need of additional research regarding variable boundary condi-
tions as well as the study of alternative reference environment definitions, in order to allow an
analysis under real operation conditions. Another study presents the framework of an interna-
tional collaboration regarding low exergy systems for buildings [92]. The use of exergy analysis
is emphasized to capture all the relevant aspects of the energy usage and to decrease further the
exergy demand of buildings as well as reducing the primary energy demand. To optimize the
energy usage and therefore reducing the exergy losses, the exergy path was followed within the
whole energy chain from the conversion of primary energy up to the building envelope through
different subsystems. Likewise, when assessing refrigeration plants, the exergy flows can be
followed through the whole system from the input to the output. Thus, the location as well as

the magnitude of the losses can be identified in every subsystem.
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2.3.2.4 Evaluation of hydraulic circuits

By considering the exergy input of auxiliary devices, such as circulating pumps, the configura-
tion of hydraulic networks in the refrigeration plant can be evaluated. An unfavorable design
of the hydraulic circuit provokes additional losses in the piping, e.g. due to wall friction or
unnecessary mixing valves. A low amount of thermal exergy transferred in the subsystems im-
plies also a higher mass flow rate of the fluid in the distribution networks in order to deliver the
desired amount of useful energy to the cooling locations. Both phenomena cause an elevated
power consumption of the circulating pumps. This plays an important role in practice, as a
well-suited hydraulic integration of the refrigeration machine or free cooling module (coupling
of the consumer and dry cooler circuits by means of a heat exchanger arranged in parallel to the
refrigerating machine, see subsection 2.2.3) is crucial in order to achieve a highly performing
plant. Kazanci et al. carried out exergy analyses of different space heating [93] and cooling sys-
tems [94], while considering the exergy input of auxiliary devices. The authors mention in both
studies, that the exergy input of such devices may strongly influence the system performance.
When considering air cooling cases, where ventilation systems are used to remove the heat, large
ventilation rates were observed [94]. As a consequence, an increased energy consumption was
present. This is eventually also the case for coolers in refrigeration plants. Moreover, the authors
mention that a low electrical exergy consumption of auxiliary devices is important for systems
with a low temperature difference between the supply and return flow [93], which can be present

in hydraulic circuits of refrigeration plants.

2.3.2.5 Performance analysis and optimization of refrigeration machines

An experimental study analyzed a small scale vapor compression refrigeration machine with
three different refrigerants [67]. An exergy analysis was carried out in order to determine the
exergy losses in each component and the exergy efficiency 7),, of the system. For all refrig-
erants, major exergy losses were revealed in the compressor, followed by the evaporator and
condenser. The highest exergy efficiency of approximately 0.1 was achieved with the refrig-
erant R12. Ahamed et al. carried out a review of existing exergy analyses regarding vapor
compression refrigeration machines [68]. Among others, they investigated the influence of the
evaporation and condensation temperature on the total exergy losses. Taking existing studies
into account, they found that higher evaporation and lower condensation temperatures yielded

the lowest exergy losses in the refrigeration machine, regardless which refrigerant was used.

Gullo et al. carried out an advanced exergy analysis of a commercial R744 refrigeration machine

with parallel compression from subcritical to transcritical operation [69]. The system behaviour
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2 State of the art of performance evaluation of refrigeration systems

at two outdoor temperatures of 25 and 35 °C was evaluated. Most of the exergy losses are
present in the gas cooler, the medium temperature evaporator and the high stage compressor at
an outdoor temperature of 25 °C. Moreover, the contribution of the high pressure expansion to
the total exergy losses in the system increased from 8.8% to 13.5% at an outdoor temperature of
35 °C. Exergy efficiencies of 0.176 and 0.133 were found at 25 and 35 °C outdoor temperature,
respectively. Consequently, they state that a performance increase of the low stage compressor is
achievable if the irreversibilities of the components associated with the gas cooler are reduced.
Also, the interaction between the different system components on the total irreversibilities is
minor, except for the gas cooler. Another study evaluated the effect if two separate refrigeration
machines are coupled together by means of a heat exchanger (cascade machine) [70]. The latter
serves as a superheater in the primary and as a condenser in the secondary loop, respectively.
The COP of the combined cycles is up to 3.7% higher compared to the separated systems and
reaches a value of up to 3.65 at an evaporator temperature of 0 °C. The exergy losses in the
coupled system were all the time lower than in the separated systems regardless the evaporating
temperature. Similarly to the COP, an increase in exergy efficiency of 3.5% was found when em-
ploying the coupled system. The highest exergy efficiency of 0.32 was reached at an evaporation

temperature of 0 °C.

Bilir Sag er al. demonstrated an increase in COP from 3.17 to 3.537 with an ejector cycle
compared to a basic R134a vapor compression refrigeration machine at a cooling load of 4.55
kW [71]. Further, the authors found an increase in exergy efficiency of up to 11% at the same
operating conditions, yielding an exergy efficiency of 0.21. Another study focused on energy
and exergy analysis of a bi-evaporator compression / ejection refrigeration cycle [72]. The per-
formance of the ejector cycle was compared to a conventional system, where an increase in COP
of up to 30% and exergy efficiency of up to 28% was found, depending on the evaporator and
condenser inlet temperatures. Major exergy destruction was discovered in the compressor and

evaporator for the conventional system and in the ejector of the modified cycle.

Another study carried out a performance and exergy analysis of a refrigeration machine with an
additional subcooler and four different refrigerants R134a, R22, R410A and R717 [73]. They
state that the COP of the refrigeration machine is increased with the subcooler due to the in-
creased cooling capacity without an increase in compressor work. Moreover, they found an

ideal degree of subcooling of 4 to 7 K regarding the total exergy destruction.
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2.3.2.6 Performance analysis and optimization of refrigeration plants

Zhang et al. carried out an analysis of a complex cascade refrigeration system with multiple
refrigerants and supply temperature levels ranging from -100 to 23 °C [74]. They developed
a general exergy-based synthesis model based on mixed-integer nonlinear programming (opti-
mization of nonlinear problems) to determine the ideal retrofit solution. The method comprises
an exergy analysis of the existing or retrofit refrigeration plant, the maximization of the system
exergy efficiency with the model considering all refrigerants and temperature levels simulata-
neously, and in the end, the validation and evaluation of the found solution. As a result, the
pressure levels and the positioning of some evaporators in the system were adjusted. By com-
paring the original and the optimized refrigeration plant, they found electrical energy and cost
savings of up to 19%. Harrell ef al. carried out an energy, exergy and cost analysis of a cam-
pus chilled water system [75]. They found the highest system exergy efficiency of 0.13 at an
evaporator cooling load of 70%. By dividing the refrigeration plant into four different subsys-
tems (heat rejection, steam turbine drive, refrigeration machine and chilled water distribution)
they were able to determine the exergy loss ratio in each of them. The most significant exergy
losses of 42 and 31% were discovered in the stream turbine drive and refrigeration machine,
respectively. Hui et al. carried out an exergy analysis of cooling towers at different outdoor
air humidities [76]. A typical HVAC system in an office building located in Hong Kong was
considered in the investigation. Monthly exergy efficiencies were calculated, where the highest
exergy efficiency of the system was found in May with a value of 0.252. The authors state,
that the exergy efficiency highly depends on the wet-bulb temperature of the surrounding air.
The highest exergy efficiency of the cooling tower with a value of 0.287 is reached at a relative

outdoor air humidity of 50%.

An adequate measuring concept is needed in refrigeration plants to check whether the planning
specifications are met. Such measurements should in addition enable an energy controlling and
provide necessary data for operational optimization. This is typically important for larger re-
frigeration plants with an elevated electricity consumption. However, such measuring concepts
require a fixed installation of the instrumentation and should be given special attention during
the planning process. The application of measurement concepts for efficiency investigations of
refrigeration plants with an exergy based approach was investigated by Eisenhauer et al. [95].
A complete exergy analysis of refrigeration plants requires a large number of measured vari-
ables. In order to reduce these, the authors suggest to extend the chosen system boundaries,
with the drawback of decreasing the level of detail, or to use thermodynamic relations and as-

sumptions to determine the missing quantities. The authors state also that the method from the
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2 State of the art of performance evaluation of refrigeration systems

standard VDMA 24247-2 is well suited for a relative comparison of similar refrigeration plants,
but reaches its limitation when a deviation from the reference process is present. Moreover, the
determination of typical reference values for system components is difficult, which is necessary

for an absolute comparison.

2.3.2.7 Difficulties in exergy analysis

It has been shown that exergy analysis is a useful tool to determine the magnitude as well as
the location of losses due to irreversibilities in a thermodynamic system, which is not possible
in purely energetic considerations. With this information efficiency limiting components or
operating conditions may be discovered, optimization potentials revealed and systems enhanced
accordingly. One difficulty which arises in a detailed exergy analysis is that an increased number
of measured variables is needed and that the corresponding thermodynamic properties must be
known accordingly. In the present day, this is not considered as a crucial limiting factor. What
is more challenging, is the definition of a sound reference environment, which is a prerequisite
to carry out a reliable exergy analysis. The choice of the reference state influences the absolute
exergy values, and thus, determines the outcome of the analysis. This topic is addressed in detail

in subsection 3.1.1.2.

2.4 Frequent problems in refrigeration plant
implementation and operation

It is apparent that the planning process, the technical realization and the operation of water-water
refrigeration plants is challenging due to the increased complexity. A market survey among ac-
tors in the refrigeration industry was carried out by Rohrer et al. in order to determine the most
frequently occurring deficiencies [96]. The most mentioned problem is an insufficient coordina-
tion of the overall system, due to a faulty interaction of individual system components. In this
context, increased demands for control and regulation systems are present. Moreover, a wrong
dimensioning of cold storages and auxiliary devices can contribute significantly to inadequate
operating conditions of the refrigeration system. Another mentioned reason is a poor commis-
sioning of the refrigeration plant and subsequently, a lack of optimization during operation. The
authors state that the implementation and extension of optimization measures, which increase
the efficiency of refrigeration systems, helps to prevent the identified problems. They mention
also the need of research for a consistent evaluation of refrigeration plant performance and a

reliable determination of optimization potentials.
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Lang et al. elaborated a technical report regarding measures and activities to achieve an increase
in energy efficiency of refrigeration plants for air-conditioning applications. Among others, they
identified the following manifold and also economic reasons for efficiency deficits of refrigera-

tion systems [8]:

» The additional costs that are caused by an inefficient refrigeration system are not relevant
for most operators or tenants. Air-conditioning refrigeration is rarely a budget item and
the annual electricity costs for cooling remain hidden in the total energy and ancillary

costs.

* The company, i.e. tenant, who ultimately has to pay the electricity costs of the air-
conditioning system has normally no influence on the building, the chosen cooling so-

lution and its energy efficiency.

* For new buildings, the investor is usually only interested in the investment costs. Solutions
with lower initial expenses are preferred, even if these subsequently cause higher energy

costs.

* The time and cost pressure during planning leads the plant engineer to rely on his standard
solution concepts or to outsource the planning completely to the component supplier. Both

methods involve the risk that compromises regarding energy efficiency are made.

* New plants are usually designed according to best conscience and then commissioned.
What remains hidden in the planning stage, is the actual use of the building and the air-
conditioning system. After a certain time of operation, the entire system would have to
be adjusted to the actual requirements. However, in practice this readjustment rarely takes
place. As a consequence, a large number of air-conditioning systems have been operated
for years with the commissioning settings, without taking into account the real conditions

of use. The latter may change also over time or are unintentionally changed.

* The suppliers offer the plant engineers an all-round service in which the suppliers also

take over the design of the refrigeration system.

* In the case of optimization, the expert cannot guarantee to the plant operator a successful
operational optimization of an existing system. Experience shows that there are refriger-
ation systems in which the power consumption can be considerably reduced with a few
new settings. In other systems, not even a comprehensive analysis does reveal significant

saving potentials.

* The system operator is usually overwhelmed with the technical questions. He is satisfied
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when the air-conditioning system runs smoothly and provides the desired indoor climate.

* The concept of an air-conditioning refrigeration plant is decisive for the future energy
consumption. However, the concepts implemented in practice show that not all plant

engineers are familiar with energy-efficient concepts.

* An optimization of a refrigeration system always includes the risk of malfunction after the
manipulations during operation. Therefore, many operators prefer not to make any major

changes to the system in order to minimize the risk.

» Often, data of the electrical power consumption, the cooling capacity and other operating
states are missing, which would allow conclusions regarding the effectiveness of the sys-
tem. On the one hand such data must be collected for a certain period of time, and on the

other hand there are not always measuring devices installed to acquire the data.

2.5 Conclusions

In air-conditioning refrigeration, mostly vapor compression refrigeration systems are deployed.
They come in different forms, such as small devices with direct evaporation and cooling for
single rooms or large refrigeration plants with several megawatts cooling power and separate
distribution networks. Where possible, free cooling is utilized to economize the electrical power
consumption of the refrigeration machine. The planning process, the technical implementation
and the operation of refrigeration plants in air-conditioning applications is challenging due to
the increased complexity, where reasons for an inefficient operation are manifold, concerning
various actors in the sector (e.g. plant operators, plant engineers a well as refrigeration machine
resellers and manufacturers). The interest extents from the refrigeration machine itself to the
neighboring subsystems. In practice, a well-suited hydraulic integration of the chiller or free
cooling module is crucial in order to achieve a highly performing plant. Energy and exergy
analysis are widely used tools to assess the performance and to enhance refrigeration systems
involving transport and conversion of energy. Exergy analysis allows a more comprehensive
study of systems, as the high quality energy and its degradation can be examined throughout the
system from the input to the output, from which possible measures can be derived to increase the
efficiency. This is not feasible in purely energetic considerations, but is especially important for
refrigeration plants, as the electrical (high quality) energy is the main expense during operation.
In most cases the effectiveness is determined and compared by means of key figures, such as

COP or exergy efficiency. More detailed analyses comprise the definition of subsystems or the
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evaluation of single components. In this context, the occurring exergy losses are determined and
related to the total exery losses or exergy input of the system to provide additional information
for possible optimization. Besides to the common performance indicators, further key figures
are elaborated in order to compare the investigated refrigeration system with an occurring or
modeled reference process. Studies of refrigeration machines focus mostly on performance im-
provements by enhancing the basic refrigeration cycle with additional components, e.g. internal
heat exchangers or subcoolers. The performance of refrigeration plants is rather enhanced by
improving the operation conditions, e.g. optimizing the chiller on/off strategy or temperature

levels in the system.

According to the reviewed literature and with considerations regarding the practical relevance,
research is on the one hand needed in the development of efficiency assessment procedures
considering the whole refrigeration system. The methods should be consistently applicable in
practice with the most common measuring concepts of real field plants, while still ensuring
a sufficient level of detail. On the other hand, the determination of typical reference values
is required in order to allow an absolute comparison of different refrigeration plants under real
operating conditions. Due to the increased complexity of such systems, not only the refrigeration
machine itself, but also the cold and hot water distribution circuits should be considered in order
to evaluate the hydraulic integration of the refrigeration machine. Optimization potentials should
be revealed, as measures which improve the system effectiveness most likely prevent frequent

shortcomings during refrigeration plant operation.
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3 Principles and methods of the proposed
assessment approach

Together with the findings highlighted in chapter 2, a novel and general applicable assessment
approach for vapor compression refrigeration plants with cold water distribution is developed.
It enables the determination of the performance as well as possible optimization potentials with
respect to the state of the art in technology. The proposed assessment approach for refrigeration
plants is introduced in section 3.1. As certain reference values cannot be determined with tech-
nical standards, the work comprises the modeling of refrigeration machines, which is discussed

separately in section 3.2.
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3 Principles and methods of the proposed assessment approach

3.1 Novel exergy-based evaluation approach for
refrigeration plants

To overcome the mentioned disadvantages of energy analysis (see subsection 2.3.1.6), an exergy-
based approach2 is regarded as appropriate and is applied in the present work. The electrical
energy consumption of the refrigeration machines and auxiliary devices is the main expense
in refrigeration plant operation. This represents high quality energy which is degraded along
the processes in the whole system. Therefore, the evaluation method involves a comprehensive
exergy analysis of the system, where the exergy flow is examined from the input to the output.
The refrigeration plant is split into reasonable subsystems, which leads to a reduction of the
required measurement variables by still ensuring a sufficient level of detail. Furthermore, the
optimization potential index (OPI, see subsection 3.1.3) for a daily evaluation is introduced,
which is based on the actual and an achievable reference exergy input with technical standards
as baseline. This reveals the improvement potential in each subsystem with respect to the state of
the art in technology at a glance, which is of great importance in practice. The quantity exergy
is seen as an appropriate measure to evaluate each subsystem, as different energy forms are
comparable with each other. Consequently, the heat transfer and temperature levels in the system
as well as the energy consumption of the auxiliary devices can be evaluated simultaneously,
which results in one single key figure per subsystem. Two different operating modes are then
considered, namely refrigeration machine (see subsection 3.1.2.1) and free cooling operation

(see subsection 3.1.2.2).

3.1.1 Exergy principles

The exergy of a system consists of different components which can be described accordingly

[82]:

B,,, =B, + B, + B, + B,, 3.1)

with B, the physical, By, the kinetic and B, the potential exergy, respectively, where the sum

of these terms is also denoted thermo-mechanical exergy. B, represents the chemical exergy.

2 Remark: Exergy and entropy analysis theoretically offer the same in-depth insight into energy utilization, because
both originate from the second law of thermodynamics, where irreversibilites of processes are considered. Also,
the exergy destruction of a process is proportional to its entropy production. The ranking between systems result-
ing from an exergy or entropy analysis will thus be the same. However, due to the lack of measurement data and
missing thermodynamic quantities, entropy analysis was discarded as an approach for the present investigation
of refrigeration plants.
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3.1 Novel exergy-based evaluation approach for refrigeration plants

The physical exergy is defined as [82]:

B

ohys = (U — Ug) +po(V = V) = T(S = Sp)

3.2)
= (H — Hy) — T,(5 — 5))

where U denotes the internal energy, V' the volume, S' the entropy and H the enthalpy at a spe-
cific system state. The same variables with the subscript 0 indicate the properties of the reference
environment (separately discussed in subsection 3.1.1.2) in which the system is placed, where
po and T}, represent the reference pressure and temperature, respectively. The kinetic and poten-
tial exergy of a system correspond to the kinetic and potential energy, as the latter two are fully
convertible into any other form of energy. If the system is at rest and at the same position rela-
tive to the reference environment, both terms vanish. In that case, the physical exergy describes
the theoretical maximum amount of work which can be extracted when the system is brought
into thermodynamic and mechanical equilibrium with the reference environment. The chemi-
cal exergy is the theoretical maximum amount of work which can be extracted, if the system is
further brought into chemical (or total) equilibrium with the reference environment [18]. The
chemical exergy is primarly relevant when chemical reactions, e.g. in combustion processes, or
mixing and separation processes of different components are considered. If no such processes
are present, an evaluation of the chemical exergy is usually not required. The reason is, that it
cancels out when differences in exergy values at different system states are evaluated, e.g. in
control volume investigations [82]. Therefore, the chemical exergy is out of scope of the present

work and not further considered.

3.1.1.1 Exergy balance

Similarly to energy, exergy transfer is realised by heat, work and mass flow. By applying an
exergy balance over a control volume (see Fig. 3.1), e.g. a complete system or one single com-
ponent, the rate of change of exergy d B/dt can generally be expressed as [16]:

dB 15\ - . dv : . :
e Z <1 — TO> Q; — (W _podt> + me,jbm,j - Zmout,kbout,k —Biest
i J k

(2

Bth Bw Bm
3.3)

where Bth represents the thermal exergy transfer rate associated with the transfer of energy by
heat with a heat flow rate Qz at the temperature level 7}, with respect to the reference temperature
T5. Bw denotes the exergy transfer accompanying work with the actual mechanical or electrical

power W and surroundings work, where p;, is the reference pressure and dV/dt the rate of
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Figure 3.1 — General control volume for an exergy balance.

change of the control volume. Electrical, as well as mechanical, energy is high quality energy
and by definition pure exergy, while heat is low quality energy and therefore only contains a
certain amount of exergy. By heat transfer processes, e.g. heat conduction through a wall, the
work potential of the heat, and therefore the exergy, decreases due to irreversibilities. According
to the second law of thermodynamics, any irreversible process produces entropy due to losses,
e.g. friction. The exergy destruction B,__, quantifies the loss in work potential and is related to
the generated entropy at a constant reference temperature [19, 82]:

By =T9S,0p >0 (3.4)

gen

where S gen Tepresents the entropy production in the process. Eq. 3.4 is also referred to as

n
the Gouy-Stodola theorem [82]. Any real process generates entropy and therefore exergy is
destroyed. The term Bm in Eq. 3.3 indicates the exergy transfer rate in and out of the system by
mass flow, where 7, ; and 1, ;, are the incoming and outgoing mass flow rates, respectively.

mn,J
b;,,; and b, ;, denote the associated specific flow exergies, which can be described as [16]:

out,

where h and s is the specific enthalpy and entropy, respectively. i, and s, represent the reference
values at the reference environment with temperature 7, and pressure p,. b;, denotes the specific
kinetic and b,, the specific potential exergy. If a closed system is considered, the term Bm in
Eq. 3.3 vanishes. By assuming steady-state, negligible kinetic and potential exergy differences as
well as incompressible flow (liquid in the hydraulic circuits), Eq. 3.3 can be expressed as [53,97]:

TN - . T\ . .
o:Z<1—ﬁ)@i—WJr;(l—jjj)Q,—Bdest (3.6)

()
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3.1 Novel exergy-based evaluation approach for refrigeration plants

where the exergy transfer by mass flow is now expressed by the net heat Q ; transported over the
control volume boundary with the incoming and outgoing mass flow (derivation see appendix

A.2) and the logarithmic mean temperature 7', defined as:

_ T, ,—T
T — in,l out,l (37)

)
Tout
with T3, ; the temperature of the incoming and 7, ; the temperature of the outgoing mass flow,
respectively. The simplifications in Eq. 3.6 are justifiable with the intention of ensuring a broad
applicability of the presented method and to require as few as possible measuring locations. In
that way, the required number of sensors are kept as low as possible and eventual retrofitting
costs are reduced. While the pressure losses are not explicitly treated for the exergy transfer
between the subsystems, they are indirectly considered on subsystem level by assessing the
exergy input of the circulating pumps in the exergy analysis. A detailed hydraulic evaluation
could be carried out in a further evaluation step, assuming that the required technical data would
be available. The thermal exergy flow rate has the property of changing its flow direction with

respect to the heat flow rate, depending on the system temperature. If 7" > T, the Carnot

factor [84]:
T
Newr = (1 — TO> (3.8)

is positive and the exergy flow rate has therefore the same direction as the heat flow rate. 7).,
is also denoted exergetic temperature factor 7 [18]. Conversely, the exergy flow rate has the
opposite direction of the heat flow rate if 7" < I}, as the Carnot factor is negative [18,84,98]. In
other words, thermal exergy is always transferred towards the reference environment. Regarding
the thermal exergy, Shukuya introduced the concept of warm and cool exergy, depending on

whether the system temperature is higher or lower than the reference [99].

3.1.1.2 Reference environment

Two different general reference environment definitions can be identified, the so called restricted
and unrestricted dead state [18, 82, 100]. The unrestricted dead state, also simply denoted dead
state, is the state of thermal, mechanical and chemical equilibrium between the investigated sys-
tem and the environment. The restricted dead state describes the state of thermal and mechanical
equilibrium. As no chemical exergy is considered, the restricted dead state, in the present work
termed reference environment, is used. Different theoretical requirements of the latter are men-

tioned in literature:
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* The reference environment is in thermodynamic equilibrium and its properties (i.e. tem-
perature and pressure) remain unchanged despite the consumption or release of energy

and matter [84].

* The reference environment is infinitely large and in stable equilibrium, with all parts at
rest relative to each other. Processes within the reference environment are reversible and

do not affect it [18].

* The thermodynamic properties of the reference environment must not be influenced by

the system under consideration [101].

* The reference environment must be available and ready to be used by the system under

consideration (e.g. available as a sink) [98].

It is evident that a sound definition of the reference environment is challenging, which is often
seen as the weak point of exergy analysis. Nevertheless, it is crucial in order to carry out reli-
able evaluations. In comparison to energy analysis, the chosen reference values, e.g. reference
temperature, do not level out in an exergy balance. Therefore, the choice of the reference envi-
ronment may influences the results. Mostly, for simplicity, a model of the natural environment
(actual physical world) with typical ambient conditions is applied, where a constant pressure
and temperature of 101’325 Pa (1 atm) or 100’000 Pa and 25 °C (298.15 K) is defined, respec-
tively [16, 19,82, 89,102-104]. This choice may be justified by the fact that the surrounding of
the system usually is the actual physical world, which is available as a sink and unnoticeably
influenced by the process. In comparison to the investigated system, it can also be regarded as
unlimited. However, it is inarguably that the ambiant air temperature fluctuates on a daily and
yearly basis in most climate regions, which raises the question, whether to use a static or variable
reference temperature. The choice of a sound reference temperature is especially important in
the building environment, which concerns also refrigeration plants. As the system temperature
is usually close to the environment and may fluctuate across the reference, the results of such
exergy analyses are difficult to interpret and may be perplexing. Accordingly, different studies

have addressed this problem.

Torio et al. examined different reference environments for buildings and their energy supply
systems: the universe, the indoor air inside the building, the undisturbed ground and the ambient
air surrounding the building [98]. They recommend to use the current surrounding outdoor air
as a variable reference state, which is not affected by the processes under consideration and
available. The variable (e.g. hourly averaged) outdoor temperature was also applied in other

studies, e.g. in the case of a ventilation heat recovery exchanger [105], an HVAC system [61],
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3.1 Novel exergy-based evaluation approach for refrigeration plants

an air cooling system [106] or a building heating and cooling system [107]. Not all authors
justify their choice, but one mentioned assumption is that because the real ambient temperature

is always changing, it leads to errors in an analysis with a static reference state.

Moreover, Bonetti investigated the exergy stored in the building envelope and in a domestic
hot water tank as a case study [101]. A fixed reference temperature based on thermal comfort
is proposed and the results compared with a variable reference equal to the hourly averaged
outdoor air temperature. Contradictive findings were observed if a variable reference was used
for the case of exergy storage. In the case of the domestic hot water tank, for example, the exergy
of the tank remains constant over the day using a fixed reference temperature, which is in line
with the occupant and water heating control. On the contrary, the exergy fluctuates considerably
if a variable reference temperature is applied. It is mentioned, that this behavior only reflects the
external variations, which are not observed by the occupant or the water heating system in the
building itself. Similarly, a constant reference temperature representing the comfort-zone upper

limit was applied in another study concerning the thermal storage of the building envelope [51].

Another study evaluated the effect of hourly, monthly and yearly averaged ambient air temper-
atures as reference in a thermal exergy analysis of a building [108]. The findings are, that the
resulting exergy destruction is not significantly influenced by the reference choice in the investi-
gated system. However, the exergy values of flows are more affected, if the system temperature is
close to that of the reference environment. Averaged ambient air temperatures (monthly, yearly

or over the investigated time period) were also applied in other studies [52,109-111].

Furthermore, Pons demonstrated that the reference state temperature must be fixed and con-
stant also for dynamic analysis [112]. Only if the reference temperature 7}, is constant (e.g. in
Eq. 3.2), then exergy is a function of state which results from a linear combination of energy and
entropy. It is also mentioned that the full significance of exergy is obtained when the reference
environment consists of the ambient air properties, which are the most favorable for the process
considered. When investigating a refrigeration machine, which rejects heat to the environment,
and considering the fluctuating ambient air temperature as the reference, the lowest ambient
air temperature in the investigated time period would be applied [113]. This framework was
among others adopted in a case study for a heat pump [113], for exergy optimization of a hybrid

photovoltaic/thermal collector [114] or in the case of a building energy systems [115].

As shown, the choice of the reference environment, especially the reference temperature, is a

highly controversial issue. In the present work, the standard model of the natural environment
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3 Principles and methods of the proposed assessment approach

mentioned above, with the constant averaged ambient air temperature over the investigated time
period, i.e. over all investigated days, will be applied as an approach. This fulfills with good ap-
proximation the theoretical requirements of the reference environment as well as the consistent
definition of exergy as a linear combination of energy and entropy. Also, the results are straight-
forward to interpret, which is one of the mentioned objectives for the evaluation method, as the
system temperatures do not fluctuate across the reference. However, the most favorable ambient
air temperature for the process, as proposed by Pons, cannot be applied in the present work for
the refrigeration machine operating mode. The reason is that the temperatures at the cooling
locations in the investigated system would be greater than the reference in certain situations.
This contradicts the actual circumstances in reality, where a refrigeration machine is needed for
cooling, because the ambient air temperature is elevated compared to the cooling location. The-
oretically speaking, an exergy flow rate would be extracted from the cooling location, instead
of being supplied by the refrigeration machine. Baehr ef al. mention, that an exergy flow rate
must be supplied to the cooling location by a refrigeration machine, in order to maintain the
desired temperature [84]. The approach of using the most favorable ambient air temperature for
the process, however, would be possible for the free cooling operating mode, where the cooling
location temperature is in reality higher than the environmental temperature. Nevertheless, for
consistency, the averaged ambient air temperature over the investigated time period is applied

for both present operating modes.

3.1.2 Typical refrigeration plants and subsystem definition

In the present work, piping & instrumentation diagrams of 24 real systems for air-conditioning
applications with a cooling power ranging from 20 up to 5252 kW are studied, where mostly
multiple refrigeration machines are set up in parallel (e.g. redundancy) and multiple cooling
locations are present. The refrigeration machines consist usually of the four main components
compressor, evaporator, condenser and expansion valve. Only in 4 out of 24 field plants the
refrigeration machine includes additional components, e.g. a subcooler, or it is not mentioned
in the technical data sheets. 11 field plants make use of free cooling and heat utilization on the
hot side hydraulic circuit is implemented in 17 systems. The latter is however not investigated
in the present work due to missing measurement data. Therefore, it is distinguished between
refrigeration machine (see subsection 3.1.2.1) and free cooling operation (see subsection 3.1.2.2)
of refrigeration plants in the present work. In refrigeration machine operation, the temperature
level of the system is higher than the environment on the hot side side, while being lower on the

cold side. In free cooling operation, the temperatures in the whole refrigeration plant are higher
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3.1 Novel exergy-based evaluation approach for refrigeration plants

than the environment. From measurement data, both operating modes can be distinguished: if
the electrical power consumption of the compressor is larger zero (Wel,C pr > 0) and the heat
flow rate at the free cooling module zero (Q ., = 0), refrigeration machine operation mode is
present. Conversely, there is free cooling operation if ' e,cpr = 0and Q rc > 0. The parallel
operation of the refrigeration machine and free cooling module (e.g. pre-cooling of the cold
side) is not considered in the present work. Subsequently, the common structure of refrigeration
plants for air-conditioning applications (compare subsection 2.2.3) in both operating modes and

their separation into subsystems for the evaluation is elaborated in detail.

3.1.2.1 Refrigeration machine operation

A refrigeration plant with cold water distribution in refrigeration machine operating mode is
depicted schematically in Fig. 3.2. The cooling is generated by vapor compression refrigeration
machines (see Fig. 3.2, subsystem refrigeration machine, RM), which cool down the secondary
side liquid, consisting typically of a water-glycol mixture. The cold water is stored and trans-
ported (see Fig. 3.2, subsystem cold water storage & transport, CST) to the cooling locations (see
Fig. 3.2, subsystem cooling location, CL), e.g. to an air handling unit (AHU), while consuming
electrical energy to drive the circulating pumps. To remove the heat of the condensers, another
secondary cycle with dry coolers (as a first approach, all coolers are considered as dry coolers
in the present work) and circulating pumps is present (see Fig. 3.2, subsystem dry cooler, DC).
As the aim of the present work is to evaluate refrigeration plants, the cooled room itself and the
building envelope are not considered. Furthermore, the subsystem DC and CST occur usually
only once per system, while they absorb the exergies of all RM and feed all CL subsystems,

respectively.

The definition of the subsystems is based on considerations regarding the exergy analysis and
the study of piping & instrumentation diagrams of real systems. A compromise between level
of detail and required measurement equipment (with considerations regarding state-of-the-art
measuring concepts) was applied as an approach. On subsystem level, a performance evaluation
and the determination of an eventual optimization potential is possible, which is the main goal
of the presented method. However, with the definition of subsystem boundaries, the fineness of
the evaluation is specified. Where and why exergy losses occur in the subsystems itself cannot
be determined. A more detailed analysis would be necessary if the responsible component for
an unfavorable operation needs to be identified. Nevertheless, first indications may be found

by comparing the transferred exergy with a defined reference. The hydraulic circuit in Fig. 3.2
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Figure 3.2 — Generalized schematic of a typical vapor compression refrigeration plant with cold water distri-

bution and its subsystems in refrigeration machine operating mode (adapted from [11]). Arrows

indicate the exergy inputs and outputs of each subsystem, where the blue and red color depicts the

cold and hot side of the plant, respectively. Variables in italic indicate measured quantities for the

exergy calculation (see Tab. 3.1 and 3.2 for details).
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3.1 Novel exergy-based evaluation approach for refrigeration plants

is not intended to represent the optimum solution, but to illustrate the assignment of pumps,
valves, etc. to the subsystems. It is important to notice, that in the present study the auxiliary
units are clearly assigned to the secondary hydraulic circuits. When defining the subsystems in
a real installation, certain degrees of freedom are acceptable. An additional subsystem could
be defined, e.g. if two hydraulic circuits on a different temperature level for the cold water
distribution are present. However, it must be ensured that no components lie on the chosen
subsystem boundary, for example T-connections, 3-way valves, etc. They must be completely
assigned to a subsystem, as it is presented in the schematic. While such components are hardly
important for energetic evaluations, exergy losses are present, which must be taken into account.
Moreover, it must be ensured that all needed quantities to calculate the exergies are measured or
derivable with thermodynamic relations or models. With this considerations, every subsystem

may be evaluated individually.

Furthermore, Fig. 3.2 shows the measured quantities in every subsystem in order to determine
the corresponding exergy in- and outputs, which are indicated with arrows (see Tab. 3.1 and 3.2
for details). The B; arrows indicate the internal and external exergy losses of the respective
subsystems. The exergy input is generated on the one hand by electrical energy of the com-

pressor, circulating pumps as well as dry cooler fans and on the other hand by thermal and

Table 3.1 — Measured variables for the exergy computation according to Fig. 3.2.

Subsystem Measured variables

dry cooler Qc condenser thermal energy
Tcin condenser secondary side inlet temperature
Te out condenser secondary side outlet temperature

Weppe  cirulating pump electrical energy

Wpe dry cooler fan electrical energy

refrigeration machine Wepr compressor electrical energy

cold water storage & transport Q) evaporator thermal energy
Ty, evaporator secondary side inlet temperature
T out evaporator secondary side outlet temperature

Wepcsr  cirulating pump electrical energy

cooling location Qp cold water distribution thermal energy
ThHin cold water distribution inlet temperature
Tp out cold water distribution outlet temperature
all subsystems T b ambient air temperature
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Table 3.2 — Exergy inputs and outputs of the subsystems according to Fig. 3.2.

Subsystem Exergy input Exergy output

circulating pump

dry cooler B B dry cooler exer
y eLCP.DC  exergy DC y gy
B dry cooler fan
el,DC exer
gy
B condenser exergy
refrigeration machine B, cpp compressor exergy Bg condenser exergy
Bg evaporator exergy
cold water B circulating pump B cold water
storage & transport e,CPCST  exergy D distribution exergy
By evaporator exergy
. . cold water cooling location
cooling location Bp CL

distribution exergy exergy

flow exergy exchange over the subsystem boundaries. Considering the electrical power input
of the compressor and auxiliary units is plausible from a theoretical and functional point of
view. The electrical power consumption of the circulating pumps, for example, is a necessary
expense for the functioning of the subsystem CST and DC. The exergy input is needed in or-
der to push the fluid through the piping in the secondary hydraulic cycle while overcoming the
wall friction. Furthermore, a portion of the supplied electrical energy is converted into heat,
which increases the temperature of the fluid. Both processes are associated with exergy losses.
Consequently, a system with a well designed hydraulic circuit requires a lower exergy input of
the circulating pumps. The same applies to the dry coolers, as they allow an increased heat
transfer by forced convection. The exergy input of auxiliary devices was also included in other

studies [66,93,94,116].

3.1.2.2 Free cooling operation

A refrigeration plant with cold water distribution in free cooling operating mode is depicted
schematically in Fig. 3.3. If the surrounding air temperature is substantially lower than the
temperature in the refrigeration plant, the use of free cooling is feasible, which is mostly the case
in the colder months over the year. Typically, a free cooling module (see Fig. 3.3, subsystem
free cooling, FC) in the form of a heat exchanger, is arranged in parallel to the chillers. In free
cooling operation, the coupling of both hydraulic circuits (see Fig. 3.3, subsystem dry cooler, DC

and cold water storage & transport, CST) allows an indirect cooling of the cooling locations (see
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Figure 3.3 — Generalized schematic of a typical vapor compression refrigeration plant with cold water distribu-

tion and its subsystems in free cooling operating mode (adapted from [11]). Arrows indicate the

exergy inputs and outputs of each subsystem. Variables in italic indicate measured quantities for

the exergy calculation (see Tab. 3.1 and 3.2 for details).
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Table 3.3 — Measured variables for the exergy computation according to Fig. 3.3.

Subsystem Measured variables
dry cooler Weppe cirulating pump electrical energy
Wpe dry cooler fan electrical energy
free cooling Qrc free cooling thermal energy
Tpepegn  free cooling inlet temperature DC side
Trc pcow free cooling outlet temperature DC side
Tpecsrin  free cooling inlet temperature CST side
Trc pcow free cooling outlet temperature CST side
cold water storage & transport  Wep~gp  cirulating pump electrical energy
cooling location Qp cold water distribution thermal energy
Tpin cold water distribution inlet temperature
Th put cold water distribution outlet temperature
all subsystems T, ambient air temperature

Table 3.4 — Exergy inputs and outputs of the subsystems according to Fig. 3.3.

Subsystem Exergy input Exergy output
circulating pump dry cooler
dry cooler By cppe exeray Bpeo exeray
B dry cooler fan
el,DC exergy
B free cooling exergy
Fe,ne DC side
. free cooling exergy free cooling exergy
free cooling Breesr cstiide Brepe pe side
cold water B circulating pump B free cooling exergy
storage & transport e.CPCST  exergy FC.CST  CST side
B cold water
D distribution exergy
cooling location B, cooling location B, cold water

exergy

distribution exergy

Fig. 3.3, subsystem cooling location, CL). In this operating mode, the refrigeration machines are
turned off, and thus, the otherwise required electrical energy of the compressors is economized.
As in the simplified schematic of the refrigeration machine operating mode, the hydraulic circuit
is not intended to represent the optimum solution, but to illustrate the assignment of the auxiliary

devices to the subsystems, whereby the same considerations regarding the subsystem definition
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as in refrigeration machine operating mode are applied. Accordingly, the exergies of every
subsystem in free cooling operating mode as well as the measured quantities for the computation

are depicted in Fig. 3.3 (for details see Tab. 3.3 and 3.4).

3.1.3 Optimization potential index (OPI)

As shown in subsection 2.3.2, various key figures are applied in literature to evaluate the per-
formance of thermodynamic systems. Mostly, the energy efficiency (compare Eq. 2.1), the co-
efficient of performance (compare Eq. 2.2 and 2.3) in the case of refrigeration systems and heat
pumps, as well as exergy efficiencies (compare Eq. 2.15 to 2.19) are applied. The latter account
for losses due to irreversibilites, and thus, giving insight into the energy utilization. Since every
real process is irreversible, exergy losses are to be expected and the need to know the best process
possible is appearing. The exergy efficiency allows a comparison of the performance between
similar systems, although it is usually less meaningful when intrinsically different systems are
considered [82]. With this indicator, the performance of systems is determined with regard to
the thermodynamic ideal (e.g. in the case of refrigeration machines the actual compressor ef-
fort is compared with the one of a reversibly operating cycle), but there are no reference values
available stating which exergy efficiency should be achieved in a certain process. Thus, the
quantification of the performance and possible optimization potentials according to the state of
the art in technology is difficult. Assuming two refrigeration plants A and B with 7, 4 =0.1 and
ez, p = 0.15, it is obvious that plant B is more efficient than plant A. Nevertheless, there is no
evidence that plant B possesses further optimization potential comparing to the state of the art in
technology, which is of greater importance in practice. This lets us introduce a complementary

key figure, denoted optimization potential index OPI [10]:

Bput .
B. B*
OP[ =1z _1_ Zin _1_Zin (3.9)
Nex Bput Bin
B,

where 1), represents the actual exergy efficiency of the system and 7, a reference or baseline
exergy efficiency. The key figure describes the behavior of the real system in comparison with
a reference system under identical operation conditions, while the same exergy output Bout
is achieved. Thus, the evaluation of a subsystem is carried out with the assumption that the
adjacent subsystems perform identically. B;, and B, describe the actual exergy input according

to measurements and the reference exergy input, respectively. As a first approach, the reference
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values are defined according to technical standards. This represents an achievable technological
baseline, where the specified conditions can be fulfilled or exceeded if the refrigeration plant
is properly engineered and maintained. Typically, such standards are specified in tenders or
contracts and should be fulfilled at the stage of commissioning. Any other appropriate standards
or limits (e.g. performance parameters) could find application, i.e. the baseline can depend on
the technological requirements in different countries or regions. This is important in practice,
as technologies are constantly evolving. In the present work, all reference exergies which are
not solely computed with measured quantities but calculated with technical reference values,
are marked with an asterisk. Furthermore, the OPI represents a reference-based indicator (see
subsection 2.3.1.3 and 2.3.2.2), which differs from conventional performance key figures such as
COP or exergy efficiency. The latter relate the system output to the input, while the OPI relates
the technological reference input to the actual measured input. This helps to reduce the needed
number of measuring locations for the evaluation, as the exergy outputs of the subsystems DC
and CL do not need to be determined, and allows a separate evaluation of the subsystems. As a
consequence however, the key figures of all subsystems cannot be mathematically combined to
an overall system OPI, which represents a possible drawback of the proposed method. The OPI
may also indicate that a subsystem performs unfavorably, while the neighboring subsystems still
fulfill the technical requirements, which may seem inconsistent with conventional performance
key figure definitions. The reason is that each subsystem is evaluated individually with the
appropriate technical baseline and the useful output is assumed to be identical in the actual and
reference situation. To the best of our knowledge, the proposed OPI definition is justifiable, as
the purpose of the method is the independent evaluation of each subsystem and the determination

of eventual optimization potentials on subsystem level.

The systematic approach to determine the OPI is based on a balance of the exergy transfer over
the subsystem boundaries. For the analysis of refrigeration machines, data from a steady oper-
ating phase is usually averaged and evaluated. The latter is problematic for refrigeration plants,
as possibly not enough stationary phases over the evaluation period are present, which fulfill the
selection criteria. With a dynamic approach, additional difficulties arise in the evaluation of the
instationary exergy balance. Therefore, a quasi-stationary approach is proposed in the present
work, where steady-state is assumed over the measurement interval. Consequently, the electrical
power and heat flow rates are integrated over each measurement interval, and subsequently, the
respective exergy inputs are computed. As the cooling load in refrigeration plants usually fol-
lows a daily rhythm, it is proposed to evaluated the OPI on a daily basis. It is assumed, that any

accumulated exergy (or energy), e.g. in storages, will be consumed the same day (no seasonal
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storages present). The optimization potential index is then formed with the sum of the calcu-
lated exergy inputs of every measurement interval over the day, where the number of summands

varies depending on the present measurement interval:

_ 4 _ t=0h
OPI =1 ik (3.10)

This definition depicts an averaged performance indicator, similarly to the cooling seasonal per-
formance factor (CSPF) [25] or total energy performance factor (TEPF, see Eq. 2.12) [24], which
accounts for the overall behaviour of the system in a specific evaluation period by using the re-
spective integral values of energy or exergy flow rates. A similar approach was also applied to

determine the exergy efficiency over a longer period [116].

The interpretation of the results becomes straightforward when evaluating the OPI and the per-
formance as well as optimization potential of the refrigeration plant is visible at a glance (see
Fig. 3.4). No specialists are required to reveal eventual issues or improvement potentials, which
is of great importance in practice. For example, plant operators can easily evaluate the system
operation by tracking the key figure over time, e.g. with a daily check. If the actual exergy input

of the subsystem is larger than the reference (meaning an increased input is required to achieve

OPI >0 potential for improvements
OPI =0 -
0PI <0 technical requirements

exceeded

(a) basic assessment

inadequate operation: OPI > OP]4¢¢
(potential for improvements)

oPI%C .

acceptable operation: OPI949 < QPI < QPI%
(technical requirements fulfilled)
OPI*¥1=( -

adequate operation: 0PI < QP[44
(technical requirements exceeded)

(b) advanced assessment

Figure 3.4 — Optimization potential index scale for determining the operating condition of the refrigeration
plant and revealing improvement capabilities with (a) a basic and (b) a detailed assessment

(adapted from [10]).
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3 Principles and methods of the proposed assessment approach

the same output), the OPI is larger than O and indicates potential for improvements. Conversely,
the OPI delivers a value inferior to O if the actual exergy input is lower than the reference. Thus,
no optimization potential according to the state of the art in technology is present, as the tech-
nical requirements are exceeded. An OPI ~ 0 is achieved with good engineering and indicates
that the technical requirements are met (see Fig. 3.4a). Making an example: assuming the OPI
of every subsystem is below 0 and therefore, the refrigeration plant operates according to the
technical requirements. Then, due to a malfunction of a circulating pump in the subsystem CST,
the energy consumption is increased. The issue is revealed with an increased value of the OPI in
the mentioned subsystem and points out an optimization potential. Therefore, the OPI delivers a
first localization of eventual issues and optimization potentials on subsystem level. In a second
evaluation step, the malfunction can be further narrowed down with a more detailed energy or
exergy analysis. Eventually, by including a cost analysis, it is revealed if adjustments to the
system are worthwhile, not only from a technical but also an economical aspect. Plant operators
can then initialize the appropriate corrective measures by specialists to increase the performance

of the refrigeration plant.

With the basic assessment (see Fig. 3.4a and results published [10, 11]), the boundary between
favorable and unfavorable operation is sharp and it is unknown which values close to O still rep-
resent a permissible operation. Therefore, the interpretation of the results becomes clearer by

Iacc

defining a further acceptable limit O P to allow an advanced assessment (see Fig. 3.4b). A
colored indicator with the different operating states can be realized and implemented in moni-
toring systems, which helps also to raise awareness for an efficient refrigeration plant operation.
Ideally, these limits are specified with statistically sound, representative measurements and with
the help of experts. Not only technical and methodical but also strategic aspects have to be
considered together with all actors in the industry. This involves long term investigations of
different real systems with varying size and cooling loads, which is out of scope of the present
work. Nevertheless, as an approach and to exemplify the method, additional limits are derived

from technical standards with certain assumptions or thermodynamic models to simulate the

different operating states in the present work.
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3.1 Novel exergy-based evaluation approach for refrigeration plants

3.1.3.1 Refrigeration machine operation

In the present subsection, the evaluation method of the OPI in each subsystem in refrigeration

machine operating mode is elaborated.

3.1.3.1.1 Subsystem dry cooler

The optimization potential index of the subsystem DC (see Fig. 3.2) is:

24 h
> <Z Be, + > Bl crpoj+ % B:l,Dc,k)
J

t=0h [
OPIpc=1-"— 3.11)
> <Z Bei+ > Bacppoj 2o Bel,DC,k)
t=0h \ 1 7 %

where the exergy input is summed up over all refrigeration machines and auxiliary devices,

which feed the subsystem. The actual condenser exergy B is given by:

T
Bo = Q¢ (1 — TZ) (3.12)

with the condenser thermal energy (), the reference environment temperature 7, and the sec-

ondary side logarithmic mean temperature of the condenser T, expressed by:
T, = TC',in - TC,out
C (Tom \
In < Clin >
TC,out

where T ;. and T, ,, are the secondary side condenser in- and outlet temperatures, respec-

(3.13)

tively. Electrical energy is per definition pure exergy, and therefore, the exergy input of circulat-

ing pumps B, o p pc is defined as follows:
B, cp.oc =Weppe (3.14)

where W p e represents the circulating pump electrical energy. Similarly, the exergy input of

dry cooler fans B, . corresponds to:

Bepe=Wpe (3.15)

with Wp -, the respective electrical energy of the dry cooler fans. The reference condenser

exergy B is expressed by the following equation:

T,
Bl = Qo <1 — TE) (3.16)
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3 Principles and methods of the proposed assessment approach

Table 3.5 — Temperature differences in the dry cooler heat exchanger according to VDMA 24247-8 [117].

Adequate  Acceptable

AT,, <6K <8K

where T, describes the reference secondary side temperature of the condenser. As no reference
temperatures for the inlet and outlet of the condenser according to technical standards are avail-
able, a definition similarly to Eq. 3.13 is not possible. Therefore, a calculation with the ambient
air temperature as a basis and temperature differences according to technical standards as well
as available measurements is proposed as a first approach. The following relation is introduced:

TC,out - TC,in

16 =Ty + ATy + 5

(3.17)

where AT}, represents the temperature difference in the dry cooler heat exchanger, meaning
the heat transfer medium outlet to ambient air inlet temperature difference. Target values of
the latter are reported by the technical standard VDMA 24247-8 [117] (see Tab. 3.5). For the
OPIp the stricter value of 6 K is applied. The necessary electrical energy of the auxiliary
devices should not exceed a certain percentage of the total condenser or evaporator thermal
energy of the installed refrigeration machines. In the technical standard SIA 382/1 [22] this
portion is defined with the electro-thermo amplification factor f,; ;, (see Tab. 3.6). The total
electrical energy consumption of the circulating pumps should not exceed ~ 1.5% of ()~ on the
hot side and ~ 1.2% of 5 on the cold side of the refrigeration plant, respectively. The total
electrical energy consumption of the cooler fans should not exceed ~ 3.5% of Q. Additionally,
a stricter uniform value of < 1% for circulating pumps is mentioned in the technical standard
VDMA 24247-8. As no stricter limit is available for the energy consumption of the cooler fans,
a factor of 37 is defined as a first approach, which represents proportionally the same increase
as between the values of the two technical standards for circulating pumps. The limiting values
are summarized in Tab. 3.6. It is proposed to calculate the reference exergy input of circulating

pumps B, ~p p¢ according to:

1
Blcppe =) Qc, (3.18)
orh fetth,cP.pC ; i

where f,; 1, op pe represents the electro-thermo amplification factor for circulating pumps. For

the OPI,~ a value of 100 is specified, which respresents the stricter limit. Correspondingly, it
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3.1 Novel exergy-based evaluation approach for refrigeration plants

is proposed to compute the reference exergy input of dry cooler fans with the following equation:

|
QDC::?“‘*EZQai (3.19)

el,th,DC

where f,; ., pc 18 the associated electro-thermo amplification factor for dry cooler fans. Like

for the circulating pumps the stricter value is applied, which is 37.

The boundary between adequate and acceptable operation O P [ glg is 0 with the given definition
of the key figure. If the actual exergy input is lower than the stricter reference value according
to the technical standards, the technical requirements are exceeded and the key figure is lower
than 0. If the OPI is higher than 0, it has to be evaluated if the acceptable boundary is exceeded
or not. The latter can be determined likewise to Eq. 3.11. Instead of using actual exergy values
in the denominator, acceptable values are applied. They are calculated similarly as in Eq. 3.16
to 3.19, whereby the less strict limiting values according to technical standards are specified.

Consequently, OPI} is defined with:

24 h

> <Z B, + > Bl cppe;t Zk: BZZ,DC,k>
7 J

0h

t

OPI%S =1 — (3.20)

N
=~

I

h
acc acc acc
A (Z Bei + > Bacrpe; t Zk: el,DC,k>
t (2 J

where B is the acceptable condenser exergy, calculated similarly to Eq. 3.16 and 3.17, but
applying the less strict temperature difference AT}, of 8 K. The acceptable circulating pump
exergy Bgﬁ% p.pc 18 defined according to Eq. 3.18 by applying the acceptable limit value of 85
for the amplification factor. Moreover, the acceptable dry cooler fan exergy letﬁ)c is determined

with Eq. 3.19, whereby a value of 28 is applied for f,; 1, pc-

Table 3.6 — Electro-thermo amplification factors in each subsystem for dry cooler fans and circulating pumps

according to the technical standard VDMA 24247-8 [117] and SIA 382/1 [22].

) . . Adequate Acceptable

Subsystem Electro-thermo amplification factor (VDMA 24247-8) (SIA 382/1)
dry cooler dry cooler fans feith.pC > 37 > 28
circulating pumps  f,; 4, cp DO > 100 > 85
cold water circulating pumps  f,; 4, cp.osT > 100 > 65

storage & transport

3 Remark: As mentioned, no stricter limit is available for fe; 4, pc in the standard VDMA 24247-8. As an
approach the factor of 37 is defined, which represents proportionally the same increase as between the values for
the circulating pumps.
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3 Principles and methods of the proposed assessment approach

3.1.3.1.2 Subsystem refrigeration machine

The optimization potential index proposed for the subsystem RM (see Fig. 3.2) is:

24 h .
Zh B, crr

t=0

Y. Buacrr
t=0h

(3.21)

where the exergy input of the compressor B,; - pp is given by:

Bel,CPR =Wepr (3.22)

with the compressor electrical energy W pp. Correspondingly, the reference exergy input of

* -
the compressor B, o pp, is:

B} cpr = Wipr (3.23)

with the reference compressor electrical energy W pp. To the best of our knowledge, no spe-
cific values for the latter are available because it depends on a variety of variables (e.g. part load
conditions, refrigeration machine size, refrigerant, etc.). As a first approach, the reference com-
pressor electrical energy W pp, is determined with a model of the refrigeration machine (see
section 3.2). Since the assessment method should be widely applicable, the model should require
few and easily obtainable data. While the refrigeration machine is typically well instrumented
to provide pressures and temperatures to the control system, the variables are however rarely
logged in external monitoring or management systems. Therefore, secondary side temperatures
and the evaporator thermal energy are specified as input variables. The reference secondary side
temperature Ty of the condenser (see Eq. 3.17) is used together with the cooling load and cold
water temperatures of the actual situation. A similar approach is applied to determine Bg'¢:pr
(for the boundary OP1I;,), by using the acceptable temperature differences according to the
technical standards (see Tab. 3.5) for the computation of the corresponding condenser secondary

side temperatures.

3.1.3.1.3 Subsystem cooling location

The optimization potential index of the subsystem CL (see Fig. 3.2) is:

24h .
> Bp

OPIop=1-500 (3.24)

> Bp

t=0h
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3.1 Novel exergy-based evaluation approach for refrigeration plants

where the cold water distribution exergy B, is calculated according to:

T
Bp =Qp < — T°> (3.25)
D

with the cold water distribution thermal energy @, and the logarithmic mean temperature 7',
expressed by:

T — TD,in - TD,out
TD,out

where T}, ;,, and T’ ,,,, are the cold water distribution in- and outlet temperatures, respectively.

(3.26)

The same procedure is applied for the reference cold water distribution exergy:

B5 =Qp <1 - TO) (3.27)
TD

with the reference temperature T*D expressed by:
* *
TD,in - TD,out
*
n | 7=
D,out

where T}, ;,, and T, ,,, represent the reference in- and outlet temperatures, respectively. It

Tp = (3.28)

is proposed to define the reference values for the cold water distribution inlet temperature de-
pending on the air-conditioning application according to the technical standard SIA 382/1 [22]
listed in Tab. 3.7, where a temperature difference to the outlet of 6 K is specified (according
to literature a common value [17]). As an approach, a tolerance of +1 K is defined for the
adequate (reference) and acceptable boundary, which represents the allowed temperature vari-
ation for a functional measurement of water temperatures according to the technical standard
SIA 382/1 [22]. Correspondingly, the temperatures with the upper and lower limit are applied in

Eq. 3.28 for the reference B, and acceptable exergy input B7;“, respectively.

Table 3.7 — Reference inlet and outlet cold water distribution temperatures for defined air-conditioning appli-

cations according to the technical standard SIA 382/1 [22].

Reference inlet Reference outlet

Air-conditioning application
& app temperature T, temperature T, .,

no dehumidification 14°C+1°C 20°C+1°C
partial dehumidification 10°C£1°C 16°Cx£1°C
controlled dehumidification 6°C+1°C 12°C+1°C
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3 Principles and methods of the proposed assessment approach

3.1.3.1.4 Subsystem cold water storage & transport

The optimization potential index proposed for the subsystem CST (see Fig. 3.2) is:

24 h

t_ZOh (B*E +2 BZZ,CP,CST,j)

(3.29)
24h

> <Z Bg,+>_ Bel,CP,CST,j)
i j

t=0h

where the exergy input is summed up over all present refrigeration machines and auxiliary de-
vices, which supply the subsystem. An exception is the reference evaporator exergy Bj,, as it is
determined over an exergy balance (see Eq. 3.33) for all present chillers and can therefore not

be allocated to each one individually. The evaporator exergy is given by:

T
Bp = Qg < — TO) (3.30)
FE

with the evaporator thermal energy (), and the logarithmic mean temperature of the evaporator
T ; expressed by:
7 TE,in - TE,out

o= i ()
TE,out

where T}, ;,, and T}, ,,,, correspond to the secondary side evaporator in- and outlet temperature,

(3.31)

respectively. Identically to the subsystem DC, the exergy of circulating pumps is:

B cposr = Wepcost (3.32)

with Wep ogp, the corresponding electrical energy of the circulating pumps. As an approach,
the reference evaporator exergy input By, is computed with an exergy balance over the cold

storage & transport boundaries as follows:

By, = Z Bp+ Brosr — Z Bl cpest, (3.33)

k J
where BT, is the reference exery output of the cold distribution (reference situation of the subsys-
tem CL) and B, o p oo the reference circulating pump exery input. Similarly to the subsystem

DC, it is proposed to calculate the reference exergy input of circulating pumps with:

N 1
Bocposr = 77— Z Qp, (3.34)

feitn,cpcst z
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3.1 Novel exergy-based evaluation approach for refrigeration plants

where f,;,;, cpcsr represents the average electro-thermo amplification factor of 100 between
the acceptable and adequate limit according to Tab. 3.6. The exergy loss B, g 18 assumed to

be identical as in the actual situation, which results in a stricter assessment and is defined as:

B osr = Z Bg, + Z By cpesty — Z Bp i (3.35)
( J k

The acceptable boundary O P15 is calculated analogously with Eq. 3.29. Instead of using the
actual exergy input, the acceptable exergy input applies. The latter is determined by specifying

the acceptable limiting values in Eq. 3.33 and 3.34.

3.1.3.2 Free cooling operation

In this subsection, the evaluation method of the OPI in each subsystem in free cooling operating
mode is presented.

3.1.3.2.1 Subsystem dry cooler

The optimization potential index of the subsystem DC (see Fig. 3.3) in free cooling operation is

derived similarly as in refrigeration machine operation with:

21h
> (B;’C,DC +2 Bl cppoj+ 2 B:l,Dc,k)

=0h k
tZDh (BFC,DC + 2 Bacppc, + % BehDCJf)
= J

where the electrical exergy input of each present circulating pump and dry cooler ventilator is

summed up. The free cooling exergy on the DC side B - is defined as:

T

Brepo =Qrc |1 - =——— (3.37)
Tre,pe

where Q) .- represents the free cooling thermal energy and 7' ro,pe the logarithmic mean tem-

perature of the free cooling heat exchanger according to:

T . TFC,DC,in - TFC,DC,out
FC,DC — T ]
1 FC,DC\in
TFC,DC,out

(3.38)

with the inlet and outlet temperature T pe iy, a0d T pe oy Of the heat exchanger on the dry
cooler side. As in refrigeration machine operation, the exergy of the dry cooler fans B,; ¢ is

given by:
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3 Principles and methods of the proposed assessment approach

By pe =Wpe (3.39)

with the dry cooler ventilator electrical energy Wp,~. Correspondingly, the exergy of circulating

pumps B, «p p¢ is defined by:

B..cppc =Weppe (3.40)

with W p po» the respective electrical energy input of the circulating pumps. The reference

exergy of the free cooling module on the DC side is given by:

- *
Tre,pe

N T
Brepe = Qrc (1 0 ) (3.41)

where TI?C, pc represents the reference temperature of the free cooling module. For the latter,

the following approach is proposed:

Tre,peowt — Tre,poin

Trope = Tymy + ATyp + 5

(3.42)

where AT}, ; denotes the temperature difference between the secondary hydraulic circuit medium
outlet and the ambient air inlet of the dry cooler heat exchanger according to Tab. 3.5. Similarly
to refrigeration machine operation, a value of 6 K is applied. The reference exergy of the dry

cooler fans B:l, pc 18 defined as follows:

. 1
apc=7—Qrc (3.43)
I el,th,DC

with the electro-thermo amplification factor for dry cooler fans f,; ;, pc (see Tab. 3.6). Simi-
larly, the reference exergy of the circulating pumps B:LC p.pC 1s given by:
1

Bl cppc=7—Qpc (3.44)
fetincp,nc

where f,; 1, op pc represents the electro-thermo amplification factor for circulating pumps (see
Tab. 3.6). A value of 37 and 100 is specified for the dry cooler fans and circulating pumps,
respectively. As mentioned, the amplification factors are defined with respect to the thermal en-
ergy of the condenser and evaporator of the integrated refrigeration machine. As an approach, the
thermal energy of the free cooling module is used for the computation of the reference exergies
of the auxiliary devices, as the refrigeration machines are turned off in free cooling operation.
The acceptable optimization potential index is calculated according to Eq. 3.36, where the ac-

tual exergies are replaced with the corresponding acceptable ones. The latter are determined
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3.1 Novel exergy-based evaluation approach for refrigeration plants

with Eq. 3.41 to 3.44, by applying the acceptable technological limits according to Tab. 3.5 and
3.6.

3.1.3.2.2 Subsystem cold water storage & transport

The optimization potential index proposed for the subsystem CST (see Fig. 3.3) in free cooling

operation is:

t=0h 7 i

2 h
> (Z Bp;+2 BZZ,CP,CST,j>

(3.45)

t=0h 7

27
> (Z Bpi+> Bel,CP,CST,j)
J

where the exergy input is summed up over all present cooling locations and circulating pumps,
which supply the subsystem. Identically as in refrigeration machine operating mode, the cold

water distribution exergy B, is calculated according to:

T
Bp =Qp <1 — T‘;) (3.46)

with the cold water distribution thermal energy ), and the logarithmic mean temperature 7',
expressed by:

T — TD,in - TD,out
TD,out

where T, ;,, and T, ,,,, are the cold water distribution in- and outlet temperatures, respectively.

(3.47)

The exergy of circulating pumps is:
B, cposr = Wepcosr (3.48)

with Wep g7, the corresponding electrical energy of the circulating pumps. The reference cold

water distribution exergy is proposed by:
T,
By =Qp (1 - S) (3.49)

with the reference temperature T*D expressed by:

T T
TD: Din . D,out (350)
TD,out

65
Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI014/these.pdf

© [L. Brenner], [2021], INSA Lyon, tous droits réservés



3 Principles and methods of the proposed assessment approach

where T7, ;. and T7, ..., represent the reference in- and outlet temperatures according to Tab. 3.7,
respectively. Similarly to the subsystem DC, it is proposed to calculate the reference exergy input

of circulating pumps with:

1

*
Bocpost = [ Qrc (3.51)
el,th,CP,CST

where f,; 4, op s represents the electro-thermo amplification factor for circulating pumps of
100 according to Tab. 3.6. The acceptable boundary OPI¢gr p is calculated similarly to
Eq. 3.45 by applying Eq. 3.49 to 3.51 with the corresponding acceptable limiting values from
Tab. 3.6 and 3.7.

3.1.3.2.3 Subsystem free cooling

The optimization potential index for the subsystem FC (see Fig. 3.3) is proposed according to:

24 h .
> Brceosr
OPIpo=1- t;f}f— (3.52)

> Brceosr
t=0h

where the free cooling exergy on the CST side By ogp 1S given by:

T

Brecst = Qpe | 1— =—— (3.53)
TFC,CST

with TFC’C g7 the logarithmic mean temperature of the free cooling heat exchanger according

to:

T . TFC,CST,m - TFC,CST,out
FC,CST — T ]
1 FC,CST,in
TFC,C’ST,out

(3.54)

where T cgrin @0 Tre o7 0 TEPresent the inlet and outlet temperature of the heat ex-
changer on the cold water storage & transport side, respectively. The reference free cooling

exergy input By g is given by:

T
Brcost = Qrc (1 — T*O> (3.55)
FC,OST

Table 3.8 — Temperature differences in the free cooling module according to VDMA 24247-8 [117].

Adequate Acceptable

ATy <1.2K  <3K
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3.1 Novel exergy-based evaluation approach for refrigeration plants

with T}QC g7 the reference temperature of the free cooling module on the CST side. For the

latter, the following approach is proposed:

Trccsr = Tropo + ATre (3.56)

where AT}, represents the temperature difference in the free cooling heat exchanger between
the two working fluids of the subsystem DC and CST. Target values of the latter are reported by
the technical standard VDMA 24247-8 [117] (see Tab. 3.8). For the OPI - a value of 1 K is

acc

specified. The acceptable boundary O P is determined analogously to Eq. 3.52 by replacing
the actual with the acceptable values in the denominator and using the less strict temperature

difference ATp of 3 K in Eq. 3.56 for the calculation of Bi¢ cor-

3.1.3.2.4 Subsystem cooling location

For technical reasons, typically two different monitoring systems are present in the refrigeration
plant and the cooled room or the ventilation system itself. Therefore, no physical data is avail-
able for the calculation of B, (see Fig. 3.3) in the subsystem CL. For the latter, an alternative
OPI definition is proposed as a first approach in free cooling operation. Namely, the exergy input
is set to be the same in the actual and in the reference condition, while the exergy output varies
according to the technical standards. The latter is plausible from a thermodynamic viewpoint,
as it is favorable for the subsystem, if more exergy is extracted compared to the reference op-
erating condition. As an outlook, it should be considered to link the monitoring systems and to
measure the corresponding temperatures and heat flow rates at the cooling location for future
investigations (e.g. in the AHU system or the cooled room itself, depending on how the cooling
location is realized). In the present work, the optimization potential index for the subsystem CL

is proposed with:
24h

> Bp

OPIop=1-5020 (3.57)

> Bp

t=0h

The calculation of the cold water distribution exergy is carried out analogously to subsec-
tion 3.1.3.2.2. The adequate (reference) and acceptable limiting values according to Tab. 3.7

are applied.
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3 Principles and methods of the proposed assessment approach

3.2 Refrigeration machine modeling

In order to investigate and optimize an energy system, the behavior at various operating condi-
tions must be known or determined. In the case of vapor compression refrigeration machines,
generally the power consumption of the compressor, the heat fluxes over the heat exchangers as
well as the thermodynamic properties (temperature, pressure, enthalpy, etc.) of the refrigerant
in the various states of the thermodynamic cycle and of the secondary side working fluid are of
interest. Basically, there are two different ways to obtain the desired data. One possibility is the
experimental approach, in which measurements are carried out; the other is the development and
use of models to determine the system behavior. The experimental approach is difficult for the
situation of refrigeration machines in field plants. Installing measurement equipment is always
bound to investment costs, and therefore, most of the devices are only instrumented with the
indispensable sensors necessary for the operation (e.g. overheating temperature sensor, low and
high pressure side sensors etc.). Also, those variables are rarely logged for monitoring purposes,
as the secondary side temperatures and cooling load is of main interest for the plant operators.
As mentioned by Wang [118], in most of the buildings, real-time measuring of the refrigeration
machine power consumption is not very common. The latter is one reason, why much attention
was paid to refrigeration machine models. According to Rasmussen ef al., they are most likely

worthwhile for [119]:
* system analysis, design and optimization,
* model-based control design,
* control tuning and commissioning,

* fault detection and diagnosis.

Each of this tasks may require a different modeling approach, where the purpose of the model
should be considered before developing or employing it. While a detailed model might be the
best choice regarding accuracy, its usefulness can be reduced e.g. due to additional difficulties
during model set-up, calibration and simulation or by requiring an increased amount of input

variables [119].

In the present work, the model should be applicable to determine additional reference values for
the subsystem RM (see subsection 3.1.3.1.2). Therefore, the purpose is to predict the compressor
electrical power consumption at different operating conditions. To account for the latter and to
ensure the application with state-of-the-art measuring concepts of refrigeration plants, secondary

side temperatures and the evaporator cooling load should be used as input parameters. Those
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3.2 Refrigeration machine modeling

values are either measured or determined with technical standards. In the following, different
modeling approaches from literature review are discussed (see subsection 3.2.1), and subse-

quently, the models applied in the present study are elaborated in detail (see subsection 3.2.2).

3.2.1 Modeling approaches

In general, mathematical models can be categorized into white-, grey- and black-box models.
White-box models, also referred to as physics based models, require the fundamental knowledge
of the physical laws of the process under investigation. If the corresponding equations as well
as parameters are known, they have a high generalization ability, meaning that they perform
well even if a data set not used for the model development is applied. However, such analytical
models are difficult to generate when complex phenomena or systems are studied and if required
data is unknown. In that case, they generally reveal an inferior accuracy compared to black-box
models [120-122]. In contrast, black-box models, also referred to as data-driven or empirical
models, do not require any knowledge of the physics governing the evaluated process and are
built with less effort compared to white-box models. With collected data from the investigated
system, a mathematical relationship between the in- and output variables can be determined.
While such models usually reveal an increased accuracy, the extrapolating capabilities are lim-
ited if processes outside the learning domain are considered [120-122]. The third modeling
approach, the grey-box models, also denoted semi-empirical models, involve physical laws to
build the basic model structure, where certain model parameters are identified from measure-
ment data. Therefore, such models profit from the qualities of the other two approaches: they
show generally a better generalization ability compared to the data-driven models and reveal an

increased accuracy compared to the analytical ones [120-122].

The modeling topic was addressed by several authors in the case of vapor compression refrigera-
tion machines. A review study of Rasmussen covers alone over 100 related investigations [122].
At the present day, refrigeration machines are commonly modeled with the grey- or black-box
approach. In the following, a selection of refrigeration machine models are presented, where it

is distinguished between:
* equation-fit based models,
* physical lumped parameter models,
* refrigeration cycle (physical component) based models,

* artificial neural network models.
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3 Principles and methods of the proposed assessment approach

Equation-fit based (EF) models are purely empirical and do not aim to fully characterize each
component in the refrigeration machine, but to predict certain key performance parameters such
as the COP, the cooling load or the compressor power consumption. As an example, a first-order

linear model for the refrigeration machine COP has the following form [123]:
COP = ay + ayTp s, + a3Tg 4, + 0,Q (3.58)

where T ;,, 1s the condenser secondary side inlet temperature, T, ;,, the evaporator secondary
side inlet temperature and Q) g the cooling load. All the model coefficients a; have no physical
meaning and are identified from experimental or manufacturer data. Many other equation-fit
based models have been developed, which are mostly second-order polynomials. Yik et al. de-
veloped a bi-quadratic model by curve-fitting manufacturer performance data of air- and water-
cooled reciprocating, screw and centrifugal chillers [124]. The model predicts the normalized
chiller electricity demand in function of the condenser secondary side inlet temperature and the
normalized evaporator cooling load. Stoecker et al. proposed a second-order polynomial model
with 9 coefficients to determine the power required by the compressor of reciprocating chillers
and the refrigerating capacity in function of the evaporating and condensing temperature, respec-
tively [125]. Chang ef al. developed a model for determining the chiller power consumption in
function of the temperature difference between the condenser and evaporator secondary side in-
let temperature as well as the part load ratio of the compressor [126]. The authors state that the
model is accurate, especially in short-term prediction. Wang conceived a novel power consump-
tion model for multi-parallel centrifugal chillers [118]. The model uses the evaporator secondary
side temperature difference, the cooling water outlet temperature as well as the pressure differ-
ence between the parallel chilled water pipes as input parameters. The authors found that the
model is slightly more accurate in comparison to four existing empirical models (among others

the mentioned Yik [124] and Chang [126] models).

Physical lumped parameter (PLP) models are grey-box models and make use of thermodynamic
or heat transfer relations to build the model structure based on semi-empirical equations and re-
quire experimental data to obtain missing parameters e.g. with regression. They generally have a
similar form as the equation-fit based models, but the parameters reveal a physical characteristic.
Some of the most popular physical lumped parameter models are the Gordon-Ng models. Gor-
don et al. developed a chiller performance model for centrifugal refrigeration machines [127],
where in a subsequent work by Ng et al. a model for reciprocating chillers was conceived [128].

Further investigations resulted in the fundamental Gordon-Ng model, which is valid for a large
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3.2 Refrigeration machine modeling

range of mechanical refrigeration machine types and sizes [20]. It is a three-parameter model
which relates the refrigeration machine COP to the secondary side inlet temperatures as well as

evaporator heat flow rate and has the following structure [20]:

TE,in TE,in Tc,m - TE,in QE (

1
1+—— | =1 : : a— 1+ —— 3.59
TC,in < * COP) " “ QE " “ TC anE M “ TC,’in - ) ( )

COP

where the regression parameters a, reveal the physical characteristics of the refrigeration ma-
chine: a, represents the entropy generation in the refrigeration cycle, a, the heat losses or gains
from the refrigeration machine and a4 the total heat exchanger thermal resistance. Foliaco et
al. modified the Gordon-Ng model to determine the compressor power consumption of a water-
cooled centrifugal refrigeration machine, by maintaining the physical parameters [129]. The lat-
ter were estimated with a steady-state refrigeration cycle analysis and compared with the values
obtained by regression, where the estimated values revealed a relative error below 20%. Another
physical lumped parameter model for screw compressor refrigeration machines was developed
by Lee (Lee simplified model), which is based on the first and second law of thermodynamics
as well as the NTU-¢ effectiveness method of heat exchangers [130, 131]. The performance of
different models was assessed by Lee ef al. on the basis of 11 different chillers [130], where
the Lee model revealed an overall coefficient of variation of the root-mean-squared error (CV,

compare subsection 3.2.3) of 5.32%.

Refrigeration cycle (RC) based models, also denoted physical component based models, aim
to evaluate and predict the evolution of the refrigerant and its thermodynamic states during the
passage through each refrigeration machine component, where it is exposed to compression,
expansion as well as heat gains and losses. Usually, the nodal approach is applied, where the
main components (compressor, evaporator, condenser and expansion valve) are modeled sep-
arately and then connected to each other in order to simulate the whole refrigeration cycle.
For such models, the thermo-physical properties (enthalpy, entropy, etc.) of the refrigerant in
function of the occuring conditions (pressure, temperature, etc.) must be known and are de-
termined from tables or by equations of state (EOS). As an example, Browne et al. developed
a steady-state model for centrifugal refrigeration machines, while applying 5 submodels and
considering heat gains or losses from the environment [132]. They applied the NTU-¢ effective-
ness method (compare subsection 3.2.2.3) to model the heat transfer in the condenser as well as
the evaporator (both shell-and-tube heat exchangers) and to determine the refrigerant saturation
temperatures, where different correlations are applied to compute the respective heat transfer

coefficients. The pressure drop is assumed to be 10 and 5% of the saturation pressure in the con-
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3 Principles and methods of the proposed assessment approach

denser and evaporator, respectively. Moreover, the expansion valve is modeled as an isenthalpic
expansion process (same specific enthalpy before and after the expansion) [132]. Multiple equa-
tions are applied to describe the behaviour of the centrifugal compressor for computing the
refrigerant mass flow rate. The latter is determined in function of the impeller pressure ratio,
the angle of the impeller, the impeller exhaust area, the mean isentropic coefficient, the volume
flow rate of the refrigeration at the impeller outlet as well as the pressure and specific volume
at the compressor inlet [132]. The whole model is able to predict the condenser and evaporator
heat flow rate, the COP as well as the refrigerant mass flow rate and the thermodynamic states in
the refrigeration cycle. The results were validated with experimental data in part and full load,
where the prediction error is found to be in the range of approximately =10% [132]. Accu-
rate modeling of expansion valves and compressors is relatively simple compared to modeling
the heat exchangers. Capturing accurately the behavior of evaporators and condensers consid-
ering phase change (also with start-up and shut-down conditions with appearing and vanishing
fluid phases) is a complex task [133]. Therefore, other RC based models use the fundamental
equations for conservation of mass, momentum and energy to characterize the behavior of the
heat exchangers in detail and to capture the transition between the subcooled, two-phase and
superheated refrigerant states [134—136]. The best know methods to discretize and solve these

equations are the moving boundary (MB) and finite volume (FV) approaches [133,137].

Artificial neural networks (ANNs) are black-box models, which are inspired by the biological
nervous system. The ANNs comprise a set of simple elements in parallel, the so called neurons,
which have a weighted connection between each other in different layers. This results in a
construct of multiple mathematical functions, which relates a set of inputs to certain outputs
[138]. Depending on the application, ANNs can be composed of any number of neurons and
arranged in different structures. Some may also include so called bias neurons which have a
constant input of 1 in order to account for the invariant part of the prediction. As an example,
Fig. 3.5 shows a three-layer feed-forward neural network, where x,, are the input parameters,
Y, the network outputs as well as w; , and w,,, ; the weighted connections between the neurons
in the different layers. Each neuron has weighted inputs which are summed up in a first step.
Subsequently, the obtained value is passed through an activation function, weighted again and
passed to the next neurons [138]. In the case of the presented neural network structure, the

output «; (also called activation) of each neuron in the hidden layer is defined by [138]:

a;=F (Z :ciwj,i> (3.60)
=1

72
Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI014/these.pdf
© [L. Brenner], [2021], INSA Lyon, tous droits réservés



3.2 Refrigeration machine modeling

Output layer

Figure 3.5 — Topology of a three-layer feed-forward neural network (adapted from [139]). The variables repre-

sent the inputs z, the outputs 7 and the weightings w.

with the activation function F', where mostly a sigmoid function is applied. The activation
function has the purpose to define if a neuron is activated or not and brings non-linearity to the
system. Also, the function should be differentiable, as during training of the ANN gradients of
the error with respect to each weight are computed. One of the most popular learning method is
the back-propagation, which is a gradient-descent based procedure [138]. With this method, the
error between the predicted and given output is minimized by iteratively adapting the weightings
of the neurons. The error is usually expressed in terms of root-mean-squared (RMSE, compare

subsection 3.2.3) or mean-squared error (MSE), where the latter is defined with [120]:

n

MSE = % ; @ —v:) (3.61)
where y; is the predicted and y, the measured value, respectively. n denotes the number of data
points. Sahin evaluated the performance of a refrigeration machine with internal heat exchanger
and three different refrigerants by using ANNs [140]. Five input parameters (cooling capacity
as well as condenser, evaporator, superheating and subcooling temperature) are used to compute
the refrigeration machine COP. Depending on the refrigerant, the ANN comprises one hidden
layer with 7 to 11 neurons. The author reports an excellent agreement of the predicted compared
to the actual values, where the coefficient of determination (Rz, compare subsection 3.2.3) is
mentioned to be at least 0.99. Another study used an ANN to predict the power consumption of
6 refrigeration machines in order to optimize the on-off sequencing in a refrigeration plant [141].
The model uses four input neurons (evaporator and condenser secondary side temperatures),
one output neuron (refrigeration machine power consumption) as well as 20 and 40 neurons

in the first and second hidden layer, respectively. The simulation errors are mentioned to be
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3 Principles and methods of the proposed assessment approach

below 0.52%. Kim et al. applied an ANN model to determine the energy consumption of
a chiller in a HVAC system [142]. The model uses 8 input parameters to consider outside
conditions, operation conditions, the seasonality and the historical energy use, where 60% of
the measurement data was used for training the ANN and 40% for testing. Among others, the
influence of the number of hidden neurons on the prediction accuracy was investigated. The
number was varied between 2 to 20, where no significant improvement was found if more then
12 neurons were applied. According to the findings, the ANN model predicts the monthly chiller

energy consumption with an accuracy of approximately 99.1%.

3.2.2 Investigated models

In the present work, each presented modeling approach is investigated, namely an equation-fit
based model, a physical lumped parameter model, a simple refrigeration cycle based model and
an ANN model. All models are steady-state, but are evaluated with the corresponding input
variables and boundary conditions at every time step i.e. measurement interval. With this quasi-
stationary approach (assuming steady-state over the measurement interval, similarly to the OPI
evaluation), the temporal behavior of the refrigeration machine can be characterized with good
approximation (see section 5.1). Moreover, since the best performing model is applied in the pro-
posed exergy-based evaluation method, which should be generally applicable and where a daily
assessment of the OPI is carried out, the quasi-stationary approach is considered acceptable.
For preliminary tests, the models are first applied with experimental data of a laboratory test
rig (see section 4.3), and subsequently, with experimental data of a field plant (see section 4.2)
to determine their applicability for the exergy-based evaluation method. The experimental data
is split into training / validation (also denoted internal) and testing (also denoted external) data
sets. The latter is applied in order to evaluate the performance of the models when data excluded
from training is utilized. In the internal data sets, 60% of the measurements are randomly as-
signed for training. All models are then compared in terms of model performance indicators (see

subsection 3.2.3) to determine the best suiting model for the exergy-based evaluation approach.

3.2.2.1 Equation-fit based model

The Comstock model has been chosen as an equation-fit based model representative in the
present work, as it uses commonly measured quantities in field plants as input variables. It is a

second-order polynomial fitting model with 7 fitting parameters a; to determine the compressor
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3.2 Refrigeration machine modeling

electrical power consumption WC pr» Which has the following form [118]:
Wepr = a; + ayTg im + azTe, + a,Qp + a5TE,z’nQE + %TC,mQE +a,Qp  (3.62)

with T’y ;,, the evaporator secondary side inlet temperature, 7 ;,, the condenser secondary side
inlet temperature and Q g the evaporator heat flow rate as input parameters. The coefficients a,
reveal no physical characteristic and are determined from measurement data with a non-linear

curve fitting algorithm pre-implemented in MATLAB [143].

3.2.2.2 Pyhsical lumped parameter model

In the present work, the modified Gordon-Ng model by Folicao et al. is applied [129], as like the
Comstock model, it uses commonly measured quantities in field plants as input variables. Even
if the model is conceptualized for centrifugal chillers, it is investigated in the present analysis.
The reason is that it bases on the Gordon-Ng model, which is applicable for a wide range of
different refrigeration machine types and sizes. It is a three-parameter model which has the

following form [129]:

. Tq. — T, . T, =T
WCPR . Clin E,out QE _ alTC,in + a, Clin Eout
TE,out TE,out

tay <Q% + QEWCPR>

TE ,out

(3.63)

with T, ,,, the evaporator secondary side outlet temperature, 7 ;, the condenser secondary
side inlet temperature and Q p the evaporator heat flow rate as input parameters. The fitting
parameters are determined with a regression routine pre-implemented in MATLAB [143], where
a, denotes the entropy generation in the refrigeration cycle, a, the heat losses or gains from
the refrigeration machine and a the total heat exchanger thermal resistance. By rearranging

Eq. 3.63, the electrical power consumption of the compressor WC pr 1s then determined with:

Teim—T Toim—T . )2
GITC’in+a2< Cin E,out) + < Clin E,out) QE+G3 QE

TE,out TE,out T‘E7 out
Qp

FE,out

WCPR = (3.64)

1—a,
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3 Principles and methods of the proposed assessment approach

3.2.2.3 Refrigeration cycle based model

A simplified RC based model has been applied in the present work, which considers the four
main refrigeration machine components (evaporator, compressor, condenser and expansion valve)
in terms of thermodynamic and heat transfer relations. Fig. 3.6 shows a schematic of the consid-
ered refrigeration cycle as well as the corresponding log(p)-h-diagram with the different refrig-
erant states. The model uses secondary side temperatures as well as the evaporator cooling load
as input variables and incorporates 6 physical parameters (see Tab. 3.9 for details), which are
identified from measurement data. To reduce the number of unknown parameters, the following

assumptions apply for the model:
* steady-state operation,
* negligible heat exchange with the environment,
* negligible pressure losses,

* isenthalpic expansion.

The evaporator and condenser are modeled with the NTU-¢ effectiveness method and are con-
sidered as heat exchangers with phase change on the primary side. This represents a special case,

where the heat capacity rates of the condensing vapor or evaporating liquid tends towards infinity

Table 3.9 — Inputs, outputs and parameters of the RC based model.

Type Variables

input Ty in, evaporator secondary side inlet temperature
Tp oy  evaporator secondary side outlet temperature
Tein condenser secondary side inlet temperature
Toout  condenser secondary side outlet temperature

Qg evaporator heat flow rate
output Wepr  compressor electrical power

parameter compressor isentropic efficiency

Nisen
Nel,meeh,  COMPpressor electro-mechanical efficiency

AT, superheating temperature difference

AT, subcooling temperature difference

(UA)p  evaporator surface dependent overall heat transfer coefficient

(UA),  condenser surface dependent overall heat transfer coefficient
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Figure 3.6 — Simplified schematic of (a) the considered refrigeration cycle and (b) the corresponding log(p)-h-

diagram with the different refrigerant states 1 to 4 and 2s.
(nearly isothermal processes). The evaporator effectiveness €, is then given by [144,145]:

ep=1—eNUs (3.65)

where NT'Uj, denotes the dimensionless parameter number of transfer units of the evaporator,
which is defined as [144]:
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NTUg = ICEY (3.66)

Cp, Mg
with (UA)j the overall heat transfer coefficient times the heat transfer area of the evaporator
as well as ¢,  and 7 the specific heat capacity and the mass flow rate of the secondary side
chilled water, respectively. As the heat capacity and mass flow rate of the secondary side are
unknown, they can be determined with:

Qp _ Qp

c, pMp = =
p,EE _
TEﬂln TE,out ATE

(3.67)

with the temperature difference between the evaporator secondary side inlet and outlet AT},.

The evaporation temperature of the refrigerant is then given with [144, 145]:

T, =Tg, — (3.68)

€

Analogously, Eq. 3.65 to 3.68 apply also for the condenser by utilizing the corresponding quan-
tities. With the chosen NTU-¢ effectiveness approach, the superheating and subcooling effects
in the heat exchangers are not explicitely treated. However, the error is assumed negligible, as it
is presumably compensated with the U A parameter when calibrating the model. With the evap-
oration and condensation temperature, the low and high pressure level, p, and p,. (see Fig. 3.6b),
can be determined*. The refrigerant temperature 7} at state 1 after the evaporator (see Fig. 3.6)

is determined with:

T, =T, + AT,, (3.69)

where AT, represents the superheating temperature difference. Similarly, the refrigerant tem-

perature T} at state 3 after the condenser (compare Fig. 3.6) is given by:
T, =T, - AT,, (3.70)

where AT, is the subcooling temperature difference. Together with the found pressures, the
specific enthalpies and entropies (h, hg, 51, s3) of the refrigerant can be identified at state 1 and

3. After the condenser, the refrigerant passes through an expansion valve and expands from the

4 Remark: As mentioned, refrigeration cycle based models require the knowledge of the thermo-physical properties
of the refrigerant, which have to be determined from tabulated data or with equations of state (EOS). In the first
version of the model, the properties were computed with the Soave-Redlich-Kwong (SRK) EOS [146], to fully
understand the evaluation procedure. The SRK EOS was conceptualized for real gases and is still of interest at the
present day due to its simple form compared to other EOS. In the final model however, to accurately capture the
liquid state after the condenser, the thermodynamic properties are computed with the tool REFPROP (Reference
Fluid Thermodynamic and Transport Properties Database), which has implemented the NIST (National Institute
of Standards and Technology) EOS for a broad range of fluids [147].
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3.2 Refrigeration machine modeling

condensing to the evaporating pressure. While beeing in liquid phase after the condenser, the
refrigerant exhibits a change to liquid-vapor phase when expanding. By assuming an isenthalpic
expansion process, the specific enthalpy h, at state 4 after the expansion valve (see Fig. 3.6) is
equivalent to the specific enthalpy hs at state 3. With an energy balance, the evaporator heat

flow rate QE is given by [14, 16]:

Qg =m,(h, —hy) (3.71)

from which the refrigerant mass flow rate i, can be determined. The actual compressor input

WCPR,aCt is defined according to [14,16]:
Wepnae =i, (hy = h) (3.72)

where the enthalpy 5, at state 2 after the compressor must be known (see Fig. 3.6). The com-

pressor isentropic efficiency 7)., is given by [14,16]:

‘ _ WCPR,isen _ mr(hzs - hl) _ h2s — h‘l
nzsen mr(h2 _ hl) h2 _ hl

- (3.73)
WCPR,act
which relates the isentropic compressor input W p R.isen With the actual compressor power
WC PR.act» Where ho represents the specific enthalpy at state 2s resulting from an isentropic
(i.e. reversibel) compression (see Fig. 3.6). h,, can be determined, as the specific entropy s, at

state 2s equals the specific entropy s; at state 1. From Eq. 3.73 it follows for h,:

hyy —h
hy = (ha, = h) +hy (3.74)

Nisen

Finally, the compressor electrical power WC pr 1s determined with [148]:

Wepr = (3.75)

nel,mech

where 1); ..., represents the compressor electro-mechanical efficiency to account for mechan-
ical as well as electrical losses e.g. in the frequency converter. The condenser heat flow rate QC

is given with an overall energy balance over the refrigeration cycle [14]:

Qe =Qr+Wepraa (3.76)
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Figure 3.7 — Algorithm flow chart of the RC based model with the corresponding inputs, parameters and output.
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A flow chart of the algorithm is shown in Fig. 3.7. The condenser heat flow rate is unknown in
the beginning and guessed for the initial iteration. Subsequently, QC is iteratively computed with
the described procedure, compared with the guessed value and applied in the next iteration step,
until the relative error is lower than 0.1%. Then, the model yields the corresponding compressor
electrical power. To accurately determine the latter with a given data set of inputs, the model
parameters (see Tab. 3.9) must be known and are identified from measurements. Therefore, the

following cost i.e. objective function is minimized [118]:

RMSE = % 3 (Wc R — W PRJ.)2 (3.77)
=1

—

which represents the root-mean-squared error (RMSE, compare subsection 3.2.3) with Wc PR
and W p Rr,; the simulated and measured compressor electrical power of each data set, respec-
tively. n denotes the number of measurement points used for training. The parameters are ini-
tially identified with a batch gradient-descent routine [149] and then iteratively optimized with
a pre-implemented minimization algorithm in MATLAB [143], until the RMSE is minimized.
All parameters reveal a physical characteristic and defining them as constants is physically not
correct (except in steady-state). The overall heat transfer coefficient, for example, is dependent
on the heat exchanger configuration and the present flow conditions. However, to the best of
our knowledge, this simplification is reasonable with the goal of generating a widely applicable
model which can be employed independently of the compressor and heat exchanger design, even

if no technical details of the refrigeration machine are available.

3.2.2.4 Artifical neural network model

In the present work, a feed-forward ANN model is applied with one input layer, one ouput layer
and one hidden layer (see Fig. 3.8), which has been determined by trial and error. Like the RC
based model, the ANN has 5 input parameters (secondary side temperatures as well as evaporator
cooling load) and one output parameter, the compressor electrical power WC pr- A tan-sigmoid
and a linear activation function is used for the hidden and output layer, respectively. The hidden
layer consists of 21 and 25 neurons (with bias) when applied on the laboratory test rig and
the field plant, respectively. The amount of neurons was identified by iteratively increasing the
number until the performance function, chosen to be the mean-square error (MSE), converged.
The number of neurons is substantially lower than the number of training data points, which

reduces the risk of overfitting. The ANN is designed, set-up and trained with the neural network
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Input layer Output layer

TE,in
—_—

TE,out

Figure 3.8 — Topology of the applied feed-forward neural network with the corresponding input and output

variables.

toolbox pre-implemented in MATLAB [143], where the Levenberg-Marquardt back-propagation
algorithm is applied for training [150]. This algorithm is a combination of the Newton and
gradient-descent method, which is particularly useful for moderate-sized ANNs with the MSE

as performance function [151].

3.2.3 Model performance metrics

Many different performance indicators exist, which can be applied to evaluate the model accu-
racy. In the present work, the following indicators are applied, where y, represents the measured
value, y; the predicted value and n the number of data points. One of the most applied index is

the root-mean-squared error (RMSE) defined as [140]:

n

1 .
RMSE = |~ 3 (7, - 1)’ (378)
i=1
The second index is the mean-absolute error (MAE) which has an increased interpretability

compared to the RMSE, which is given by [118]:

IR
MAE =~ Z 7 — | (3.79)
=1
The coefficient of variation of the root-mean-squared error (CV or CV-RMSE), also denoted
relative root-mean-squared error (R-RMSE), indicates if the model has a satisfactory prediction
ability, where a small value indicates a high predictive accuracy. The indicator is defined with

[118]:
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3.2 Refrigeration machine modeling

_ RMSE

cv -100% (3.80)

Y

where ¥, is the average of the measured values. Additionally, the coefficient of determination

(R?) is applied, which is given by [140]:

n s 9
2 B SSTeS B Z; (y’t yz)
R_l_W_l_n (3.81)
tot =2
Y —Y;

This indicators relates the sum of the squared residuals (deviation from the predicted and mea-
sured value) S5, with the total sum of squares S5, ,. The closer the value of R? is to 1, the

more accurate are the modeled values.
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4 Investigated systems and procedures

This chapter presents the examined systems and procedures. In order to exemplify the proposed
exergy-based evaluation method and to demonstrate the functionality, the rating system is ap-
plied on two numerical test cases (see section 4.1) as well as on a case study, while for the latter,
experimental data gained from a field installation is used (see section 4.2). Besides the field

plant, a laboratory test rig is utilized for preliminary refrigeration machine model evaluations,

which is elaborated in section 4.3.
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4 Investigated systems and procedures

4.1 Test cases

Two numerical test cases, representing a field plant in refrigeration machine operating mode
as shown in Fig. 3.2 with one refrigeration machine and one cooling location, are analyzed in
the present study. The first case represents an adequate operating refrigeration plant, while the
second simulates a faulty operation due to a fouled condenser and dry cooler heat exchanger.
Therefore, a larger temperature difference between the condenser in- and outlet as well as an
increased inlet temperature is assumed (due to an increased temperature difference in the dry
cooler heat exchanger). As a consequence, an increased electrical energy consumption of the
dry cooler fans as well as of the circulating pumps in subsystem DC and of the compressor in
subsystem RM is present. For both cases the same cooling load and temperature levels in the
subsystem CST and CL are assumed. A steady-state operation of the refrigeration system with
daily values according to Tab. 4.1 is considered. The computation of the corresponding exergies

and the OPI is then carried out according to the described method in subsection 3.1.3.1.

Table 4.1 — Defined daily values of temperatures, thermal and electrical energies for both evaluated test cases

in each subsystem.

Values test case 1

Values test case 2

Subsyst Variabl
thsyster arlables (adequate operation)  (faulty operation)
dry cooler Qe 3196.8 MJ 3283.2MJ]
Teoin 27 °C (300.15 K) 29 °C (302.15 K)
T out 30 °C (303.15 K) 35 °C (308.15 K)
Weppe  27.8MI 46.9 MJ
Whe 71.0MJ 78.2MJ
refrigeration machine Wepr 5184 MJ 604.8 MJ
cold water storage & transport Q) 2678.4 MJ 2678.4 MJ
Ty in 18 °C (291.15 K) 18 °C (291.15K)
T'E out 12°C (285.15K) 12 °C (285.15K)
Wepesr 21.4MI 21.4MJ
cooling location Qp 1944.0 MJ 1944.0 MJ
Tp in 13 °C (286.15K) 13 °C (286.15K)
Tp out 17 °C (290.15 K) 17 °C (290.15 K)
all subsystems T, 22 °C (295.15K) 22°C (295.15K)
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4.2 Field plant

4.2 Field plant

An existing refrigeration plant located in the city of Winterthur, Switzerland is investigated in
the present work as a case study. The field plant consists of five parallel refrigeration machines
with 950 kW cooling power each and ammonia (R717) as refrigerant. Additionally, one free
cooling heat exchanger is integrated to the system and the refrigeration machines as well as the
distribution networks are located underground. The hydraulic circuit supplies seven different
buildings with cold water, where the cooling locations represent air-handling units of ventilation
systems in the different buildings. The main application is for office space cooling, where the
temperature level of the cold water distribution corresponds to an air-conditioning application
with partial dehumidification. Three rooftop coolers with a nominal power of 2000 kW and 12
circulating pumps with a nominal volume flow rate ranging from 52.2 to 485 m>/h are present.
Two of which are winter pumps for the free cooling module and one winter pump substitutes the
others in the subsystem CST when the cooling load is low. Moreover, two cold storages with a

capacity of 3.5 m? are integrated to the refrigeration system.

As a result, the refrigeration plant is split into 14 and 10 different subsystems, according to the
considerations in subsection 3.1.2, in refrigeration machine and free cooling operating mode,
respectively. A piping & instrumentation diagram of the field plant with the corresponding
subsystems is depicted in Fig. 4.1. Each of them is assessed individually in both operating
modes according to the described evaluation method in subsection 3.1.3. Measurement data of
the field plant over the entire year 2018 was collected by the plant operator (energy contractor),
where no detailed information about the measurement equipment is available. The data was
recorded at an interval of 5 minutes, which results in 288 summands for the daily assessment
of the OPI in the present evaluation. In a first step, the measurement data was reviewed and
prepared for the evaluation. Two cooling locations were inoperative until April 2018 and one
until May 2018. Additionally, one of the five refrigeration machines was commissioned in April
2018, most probably to cover the increased cooling load of the additional cooling locations. Four
measurement points of one operating cooling location were missing from 12.04.2018 13:40 to
12.04.2018 13:55, which were approximated by linear interpolation. No data was registered in
the monitoring system of the winter pumps, which are active in free cooling operation as well as
in refrigeration machine operation when then cooling load is low. As an approach, the electrical
energy input is calculated under the assumption that they behave similarly as the circulating

pumps which were monitored.
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Figure 4.1 — Piping & instrumentation diagram of the investigated field plant (copyright Leplan AG, Switzer-

land) with the definition of the different subsystems (compare Fig. 3.2 and 3.3).

For the investigation of the different refrigeration machine models according to subsection 3.2.2,
measurement data of refrigeration machine 1 (RM1) is used for training and validation. Sub-
sequently, measurements from refrigeration machine 2 (RM2) are applied as testing data set, to

determine the generalization quality of each modeling approach. The data sets are prepared in a
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4.3 Laboratory test rig

way, that only measurement points are considered if the cooling load is larger than zero, i.e. the

refrigeration machines are running.

4.3 Laboratory test rig

The test facility is located at the refrigeration laboratory of the Institute of Energy Systems and
Fluid Engineering at the Zurich Unversity of Applied Sciences in Winterthur, Switzerland and
includes two refrigeration machines. The first refrigeration cycle operates with R134a as re-
frigerant, whereas the second one works with R744 (CO,). Latter was successfully operated by
Fritschi et al. [32] in order to carry out investigations regarding the efficiency in carbon diox-
ide refrigeration technology with parallel compression. Within the scope of the present work,
experimental investigations are carried out with the R134a machine. Coupled to the chillers,
two secondary hydraulic circuits with a water-glycol mixture as working fluid are present. Two
3m’ storage tanks, from which the liquid is pumped to the refrigeration machines and the cor-

responding heat exchangers, serve as the heating and cooling source.

4.3.1 R134a vapor compression refrigeration machine

The R134a vapour compression refrigeration machine (see Fig. 4.2) consists of the following

main components:
* compressor (CPR),
* precooler (PC),
* condenser (C),
* subcooler (SC),
* expansion valve (EV),
* evaporator (E),

* internal heat exchanger (IHX).

A simplified piping & instrumentation diagram of the full test setup is shown in Fig. 4.3 and
the main component details are listed in Tab. 4.2. The test rig was designed to investigate
different machine configurations and situations, e.g. to simulate an undersized heat exchanger.
For this reason, each heat exchanger may be enabled / disabled on demand, relatively simple

by opening / closing the corresponding valves. Consequently, every heat exchanger has its own
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4 Investigated systems and procedures

Figure 4.2 — Overview of the R134a refrigeration machine test rig.

bypass piping. All external heat exchangers (precooler, condenser, subcooler and evaporator)
are connected to the secondary hydraulic circuits. The liquid flow is generated by a glandless
pump located at each heat exchanger. The volume flow rates and the inlet temperatures can be
dynamically regulated as desired. The flow rates are measured with MID (magnetic-inductive)
flow meters at the heat exchanger outlet (see Fig. 4.3, location VE, VC, VSC and VPC), whereas
the temperatures are directly metered in the water-glycol mixture (in-situ) with Pt100 sensors at
the heat exhanger in- and outlet, respectively (see Fig. 4.3, location T ;,,, Tg is T outs L ins
TC, out> TSC,m’ TSC, out and TPC,in’ TPQ out)- With the obtained data, the in- and outgoing heat

fluxes of the refrigeration machine can be determined.

The refrigeration cycle itself is completely instrumented with 8 Pt100 temperature sensors (see
Fig. 4.3, location T to T%), 2 pressure taps for the absolute pressure before and after the com-
pressor (see Fig. 4.3, location p, and p,.), as well as 2 pressure sensors to determine the pressure
drop over the precooler / condenser and the internal heat exchanger (see Fig. 4.3, location Ap,
and Ap,;,..), respectively. The maximum operating pressure of the R134a refrigeration machine

is 10 and 24 bar on the low and high pressure side, respectively. The Pt100 sensors are coupled
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Figure 4.3 — Simplified schematic of the test setup with the corresponding components and measurement loca-

tions.

on the tubing with a thermal compound (ex-situ measurement) and are well insulated in order to
minimize any external effects. Moreover, the mass flow rate is determined directly in front of
the expansion valve (see Fig. 4.3, location rir,.) with a coriolis flow meter. The electrical power

of the compressor is measured as well.

91
Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI014/these.pdf

© [L. Brenner], [2021], INSA Lyon, tous droits réservés



4 Investigated systems and procedures

Table 4.2 — List of the installed components in the R134a refrigeration machine.

Component Type Model Nominal capacity [kW]
compressor (CPR) reciprocating Bitzer 13.8
P compressor ATES-12Y-40P ‘
plate heat SWEP
precooler (PC) exchanger B25Tx30 20
late heat SWEP
d C p 30
condenser (C) exchanger B25Tx60
late heat SWEP
beooler (SC P 3.4
subcooler (5C) exchanger B8Tx14
. electronic Siemens
lve (EV -
expansion valve (EV) expansion valve MVL661.15-0.4
late heat SWEP
E P 17.2
evaporator (E) exchanger V120Tx60
internal heat plate heat SWEP )
exchanger (IHX) exchanger B12Lx30

With the present setup, the cooling load and the corresponding operating state of the refrigeration
machine is defined by the temperature level and the throughput of the secondary side, as well as
the evaporating temperature. The operating point of the compressor and the expansion valve is
regulated by an integrated control system (proportional-integral-derivative controller), which can
be overwritten to specify a manually defined compressor frequency. However, any changes in
the control system are delicate and need to be carried out cautiously in order to avoid any damage
to the machine. The worst-case scenario would be an incomplete evaporation of the refrigerant,

which results in liquid slugging and the subsequent mechanical failure of the compressor.

4.3.2 Measurement configurations

For investigating the refrigeration machine models, measurements with the basic refrigeration
machine configuration (pre- and subcooler deactivated) are carried out. Different compressor
load conditions and chilled water set-point temperatures are considered (see Tab. 4.3), which
results in 9 measurement configurations. To force the compressor in a constant part load con-
dition, the present control system was deactivated. The compressor frequency was then set to
a constant value directly at the frequency inverter. For all measurements, the condenser sec-
ondary side inlet temperature T ;,, is maintained at approximately 35 °C and the measurement
interval is set to 1 s. The evaporator and condenser secondary side volume flow rate, VE and

VC, is set to 51 and 69 1/min, respectively. The minimal part-load condition is given by the test
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4.3 Laboratory test rig

rig (lower values are not feasible) and the cold water temperatures are chosen with regard to the

practical relevance. A set-point of 6 °C is widely used in refrigeration plants for air-conditioning

applications, although the cold water temperature should be chosen as high as possible.

For the evaluation of the different refrigeration machine models according to subsection 3.2.2,

data set no. 2 to 4 and 6 to 8 are applied for training / validation (internal data set), where a share

of 60% is randomly assigned for training. Correspondingly, the data sets 1, 5 and 9 are applied

for testing (external data set). Data set 1 and 9 should reveal the extrapolating and data set 5 the

interpolating qualities of each modeling approach.

Table 4.3 — List of the investigated measurement configurations with the corresponding size of the registered

data set.

Chilled water set-point

Datasetno. [-] C load [%
ata set no. [—] ompressor load [%] temperature (TE,out) °C]

Data set size [—]

50 1
75 1
100 1
50 6
75 6
100 6
50 10
75 10
100 10

O 00 9 N L AW =

647
611
561
647
633
717
601
783
569
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5 Results and discussion of the modeling
and proposed assessment approach

In the present chapter, the results of the described methods (see section 3.1 and 3.2) are presented
and discussed. First, the outcome of the different modeling approaches is shown in section 5.1,
where from the four different models the most promising one is identified. Subsequently, the
analysis results of the proposed exergy-based assessment approach are presented in section 5.2.
To exemplify the practical application, functionality and purpose of the method, it is applied on

the numerical test cases and experimental data from the field plant as a case study.
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5 Results and discussion of the modeling and proposed assessment approach

5.1 Refrigeration machine modeling

The goal of the present section is to analyze the performance of each investigated model as
preliminary test applied with measurement data of the laboratory test rig (see subsection 5.1.1)
and subsequently with measurements of refrigeration machines in the field plant (see subsec-
tion 5.1.2). The study should reveal the most promising modeling approach for the application

in the exergy-based assessment method to determine reference values for the subsystem RM.

5.1.1 Laboratory test rig

Fig. 5.1 shows the measured and modeled compressor electrical power consumption (y-axis)
of the laboratory refrigeration machine in function of the corresponding measuring point (x-
axis). The measured compressor electrical power ranges from approximately 5100 to 7980 W
(see Fig. 5.1a) and from 4750 to 8500 W (see Fig. 5.1b) in the training / validation and testing
data set, respectively. Fig. 5.2 depicts the modeled compressor electrical power consumption
of each modeling approach (y-axis) in function of the measured compressor electrical power
consumption (x-axis) with a +10% error band. Furthermore, Tab. 5.1 lists the values of the
different performance indicators for each model with respect to the internal (training / validation)

and external (testing) data.

To begin with, the predicted compressor electrical power WC pr pr by the equation-fit based
(EF) model shows qualitatively a good agreement with measurements WC PR.meas When using
internal data (see Fig. 5.1a). The model reveals a root-mean-squared (RMSE) and mean-absolute
error (MAE) of approximately 165 and 140 W (see Tab. 5.1), respectively, which are the second
lowest values among the investigated approaches. When applying the model to the testing data
set, the interpolation quality is adequate (see Fig. 5.1b, data point no. 648 to 1280) and a
slight overprediction of approximately 4% is present when extrapolating (see Fig. 5.1b, data
point no. 1 to 647 as well as 1281 to 1849). Consequently, the RMSE and MAE increase
by 29.04 and 14.53 W, respectively. The model reveals an adequate generalization (i.e. extra-
and interpolation) ability, where all simulated values are inside of the +10% error band (see
Fig. 5.2a). This is also demonstrated by coefficient of determination (Rz) values close to one and
low coefficient of variation (CV) values, respectively. This outcome is interesting, as according

to the literature search, empirical models usually reveal an inferior generalization quality.

The physical lumped parameter (PLP) model reveals a similar behaviour, where the simu-

lated compressor electrical power W p r.prp fits qualitatively well the experimental results
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5.1 Refrigeration machine modeling

WC PR,meas With both the internal and external data (see Fig. 5.1). With the training / validation
data set, the RMSE and MAE is 173 and 143 W (see Tab. 5.1), respectively. As expected, the
values are larger than for the black-box models. Nevertheless, the model performance is still
reasonable, which is shown by adequate R? and CV values. Also, all the predicted values lie
inside of the +10% error band (see 5.2b). Similarly to the EF model, a slight overprediction is
present with the external data set (see Fig. 5.1b, data point no. 1 to 647 as well as 1281 to 1849

and Fig. 5.2b, testing data set).
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Figure 5.1 — Comparison of the measured and predicted compressor electrical power consumption for the lab-

oratory test rig with (a) the training / validation data set and (b) the testing data set.
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5 Results and discussion of the modeling and proposed assessment approach

Moreover, the refrigeration cycle (RC) based model shows a differentiated behavior. With the
internal data set, the model yields a RMSE and MAE of approximately 222 and 179 W (see
Tab. 5.1), respectively, which are the highest values among the investigated approaches. De-
pending on the operating state an over- or underprediction of the compressor electrical power
compared to the experimental data is present (see Fig. 5.1a, WC pr.rc)- The same behavior is
observed with the external data (see Fig. 5.1b), where the RMSE and MAE decreases by approx-
imately 18 and 7 W, respectively. It is assumed that this result is caused by the constant model

parameters, which are determined with an optimization procedure. On the one hand, it is un-
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Figure 5.2 — Comparison of the experimental and modeling results of the compressor electrical power con-
sumption for the laboratory test rig: (a) equation-fit based model, (b) physical lumped parameter

model, (c) refrigeration cycle based model and (d) artifical neural network model.
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5.1 Refrigeration machine modeling

known if the global minimum of the cost function is reached during training. On the other hand,
the model parameters, e.g. the overall heat transfer coefficient, would in reality vary depend-
ing on the operating state. Nevertheless, like the other models, the performance is reasonable,
which is revealed with adequate R? and CV values. Also, all predicted values are within the

+10% error band (see Fig. 5.2¢) and the model is second best in terms of extrapolation.

The artificial neural network (ANN) model simulates the compressor electrical power accu-
rately when using internal data (see Fig. 5.1a, W p R,ANN)> Where no overprediction is present.
Among the investigated models, it yields the lowest RMSE and MAE values with 143 and 120 W
(see Tab. 5.1), respectively. As suspected, the interpolation quality is adequate, where however,
the model fails to correctly extrapolate (see Fig. 5.1b). With the testing data set, approximately
37% of the predicted values lie outside the +=10% error band (see Fig. 5.2d). As a consequence,
the ANN model yields the highest RMSE, MAE and CV values as well as the lowest R? value
with the external data set. This result reveals that ANNs extrapolate poorly and the model per-

formance decreases significantly when input data outside the learning domain is considered.

When comparing the different modeling approaches, the ANN model performs best when using
the internal data and the EF model when using the external data. The reason for the adequate

performance of the EF model when extrapolating can finally not be determined. One possibility

Table 5.1 — List of the RMSE, MAE, R? and CV values for each modeling approach with respect to the internal

(training / validation) and external (testing) data of the laboratory test rig.

Equation-fit Phyiscal lumped

Performance indicator
based model parameter model

internal external internal external

root-mean-squared error (RMSE) [W]  165.05 194.09 172.79  244.58

mean-absolute error (MAE) [W] 139.84 154.37 143.21  197.80
coefficient of determination (Rz) [-] 0.960 0.976 0.956 0.962
coefficient of variation (CV) [%] 2.55 2.99 2.67 3.77

Refrigeration cycle  Artificial neural
based model network model

internal external internal external

root-mean-squared error (RMSE) [W]  221.99 203.66 14290 625.77

mean-absolute error (MAE) [W] 178.92 171.89 120.00 500.41
coefficient of determination (R2) [-] 0.928 0.974 0.970 0.752
coefficient of variation (CV) [%] 3.44 3.14 2.21 9.64
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5 Results and discussion of the modeling and proposed assessment approach

is that the operating points used in the testing data set are not far of the training / validation
operating points. As expected, both physical models reveal an inferior performance with the
internal data set compared to the empirical models. As mentioned, the most probable reason
is the constant model parameters, which would in reality vary with respect to the operating
conditions. All investigated modeling approaches, except the ANN model when applying the
external data set, yield a CV value of 2.21 to 3.77% and a R? value of 0.928 to 0.976. As
mentioned in literature, a CV value of less than 5% is acceptable for practical applications when
models are applied for predicting the compressor power consumption [118, 152]. Therefore, no

modeling approach can be excluded preliminarly when calibrated with an appropriate data set.

5.1.2 Field plant

Fig. 5.3 and 5.4 show the measured and modeled compressor electrical power consumption (y-
axis) in function of the corresponding measuring point (x-axis) with respect to the training /
validation and testing data set. For the former, measurement data of refrigeration machine 1
(RM1) and for the latter, measurement data of refrigeration machine 2 (RM?2) installed in the
investigated field plant are applied. The measured compressor electrical power ranges from 1
to 195 kW (see Fig. 5.3a) and from 1 to 184 kW (see Fig. 5.4a) in the training / validation
and testing data set, respectively, where mostly part load conditions are present. Moreover,
Fig. 5.5 depicts the modeled compressor electrical power consumption of each modeling ap-
proach (y-axis) in function of the measured compressor electrical power consumption (x-axis)
with a £210% error band and Tab. 5.2 lists the values of the different performance indicators for

each model with respect to the internal (training / validation) and external (testing) data.

To start with, the equation-fit based (EF) model reveals with the internal data an RMSE and MAE
value of 3.23 and 2.36 kW (see Tab. 5.2), respectively, where the values are reasonable with the
given range of the compressor electrical power. Similar values are achieved with the testing data
set. This outcome is probably due the large training domain, where all kind of part and full load
conditions are covered. Also, all refrigeration machines in the field plant are of the same type and
size, whereby most likely all of them reveal a similar operating behavior. In comparison to the
other models, the EF model data scatters the most overall (see Fig. 5.5a), where approximately
29% of the simulated values lie outside of the £10% error band. Correspondingly, it has the
tendency for under- and overprediction in part as well as full load conditions. This behaviour is
also visible when qualitatively comparing the modeling results W, p r,pr With the experimental

data WC PR,meas> with both the internal and external data set (see Fig. 5.3b and 5.4b).
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5.1 Refrigeration machine modeling

The physical lumped parameter (PLP) model reveals a similar performance as the EF model,
where the RMSE and MAE values range depending on the data set from 3.15 to 3.2 kW and
2.44 to 2.55 kW, respectively (see Tab. 5.2). The predicted values scatter less in a compressor
electrical power range of 50 to 130 kW and approximately 32% of the simulated values lie
outside of the £10% error band (see Fig. 5.5b). When comparing qualitatively the simulated
values WC pr, pLp With the measurements WC PRmeas» @ Slight underprediction is present in

part load conditions of the refrigeration machines (see Fig. 5.3b and 5.4b).
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(b) Training / validation data set (detail view)
Figure 5.3 — Range of measured compressor electrical power of RM1 in the field plant (training / validation data
set): (a) overview and (b) detail view with comparison of the measured and predicted compressor

electrical power consumption.
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5 Results and discussion of the modeling and proposed assessment approach

Furthermore, the refrigeration cycle (RC) based model performs worst among the investigated
modeling approaches when appling the internal data set, which is revealed with an RMSE and
MAE value of 4.02 and 3.16 kW (see Tab. 5.2), respectively. With the external data, the RMSE
increases by 0.22 kW and the MAE by 0.24 kW. As mentioned in subsection 5.1.1, this outcome
is most likely due to the constant model parameters, which would vary in reality. Also, a large

range of different operating states is present in the experimental data of the field plant, which
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(b) Testing data set (detail view)
Figure 5.4 — Range of measured compressor electrical power of RM2 in the field plant (testing data set): (a)
overview and (b) detail view with comparison of the measured and predicted compressor electrical

power consumption.
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5.1 Refrigeration machine modeling

complicates the identification of valid parameters for all part and full load conditions. The model
has the overall tendency to underpredict the compressor electrical power, which is qualitatively
shown when comparing the modeled WC pr,rc With the experimental data VVC PRmeas (5€€
Fig. 5.3b and 5.4b). Also, approximately 51% of the predictions lie outside of the £10% error

band, especially at a compressor power consumption lower than 50 kW (see Fig. 5.5¢).

The predicted compressor electrical power VVC pr.ann by the artificial neural network (ANN)

model shows qualitatively a good agreement with measurements W p R,meas When using inter-

250 | | T 10% | 250 ' I [ +10% |
N %
{ // / //
i AN . " al
200 ¥ /{ 200 / K
-10%% - 109
i 150 Z 150
i =
& &
3&’ 100 + =1 B\v 100 + a
50 = festing data set (RM2) 50 = testing data set (RM2)
% training / validation #  training / validation
data set (RM1) data set (RM1)
0 1 r — — 0 J — — ;
0 50 100 150 200 250 0 50 100 150 200 250
“F(‘PR.mea& [k“rl “T('PR.IJIEIIH [k“;r]
(a) Equation-fit based model (b) Physical lumped parameter model
250 | | (4105 | 250 | | Friooe | //
\J/ //, \\/ /
n /5 | L Z l
200 e 200 A
-10% o /| 10%
Z 150 1 2 150t |
S 100+ 1 5 100} E
.3 '3
S0 * testing data set (RM2)|] 50 ®  testing data set (RM2)|
® training / validation ®  training / validation
data set (RM1) data set (RM1)
0 | 1 | 0 | 1 | |
0 50 100 150 200 250 0 50 100 150 200 250
‘.NCPR_mcas [k“q \VC'PR,mcas [k“rl
(c) Refrigeration cycle based model (d) Artificial neural network model

Figure 5.5 — Comparison of the experimental and modeling results of the compressor electrical power con-
sumption for the field plant: (a) equation-fit based model, (b) physical lumped parameter model,

(c) refrigeration cycle based model and (d) artifical neural network model.
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5 Results and discussion of the modeling and proposed assessment approach

nal and external data (see Fig. 5.3b and 5.4b). As mentioned for the EF model, this result is
most likely due the large training domain, where all kind of part and full load conditions are
covered and the similar operating behavior of both refrigeration machines. The ANN model re-
veals RMSE and MAE values of 1.12 to 1.45 kW and 0.8 to 1.07 kW (see Tab. 5.2), respectively,
which are the lowest values among the investigated approaches. The adequate performance is
also demonstrated with R? values close to 1 and CV values below 3%, where only approximately

10% of the simulated values are outside of the ==10% error band (see Fig. 5.5d).

When comparing the different models, the ANN performs best when using the internal as well
as external data. All models perform only slightly worse with the testing data set, which is
most likely due to the similar behavior of the two simulated refrigeration machines. The EF and
PLP model reveal a similar performance, where the RC model underpredicts the compressor
power significantly in part load conditions. The latter contributes to the highest RMSE, MAE
and CV as well as lowest R> values compared to the other investigated models. All performance
indicators reveal acceptable values except the CV, where only the ANN model reaches values

lower than 5%, which is adequate for a practical application of the model [118, 152].

Consequently, the ANN model is applied for the exergy-based assessment system, which is a

black-box model based on measurements of the existing system. By using reference tempera-

Table 5.2 — List of the RMSE, MAE, R? and CV values for each modeling approach with respect to the internal

(training / validation) and external (testing) data of the field plant.

Equation-fit Phyiscal lumped

Performance indicator
based model parameter model

internal external internal external

root-mean-squared error (RMSE) [kW] 3.23 3.26 3.15 3.20
mean-absolute error (MAE) [kW] 2.36 2.34 2.44 2.55
coefficient of determination (RZ) [-] 0.995 0.994 0.995 0.995
coefficient of variation (CV) [%] 6.36 6.34 6.20 6.22

Refrigeration cycle  Artificial neural
based model network model

internal external internal external

root-mean-squared error (RMSE) [kW] 4.02 4.24 1.12 1.45
mean-absolute error (MAE) [kW] 3.16 3.40 0.80 1.07
coefficient of determination (Rz) [-] 0.992 0.991 0.999 0.999
coefficient of variation (CV) [%] 7.91 8.25 2.21 2.82
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5.2 Exergy-based evaluation approach

tures on the condenser secondary side according to technical standards, the reference compressor
power consumption can be simulated. In order to increase the accuracy, the ANN is retrained for
the other four present refrigeration machines in the field plant. As a result, the RMSE and MAE
values range from 1.07 to 1.14 kW and 0.77 to 0.81 kW, respectively. The CV ranges from 1.62

t0 2.21%, where the R? is 0.999 for all refrigeration machines.

5.2 Exergy-based evaluation approach

This section presents the results of the proposed exergy-based evaluation method for determining
the performance and optimization potentials of refrigeration plants. First, the outcome of the
application on two numerical test cases is shown and discussed to exemplify the approach and
its functionality (see subsection 5.2.1). Subsequently, the results of the case study are presented

in subsection 5.2.2.

5.2.1 Test cases

By applying the method described in subsection 3.1.3.1 and using the test case data of Tab. 4.1,
the corresponding exergy values and the OPI of each subsystem are determined. To exemplify
the method, a basic assessment (no additional acceptable operation boundary) is carried out,
where the stricter, adequate technical standards are applied for the reference values. Fig. 5.6a
depicts the optimization potential index of every subsystem in the two investigated test cases. It
is apparent, that in adequate operation (test case 1) all the OPI values are below 0. Thus, the
technical requirements are met. In test case 2, a fouled condenser and dry cooler heat exchanger
is assumed, which results in a faulty operation of the refrigeration plant. The issue is revealed
with an OPI of 0.06 in the subsystem DC and 0.017 in the subsystem RM, indicating potential

for improvement.

A first detailed analysis is feasible by investigating the exergy inputs of every component in
the subsystem DC (see Fig. 5.6b). In test case 1, all the actual exergies B are inferior to the
references B*, resulting in an O PI .~ of —0.18. In test case 2, an increased exergy input of the
circulating pumps is observed, in order to overcome the additional pressure drop in the fouled
heat exchangers. Likewise, the dry cooler fan exergy input is increased to ensure a sufficient heat
transfer, while still being approximately 7 MJ below the reference. The condenser exergy input
is elevated compared to the reference due to the given increased secondary side temperature and
heat exchanger temperature difference, which also affects the subsystem RM, resulting in an

OPI value superior to 0.
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5 Results and discussion of the modeling and proposed assessment approach
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Figure 5.6 — Results of the test case 1 (adequate operation) and test case 2 (faulty operation): (a) optimization
potential index of the subsystems dry cooler, refrigeration machine, cold water storage & transport
and cooling location, (b) actual and reference daily exergy sum of the different components in the

subsystem DC.

The numerical test cases demonstrate the functionality of the method, where the OPI delivers
information about the refrigeration plant performance and indicating potential for improvement
compared to the state of the art in technology if a faulty operation is present. Consequently, the
location of the malfunction can be identified on subsystem level. While the evaluation of the
exergies helps to determine possible reasons for the malfunction in a first step, a more detailed
study should be carried out to clearly identify the faulty components, unfavorable control settings

or any other issue.
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5.2 Exergy-based evaluation approach

5.2.2 Case study

In the following, the outcome of the case study is elaborated. By applying the method described
in subsection 3.1.3.1 and 3.1.3.2, together with the acquired data from the field plant, the corre-
sponding exergy values and the optimization potential indices of each subsystem are determined.
The results in refrigeration machine and free cooling operation are presented and discussed in
subsection 5.2.2.1 and 5.2.2.2, respectively. The analysis should further demonstrate the usage
of the evaluation approach and reveal the performance as well as eventual optimization potentials

of the field plant.

5.2.2.1 Refrigeration machine operation

According to the available experimental data, refrigeration machine operation occurred from be-
gin of April to end of October and on few days in November as well as December. The exergy
reference environment temperature 7{, applied in refrigeration machine operation is 18.07 °C.
Figs. 5.7, 5.9 to 5.14 and 5.16 show the daily optimization potential index (OPI, y-axis) in re-
frigeration machine operation of every subsystem in the field plant under investigation in func-
tion of the date (x-axis) in the mentioned time period. The daily OPI is indicated with data
points, where the 14-days moving average is represented by a solid line to evaluate the OPI ten-
dency over time. The green, yellow and red zone depicts the adequate (technical requirements
exceeded), acceptable (technical requirements fulfilled) and inadequate (potential for improve-
ment) operation condition, respectively. In Fig. 5.16 the adequate and acceptable boundary is
indicated with a green and red dashed line, respectively. The adequate boundary is always at
OPI = 0 according to the key figure definition (the actual exergy value B is compared with the
reference B* = B%%), while the acceptable limit (the acceptable exergy value B is compared
with the reference B* = B“dq) may fluctuate due to dependencies of various measured param-
eters at the different operating points, e.g. the acceptable circulating pump exergy depends on
the electro-thermal amplification factor and the variable measured thermal energy. Additionally,
missing data points for the acceptable limit were determined by interpolation. An exception is
the subsystem CL, where the acceptable limit is constant over the whole operation range due to
the constant and independent reference values (cold water distribution temperatures). Further-
more, Fig. 5.8 and 5.15 shows the actual, reference (adequate) and acceptable daily exergy sum
(y-axis) of each component in the subsystem DC and CST, respectively, in function of the date

(x-axis) in the mentioned time period.
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5 Results and discussion of the modeling and proposed assessment approach

5.2.2.1.1 Subsystem dry cooler

To begin with, the subsystem dry cooler has an average OPI of approximately 0.05 and
fluctuates strongly within a range of —0.36 to 0.57 (see Fig. 5.7). In 82.5 % of the time, the
optimization potential index is below the acceptable boundary O PI},5, where the technical re-
quirements are fulfilled and exceeded in 39.2 and 43.3% of the time, respectively. Single outliers
should not be overly considered, as only a constant elevated key figure indicates potential for
improvement. By investigating the moving average OPI}, 7, it is evident that the subsystem per-
forms well except in the beginning to mid October, where the key figure exceeds the acceptable
boundary, indicating potential for improvements. Similarly to the investigated test case 2 in sec-
tion 5.2.1, a high key figure is an indicator for an elevated condenser secondary side temperature
or an elevated electrical power consumption of the auxiliary devices, compared to the techni-
cal standards. Possible reasons are a temperature rise through mixing circuits, an increased dry
cooler fan speed (e.g. unfavorable control settings for the present operation), ambient air recir-
culation at the dry cooler which compromises the heat transfer or fouled heat exchangers. The

latter can be excluded as a reason for the unfavorable operating condition, because otherwise

OPIp~ would generally be higher over the whole time period.
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Figure 5.7 — Optimization potential index OPIpc of the subsystem DC in refrigeration machine operation
with adequate (green), acceptable (yellow) and inadequate (red) operation range. The data points
(black crosses) represent the daily OPI values and the black solid line indicates the 14-days moving

average of the OPL.

108
Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI014/these.pdf

© [L. Brenner], [2021], INSA Lyon, tous droits réservés



5.2 Exergy-based evaluation approach

To investigate these unfavorable operating conditions, the daily exergy inputs can be analyzed
as a next step. By examining the exergy of the condenser B (see Fig. 5.8a) and the circu-
lating pumps B, op p¢ (see Fig. 5.8b) it is apparent, that the actual exergy input is generally
lower or exhibits the same magnitude as the reference, which is favorable for the refrigeration
plant operation. However, the actual dry cooler fans exergy B, p (see Fig. 5.8¢) is mostly

elevated compared to the adequate and acceptable values. This contributes to an increase of
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Figure 5.8 — Actual, reference (adequate) and acceptable daily exergy sum in refrigeration machine operation
of the different components in the subsystem DC: (a) condenser, (b) circulating pumps and (c) dry

cooler fans.
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5 Results and discussion of the modeling and proposed assessment approach

the OPI, eventually indicating potential for improvement. A similar behaviour was shown by
the circulating pumps exergy in test case 2 (see section 5.2.1). Moreover, the actual dry cooler
fans exergies reveal generally a higher magnitude compared to the condenser exergies. In Oc-
tober for example, the actual dry cooler fans exergy is approximately up to 3 times higher as
the condenser and circulating pumps exergy. Therefore, the dry cooler fans electrical exergy is
the driving quantity in this time period and has the most impact on OPI,~. As a consequence,
the key figure yields values which lie in the inadequate operation range, regardless how well the
condenser and the circulating pumps perform. Thus, the reason for the inadequate performance
of the subsystem DC in October are most likely the dry coolers, where the exact reason for
the unfavorable operation would need to be determined in a subsequent detailed analysis. This
behavior is not only observed in October, but also on several other days during the year (when
OPIp is superior to OPIp¢). Taking May 29" a5 an example, the actual dry cooler fans
exergy effort is roughly twice as high as determined by the stricter technical standards, which
corresponds to an exergy difference of approximately 1800 MJ. The latter value is 1.6 times the
exergy sum of the condenser and circulating pumps, and thus determines the outcome. How-
ever, as mentioned, daily outliers are not necessarily an indication of a malfunction, but if the

key figure continuously and significantly increases, the subsystem would need inspection.

Interestingly, in exergetic considerations, the electrical exergy plays a substantial role in com-
parison to the thermal exergy input. In energetic considerations, the electrical energy input only
accounts for 1 to 3.5% of the thermal energy according to the technical standards. This relation-
ship underlines the importance of minimizing the electricity consumption of auxiliary devices
where possible in order to achieve an adequate system performance, which was also stated in

other research [93].

5.2.2.1.2 Subsystem refrigeration machine

The optimization potential index of the five different refrigeration machines lies in the range of
—0.47 to 0.44 (see Fig. 5.9 to 5.13), whereas the maximum difference in OPI of 0.43 between
two chillers (RM4 and RM5) is reached on June 15™. As the cooling load varies depending on
the weather condition and building occupancy or for maintenance purposes, not all chillers were
operating daily and thus in some situations, e.g. on August 4th, not all key figures are present.
Refrigeration machine 2 yields the lowest average optimization potential index OPIp,,o of
—0.03 (see Fig. 5.10), while the key figure scatters the least among the remaining refrigeration

machines. The chiller operates approximately 80% of the time below the acceptable boundary
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5.2 Exergy-based evaluation approach

OPIy 1o, where 60 and 20% of the time an adequate and acceptable operation of the subsystem
is achieved, respectively. Conversely, refrigeration machine 5 yields the highest average key
figure among all refrigeration machines of 0.02 (see Fig. 5.13). In 44 and 29% of the time in
the investigated period the technical requirements are exceeded and fulfilled, respectively. The
refrigeration machine was commissioned on April 13™, and therefore, no key figures are present
before that day. Overall, OPIy, to OPIg, 5 are at least 73% of the time in adequate and ac-
ceptable operation range. This indicates a reasonable performance of all refrigeration machines
and their hydraulic integration, where mostly little to no optimization potential compared to the

technical standards is present.

Interestingly, by examining the moving average OPI%\"Z[ of all refrigeration machines, they
reveal a similar operation. Analogue tendencies of an increasing and decreasing OPI are ob-
served, where a slight shift in the y-axis between the different chillers is present. Presumably,
this is due to the same type and size of all installed refrigeration machines, e.g. redundancy
purposes, where each of them are operated comparably with a certain sequence control strategy.
Moreover, it is revealed that during the warmer months over the year (where the most cooling is
necessary), i.e. June to end of August, all refrigeration machines exceed and fulfill the technical
requirements. This leads to the assumption that the chillers are working near to or at the design

point and that the hot side hydraulic circuit is properly operating (see subsection 5.2.2.1.1). The
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Figure 5.9 — Optimization potential index O PIras1 of the subsystem RM (refrigeration machine 1) with ad-
equate (green), acceptable (yellow) and inadequate (red) operation range. The data points (black
crosses) represent the daily OPI values and the black solid line indicates the 14-days moving av-

erage of the OPL.
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Figure 5.10 — Optimization potential index OPIrr2 of the subsystem RM (refrigeration machine 2) with
adequate (green), acceptable (yellow) and inadequate (red) operation range. The data points

(black crosses) represent the daily OPI values and the black solid line indicates the 14-days

moving average of the OPL
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Figure 5.11 — Optimization potential index OPIgrr3 of the subsystem RM (refrigeration machine 3) with
adequate (green), acceptable (yellow) and inadequate (red) operation range. The data points
(black crosses) represent the daily OPI values and the black solid line indicates the 14-days

moving average of the OPL.
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5.2 Exergy-based evaluation approach

refrigeration machines reveal an increase of the OPI in the transition period, i.e. April, May
and September, where mostly an acceptable operation is present. A further noticeable increase
in OPI is observed in the colder months October to December, where generally an inadequate
operation is present. Most likely, the refrigeration machines are not operating at the design point
in the mentioned time period or the temperature level on the hot side hydraulic circuit is not
ideal, where the latter can result in an increased electrical power consumption of the compres-
sors. According to literature, lowering the condensing temperature (which is highly influenced
by the hot side hydraulic circuit) by 1 K, can reduce the energy consumption of the refrigeration
plant by up to 2.5% as a rule of thumb [17]. Consequently, a high OPI value does not necessarily
indicate a malfunction of the refrigeration machine itself and its components, but additionally
an inadequate integration into the hydraulic circuits, e.g. due to unfavorable control system set-
tings. The increased OPI values in the colder months can also be an indicator to make use of free
cooling, which is typically active in this period (see subsection 5.2.2.2). Furthermore, to the best
of our knowledge, errors resulting from the ANN model are possible but assumed negligible (ac-
cording to the model performance, see subsection 5.1.2). To finally determine the issues in the
subsystem RM in the mentioned time period a detailed analysis would be necessary, assuming

the needed experimental data is available.
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Figure 5.12 — Optimization potential index OPIgrnr4 of the subsystem RM (refrigeration machine 4) with
adequate (green), acceptable (yellow) and inadequate (red) operation range. The data points
(black crosses) represent the daily OPI values and the black solid line indicates the 14-days

moving average of the OPL.
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Figure 5.13 — Optimization potential index OPIrss of the subsystem RM (refrigeration machine 5) with
adequate (green), acceptable (yellow) and inadequate (red) operation range. The data points
(black crosses) represent the daily OPI values and the black solid line indicates the 14-days

moving average of the OPL
5.2.2.1.3 Subsystem cold water storage & transport

The optimization potential index of the subsystem CST fluctuates less compared to the other
subsystems (see Fig. 5.14). The index reaches its minium of —0.03 on June 30™ and its max-
imum of 0.25 on September 29" The OPI cst 18 approximately 97% of the time between
the acceptable O PIg; and adequate boundary O P, gdb?T, revealing an average value of 0.11.
Also, when observing the moving average O PI/, &, no significant increase over time is visible.
Therefore, the technical requirements are fulfilled and no to little optimization potential accord-
ing to the technical standards is present. This outcome leads to the assumption that the hydraulic
circuit is well designed, correctly maintained and the circulating pumps well controlled, yielding
an electrical energy consumption of the circulating pumps below the limit of 1 to 1.5% of the

evaporator thermal energy Q5.

The latter is verifiable by assessing the daily exergy inputs of the subsystem. As suspected, the
actual exergy input of the circulating pumps B,; op g (see Fig. 5.15b) is significantly (ap-
proximately up to a factor of 2) lower than the acceptable exergy input B¢ '¢:p og and reveals
similar magnitudes compared with the adequate (reference) exergy input BZZ‘% P.CST This has

a positive impact on the operation conditions, which contributes to a low OPI as the technical
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Figure 5.14 — Optimization potential index O PIc st of the subsystem CST in refrigeration machine operation
with adequate (green), acceptable (yellow) and inadequate (red) operation range. The data points
(black crosses) represent the daily OPI values and the black solid line indicates the 14-days

moving average of the OPL.

requirements are fulfilled and mostly exceeded. Conversely, when examining the daily evapora-
tor exergy input (see Fig. 5.15a), it is evident that the actual daily exergy input B is most of the
time in the range of the acceptable B “ and higher than the adequate (reference) exergy input
B%dq. The latter contributes to an increase of the key figure. This result is possibly caused by the
approach to determine the evaporator reference values with an exergy balance (because no refer-
ence values in technical standards were available), where the same exergy losses are assumed for
all operation conditions. This yields a rather strict assessment, because the exergy losses would
in reality generally be lower in adequate and acceptable operation. Nevertheless, the subsystem

fulfills the technical requirements, which underlines the fact that it is well designed, operated

and maintained.

Similarly to the subsystem DC, the electrical exergy input has a substantial impact on the sub-
system performance. This underlines again the importance of reducing the electricity demand of
auxiliary devices where possible, e.g. by employing pumps with a variable-frequency drive for
an adaptive speed control and proper control system settings, to achieve a favorable refrigeration

plant operation.
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Figure 5.15 — Actual, reference (adequate) and acceptable daily exergy sum in refrigeration machine operation

of the different components in the subsystem CST: (a) evaporator and (b) circulating pumps.
5.2.2.1.4 Subsystem cooling location

The optimization potential index in the subsystem CL exhibits a differentiated behavior de-
pending on the cooling location (see Fig. 5.16). All locations have an adequate (reference) and
acceptable average temperature of the cold water distribution between the in- and outlet of ~12
and 14 °C, respectively, according to the technical standards. Cooling location 3 performs best
with an average OP 14 of —0.81 (see Fig. 5.16a), where 79% of the time adequate operation is
present. The mean cold water distribution temperature reaches ~14.3 °C in the warmer months
over the year, which is elevated compared to the design point. Therefore, the actual supplied
exergy is lower as the references, which is favorable for the subsystem operation and the tech-
nical requirements are exceeded. Nevertheless, in the colder months (April, May, November

and December) the OPI increases over the acceptable boundary OPI¢}

. This represents a re-
duction of the cold water distribution temperature compared to the design point, where finally
the reason cannot be determined with the available experimental data. One possibility is that

unfavorable control settings are present, which influence the behavior of mixing valves near the
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Figure 5.16 — Optimization potential index O PIc 1, of the subsystem CL in refrigeration machine operation
with adequate (green dashed line) and acceptable (red dashed line) boundary: (a) overview and
(b) detail view representation. The data points represent the daily OPI values and the solid lines

indicate the 14-days moving average of the OPI.

cooling location. Another reason could be a significantly reduced or even inexistent cooling
demand in that time period. CL6 performs second best (see Fig. 5.16a) followed by CLS5 and
CL7 (see Fig. 5.16b) with an average OPI-;4 = 0.03 and OPI;5s = OPIl~;, = 0.23, re-

avg

spectively. When examining the moving average OPI; of the mentioned cooling locations, it

is evident that all of them reveal no significant de- or increase of the key figure. Over the whole
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5 Results and discussion of the modeling and proposed assessment approach

examined period, the OPI is at least 91% of the time below the acceptable boundary OPIA7 .
Consequently, the technical requirements are fulfilled and no to little optimization potential is

present.

Conversely, the optimization potential index of the other cooling locations is only approximately
40 (CL2) to 58% (CL4) of the time below the acceptable boundary OPIp;. This is mostly
present in July to September, where the cooling locations reveal an acceptable operation. This
indicates, that if a higher cooling demand is present, the temperature level of the cold water
distribution is correctly controlled and no to little optimization potential is present. Similarly to
CL3, the OPI increases in the colder months over the year, visible with both the daily values and
the moving average, indicating potential for improvement. Again, the reason for this behavior
can finally not be determined. A detailed analysis of the mentioned cooling locations should be
carried out, in order to determine any faulty components or control settings. However, a fouled
heat exchanger, which would result in an elevated temperature difference in order to ensure the
heat transfer, can be excluded as a possible malfunction. If not, the OPI would generally be

higher and not only in the transition period.

5.2.2.2 Free cooling operation

According to the available experimental data, free cooling operation occurred from January to
March and from end of October to December. The exergy reference environment temperature
T}, applied in free cooling operation is 2.49 °C. Figs. 5.17, 5.19, 5.20 and 5.22 show the daily
optimization potential index (OPI, y-axis) in free cooling operation of every subsystem in the
field plant under investigation in function of the date (x-axis) in the mentioned time period. Iden-
tically to the refrigeration machine operation, the daily OPI is indicated with data points, where
the 14-days moving average is represented by a solid line to evaluate the OPI tendency over
time. The green, yellow and red zone depict the adequate (technical requirements exceeded),
acceptable (technical requirements fulfilled) and inadequate (potential for improvement) opera-
tion condition, respectively. In Fig. 5.22 the adequate and acceptable boundary is indicated with
a green and red dashed line, respectively. Furthermore, Fig. 5.18 and 5.21 shows the actual, ref-
erence (adequate) and acceptable daily exergy sum (y-axis) of each component in the subsystem

DC and CST, respectively, in function of the date (x-axis) in the mentioned time period.
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5.2 Exergy-based evaluation approach

5.2.2.2.1 Subsystem dry cooler

To begin with, the subsystem DC operates according to the technical requirements, where in
96 and 91% of the time these are fulfilled or exceeded, respectively (see Fig. 5.17). Also,
the OPIp, reveals an average value of —0.22 and no significant optimization potential with
respect to the technical standards is therefore present. Nevertheless, when observing the 14-days
moving average O PI g’g an increase of the key figure is apparent in end of February, also of the
acceptable boundary. Three outliers with a value superior to OPI},¢ are present on November
15™ as well as December 8™ and 21°*. However, such outliers should not be overly considered,
as only a constantly high or rising key figure is a possible indication of a faulty operation. By

investigating the daily exergy sums, the reason for the adequate performance of the subsystem

DC is revealed (see Fig. 5.18).

On the one hand, the daily exergy input of the free cooling module By p¢ (see Fig. 5.18a) and
the circulating pumps B,; ¢ p p¢ (see Fig. 5.18b) has mostly a similar magnitude as the adequate
B4 or acceptable B values. On the other hand, the daily exergy input of the dry cooler fans
(see Fig. 5.18c¢) is substantially, around factor 2, lower than the adequate values. This is favorable
for the subsystem operation and contributes to a low OPI. However, the actual dry cooler fan

input is increased by approximately a factor of 6 the same days the OPI reveals potential for
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Figure 5.17 — Optimization potential index O PIp¢ of the subsystem DC in free cooling operation with ade-
quate (green), acceptable (yellow) and inadequate (red) operation range. The data points (black
crosses) represent the daily OPI values and the black solid line indicates the 14-days moving

average of the OPL.
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5 Results and discussion of the modeling and proposed assessment approach

improvement. As in refrigeration machine operation, the daily exergy input of the auxiliary
devices have a similar magnitude compared to the thermal exergy of the free cooling module.
Likewise, the dry cooler fans electrical exergy is one driving quantity, where it determines the
outcome on the mentioned days where outliers are present. Again, this emphasizes to the reduce

the auxiliary electrical energy consumption where possible.
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Figure 5.18 — Actual, reference (adequate) and acceptable daily exergy sum in free cooling operation of the
different components in the subsystem DC: (a) condenser, (b) circulating pumps and (c) dry

cooler fans.
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5.2 Exergy-based evaluation approach

Moreover, from February 26" t0 28™, the adequate free cooling module exergy B%dg, pc 18 neg-
ative, which would theoretically represent a subsystem output and reveals a possible drawback
of the method. Due to significantly low ambient air temperatures in this time period and with
the given definition of the adequate and acceptable temperature in the subsystem DC, they are
at times lower than the exergy reference environment temperature 7j). As a consequence, the

thermal exergy transfer direction is reversed, resulting in negative free cooling module exergy

acc

values. These are responsible for the increase of the OPIp- and OPIp in end of February

(see Fig. 5.17). This outcome emphasizes the adequate choice of the reference environment
temperature for the exergy analysis, in order to avoid perplexing results (see subsection 3.1.1.2).
To the best of our knowledge, the chosen constant reference temperature reduces such outliers to
a minimum, where the explained behavior is only observed on the mentioned days in the whole
analysis. If the latter would fail with different experimental data, a possible workaround could

be to carry out the analysis with absolute exergy values or to introduce a limiting function.

5.2.2.2.2 Subsystem free cooling

The subsystem FC shows an average O PI . of 0.05 and exhibits almost a steady-state behavior

over the investigated time period (see Fig. 5.19). The minimum of 0.02 is achieved on January

21" and the maximum of 0.09 on November 16", When analyzing the moving average O P1 ?g,
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Figure 5.19 — Optimization potential index OPIrc of the subsystem FC (free cooling module) with ade-
quate (green), acceptable (yellow) and inadequate (red) operation range. The data points (black
crosses) represent the daily OPI values and the black solid line indicates the 14-days moving

average of the OPL.
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5 Results and discussion of the modeling and proposed assessment approach

no significant increase is observed, which would indicate a malfunction. The key figure is 100%
of the time between the acceptable O PI and adequate OPI;dg boundary and the technical
requirements according to the applied technical standards are fulfilled. This leads to the as-
sumption that the implemented free cooling module is well designed according to the needed
specifications. Consequently, no to little optimization potential is present. Possibly, the temper-
ature difference in the heat exchanger could be further decreased. Whether such an intervention
is worthwhile, also from an economic point of view, would need to be determined in a detailed

analysis (assuming experimental data would be available).

5.2.2.2.3 Subsystem cold water storage & transport

The subsystem CST reveals a similar behavior compared the subsystem dry cooler (see sub-
section 5.2.2.2.1), where the OPI gy fluctuates in the range of —0.57 to 0.13 and reveals an
average value of —0.15 (see Fig. 5.20). Also, the technical requirements are exceeded in 89%
of the time which results in an adequate subsystem operation. This leads to the same assump-
tion as in refrigeration machine operation (see subsection 5.2.2.1.3), where the hydraulic circuit
is apparently well designed and controlled as well as the circulating pumps correctly operated,
resulting in a low electrical power consumption and a low exergy input compared to the refer-

ences, respectively. Consequently, no improvment potential according to the technical standards
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Figure 5.20 — Optimization potential index OPIcst of the subsystem CST in free cooling operation with
adequate (green), acceptable (yellow) and inadequate (red) operation range. The data points
(black crosses) represent the daily OPI values and the black solid line indicates the 14-days

moving average of the OPL.
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Figure 5.21 — Actual, reference (adequate) and acceptable daily exergy sum in free cooling operation of the

different components in the subsystem CST: (a) cold water distribution and (b) circulating pumps.

is present. Interestingly, when observing the moving average O P17, the performance indi-

cator reveals an increase of approximately 0.1 from mid-March to end of October. A possible
reason are the three additional cooling locations which were integrated at the end of April to

May, and thus, the actual exergy input of the subsystem is increased.

By investigating the actual, reference and acceptable daily exergy sum of the subsystem, the
reason for the adequate performance is determined (see Fig. 5.21). Both, the actual cold water
distribution B, and circulating pumps exergy B, «pcgr is generally (except on some days,
e.g. December 19™) lower than the reference B/ and acceptable exergy B, respectively.
Evidently, this contributes to a low OPI in the whole time period. As suspected, the cold water
distribution exergy input is increased in the end of the year due to the additionally commissioned

cooling locations.

5.2.2.2.4 Subsystem cooling location

The cooling locations reveal a differentiated behavior compared to the other subsystems in free

cooling operation (see Fig. 5.22). As mentioned, cooling location 4, 5 and 6 were commissioned
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5 Results and discussion of the modeling and proposed assessment approach

in April and May, where no key figures are present before that time. When analyzing the 14-days
moving average OPI¢?, it is shown that the key figure of all cooling locations except CL4 and
CL5 are almost in steady-state. The OPI,;, and OPI~ 5 fluctuates in a range of —0.13 to
0.32 and 0.03 to 0.30, respectively. Cooling location 6 performs best (see Fig. 5.22b), has an

adgq

averaged O P14 of approximately 0.06 and is 100% of the time between the adequate O PI ;'

and acceptable O P17} boundary. Therefore, the technical requirements are fulfilled and no to

0.6
0.5+ 1t .
0.4l /OPl, OPIY |
03 [ = q_,.—u“'fl - \—-“g—nﬂ%ﬁu&*—-——"-ﬂ—u;_-w

]

it S e oy . 3 bt ivalacss T e e S o 4
0.1 \(}I’[;‘_.‘,’_ﬁ NOPIE, N\OPL; I \01)13.“;‘ 1
L e s i Sl | s i oo e — ) — e ]
—0.1r NOPI T ’ ]
-02
053}
ol I :
—05] ! ]
—0.6"

Jan Feb Mar Nov Dec
(a) Subsystem cooling location (CL1 to CL3) 2018

02 fdomed®—ntpmntentm Sty (P
R -

OPI [-]

T
L
T
L

T
L
T
1

0.6
0.5+ 1+ -
04 - ave r prave - ; : n|
0.3 % L} NI AU <M M T i
- *x = ornd \ ’:- o ¢, OPlery i_m:‘t. = Py o3
0.2 e ]

OLp \()Plzr‘f
-

T

OPI [-]
<=

OPI" 1L OPIEE OPL¢

—03F
04l 1L i
05/ ]
-0.6L

Jan Feb Mar Nov Dec
(b) Subsystem cooling location (CL4 to CL7) 2018

Figure 5.22 — Optimization potential index OPIc1, of the subsystem CL in free cooling operation with ade-
quate (green dashed line) and acceptable (red dashed line) boundary: (a) CL1 to CL3 and (b)
CL4 to CL7. The data points represent the daily OPI values and the solid lines indicate the 14-

days moving average of the OPI.
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5.2 Exergy-based evaluation approach

little optimization potential according to the applied technical standards is present. CL4 and CL5
are 47% of the time in acceptable operation, where they have an average OPI,;, and OPI-
of 0.18 and 0.17, respectively. Therefore, the mentioned cooling locations reveal most of the
time an acceptable cold water distribution temperature, which is also observed in refrigeration

machine operation (see subsection 5.2.2.1.4).

Cooling location 3 operates over the whole time period and cooling location 7 in November and
December close to the technical requirements, which is indicated with an average O P15 and
OPI s, of 0.19 and 0.21, respectively. Furthermore, CL1 and CL2 reveal all the time an inad-
equate temperature level of the cold water distribution, which is revealed by an averaged OPI of
0.33 and 0.25. The key figure is all the time, except one outlier of CL1 on January 13" above
the acceptable boundary O P14} Consequently, the mentioned subsystems are most of the time
in inadequate operating conditions, which indicates potential for improvements. The reason for
the unfavorable operation can finally not be determined with the available experimental data. As
in refrigeration machine operation, possible reasons are unfavorable control settings of mixing
valves close to the cooling locations or a significantly reduced cooling load in the investigated
time period. The latter imposes maybe a different cold water distribution temperature level com-
pared to full load condition design point, which is applied for the computation of the reference

values. Therefore, the cooling locations should be inspected to determine eventual issues and to

initiate countermeasures in order to achieve an increased performance.

5.2.2.3 Comparison of refrigeration machine and free cooling operation

Fig. 5.23 summarizes the monthly averaged optimization potential index (y-axis) as a function
of the date (x-axis) of each subsystem in refrigeration machine (RM) and free cooling (FC)
operation mode. To facilitate the comparison, the OPI of the subsystem RM and CL is averaged
over all refrigeration machines and cooling locations, respectively. Since there were only six
days of refrigeration machine operation in November and December as well as three days of

free cooling operation in October, these values have to be considered with reservations.

The subsystem dry cooler (DC) shows a reduced performance in refrigeration machine operation
compared to free cooling mode (see Fig. 5.23a), where the technical requirements are fulfilled in
the whole time period. The highest averaged values of OPI ¢ gy and OPI ¢ g is reached in
October with 0.19 and —0.18, respectively. The adequate performance in free cooling operation is
most likely due to the reduced power consumption of the cooler fans. Since there is a sufficiently

large temperature difference between the system and ambient air in the winter months, the dry
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Figure 5.23 — Monthly averaged optimization potential index of all subsystems in refrigeration machine and
free cooling operation: (a) dry cooler, (b) refrigeration machine / free cooling, (c) cold water
storage & transport and (d) cooling location. Acceptable values (O PI%““) are indicated with red

/ dashed red bars and the adequate value (O PI%%?) with a green solid line, respectively.

cooler can dissipate the thermal energy produced presumably with a reduced fan speed. Also, as
the reference electrical energy consumption of the auxiliary devices is determined with the free
cooling thermal energy as an approach, the reference exergy values may turn out to be less strict

compared to refrigeration machine operation.
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5.2 Exergy-based evaluation approach

The subsystem free cooling (FC) shows a slightly worse performance than the subsystem RM
over the period considered, except in October to December (see Fig. 5.23b). The former is over
the whole year in acceptable operation, where the subsystem refrigeration machine (RM) reveals
optimization potential especially in the months November and December. As already mentioned,
this can be an indicator to make use of free cooling. This assumption is also consistent with

experimental data of the free cooling operation, which mainly occurs in the winter months.

Similarly to the subsystem DC, subsystem cold water storage & transport (CST) reveals a bet-
ter performance in free cooling operation (see Fig. 5.23c). The highest averaged values of
OPlcgr gy and OPIpgr pe is reached in November and December with 0.22 and -0.06,
respectively. The technical requirements are fulfilled or exceeded in every month over the year,
which leads to the mentioned assumption that the hydraulic circuit is well designed and the

auxiliary devices favorably operated.

By observing the monthly averaged OPI values of the subsystem cooling location (CL) over
the whole year, it is visible that the technical requirements are fulfilled in the warmer months
in refrigeration machine operation (see Fig. 5.23d). This leads to the conclusion, that the cold
water distribution temperature is correctly controlled according to the design (application with
partial dehumidification). Conversely, optimization potential is indicated in the colder month
over the year, in both, refrigeration machine and free cooling operation. Over the year, the sub-
system CL reveals a better performance in refrigeration machine operation than in free cooling
mode. As mentioned, the reasons for an inadequate operation can finally not be determined
with the available experimental data, where a detailed analysis would be necessary for further

clarifications.

5.2.2.4 Comparison of OPI with COP and exergy efficiency

In order to further demonstrate the purpose and practical usability of the proposed method,
the daily OPI is compared with the daily COP and exergy efficiency in refrigeration machine
operation of each subsystem where possible. To simplify the comparison, the key figures are
averaged over all refrigeration machines and cooling locations, resulting in one key figure per
subsystem. In all calculations, the daily exergy or energy sum of the respective in- and ouputs
is applied. The COPp,, is calculated according to Eq. 2.2, while for the subsystem DC the
respective electrical energy consumption of the auxiliary devices is additionally included as
effort. For the CO P, g7, the cold distribution thermal energy (), and the additional electrical

energy input of the circulation pumps in the subsystem are considered. With this definitions, the
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5 Results and discussion of the modeling and proposed assessment approach

COP should deliver information about the performance with respect to the defined subsystems
as close as possible to the OPI. The exergy efficiencies of the subsystem RM 7)., g, and CST
Nex,cs7 are computed according to Eq. 2.18 and 2.15, respectively. Due to missing measured
quantities, the exergy efficiency of the subsystem DC and CL as well as the COP of subsystem
CL could not be calculated. For completeness, the system COP and exergy efficiency (up to
the cold water distribution) is computed according to Eq. 2.3 and 2.19, respectively. For the
comparison, measurement data of the field plant on July 15™ and July 18" is used. The daily
OPI, COP and exergy efficiency values are listed in Tab. 5.3, where an adequate or acceptable
operation of the refrigeration plant subsystems is present on July 18, Conversely, on July 15%,
the dry cooler fans electrical energy consumption is increased (see Fig. 5.8), which represents

an unfavorable operation of the subsystem DC with potential for improvement.

First of all, it is apparent that the refrigeration machines perform well on both days, which is
revealed with a low OPI and a high COP, respectively. While the COP is rather elevated, the ex-
ergy efficiency is approximately in the range of findings in performance investigations of vapor
compression refrigeration machines [67,71, 153]. The same behavior is observed in the subsys-
tem CST (where the technical requirements are fulfilled, compare Fig. 5.14), which is consistent
with the general findings of the field plant analysis (see subsection 5.2.2). A performance in-
crease or decrease is revealed with an increase or decrease in COP and exergy efficiency value,
respectively. However, a high COP or exergy efficiency does not exclude an OPI indicating po-
tential for improvements. In the case of the subsystem CST for example, the circulating pumps
exergy input is generally lower and the evaporator exergy input generally higher as compared

with the reference. This results in a value above the adequate but below acceptable boundary,

Table 5.3 — OPI, COP and 7)., values in the different subsystems as well as of the overall system on July 15"

(unfavorable operation of the dry cooler fans) and July 18" (technical requirements fulfilled or

exceeded).
July 15h July 18"

Subsystem

dry cooler (DC) 0.24 5.36 - -0.22 5.90 -
refrigeration machine (RM) -0.16 9.63 0.17 -0.12 8.17 0.15
cold water

storage & transport (CST) 0.05 8.80 0.67 0.07 7.43 0.60
cooling location (CL) -0.01 - - -0.01 - -
overall system - 4.99 0.08 - 5.45 0.09

128
Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI014/these.pdf

© [L. Brenner], [2021], INSA Lyon, tous droits réservés



5.2 Exergy-based evaluation approach

indicating an acceptable operation where the technical requirements are fulfilled. Consequently,
the absolute values of the OPI are less important compared to the other key figures, as it is of
main interest if the technical requirements are fulfilled or not and if optimization potential is
present, i.e. if the adequate or acceptable boundary is exceeded or not. Moreover, the exergy
efficiency of the cold water distribution subsystem is close to findings in literature [75]. This
exergy efficiency is significantly higher as compared to the subsystem RM, which leads to the
conclusion that the exergy losses in the subsystem CST are correspondingly low. It is assumed
that processes in the cold water distribution, which have a small temperature difference, exhibit
a minor exergy destruction, which is favorable for the effectiveness. While this behavior cannot
be confirmed through a calculation due to missing measured quantities, this correlation was also
stated in literature [66]. Conversely, the CO P g and COPp~ reveal lower values compared

to the CO Py, which is due to the additionally included effort of the auxiliary devices.

Furthermore, with the given definition of the OPI, only the subsystem inputs are considered
(actual input compared to a reference input according to technical standards), where it is as-
sumed that each adjacent subsystem of the investigated one perform identically in the present
situation. As mentioned in subsection 3.1.3, the key figures of all subsystems cannot be math-
ematically combined to an overall system OPI, which represents a possible drawback of the
proposed method. This is considered acceptable however, as the purpose of the method is to re-
veal eventual optimization potentials compared to the state of the art in technology on subsystem
level independently of the overall system performance. By evaluating the overall system COP
and exergy efficiency, the values are lower than of the single subsystems and are approximately
in a similar range as found in literature [49,75, 154]. Both key figures reveal a decrease of 0.46
and 0.01 between July 18™ and July 15", respectively. This indicates a performance reduction
of the refrigeration plant, where the reason for this behavior is not evident. The possible issue is
revealed when evaluating the subsystem DC. Comparing the C'O P~ on both days, a decreases
of 0.54 is present. This reveals a performance reduction of the subsystem due to the present
increase in electrical energy consumption of the dry cooler fans. However, by only consider-
ing the COP, in this case a value of 5.36, it is not apparent if any optimization potential with
respect to the technical standards is present. By analyzing the O P, an increase from —0.22
to 0.24 is observed. Therefore, the inadequate operation is indicated with a positive OPI value
above the acceptable boundary (see Fig. 5.7). This represents a potential for improvement, in
the present case reducing the power consumption of the cooler fans. This relationship reveals
the purpose and the significance of the optimization potential index. While the COP and exergy

efficiency deliver adequate information about the refrigeration plant performance, the OPI re-
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5 Results and discussion of the modeling and proposed assessment approach

veals any eventual optimization potential of each subsystem with respect to the state of the art
in technology, which is highly relevant in practice. To the best of our knowledge, a combined
analysis with the proposed method (revealing possible optimization potentials in a first step) to-
gether with conventional energy and exergy analysis (identifying the malfunction in detail in a
second step and evaluate if adjustments are worthwhile) delivers a target-oriented procedure to

analyze the refrigeration plant behavior and to optimize the system efficiency.
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6 Evaluation of measuring concepts in real
field plants and retrofitting costs

The main goal of the work presented in this chapter is to acquire technical data of 15 — 20 real
field plants and to evaluate their existing measuring concept as well as to determine eventual
retrofitting costs for the application of the proposed evaluation method. Correspondingly, the
acquisition process to receive technical data of real field plants and the analysis of their mea-
suring concepts is elaborated and discussed in section 6.1. Eventual retrofitting costs of the

investigated field plants are estimated and discussed in section 6.2.
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6 Evaluation of measuring concepts in real field plants and retrofitting costs

6.1 Measuring concepts in real field plants

As mentioned in the standard VDMA 24247-7, an adequate measuring concept and monitoring
system is a necessary prerequisite for a target-oriented evaluation of refrigeration systems and
their efficiency during operation [24]. Within the scope of the present work, the typical struc-
ture of real refrigeration plants in air-conditioning applications and the state-of-the-art measuring
concepts are of interest. It is relevant if existing field plants already incorporate an adequate mea-
suring and logging concept for the application of the proposed exergy-based evaluation method

(see section 3.1).

Before contacting the actors in the industry, selection criteria are elaborated to determine whether
arefrigeration plant is suitable for further investigations. In order to avoid a too strong restriction

in the selection of systems in advance, only the following two criteria are defined as mandatory:

* The field plant is mainly used for air-conditioning applications (i.e. refrigeration applica-

tions for thermal comfort).

* The refrigeration system incorporates secondary hydraulic circuits for the cold water dis-

tribution (no direct evaporating systems).
The following criteria are desirable:

« The cooling capacity of the field plant is greater than 50 kW (Q B,sys > 90 kW) .

* The field plant incorporates all basic subsystems (refrigeration machine, dry cooler, cold
water storage & transport, cooling locations) as well as additional components (heat uti-

lization, free cooling).

6.1.1 Acquisition of technical information

A contact list of companies in the refrigeration industry serves as a working basis to obtain in-
formation of existing air-conditioning refrigeration systems, which are suitable for evaluation
(according to selection criteria). The companies were divided into the following sub-groups ac-

cording to their areas of expertise and should have access to the appropriate facilities:

* plant engineer / designer,

* plant operator,

5 Frequency of refrigeration plants for air-conditioning applications with the corresponding cooling capacity
according to statistics [155]:

- 20to 50 kW (13 %)
50 to 100 kW (39 %)
100 to 300 kW (40 %)
over 300 kW (8 %)
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6.1 Measuring concepts in real field plants

* refrigeration machine importer / supplier,

* refrigeration machine manufacturer.

The synthesis of existing company lists and the integration of new companies according to inputs
from experts in the industry as well as the execution of a targeted market research completed the
contact list, which comprises a total of 69 contacts. A final assessment of the suitability of a plant
can only be clarified after a first contact. For this reason, the contact list is rather comprehensive.
It can be assumed that there are refrigeration plants which do not meet the mandatory criteria or

that the contacted companies decline to collaborate.

In order to make the process of acquisition and the related telephone inquiries of companies more
efficient, a contacting guide and an information leaflet with the most important facts about the
project are developed. The latter serves as an information basis for the responsible persons of the
companies in case of an existing interest in a collaboration. By logging the inquiries and partially
contacting the companies again, the receipt of sufficient technical information is ensured. The
instrumentation level is then determined based on received piping & instrumentation schematics
of field plants with the help of a checklist. In addition, open questions and ambiguities are
clarified by means of plant visits or meetings with plant engineers. In a few individual cases,
where the plants were not actively supported, the best possible estimate of measuring point

availability is made in discussions with plant engineers.

B Contact list

] ) B Inquired
Refrigeration 10 I  Collaboration accepted
machine 9
manufacturer 1

Refrigeration 18
machine 15
importer / supplier |2

[3¥)
[#5)

Plant operator 17

18
Plant

engineer / designer 3

L L i i L L L L L i L L L L L i L L L L L

0 5 10 15 20 25
Number of companies [-]

Figure 6.1 — Response rate of the inquired companies divided into the different fields of expertise (adapted

from [12]).
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6 Evaluation of measuring concepts in real field plants and retrofitting costs

Based on the contact list created, a total of 57 of 69 companies were contacted. As the target
of 15 — 20 plants was exceeded and a wide range of refrigeration plants was available, a fur-
ther inquiry of the 12 remaining companies was not carried out. In some cases, one company
provided technical data of several refrigeration plants. In Fig. 6.1 the results of the inquiry are
shown, broken down by field of expertise. For each area, it is evident how many companies
are on the contact list, were inquired and accepted a collaboration. In general, the number of
cancellations in each expertise field is relatively high (response rate of 6 — 40%), where mostly
plant operators pledge a collaboration. One of the most frequently cited reasons for a rejection is
that no suitable system or no access to the overall system is available. A lack of time resources
is also an obstacle for many. For some companies, a reply was still outstanding even after the

third contact. Consequently, these were no longer inquired.

Table 6.1 — Overview and key data of the investigated refrigeration plants for air-conditioning applications

(adapted from [12]).
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6.1 Measuring concepts in real field plants

From the response of 12 companies in total, it was possible to evaluate technical information of
28 different refrigeration plants and to partially inspect them on site. Tab. 6.1 shows an overview
of the field plants investigated, listing the cooling capacities, the refrigerants used, the fields of
application and the site (for the evaluation of the instrumentation see subsection 6.1.2). All
field plants are located in Switzerland. The cooling capacities of the systems vary from 20 to
5’252 kW, which is desirable for the present study. More than half of the refrigeration plants are
less than four years old, with systems built between 2006 —2018. In addition, the majority of the
refrigeration machines use the refrigerants R410a and R134a. Most of the listed refrigeration
plants are installed in shopping malls or office buildings, where some of them have two fields of

application (with air-conditioning as the main purpose).

6.1.2 Evaluation of measuring concepts

Of the 28 field plants from the acquisition, the instrumentation of four systems (plant no. 25 to
28) cannot be examined due to insufficient information (e.g. incomplete schematics). For the

evaluated refrigeration plants, according to technical documentation and on-site clarifications or

Table 6.2 — Summary of the installed measuring equipment in the examined field plants (adapted from [12]).

2' . . . Cold water Cooling Heat Free
- Refrigeration machine Dry cooler iy TR 8
E N storage & transport | location | utilization cooling "
S & fle| Bzl o BIE S o [Elzlels |3zl |Elelal | &g]2lsl 2 5]y 3 E
HHEANCEE NN EHY SO O S NS R SEHE SRR
1] 1] 200
2|1] 128
31514750
4]4]|5252
5]12] 573
62| 449
711] 189
812|519
92| 570
10f 2| 988
11f 21320
12| 4| 867
13] 1] 158
14( 1] 214
15| 2| 141
16 3] 190
17{2] 612
18 2| 900
19/ 1| 20
20| 1| 250
211 1] 25
22|11 50
23| 2| 800
24[3] 283 [l
Measurement equipment present, logged or derivable
Measurement equipment present, not logged
Measurement equipment present, measurement subpar or not finally determinable
Measurement equipment not present
Subsystem not included
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6 Evaluation of measuring concepts in real field plants and retrofitting costs

meetings with plant engineers, the instrumentation status is summarized in Tab. 6.2. The number
of refrigeration machines installed in the system and the total cooling capacity is described by
npyy and Q B,sys> Tespectively. The remaining variables in the table correspond to the individ-
ual measuring points in the various subsystems (compare subsection 3.1.2.1 and 3.1.2.2). This
summary is also applied to estimating the individual retrofitting costs to allow an application of

the proposed exergy-based evaluation method (see section 6.2).

The overview of the assessed field plants reveals that there are great differences in measuring
equipment. Some plants have a comprehensive instrumentation as well as an overall system data
logging. Accordingly, field plant no. 12 incorporates a state-of-the-art measuring concept. Also,
field plant no. 3, 4, 9 to 11 as well as 20 and 21 are instrumented close to the state of the art,
where only a minor amount of sensors are missing. In comparison, other systems such as field
plant no. 5 have only a basic instrumentation (mostly temperatures) and no data acquisition.
Field plant no. 15 to 24 incorporate no overall monitoring system, but quantities are logged
individually. Field plant no. 24 has hardly any measurement equipment installed, where only
the compressor electrical power is logged. 11 field plants incorporate a free cooling module and

17 make use of heat utilization. Furthermore, the following trends are observed:

* In general, the plants are sparingly equipped with electric meters. For cost reasons, the
electrical power consumption of the cooler fans WDC and circulation pumps WC p 18, with
some exceptions, never recorded individually. The compressor electrical power consump-
tion WC pr 1s measured in half of all investigated systems. This reveals the typical pattern
of energy efficiency evaluations: key figures such as COP, EER or SPF are important in
practice for efficiency assessments of refrigeration systems, also to determine if the tech-
nical specifications are met after the commissioning of the plant. Using the compressor
electrical power together with the evaporator Q g or cold water distribution thermal power
Q p the key figures can be determined on refrigeration machine or overall system level,
respectively. Consequently, the energetic performance of the refrigeration plant can be

evaluated.

* In most systems, the cooling capacity of the cold water distribution Q p to the cooling
locations is of interest (e.g. for the account of charges of the users connected to the
refrigeration system). 18 out of 24 systems are equipped accordingly with heat meters
at the cooling locations, either individually per consumer or at least as a combined meter

across all consumer groups.

* The best-equipped field plants are from companies with energy contracting.
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6.2 Retrofitting costs for the application of the proposed assessment approach

* Temperatures are measured or logged in all field plants, however not always at every

metering location.

* An adequate monitoring system should be state of the art nowadays (topic of digitization),
but is however often not installed. A comprehensive data logging and evaluation is of
particular interest to companies in the energy contracting sector or those who operate
their own facilities. All examined refrigeration plants are controlled by a guidance system
and would be able to record data. Only in 7 field plants data is effectively registered
and stored on a server for a longer period of time. Another 9 plants have an insufficient
monitoring and logging system. Most of them have a circular buffer with storage space
for measuring periods from a few hours up to several weeks. These are used for efficient
troubleshooting. In the remaining 8 plants a guidance system is available, but no data is

registered.

6.2 Retrofitting costs for the application of the proposed
assessment approach

The basis to determine the retrofitting costs of each field plant is, on the one hand, knowledge
from a preliminary study [9] and, on the other hand, active contact with plant engineers and
manufacturers of measuring equipment. For the calculation, the approach was followed to de-
termine separately the costs for each measuring equipment in function of the cooling capacity,
as generally valid as possible, based on measuring equipment manufacturer and plant engineer
data. In order to ensure a uniform cost estimate for a subsequent comparison of the different
field plants, the subsystems free cooling and heat utilization were not considered in the calcu-
lation, as they are not present in all refrigeration systems (compare Tab. 6.2). It is important
to notice, that the number of retrofit measuring locations not necessarily results in the highest
overall retrofitting costs. Heat meters and their installation, for example, are more expensive
than temperature sensors. Therefore, if one plant requires the installation of one additional heat
meter and a second plant the integration of several additional temperature sensors, the former

eventually still reveals a higher overall retrofitting cost (see subsection 6.2.3).

6.2.1 Specifications and assumptions for the retrofit of measuring
equipment
To ensure same boundary conditions for all offer requests at measuring equipment manufactur-

ers as well as to assure a uniform cost estimate, specifications and assumptions are defined for

the examined measuring instruments with the help of experts in the field:
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6 Evaluation of measuring concepts in real field plants and retrofitting costs

* General:
— Suboptimal placed measuring points are completely replaced by new ones. For ex-
ample, a heat meter measuring location incorporates two temperature sensors, but no
flow sensor. In this case, the existing instrumentation would be replaced by a heat

meter with integrated temperature sensors.

e Heat meter:

The heat meter should be offered as a package with flow sensor, temperature sensors

(immersed sensor) and controller for each measuring point.

— The accuracy of the heat meters should comply with accordance to standard market

use.
— If possible, magnetic inductive flow sensors (MID) should be used.

— Itis assumed that the measuring equipment can be installed without great additional
effort. This means that among others no lifting platforms are necessary, insulation

can be easily removed and no special welding techniques are required.

— The flow sensors are installed flanged or welded (all measuring points have a pipe

diameter larger than DN50).
— The heat meter is commissioned by the manufacturer at the field plant.
— If possible, the measurement data is transmitted via Modbus®.

* Electric meter:

— Electrical consumers (e.g. compressor, auxiliary devices, etc.) are measured summa-
rized per subsystem if possible and the corresponding electrical meters are offered
based on the total power consumption. If, for example, four circulating pumps are
installed in the cold water distribution subsystem, they are grouped together on one

line, where then the power is measured.

— For a power consumption of up to 4 kW at the measuring point, direct measuring

meters are applied. For higher powers, additional current transformers are installed.
— If possible, the measurement data is transmitted via Modbus.

— Itis assumed that the wiring can be carried out without great additional expenditure.
This means that among others risers and cable trays are available, no unproportional
long lines are to be installed and that the existing switchboard has space reserves for

the planned enhancements.

6 Modbus is a communication protocol that enables data exchange between a master and several slaves. This is the
industry standard for connecting computers to measurement and control systems.
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6.2 Retrofitting costs for the application of the proposed assessment approach

» Temperature sensors:

— Only immersed sensors are applied.
— State of the art sensor types are used (often Pt100).

* Monitoring and data logging:
— A common control system (SPS, SAIA, or similar) is available, which is known to

the provider of the data acquisition.

— Up to 100 measuring points, i.e. 100 sensors, are to be recorded simultaneously and

their data stored continuously. The measuring interval should be practicable.

— Offers should include the costs for setting up and programming a data logging with
storage. The sensor wiring shall not be offered (assuming the data can eventually be

captured by the control or guidance system).

The field plant documentation serves as a data basis for offer requests. Wherever possible, nec-
essary information for the sizing of measuring locations is taken and summarized in a table.
For heat meters, the nominal diameters, working fluids, flow rates and temperatures are col-
lected at the corresponding measuring points. For electric meters, where possible, the electrical
power consumption of the measuring point is identified from technical data. Additionally, one

manufacturer requested the nominal electric current of the devices to be metered.

In discussions with plant engineers, various manufacturers or suppliers of measuring equipment
and data logging systems were identified. The companies were contacted by phone to get a
first impression of the sensor possibilities as well as important information from manufacturer
experience. Based on these conversations, it was able to gain further insights which were later
used to calculate installation costs. In case of a present interest from the manufacturer side, the
corresponding summarizing tables with the needed technical data were delivered to receive an

offer or a completed cost table.

6.2.2 Retroffiting costs for the measuring equipment

Four out of five heat meter manufacturers as well as two out of three contacted electric me-
ter manufacturers answered with an offer for the measuring equipment. For the data logging
system, only one supplier was able to provide a cost estimate by telephone. Based on the in-
formation obtained, specific retrofitting costs are defined for the individual components in order
to determine the total retrofitting costs of each field plant. For this purpose, the offers of the

manufacturers or suppliers are carried together and averaged with respect to the system cooling
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6 Evaluation of measuring concepts in real field plants and retrofitting costs

capacity. Also, with the known expense per measuring instrument, retrofitting costs of any other
arbitrary refrigeration system could be easily evaluated. All in the following mentioned costs

are reported in Swiss Francs (CHF)7.

6.2.2.1 Heat meter

Fig. 6.2 shows the average hardware costs for heat meters from manufacturer and supplier offers
(y-axis) as a function of the system cooling capacity (x-axis). It is revealed, that higher cooling
capacities lead to higher hardware costs, most probably due to the increased pipe diameters in
the system. The estimation of the hardware expense Ky ryy for a heat meter to be retrofitted

is proposed as follows:

Kyygw = 29114 - Qp ,, , + 2632.8 (6.1)

where Q ,sys Tepresents the system cooling capacity. The linear function was fitted from the
available data. It is worth mentioning that Eq. 6.1 only includes the price of the flow and tem-
perature sensor as well as controller. The installation is calculated separately. The cost function
was randomly compared at various heat meter measuring points with the available values from

the offers. It was found that Ky fyy can deviate between 2.5 to 23.2% from the actual of-
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Figure 6.2 — Hardware cost for heat meters in function of the cooling capacity of the system. Blue crosses
indicate the individual averaged cost estimate from manufacturers and suppliers. The red dashed

lines indicates the fitted linear cost function (adapted from [12]).

7 1 CHF = 0.92 EUR (state 17" December 2020)
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6.2 Retrofitting costs for the application of the proposed assessment approach

fers, which is regarded as a reasonable range. In that way, by applying the cost function, the
retrofitting expense of any other refrigeration plant investigated in the future can be determined
with a reasonable effort. Three field plants in the investigated portfolio (compare Tab. 6.2) have
a cooling capacity above 1 MW. Of these, only plant no. 4 lacked a heat meter, whose price for

the total retrofitting cost is directly determined from the manufacturer offers.

Each manufacturer or supplier inquired stated that the calculation of the total expense depends
strongly on the design of the respective refrigeration plant. Accordingly, the installing costs
are difficult to estimate. One manufacturer stated that several years of experience have shown
that the installing costs range between 1 to 2 times the purchase price of the hardware. Latter
statement was applied as an approach for the estimation and the following relationship applies

to the heat meter installation costs K gy o

Kynmst = 19 Ky pw (6.2)

Consequently, by combining Eq. 6.1 and 6.2, the total retrofit costs K;,, for a heat meter

measuring point in function of the cooling capacity is given by:

6.2.2.2 Electric meter

According to discussions with manufacturers, the present electrical current is the decisive factor
for the hardware costs of electric meters. Above a certain device size, current transformers must
be installed, which can double the expense. Also, in comparison to the heat meters, the costs
depend minimally on the system cooling capacity and are significantly lower. According to
the information of manufacturers, a total hardware cost K, gy for electric meters including
current transformers of CHF 400 is defined, which is up to 15 times lower than heat meter

hardware costs.

Again, the installation effort is difficult to estimate. This was also confirmed by statements of the
measuring equipment manufacturers. According to the latter, the wiring may require one hour of
work up to a whole working day. A workload of 5 hours was considered as an adequate estimate
for the average installation time. At an hourly rate of CHF 120, it corresponds to an installation
cost K gy ins Of CHF 600 per electric meter. The retrofitting costs for electric meters Ky, are

thus:
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6 Evaluation of measuring concepts in real field plants and retrofitting costs

Kgyv = Kpypw + Kgagins: = 1000 (6.4)

This number is also in line with a statement of one supplier. Furthermore, a total retrofitting cost

for electric meters of CHF 960 was estimated in a preliminary study [9].
6.2.2.3 Temperature sensor

For the retrofitting of temperature sensors, a cost K¢ of CHF 250 for the purchase and 1 hour

of installation was defined according to experience from experts in the field.
6.2.2.4 Data logging

For a monitoring and data logging system, the costs behave similarly to electric meters in a way
that they are constant over the entire system cooling capacity range. The available information
reveals that the costs for a data logging system only increase noticeably if a large number of
data points (in the order of 2000 measuring points) is involved. None of the plants investigated
would exceed that number, even if the largest plant would be completely uninstrumented. The

costs for a separate data acquisition system K p,; are:

with Ky o, ¢ the intial costs for a data monitoring system (approximately CHF 6’000, incl.
programming, commissioning etc.) and K , the costs for a local storage infrastructure (ap-
proximately CHF 2°000). These costs apply for the data collection according to the assumptions
mentioned in subsection 6.2.1 as well as to the local storage of data. As an approach, a local
data storage is assumed, because renting external servers would yield increased costs. Also, an

external connection to the local server is simple to realize with current technology.

6.2.3 Field plant retrofitting needs and costs

Fig. 6.3 reveals the number of missing or subpar measuring locations (y-axis) for each inves-
tigated field plant (x-axis). Refrigeration plant no. 12 and 22 are the best- and worst-case
regarding the missing instrumentation, where half of the field plants have 7 or more missing
measuring devices. However, this number does not necessarily result in high retrofitting costs,
as the heat meters are by far the most expensive. If the missing locations are temperature sensors,

the expense is minor.
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6.2 Retrofitting costs for the application of the proposed assessment approach

12
11+ 1

= 10} y

k= 9

e

S £ 8

ZRe

5E 7

o0 &

Zaw O

g8 5

Gy O

g 3

=

Z 2
1

1 23 45 6 7 8 91011121314151617 18 19 2021 2223 24
Field plant no.

Figure 6.3 — Number of missing or suboptimal measuring locations of each refrigeration plant investigated

(adapted from [12]).

On the basis of Tab. 6.2 and the determined individual sensor expense, a cost estimate is con-
ducted for each field plant. The price for missing heat and electric meters as well as temperature

sensors are considered, whereby the total retrofitting effort K, , is:
Kot = Z Ky + Z Kpy + Z Krg (6.6)
i J k

The monitoring and data logging is considered as state of the art and could be realized as an
interim solution with the included control or guidance system in most of the field plants. Also,
at least a temporal data storage is present in 16 of 24 field plants, e.g. for maintenance purposes.
The cost estimate is intended to reflect the essential retrofits to capture the thermo-physical
quantities to implement the exergy-based assessment approach, and accordingly, the cost of the

data registration K ,; was not included.

Often, a heat meter measuring point is missing, while the temperature sensors are present (e.g.
field plant no. 1: Qp, Ty and T, ,,,). In these cases no flow sensor is present, and thus,
the heat flow rate cannot be determined. As described in subsection 6.2.1, such measuring
equipment would be completely replaced. This over-instrumentation has hardly any influence

on the total costs.
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6 Evaluation of measuring concepts in real field plants and retrofitting costs
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Figure 6.4 — Estimated total retrofitting costs for each refrigeration plant investigated (adapted from [12]).

Fig. 6.4 reveals the total estimated retrofitting cost (y-axis) for each investigated field plant
(x-axis), where the average of all retrofitting costs is CHF 18°100. Refrigeration plant no. 12
and 5 are the best- and worst-case regarding the total expense. In the former no measuring equip-
ment needs to be retrofitted (no additional costs). Meanwhile, the retrofitting costs of field plant
no. 5 are CHF 33101. This reveals that depending on the instrumentation status and the type of
missing measuring equipment, contrasting expenses can arise. If systems built in 2016 or newer
are considered, the average retrofitting costs are approximately CHF 14°300. In contrast, espe-
cially older plants have a limited instrumentation. As already mentioned, refrigeration plants
are best instrumented in the energy contracting sector, whereby the average retrofitting costs for
these plants are about CHF 9°500. For plants equipped with an acceptable measuring concept for
conventional efficiency monitoring, e.g. the electrical power consumption of the compressors
and the heat flow rates are measured, the average retrofitting costs are approximately CHF 7°700.
Presumably, new refrigeration plants will be significantly better instrumented in the future, also
in connection with the topic industry 4.0 and rising interest in online monitoring. It can also
be noted that each plant engineer has different priorities regarding the measuring concept. If a
standard instrumentation would be specified and defined, the retrofitting costs could be further

reduced.

It can be concluded that the retrofitting costs are rather elevated for the application of the pro-

posed exergy-based evaluation method in older field plants, where an enhancement of the in-
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6.2 Retrofitting costs for the application of the proposed assessment approach

strumentation must be examined in detail and is probably only worthwhile in individual cases.
However, if field plants with a measuring concept close to the state of the art are considered,
the average retrofitting costs are low. If a large part of the measurement equipment is already
available and, for example, only the data monitoring and storage is missing, a retrofit can be

worthwhile to assess the field plant with the proposed exergy-based evaluation method.
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7 Conclusions

The present work introduces a novel key figure, the optimization potential index (OPI), which
is based on technical standards and exergy analysis. It enables the determination of the perfor-
mance and corresponding improvement potential of vapor compression refrigeration plants with
cold water distribution. Splitting the analysis into refrigerating machine and free cooling opera-
tion allows a target-oriented evaluation of the entire system. By dividing the plant into different
subsystems, each one can be assessed individually and the location of eventual problems are
identified on subsystem level. To the best of our knowledge, the proposed exergy-based method
enables an absolute comparison of different refrigeration plants with defined reference values
according to the state of the art in technology. Modeling is seen as an appropriate method to de-
termine additional reference values for refrigeration machines if none are available according to
technical standards. Among different modeling techniques, ANN models reveal the best perfor-
mance for the present application. Presumably, this approach is also applicable to other existing
systems if sufficient measurement data is available to fit the model parameters. Ultimately, the
functionality and purpose of the assessment method has been successfully demonstrated by ap-

plying it on two numerical test cases and on a real field installation as a case study.

Furthermore, with the presented method, the optimization potential is revealed at a glance re-
gardless the complexity of the system. The identification of possible enhancements is highly
relevant in practice, as measures which improve the system effectiveness most likely prevent
frequent shortcomings during refrigeration plant operation. Laypersons can easily determine
the system operating state and subsequently, if needed, initiate a detailed analysis as well as
appropriate countermeasures by specialist. To the best of our knowledge, a combined analysis
with the proposed method (revealing possible optimization potentials in a first step) together
with conventional energy and exergy analysis (identifying the malfunction in detail in a second
step and evaluate if adjustments are worthwhile also from an economic point of view) delivers a
target-oriented procedure to analyze the refrigeration plant behavior and to optimize the system
effectiveness. The presented method finds possibly also application in other building energy

systems, such as heat pumps, assuming sufficient and suitable reference values are available.

Possible drawbacks of the proposed method are on the one hand, that additional measured quan-
tities are required in comparison to a conventional performance analysis. During the develop-
ment of the method, however, care was taken to obtain the most relevant information about the
refrigeration plant operation with the smallest possible amount of measuring equipment (also

with considerations regarding state-of-the-art measuring concepts). On the other hand, the in-
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7 Conclusions

troduced reference-based optimization potential index may seem inconsistent with conventional
performance key figures definitions. The OPI compares a defined reference with the actual input
while the output is assumed to be the same in both situations. Therefore, it cannot be mathemat-
ically combined to an overall system OPI. The OPI may also indicate that a subsystem performs
unfavorably, while the neighboring subsystems still fulfill the technical requirements. However,
the individual evaluation of subsystems is exactly the goal of the method, where each of them
is assessed with the corresponding appropriate technical baseline. The absolute values of the
OPI are less important, but rather if the adequate and acceptable limits are exceeded (technical
requirements fulfilled or not). Thus, in all conscience and according to the obtained results, the
proposed optimization potential index definitions are justifiable and it is possible to accept the

mentioned drawbacks.

The present analysis of the field plant in refrigeration machine operation leads to the conclusion
that the system including the hydraulic circuits is well designed and properly operated in gen-
eral, especially in the warmer months over the year. The subsystem dry cooler performs most of
the time in adequate or acceptable operation, except in October, where an optimization poten-
tial is present. The subsystem should therefore be monitored closely in the future, to determine
whether this represents an outlier or if corrective measures have to be evaluated (e.g. optimize
the cooler fans power consumption). Furthermore, all refrigeration machines investigated per-
form according to the technical standards during the warmer periods over the year. However, a
noticeable increase in OPI is observed in the transition period, where generally an inadequate
operation is present. Most likely, the refrigeration machines are not operating at the design point
due to the reduced cooling demand, which can be also an indicator to make use of free cooling.
The subsystem cold water storage & transport performs according to the technical standards,
where in 97% of the time the technical requirements are fulfilled. Moreover, four out of seven
cooling locations exhibit no to little optimization potential, while the remaining are not perform-
ing accordingly, especially in the transition period. The reason for the latter can finally not be
determined, and consequently, the devices or control system settings of cooling location 1, 2, and
4 should be inspected for any defects or unfavorable control settings, respectively. If necessary,
corrective measures can then be initialized (e.g. optimize the cold water distribution tempera-
ture level). In free cooling operation of the field plant, similar trends are observed, where both
hydraulic circuits perform better as in refrigeration machine operation. Most likely, the reason
is the reduced cooling demand in the colder months over the year, which results among others in
a significantly reduced electrical power consumption of the auxiliary devices. The free cooling

module reveals an acceptable operation and the performance is almost in steady-state over the
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whole investigated time period. Consequently, no further actions are required. Overall, the elec-
trical exergy input reveals typically the same magnitude as the thermal exergy and has therefore
a significant effect on the field plant performance. From an energetic viewpoint, the electrical
energy consumption is only a fraction of the thermal energy. This shows the importance of op-
timizing the operation of auxiliary equipment, e.g. with the application of variable speed drives,

to ensure a most efficient plant operation and to reduce electricity costs.

In the present work technical data of 28 real field plants are acquired, from which 24 can be
examined and analyzed with regard to their instrumentation. With this technical data and in
some cases on site visits as well as further inputs from different actors in the industry, it is
revealed that the majority of the field plants are moderately instrumented. Many measuring
systems are designed in a way that a basic monitoring is possible and the operational safety is
guaranteed. Consequently, the determination of possible optimization potentials is challenging.
Through the contact with various companies, it was recognized that a wide range of knowledge
in the respective fields is available. Furthermore, it can be stated that most actors in the industry

show great interest in a retrofitting cost estimate for a target-oriented efficiency evaluation.

After assessing the measuring concepts of the field plants, the retrofitting costs to ensure the
application of the proposed exergy-based evaluation method are determined. This represents a
challenging task, as many factors, e.g. the accessibility of the measuring location, make the cost
estimate for each plant unique to a certain extent. Nonetheless, a generalized estimate of the
retrofitting costs was elaborated. From clarifications with measuring equipment manufacturers,
it is determined that the retrofitting costs of electric meters, temperature sensors as well as data
logging systems can be estimated on a lump sum basis independent of the size of the plant. Only
the expense for heat meters is determined on the basis of a cost function with respect to the
system cooling capacity. To the best of our knowledge, the elaborated individual expenses of the
sensors allows to determine an upgrade cost estimate of any other refrigeration plant in the fu-
ture. All cost estimates of components were validated in consultation with measuring equipment
manufacturers. The average retrofitting expense is approximately CHF 18’100, which is rather
elevated. Especially plants with several refrigeration machines and missing heat meters reveal
elevated upgrade costs, as the latter have a strong financial impact. However, if field plants with
a measuring concept close to the state of the art are considered, the average retrofitting costs are
significantly reduced. A complete reinstrumentation should therefore be examined in detail for

such field plants in order to allow the application of the proposed method.

149
Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI014/these.pdf

© [L. Brenner], [2021], INSA Lyon, tous droits réservés



Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI014/these.pdf
© [L. Brenner], [2021], INSA Lyon, tous droits réservés



8 Outlook and further need of research

Further investigations are needed regarding the determination of the cooling location exergy
Bs. As no measurements were available for the present study, an alternative approach was
used for the subsystem CL in free cooling operation to determine the optimization potential
index. To allow a consistent definition of the latter, the measurement of the temperature and the
corresponding air humidity of the cooling location (e.g. air-handling unit, cooling coils, etc.)
should be taken into consideration, which includes the determination of the exergy of humid
air. The latter incorporates an additional exergy fraction, which would have to be included as an
input in the analysis. In the same context, as with the current development stage all coolers are
handled as dry coolers, the air humidity and cooling water consumption of e.g. hybrid coolers
should be taken into account in order to increase the accuracy of the proposed method in such
plants. Moreover, measurement data of field plants with heat utilization should be collected
in order to develop the corresponding key figures for such subsystems. Likewise, a hydraulic
analysis could be integrated to the proposed method in order to evaluate the specific flow exergies
and to consider occuring pressure losses in detail. Both investigations, however, would require
an increased number of measuring locations and increase the retrofitting costs. Regarding the
latter, it was recognized that the instrumentation of each individual refrigeration machine quickly
generates elevated expenses due to the increased heat meter costs. As an approach to reduce
the retrofitting expense, it could be evaluated to measure the cooling capacity combined at a
manifold line and to evaluate all refrigeration machines together (e.g. when the same type and
size for redundancy reasons are installed). This would be accompanied by a reduction in the level
of detail of the analysis, which however, may be acceptable in certain cases. For all mentioned
investigations a well-founded data basis is essential, also to recognize interrelationships between
various refrigeration systems and to use them for further evaluations. In the same context, the
significance of the method could be further increased by determining the reference values with

statistically sound, representative measurements and with the help of experts.

To handle the research gaps mentioned above, it is suggested to contact the companies with
the most promising refrigeration plants in a next step. Preferably, the systems with additional
subsystems and low retrofitting efforts should be considered. The readiness for a retrofit and its
costs should be clarified individually, where the investigations revealed that it could be achieved
with an acceptable financial expenditure (approximately CHF 15’000 for retrofitting plus eval-
uation). These field plants would also cover a large refrigeration capacity range (25, 250, 867,

1320 and 5252 kW), which is desirable for upcoming investigations. It is also possible that in
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8 Outlook and further need of research

some cases there is a great willingness to invest, and thus, also plants with suboptimal instru-
mentation may be retrofitted. In addition, other financing possibilities should be examined so
that the investment costs are not borne solely by the companies. After a successful retrofitting of
the instrumentation, the field plants should be measured and surveyed over a longer time period,
ideally at least two years, in order to provide a sound data basis for the further development of
the evaluation method. Parallel to this, the implementation and application of the method in new

refrigeration systems should be promoted.
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A Appendix

A.1 Refrigerants

Another essential component of the refrigeration machine is the working fluid, the refrigerant.
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Table A.1 — List of the most important refrigerants (not conclusive, state November 2017) [156].
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A Appendix

tant ones according to the Federal Office for the Environment (not conclusive, state November
2017) [156]. Some of the refrigerants, mostly chlorofluorocarbons (CFC’s) and hydrochlorofluo-
rocarbons (HCFC’s), have superior thermodynamic and handling properties, but were forbidden
for new refrigeration plants due to their high ozone depletion (ODP) and global warming poten-
tial (GWP). Nowadays, in air-conditioning refrigeration, the following refrigerants are typically

used [17]:

* Hydrofluorocarbons (HFC’s):
— R134a,

R407C,
R410A,

- R32.
* Natural refrigerants:
— R717 (ammonia),
— R290 (propane),
— R744 (CO,).
* Hydrofluoroolefins (HFO’s):
— R1234yf,
— R1234ze.

Since the HFC’s exhibit an increased GWP, the European Council introduced the regulation
No. 517/2014 on flurinated greenhouse gases [157]. The goal is to gradually reduce the HFC’s
placed on the EU market down to one fifth (21%) of today’s sales volumes by 2030 (phase-down
process). Therefore, several studies were carried out regarding the performance of HFO’s in re-
frigeration machines [104, 148, 158, 159]. All investigations revealed a similar or only a slightly
lower thermodynamic performance of the HFO’s in comparison with R134a, and thus, the au-
thors state that R1234yf and R1234ze are appropriate alternative refrigerants. However, HFO’s
are not stable in air and slightly flammable. As a consequence, appropriate safety measures are

required when they are deployed.
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A.2 Evaluation of exergy transfer by mass flow in terms
of heat flow and temperatures

In the introduced evaluation system, the control volumes are chosen in a way, that the exergy
transfer between subsystems occurs only by mass flow. The net exergy flow rate B over the
system boundary is expressed by:

b m(b;,, — bout) (A1)

out%out —

where the incoming and outgoing mass flow rate is identical (mass balance). Assuming incom-
pressible flow (liquid in the hydraulic circuits) and identical flow cross sections, and thus, same
velocity at the in- and outlet, as well as no elevation change, the kinetic and potential exergy

differences are negligible. Together with Eq. 3.5, Eq. A.1 can be rewritten as follows:

B = m[(hin, — ho) — To(8i5, = S0)] — M[(Aour — o) — To(Sour — 50)]

= m[(h - hout) - TO(Sin - Sout>]

m

(A2)

It is assumed that the the entropy change ds between the in- and outlet is dominated by heat

exchange, where for an incompressible substance it is expressed with [16]:

du
= — A.
ds 7 (A.3)

The change in internal energy du can be substituted with the product of specific heat capacity
c and temperature change d7' [16]. Assuming a constant specific heat capacity (e.g. small

temperature differences), the integration between the in- and outlet state yields:

S, —S_ .= —du = —dT = cln mn (A4)
" out /out T out T Tout

denote the in- and outlet temperature, respectively. The enthalpy difference

where T}, and T,

out

between the in- and outlet can be described by [16]:

LTy —Tout)

hin - hout = C(nn - Tout) +v(p; out) (AS)

where v is the specific volume, p,,, the inlet and p_,, the outlet pressure. The second term on

the right-hand side is usually negligible small compared to the first term [16], and therefore,
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neglected in the following. Applying Eq. A.4 and A.5 in Eq. A.2 yields:

B=m [C(Tm —T,.) — Tycln < gn >] (A.6)

out

where the latter equation can be rewritten in the following form:

: In (7?*’1) : T
B =me(Ty, = Tou) |1 - ol Q (1 - ]9) (A7)
n out

Therefore, the exergy transfer by mass flow can be expressed in terms of the exergy transport by

heat with the heat flow rate @ and the logarithmic mean temperature 7'. The latter is defined as:

T — ,I;n — Tout (A8)

T.
In in
<Tout >

Under the mentioned conditions, it is not necessary to evaluate the specific flow exergy of the in-

and outlet. The transferred heat as well as the temperatures can be measured with commercially
available heat meters, which are most likely installed in typical refrigeration plants, e.g. to

monitor the cooling load.

182
Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI014/these.pdf

© [L. Brenner], [2021], INSA Lyon, tous droits réservés



A.3 Pseudo code of the exergy-based evaluation

approach

Algorithm 1: Main file n0I_main_file.m

Input: —

Output: Structures (i.e. arrays) with all the computed quantities (OPI, exergy, etc.)

Create structures with empty timetables;

%$Read and store measurement data

Call function f01_readData; %$see algorithm 3
$Compute quantities (OPI, exergies, etc.) 1in each subsystem

Call function f10_OPI_CL_RM, %$see algorithm 5
Call function f11_OPI_CST_RM; %$see algorithm 6
Call function f12_OPI_RM; %$see algorithm 7
Call function fI13_OPI_DC_RM; %$see algorithm 8
Call function f14_OPI_CL_FC; %$see algorithm 9
Call function fI15_OPI_CST_FC; %$see algorithm 10
Call function f16_OPI_DC_FC; %$see algorithm 11
Call function f17_OPI_FC; %$see algorithm 12

Algorithm 2: ANN model training n/0_train_ANN.m

Input: Structure with all available measurements in SI units

Output: Trained artificial neural network (feed forward shallow network) model

%$Set data to NaN when no cooling load and compressor power

consumption is present (no running refrigeration machine).

for Measurement 1 — size(Measurement) do
if WCPR or QE is zero then
Set compressor electrical power to NaN;
Set evaporator heat flow rate to NaN;
Set refrigeration machine secondary side temperatures to NaN;

end

end

Remove NaN values from data set;

%$Set up and train ANN model according to subsection 3.2.2.4.

Define ANN structure;
Set ANN parameters;
Train ANN;

$Test model

Compute compressor electrical power WCPR,ANN = f(QE, Tc.in, Tc,outs TE,ins TE out );

Compute model performance indicators; $Egq. 3.78 to 3.81
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Algorithm 3: Function f0I_readData.m

Input: Raw measurement data

Output: Structure with all available measurements in SI units

Define and store measurement interval;

$Compute and store measurements in SI units according to Tab.

and 3.3

Compute and store electrical power of compressors and auxiliary devices;

Compute and store heat flow rates of condenser, evaporator, free cooling and cold water
distribution;

Compute and store temperatures;

Algorithm 4: Function f02_log_temp.m

Input: Inlet and outlet temperatures

Output: Logarithmic mean temperatures

Calculate logarithmic mean temperature; $Eq.

Algorithm 5: Function f10_OPI_CL_RM.m

Input: Structure with existing timetables (measurements, calculated exergies and key figures)

Output: Structure extended with new timetables (calculated exergies and key figures of

subsystem CL in refrigeration machine operating mode)

%Calculate cold water distribution exergies for every cooling

location
for CL1 — CL7 do

Compute acceptable cold water distribution exergy B$°;

end

%Calculate optimization potential index

Compute OPI¢cp; $Eqg.

Compute OPIXT;

Compute cold water distribution logarithmic mean temperatures 7'p, T, and T'p, by calling

function f02_log_temp (see algorithm 4); %$Eqg. 3.26 and 3.28
Compute actual cold water distribution exergy Bp; $Eq. 3.25
Compute reference cold water distribution exergy B7,; $Eq. 3.27
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A.3 Pseudo code of the exergy-based evaluation approach

Algorithm 6: Function f1/_OPI_CST_RM.m
Input: Structure with existing timetables (measurements, calculated exergies and key figures)

Output: Structure extended with new timetables (calculated exergies and key figures of

subsystem CST in refrigeration machine operating mode)

%$Calculate actual evaporator exergies for every refrigeration

machine

for RM1 — RMS5 do
Compute evaporator logarithmic mean temperature T ; by calling function f02_log_temp (see

algorithm 4); $Eq. 3.31
Compute actual evaporator exergy Bg; $Eq. 3.30

end

%$Calculate exergies of auxiliary devices
Compute actual circulating pump exergy B, cp,csT ; $Eq. 3.32
Compute reference circulating pump exergy B, ~p ot $Eq. 3.34

Compute acceptable circulating pump exergy Bgi’c:p s

%Calculate reference and acceptable evaporator exergies

Compute subsystem CST exergy losses By, cs7; $Eq. 3.35
Compute reference evaporator exergy Br; $Egq. 3.33

Compute acceptable evaporator exergy BE;

%Calculate optimization potential index

Compute OPIcgsr; $Eg. 3.29
Compute OPI1&ST;

Algorithm 7: Function f12_OPI_RM.m
Input: Structure with existing timetables (measurements, calculated exergies and key figures)

Output: Structure extended with new timetables (calculated exergies and key figures of

subsystem RM)

Load trained ANN’s;
%$Calculate compressor electrical power for every refrigeration
machine

for RM1 — RMS5 do
Compute condenser logarithmic mean temperature T'¢ by calling function f02_log_temp (see

algorithm 4); $Eqg. 3.13
Compute reference condenser temperatures; $Egq. 3.17

Compute acceptable condenser temperatures;

Compute reference compressor electrical power W, p, with ANN;

Compute acceptable compressor electrical power WA, with ANN;

end
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%$Calculate compressor electrical exergies

machine
for RM1 — RMS5 do

Compute actual compressor electrical exergy Bopr;

. * .
Compute reference compressor electrical exergy B¢ pp;

acc

Compute acceptable compressor electrical exergy B&F g;

end

%$Calculate optimization potential index
Compute OPIgy;
Compute OPI#57;

$Eq.
$SEqg.

for every refrigeration

3.22
3.23

3.21

Algorithm 8: Function f13_OPI_DC_RM.m

Input: Structure with existing timetables (measurements, calculated exergies and key figures)

Output: Structure extended with new timetables (calculated exergies and key figures of

subsystem DC in refrigeration machine operating mode)

%$Calculate condenser exergies for every refrigeration machine

(use computed condenser temperatures from algorithm 7)

for RM1 — RMS5 do
Compute actual condenser exergy Bc¢;
Compute reference condenser exergy Bf;
Compute acceptable condenser exergy BE™;

end

%$Calculate exergies of auxiliary devices
Compute actual circulating pump exergy Be;.cp,pc ;
Compute reference circulating pump exergy B¢ op pe
Compute acceptable circulating pump exergy Bg/Gp pes
Compute actual dry cooler fan exergy Be; pc ;

Compute reference dry cooler fan exergy By, ¢ 3

Compute acceptable dry cooler fan exergy Bgj'h s

%Calculate optimization potential index
Compute OPIpc;
Compute OPIEE;
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A.3 Pseudo code of the exergy-based evaluation approach

Algorithm 9: Function fI4_OPI_CL_FC.m

Input: Structure with existing timetables (measurements, calculated exergies and key figures)

Output: Structure extended with new timetables (calculated exergies and key figures of

subsystem CL in free cooling operating mode)

%$Calculate cold water distribution exergies for every cooling
location (use computed cold water temperatures from algorithm 5)

for CL1 — CL7 do

Compute actual cold water distribution exergy Bp; $Eq. 3.46
Compute reference cold water distribution exergy B7,; $Eq. 3.49

Compute acceptable cold water distribution exergy B{°;
end
%$Calculate optimization potential index

Compute OPI¢cp; $Egq. 3.57
Compute OPIXT;

Algorithm 10: Function f15_OPI_CST_FC.m
Input: Structure with existing timetables (measurements, calculated exergies and key figures)

Output: Structure extended with new timetables (calculated exergies and key figures of

subsystem CST in free cooling operating mode)

%$Calculate exergies of auxiliary devices

Compute actual circulating pump exergy B cp,csT ; $Eq. 3.48
Compute reference circulating pump exergy B, -p cgr 3 $Eq. 3.51

Compute acceptable circulating pump exergy Be;'¢:p s

%$Calculate actual free cooling exergy CST side for later use

Compute free cooling module logarithmic mean temperature CST side T ¢ cst by calling

function f02_log_temp (see algorithm 4); $Eg. 3.54
Compute actual free cooling module exergy CST side Brc,csT; $Egq. 3.53

%$Calculate optimization potential index (with computed cold water
distribution exergies in algorithm 9)

Compute OPI¢ogT; $Eq. 3.45

Compute OPI&Sr;
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Algorithm 11: Function f16_OPI_DC_FC.m

Input: Structure with existing timetables (measurements, calculated exergies and key figures)
Output: Structure extended with new timetables (calculated exergies and key figures of

subsystem DC in free cooling operating mode)

%$Calculate free cooling exergies DC side

Compute free cooling logarithmic mean temperature DC side T' rc,pc by calling function

f02_log_temp (see algorithm 4); $Eq. 3.38
Compute reference free cooling temperature DC side T pes $Eq. 3.42
Compute acceptable free cooling temperature DC side T3¢ ¢
Compute actual free cooling exergy DC side Brc,pc; $Eq. 3.37
Compute reference free cooling exergy DC side By pes $Eq. 3.41
Compute acceptable free cooling exergy DC side exergy Bi¢ pes
%$Calculate exergies of auxiliary devices
Compute actual circulating pump exergy Be;.cp,pC ; $Eq. 3.40
Compute reference circulating pump exergy B¢ op pe $Eq. 3.44
Compute acceptable circulating pump exergy Be;'c.p pes
Compute actual dry cooler fan exergy Be; pc ; $Eqg. 3.39
Compute reference dry cooler fan exergy B}, ¢ 3 $Eqg. 3.43
Compute acceptable dry cooler fan exergy Bgj'h s
%$Calculate optimization potential index
Compute OPIpc; $Egq. 3.36
Compute OPIEE;

Algorithm 12: Function f17_OPI_FC.m
Input: Structure with existing timetables (measurements, calculated exergies and key figures)
Output: Structure extended with new timetables (calculated exergies and key figures of
subsystem FC)
%$Calculate reference and acceptable free cooling exergies CST
side
Compute reference free cooling temperature CST side T o g7 $Eg. 3.56
Compute acceptable free cooling temperature CST side T%¢ g
Compute reference free cooling exergy CST side Bfc cg7s $Eqg. 3.55

Compute acceptable free cooling exergy CST side exergy By cg7s

%$Calculate optimization potential index (use computed actual free

cooling exergies CST side from algorithm 10)
Compute OPIpc; $Egq. 3
Compute OPIEE;

.52
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exergétique est utilisée comme indicateur pour déterminer la performance du systeme, mais les valeurs réalisables dans la
pratique sont inconnues. Par conséquence, ce travail propose une méthode d'évaluation pratique des systémes de réfrigération
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nécessaire, lancer une analyse détaillée ainsi que des contre-mesures appropriées. De plus, la modélisation est considérée
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