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Abstract

Air-cooled chillers are extensively employed to meet cooling demand in commercial and
tertiary sectors. To enhance their performance during part-load operation, variable-speed drives
have been integrated into compressors and condenser fans. In existing systems, condenser fans
are either operated at a fixed speed or modulated to maintain a predetermined condensing
pressure or temperature difference between the refrigerant and outdoor air. In the search for
increased efficiency, it is worth investigating innovative control strategies aimed at minimizing
energy consumption. A preliminary mapping of chiller performance at different fan speeds,
loads, and operating conditions is required to achieve this goal. In this respect, this paper
investigates the operation of air-cooled chillers equipped with variable-speed condenser fans,
both in the case of constant- and variable-speed compressors. An ad hoc matrix test is adopted
to cover appropriate ranges conditions, in terms of load and outdoor air temperatures.
Performance maps are developed for a 50-kW¢ chiller using a 1-D simulator. As the main
findings, it may be stated that (i) in the case of the variable-speed chiller, the energy efficiency
ratio increases almost linearly with fan speed, resulting in an 8.8% increase when increasing
the speed from the nominal to the maximum; (ii) in the case of constant-speed chillers, the
system exhibits a different behavior with the cooling capacity and the energy efficiency ratio
increasing with the fan speed between 380 and 980 rpm and then decreasing (slightly or sharply,
at full and part load respectively) with fan speed between 980 and 1,280 rpm, and a percentage
increase of EER in the range 7.8-45% is observed. Also, the sensitivity of such results to the
system design is investigated, analyzing a chiller equipped with a larger condenser that resulted
in achieving minimum energy consumption at an optimal 980 rpm fan speed. Finally, for a
constant-speed chiller serving an office building in the Mediterranean, the proposed fan control
strategy could yield an electricity saving of up to 12.1% compared to the base case, confirming
the potential for energy savings through optimized and system-tailored management of
condenser fan speed.
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1. Introduction

Climate change and improved living standards for a growing share of the global
population are driving an increasing need for space cooling in the world [1]. Meeting this
demand sustainably necessitates not only highly efficient systems [2] but also novel approaches
for generating the required energy [3]. In this regard, some authors have investigated the
possibility of supplying cooling systems with heat [4] or electricity [5] directly generated onsite
from renewable sources. Some researchers also investigated the concept of distributing cooling
energy produced by decentralized sources through district networks [6], while others introduced
innovative fault detection and diagnosis techniques to guarantee continuous performance
monitoring of cooling systems [7], or developed digital twins and innovative learning
algorithms for increased energy saving [8].

Air-cooled chillers stand out as a benchmark technology for addressing the cooling needs
of buildings in the tertiary sector [9]. Over the last few decades, advances in the design of this
technology have been implemented to ensure compliance with high-performance standards
[10,11]. In addition, innovative control strategies for decreasing energy consumption have been
proposed [12], the capability of implementing demand response programs in buildings through
these systems has been investigated [13], and finally, innovative methods for the design of
multiple-chiller systems have been developed [14]. Focusing on design improvement,
manufacturers have dedicated their efforts to enhancing the efficiency of compressors when
operating at part load [15]. Specifically, variable speed drives (VFD) have become increasingly
prevalent in low-cooling capacity chillers, allowing for precise control of delivered cooling
capacity through the modulation of compressor speed [16]. Tube and fins condensers have been
gradually replaced by plate and fins condensers [17], thus leading to a reduction in refrigerant
charge and the potential environmental hazards related to leakages and ineffective end-of-life
fluid management [18]. New refrigerants with lower global warming potential have been
developed [19]. Finally, advances have been made in the control of auxiliary systems, such as
condenser fans [20], or evaporator water pumps [21].

Focusing on condenser fans, in modern small and medium chillers the rotating speed of
the fan is typically modulated via VFDs, in the case of induction motors, or by using new types
of electric motors such as electronically commutated motors (ECM) [22,23]. Conversely, large



chillers are typically equipped with multiple fans, and an ON-OFF control is used to
sequentially switch the operation of each fan. In either case, the control aims at (i) keeping a
“desired head pressure (or condensing pressure)”, typically corresponding to the condensing
pressure of the refrigerant calculated with the design outdoor air temperature [23] or (ii) keeping
a certain “temperature difference” among the condensing refrigerant and the outdoor air
(usually referred as “condensing temperature control”) [24]. It is worth noting that
manufacturers disclose limited information about the fan speed control strategy, considering it
confidential material.

In general terms, the part-load efficiency of air-cooled chillers can be expected to improve
significantly by adopting a smart control of condenser fan speed. Then, it is worth investigating
whether the adoption of “optimized” setpoint values of head pressure or temperature difference
would yield better performance of the unit (i.e. lower energy consumption) compared to the
baseline scenario, where a constant setpoint is maintained. Meantime, these setpoint values
should be also customized on the type of capacity control, e.g. constant-speed
(loading/unloading multiple compressors to guarantee step control) or variable-speed
compressor. The topic is crucial for the efficient operation of air-cooled chillers, due to the high
influence of secondary fluid flow rate on the system performance [25-27]. Also, the expected
behavior of the unit at lower or higher fan speeds is not easily predictable, due to the conflicting
effects on (i) the energy consumption by the compressor (which decreases at higher fan speeds
since the increased air flow rate lowers the head pressure of the refrigerant and the work
required to move it from the evaporator to the condenser) [28] and (ii) the fan consumption,
which rises with the rotating speed [26]. In principle, other factors such as the presence of dirt
or dust deposits on the condenser tubes and fins would also influence the impact of fan speed
on the chiller performance [29]. However, this aspect will not be discussed further in this paper.

Over the past decades, some research studies and patents have been published,
specifically addressing the management strategy of variable speed condenser fans in cooling

systems. In this respect, the next subsection provides an overview of these contributions.

1.1 State of art on management strategies for variable-speed condenser fans in cooling
systems

Industrial research on the topic has produced some patents illustrating novel strategies
aimed at pursuing specific objectives. In 2011, Singh et al. [30] proposed a logic for optimal
fan speed control tailored to refrigeration systems in the food transport sector. The proposed

logic was designed to minimize the power consumption of refrigeration systems by dynamically



adjusting (on an hourly basis) the setpoint of the controlled variable governing fan operation
(e.g., the condensing pressure or the temperature difference between the refrigerant and the
outdoor air temperature). In particular, the logic monitored the energy consumption, the outdoor
air temperature, and the setpoint values in each hour, adjusting the setpoint based on ad hoc
indicators that result from recorded values of monitored variables in the same hour over the two
preceding days. In 2014, Balistreri et al. [31] proposed a novel method for controlling variable-
speed condensers in air conditioning systems. The proposed control logic aims at controlling
condenser fan speed to maximize the Energy Efficiency Ratio (EER) based on refrigerant
pressures measured at the compressor inlet and outlet and the condenser outlet. More
specifically, while monitoring the mentioned pressures, the controller selects the condenser fan
speed that maximizes the unit performance, according to “predetermined performance curves”.
In a recent patent by Sun and Chen [32], 2020, a control architecture for operating condenser
fans in transport refrigeration systems was developed. The method considered either variable-
or multi-speed fans. In the case of variable-speed fans, an optimal condensing pressure setpoint
was determined based on the use of a characteristic equation of system performance with the
temperature of the ambient and the refrigerant at compressor suction. Finally, the fan speed was
modulated until the condensing pressure setpoint was met. In the case of a multi-speed fan, the
switch from high to low speed was determined based on the actual condensing pressure and
two predetermined upper and lower pressure setpoints. Finally, in 2021, Donnellan et al. [33]
developed a control architecture for condenser fans in the case of refrigeration systems for the
transport sector. The method set the fan speed by relying on a predetermined model of system
efficiency (called by the inventors “metamodels”), developed from preliminary simulations of
system operation for different operating conditions. Then, by relying on measurements by
multiple sensors inserted in the refrigeration system, the controller sets the condenser fan speed
which leads to the maximum performance value as predicted by the metamodel.

Moving to the scientific literature, the management of condenser fans in chillers has been
investigated by a limited number of researchers. Some relevant studies were published by Yu
and Chan from 2002 to 2009. Most of these published papers compared the “head pressure
control” (where the condensing pressure is kept equal to the reference value at design outdoor
air temperature) to the “condensing temperature control” (where the condensing temperature
changes following the outdoor air temperature), extending the analysis to chillers equipped with
different compressor technologies. For instance, in [34] an air-cooled chiller with a
reciprocating compressor and multiple constant-speed fans was considered. Referring to an

existing plant with head pressure control, a model was built and validated. Both control logics
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were realized by selecting the number of fans to be staged ON and OFF. It was estimated that
switching to a condensing temperature control improved the part-load performance of the
chiller, with annual energy savings of up to 29%. In another study [35], the authors applied
condensing temperature control for adjusting fan speed in an air-cooled chiller with screw
compressors. It was estimated that the performance could increase up to 15% in the case of high
outdoor temperatures and full-load operation. In [36], the authors investigated the capability
of variable-speed fans to enhance the performance of chillers equipped with screw compressors.
Through a validated thermodynamic model, the “head pressure” and the “condensing
temperature” control strategies were again compared assuming constant- and variable-speed
fans. It was found that in the case of a chiller with variable-speed fans and head pressure control,
the performance change (compared to the case of constant-speed fans) was not always positive.
Conversely, the adoption of a variable-speed fan together with condensing temperature control
resulted in improved chiller performance under all conditions (an increase in EER up to 16%
was assessed). In [37], the authors investigated the effect of variable-speed fan control in the
case of an air-cooled centrifugal chiller. A control strategy based on a condensing temperature
setpoint that maximized the chiller performance for each outdoor temperature value was
developed. However, such a strategy required the chiller to operate at part load (around 0.7-
0.84), leading to an increase in the energy consumed by the chilled water pumps. In two further
studies [23,38], the authors analyzed the adoption of evaporative precooling of the air entering
the condenser to enhance the performance of chillers. More specifically, in [23] the authors
investigated the best strategy to vary the fans' speed in air-cooled chillers equipped with an
evaporative precooler (a device made of a porous surface wetted with a film of water that
evaporates in the airflow supplied to the chiller condenser). It was found that the optimal
condensing temperature set point was highly dependent on the chiller load and the wet-bulb
temperature of the outdoor air. The authors estimated a 5.6-113.4% increase in chiller COP,
compared to a head pressure control. In [38], an air-cooled chiller equipped with mist pre-
cooling at the condenser inlet was analyzed. The pre-cooling was achieved by spraying water
directly on the condenser surface through nozzles, and 19.84% energy savings could be
achieved by switching from head pressure to condensing temperature control.

Angermeier and Karcher [39] developed a model of an air-cooled chiller to predict the
condenser fan speed which minimized the total energy consumption. The model was validated
through an accurate experimental campaign, with a predicted error in performance estimation
within £10%. However, the study assumed constant evaporating pressure, compressor

efficiency, subcooling, and superheating. Other studies, not strictly referring to chillers but
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more generally to air-cooled refrigeration systems (in most cases, direct expansion air-
conditioning units), provided further insights on management strategies for variable-speed
condenser fans and are here presented for the sake of completeness. Elsayed and Kayed [40]
experimentally investigated the behavior of a split air-conditioning system equipped with
variable-speed compressors and variable-speed fans. The study assessed that, under steady-state
conditions, an increase in the fan speed did not induce any performance improvement in the
examined unit. Yeh et al. [41] proposed two control architectures for fan speed modulation
(both indoor and outdoor fans) in variable-speed residential split systems, aimed at improving
its energy performance and dynamic response capability. Regarding the condenser fan speed, a
control strategy based on the temperature difference between the condenser and the outdoor
environment was proposed. Results showed that decreasing the fan speed from 800 to 560 rpm
induced a 14% decrease in the total power consumption, while the indoor temperature was only
slightly affected. However, in the case of a further reduction in the fan speed to 250 rpm, an
increase in total power was observed due to the higher rotating speed of the compressor. Finally,
Deymi-Dashtebayaz et al. [42] developed a model to optimize the performance of a
refrigeration system composed of centrifugal air-cooled chillers. The study was aimed at
identifying the number of condenser fans which optimized the performance of each chiller for
a given part-load ratio and outdoor air temperature. The authors estimated the potential for

substantial energy savings and reduction in carbon dioxide emissions.

1.2 Scopes of the work

The above overview testifies that a limited number of studies have been devoted to
analyzing the effects of condenser fan speed on air-cooled chiller performance. Most of these
contributions were published more than fourteen years ago, with a majority of studies focused
on air-cooled chillers with large cooling capacities (above 600 kW), typically equipped with
screw [23,38], centrifugal [37], or reciprocating compressors [34]. There is an evident
knowledge gap regarding the effects of variable-speed fans in small- to medium-scale chillers
equipped with scroll compressors. Recently published papers have been predominantly focused
on residential split systems [40,41]. Only a very few studies have explored the effects of fan
speed management on air-cooled chillers with scrolls [39], but limited attention has been given
to typical strategies employed to modulate the cooling capacity. Then, it is of paramount
importance to build up scientific knowledge on this technology due to the dominant role it has
been acquiring over the last decade. In addition, when addressing the topic, particular attention

should be paid to the influence of the capacity control technique governing the operation of
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multi-scroll chillers. Indeed, different results could be expected when sequential control is
guaranteed by cycling multiple compressors alternately ON and OFF and when, conversely,
continuous control is achieved by adjusting compressor speed through Variable Speed Drives
to meet the demand. The provision of such information could help formulate innovative and
more refined control strategies for these systems. While the problem can be stated, in general
terms, as an attempt to identify optimal fan speed control strategies for air-cooled chillers
equipped with scroll compressors and with different capacity control techniques, the crucial
aspect lies in the need for a complete mapping of system performance in different operating
conditions, aimed at detecting trade-offs between the marginal effects that any
increase/decrease in fans speed induces on the power consumption by the compressors
(expected to increase at lower fan speeds) and by the fan drives (expected to decrease at lower
fan speeds). Also, the existence of an “optimal fan speed”, capable of minimizing the total
power consumption and maximizing the EER is not obvious, nor it is a priori known whether
it is affected by the design specs of the unit, in terms of capacity balance among components.

To address the identified knowledge gap, this paper aims to map the behavior of an air-
cooled chiller equipped with scroll compressors and variable-speed condenser fans. To cover
sufficiently wide ranges for the main operation variables affecting plant operation, an ad hoc
test matrix is adopted to define the complete set of required simulations. Specifically, the
analyses proposed in this work are aimed at:

- Providing a comprehensive understanding of the effects of fan speed on the performance
of air-cooled chillers, considering: (i) the various strategies used to modulate the cooling
capacity, such as the sequential control of multiple compressors or the variable-speed
control of compressors; (ii) the sensitivity of the optimal fan speed management strategy
to the peculiar design features of the chiller, with a particular focus on the capacity
balance between the evaporating and the condensing section of the unit (this last point
will be addressed, in particular, by simulating a same system chiller when equipped with
a standard and a modified condenser with increased heat transfer area).

- Covering, when performing the above analysis, a wide range of operating conditions in
terms of supplied cooling capacity (thus replicating the unit behavior when facing a

time-varying cooling load) and outdoor air temperature.

Regarding the examined unit, a 50-kW, chiller equipped with constant- and variable-
speed compressors is considered. Simulations are performed by a scientific 1-D tool that allows

for the upload of detailed performance specs of each component drawn from commercial



catalogs. Finally, to show the potential energy saving arising from the improved ODF
management, an energy analysis was carried out for the case of a constant-speed chiller serving
an office building located in Palermo (Italy).

The paper is structured as follows: the second section provides details on the
thermodynamic modeling of chillers in case of variable-speed fans on the condenser, and the
procedure followed to develop the maps; the third section describes the reference chiller and
simulated scenarios; the fourth section presents and discusses results, and the final section

briefly draws conclusions.

2. Materials and Method
Before presenting in detail the procedure followed to map the operation of an air-cooled

chiller with variable-speed fans, a brief description of the chiller thermodynamic modeling is due.

2.1 Thermodynamic modeling

To better understand the thermodynamic parameters and the variables considered in this
work, a scheme of the chiller is presented where the main components are detailed. As shown in
Fig. 1 [13], a plate heat exchanger is typically adopted as the evaporator (EVP) in air-cooled
chillers. In this component, the water returning from the building at a temperature Twr is cooled to
the desired temperature Tws and then supplied to the hydronic loop. A fan (indicated also as an
“outdoor fan” or “ODF”) supplies air to the condenser (CND), which can be either a tube and fins
or plate and fins heat exchanger. An electronic expansion valve (EV) is used to modulate the
refrigerant flow from the CND to the EVP, by controlling the refrigerant superheating at the EVP
outlet. The compressor (CMP) is driven by an Induction Motor (IM), whose operation is monitored
by the controller (CTRL). A detailed explanation of the controller’s action was already provided
by the authors in a recently published paper [13]. However, some details are here briefly repeated
for the sake of self-consistency of this work. It is worth noting that in the referenced previous study
[13] only the control of CMPs was assumed, not considering any optimized control for the
condenser fan. Specifically, in the case of variable-speed CMPs, the referenced study assumed the
controller to adjust the rotating speed of the IM until the supply temperature of cold water to the
building (Tws) reaches the desired setpoint. Conversely, in the case of constant-speed CMPs, the
CTRL was assumed to cycle the CMPs “ON” and “OFF”, by monitoring the variation of the
temperature of the supplied cold water around the desired setpoint [13].

As mentioned in Section 1, ODF is typically controlled to maintain a desired value of the

condensing pressure (pcnp) or the temperature difference between the condensing refrigerant and



the outdoor air. In the case of a variable-speed fan, the rotating speed is varied until the setpoint
value is met. Conversely, in the case of a constant-speed fan, CTRL cycles the fan “ON” and

“OFF” to keep the controlled variables around a desired setpoint.
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Figure 1. Components and variables of an air-cooled chiller [13].

Eqgs 1.a-c shows that a convenient performance characterization of the chiller when equipped
with variable-speed CMPs and variable-speed fans (briefly indicated in the following as a variable-
speed chiller), can be achieved by expressing its cooling capacity (CC) and the mechanical power

(P, cmp) absorbed by the CMPs as a function of the variables that mostly affect the performance.

CC = f1(ODT, wcmp, Twr Wran) (1.a)

Ppcup = f2(ODT, wcpmp, Twrs Wran) (1.b)

More specifically, CC and Py, cip in variable-speed chillers are mostly dependent on the
compressor's rotating speed (wcyp), the dry-bulb temperature of the outdoor air (indicated
as 0DT), and the temperature of the water entering the EVP (T,,,-) [13].

Conversely, Eqgs 2.a-b shows the main variables that affect the cooling capacity (CC) and
the mechanical power (P,, cpp) required by CMPs in the case of a chiller with constant-speed

CMPs and variable-speed fans (briefly indicated in the following as a constant-speed chiller).

CC = g,(ODT,Ncyp, Tyyr) Wpan) (2.2)

Pr.cmp = 92(ODT, Neyp, Tyrs @pan) (2.b)
In Egs. 2-a.b, Ncyp is the number of CMPs in the state “ON”. Regarding the power
consumed by the fan (P, opr), it essentially depends on the fan's rotating speed (wr4y) and ODT,

as shown in Eq. 3.



Propr = h(wgan, ODT) (3)

To assess the overall energy performance of the chillers, the Energy Efficiency Ratio
(EER) is here used, as defined in Eq. 4.
cc

EER = 4
Ppcup + Pmopr )

2.2 Description of the procedure for mapping chiller operation

Fig. 2 illustrates the main steps followed to map the performance of constant-speed and
variable-speed chillers equipped with variable-speed fans. According to Step no. 1, the
preliminary definition of the test matrix is due, serving as a basis to identify the simulations to
perform. Specifically, at this step the variation range of the variables shown in Egs 1-2 (i.e.,
ODT,T,,, wcyp, and wg,y) is defined. In Step no. 2, the physical model of the chiller is built
in ad hoc software, and simulations from the test matrix are performed. In Step no. 3, the
collected data are processed by using numerical methods for developing Eqs 1.a-b and Eqs 2.a-
b.

Different routes are then followed to develop maps for the constant- and variable-speed
chillers. In particular, in the case of the constant-speed chiller, the EER can be easily calculated
(see Step no. 4). Conversely, in the case of the variable-speed chiller, the action of the controller
must be accounted for. Indeed, as previously explained, in this case, the CMP rotating speed
wcpupis usually modulated until the water supply temperature setpoint is met (i.e., 7 °C). It is
evident that when performing a test obtained from a combination of ODT, T,,,-, wcyp, Wran, the
resulting supply water temperature could, in general, differ from the 7 °C setpoint. For this
reason, a further step is due to simulate the action of the controller. Step no. 3' describes the
procedure followed for this purpose. In particular, using data available from Step no. 2, the

following equation is first derived:
Tws = f3(ODT, Ty, @cyp, Wpan) ®)
Then, for a given set of (ODT*,T,,,," wran) the wgyp Value which guarantees T, =

7 °C is calculated. Once verified that the resulting w¢yp falls within the feasible range (i.e.,

Wempmin < Wemp < Wemp,maxe @S 1000 rpm and 6200 rpm), CC and Py, cpp Can be found.

10



Step no. 1: Development of a Test Matrix

1. Defining the variation range of each

2. Developing ad-hoc tests by combining different values of
the independent variables.

variables— ODT, Ty, Wopmp - @pan |

Step no. 2: Simulation and Data Collections
1. Building the physical model of the chiller by using a plant

simulator,
2. Performing Firtual Experiments using the test matrix from

Stepno. 1. =
=
<7

Step no. 3': Simulation of controller action for the
variable-speed chiller

Condition to be satisfied: T,,, = 7 °C
! For any (ODT*, T,." wf4y), the controller varies |
wepp UNtil the condition T,,; = 7 °C is met,

How could this condition be
met without the simulation of
the CTRL?

+ Using data from Step no. 2, the following equation is
developed:
Tws = f3(0DT, weyp,

*  Then, for any (ODT", T,,;," wpan ), wpyp 18 calculated by
solving:

Towr» wpan)

7°C = f;(ODT,” wepp, Tyrs @pan)
ki * i
¢ Check 1f WeMPmin = Wepyp < WeMP,max E

TRUE LELSID

* CC"and Py, cyp can be calculated using:
CC = fi(ODT", wepp . Ty, Wran)
Pucmp = f2(ODT ,wepp , Ty, @Wran)
=

Step no. 3: Post processing of simulation results
and developing of characteristic equations

Variable-Speed Chiller it Constant-Speed Chiller
_UJI CC = [L0DT, weyp, Ty, Wpay) ii CC = g1 (ODT, Newp aw Twr Wpan)
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Step no. 4: EER calculation and mapping EER values
vs fan speed for the COSTANT-SPEED Chiller

v

the combination ODT™, T,,," W4y iS
excluded from the mapping procedure!

Step no. 4': EER calculation and mapping EER
values vs fan speed for the VARIABLE-SPEED
Chiller

Figure 2. Scheme of the procedure followed to map the operation of the variable-speed and
constant-speed chiller with variable-speed ODF.

3. Description of the reference air-cooled chiller and simulations

The nominal capacity of the reference air-cooled chiller is 49.7 kW, (based on the rating

conditions [11]: an ODT of 35 °C and water flow cooling from 12 °C to 7 °C). Table 1 presents
the technical data of the chiller, sourced from a commercial catalog. As shown in Table 1, the unit

is equipped with one axial condenser fan operating at a nominal speed of 980 rpm.

Table 1. Details of the reference air-cooled chiller [13]

Refrigerant

Condenser

Number of Condenser

Type of Condenser Fan

Nominal Fan Rotating Speed [rpm]
Condenser Fan Power [kW]
Metering Device

Evaporator Water Flowrate [m3/h]
Evaporator Pump Power [kKW]
Compressor Type (and Number)

R410a

Fin and Tube

1

Axial

980

15

Electronic Expansion Valve (EEV)
7.0

2

Scroll (no. 2)
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Compressor Power (each) [KW] 9.0
Refrigerant Charge [kg] 14.3

As shown in Table 1, two scroll compressors are used in the reference chiller. For a more
comprehensive characterization of the effect of variable-speed ODF in air-cooled chillers, two
types of CMPs are here assumed:

- variable-speed CMPs where the speed of both CMPs varies between minimum and
maximum values using VFDs until a desired supply water temperature setpoint Tws,ref=7
°C is met.

- constant-speed CMPs, where the cooling demand is met by switching ON-OFF each CMP.

The above assumption on the types of compressors aligns with the current trends in commercial
systems of similar capacity. Indeed, based on a survey of commercial catalogs by several
manufacturers, it emerges that air-cooled chillers with nominal cooling capacity below 60 kW, are
typically equipped with variable-speed CMPs. Conversely, larger units are prevalently equipped
with multiple constant-speed CMPs controlled by an 'ON-OFF' strategy. As for their applications,
they are limited to small buildings as stand-alone cooling systems but they could be also found in
multiple chiller layouts for medium and large buildings, in the case of either symmetric or
asymmetric load sharing [14].

Regarding the ODF, the operating maps were derived by using commercial software. The
curves were then transformed into a typical polynomial equation, see Eq. 6, where the ODF
consumption is related to ODT and w4y ; coefficients have been obtained by regression, resulting
in a very good agreement with the performance data declared by the manufacturer (R? equal to
0.99, RMSE equal to 10.38 W).

(6)

3.1 Modeling of the reference unit and description of the test matrix

The thermodynamic modeling of the reference chiller was developed via IMST-Art v. 4.0
[43]. This software performs a 1-D thermohydraulic modeling of the condenser, evaporator,
and connecting lines. With regard to compressors, the tool converts the operating maps from
catalogs into polynomial curves. The accuracy of results obtained via this tool has been already
validated in several studies [44-47]. For the chiller investigated in the present study, data from

the catalog were duly compared with the simulation results. In this regard, Fig. 3.a-b depicts
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the CC and the EER for the constant-speed chiller in some operating conditions that differ in
terms of ODT and water flow rate through the evaporator, assuming a water return temperature
from the hydronic loop equal to 12 °C. The figure reveals a good agreement between simulation
results and catalog data, as shown in Fig. 3.c where the percentage errors for both CC and EER

are always lower than 7%, thus confirming the good accuracy of the model.
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Figure 3. Comparison of IMST-Art results and data from the catalog of the chiller: (a) cooling
capacity, (b) energy efficiency ratio, and (c) percentage errors.

Following the procedure in Fig. 2, the range of variation of each variable
(i.e.,ODT, T, , Wcup, Wran) Was preliminary defined. The conditions to be simulated were
obtained as shown in the tree diagrams in Figs 4.a-b. Regardless of the strategies adopted to

operate the CMPs (see Figs 4.a-b), it was assumed that:

- ODT varied from 22 to 38 °C, to properly reflect different outdoor air conditions.
Assuming a step variation equal to 2 °C, nine ODT values were simulated.

- The temperature of the water entering the EVP, Twr, varied in the range of 8-12 °C to
cover a wide range of cooling loads from the user. Since a variation step of 2 °C was
again assumed, three values were simulated (i.e., 8 °C, 10 °C and 12 °C). As said above,

the Twr values are strictly related to the cooling load (since a fixed water flow rate
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through the EVP is assumed): the higher the Twr, the higher the cooling demand from
the user. In this respect, the condition Tw=12 °C reflects a maximum (i.e. 100%) cooling
load condition, being the water chilled water supplied to the user at 7 °C (i.e. supply
temperature setpoint) and the water flowrate set for a maximum 5 °C increase when
passing through the hydronic loop of the building at maximum load condition. Such a
design condition is quite common for hydronic loops supplying both fan coils or Air
Handling Units (AHUs). Conversely, when Tw=8 °C the cooling demand from the user
is very low (only 1 °C temperature increase of the water through the hydronic loop).
Under this condition, the chiller is expected to operate at part load, supplying 20% of
its maximum cooling capacity.

- the ODF rotating fan varied between 380-1,280 rpm, with a step variation of 300 rpm,

leading to four values to be simulated.

As shown in Fig. 4.a, in the case of the variable-speed chiller, the rotating speed of each
compressor was varied between 1000 and 6200 rpm, with a variation step equal to 400 rpm (14
values to be simulated); both the CMPs are assumed to run simultaneously, in each condition,
at the same wpg,4y. Then, by combining the ODT values (9) to be tested with the analogous
numbers of Twr (3), weyp (14), and wpyy (4), a total of 1,512 simulations resulted to be
required (see Fig. 4.a).

Regarding the constant-speed chiller, as shown in Fig. 4.b, the rotating speed of each
compressor was set to 2900 rpm (i.e. the reference speed reported by catalogs). Simulations
were first performed with only one CMP activated. Then, tests were repeated with two
compressors “ON”. Then, by combining the ODT values (9) to be tested with the analogous
numbers of Twr (3), Neyp, (2),and wray (4), 216 simulations were performed (see Fig. 4.b).

It is worth stressing the proposed test matrix is different from the ones proposed by
Standards such as ARHI 550/590 [48], as evidenced by the use of a narrower range for outdoor
air dry bulb temperature (22-38°C in the present study, 12.8-52 °C in the Standard) and from
the different approach adopted to consider part-load operation (here assessed in terms of
instantaneous performance of the unit, rather than in average seasonal terms through indicators
such as the Integral Part Load Value, IPLV, as made in Standards). The reason for adopting the
proposed approach lies in the different scope of the present study (compared to Standards), not
aimed at assessing performance under “rating conditions” but rather at providing a deeper
understanding of condenser fans speed influence on the performance of air-cooled chillers in
the most common operating conditions. The proposed approach has been already adopted by
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the authors in an extensive experimental campaign [49], resulting effective in characterizing

the performance of cooling systems.
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Figure 4. Tree diagram representing the test matrix for mapping the operation of (a)

variable-speed and (b) constant-speed chiller with variable-speed fan on the condenser.

Data collected from simulations are then used to find Eqgs 1-2 using the Least-Square (LS)
technique. The resulting equations for the variable-speed chiller are detailed in Eqs 7.a,b, and

for the constant-speed chiller in Eqgs 8.a-b.

CC = 0.8684 weyp — 0.2215 ODT + 1.3211 T, — 0.0374 wpay (7.3)
Prcup = 0.0426 weyp + 0.1188 ODT — 0.4062 T, — 0.0135 wpyy (7.b)
CC =17.33 Neyp — 0.21 ODT + 1.12 T, + 0.01 wpay (8.a)

Py cmp = 10.227 Neyp + 0.059 ODT — 0.0281 T, — 0.005 wpyy (8.b)
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To evaluate the error index of the proposed linear model compared to data from
simulations, the Normalized Root Mean Square Error Index (NRMSE) was adopted. A good

approximation was achieved by Egs. 7-8, with an NRMSE always below 8%.

3.2 Scenario of air-cooled chillers with a “large condenser”

A further step of this analysis investigated the management of ODF in the case of a larger
CND. This case could be representative of the so-called “High Ambient” air-cooled chiller
designed for deployment in extremely hot climates, where a larger CND surface helps in
reducing the condensing pressure. Consequently, the consumption of the CMPs diminishes due
to the lowered condensing pressure, albeit with an increased power demand for the ODF.
Indeed, a larger ODF is required to maintain an acceptable face velocity of air through the coil
(e.g., 3 m-s™). For the scope of the present study, it is worth exploring the influence of an
increased size of the condenser, here assessed by assuming a 50% increase in its heat exchange
area compared to the reference chiller system. This oversized condenser was designed by
extending the tube length in the condenser coil of the reference unit (while guaranteeing
acceptable pressure drops on the refrigerant side along the circuit). Simultaneously, the nominal
air flow rate of the ODF was increased from 21,000 m3/h to 30,000 m3/h, with a power
consumption of approximately 2,700 W at 970 rpm.

4. Results and Discussion

In this section, results for both the variable-speed and constant-speed chillers with variable-
speed ODF are first presented. Then, the results for the case of a chiller with a larger condenser
are shown. Finally, energy results for the case of a constant-speed chiller serving an office building

are discussed.

4.1 Operation of the variable-speed chiller

The results for the variable-speed chiller with variable-speed ODF are shown in Figs 5.a-c,
with reference to an ODT equal to 28 °C and a water return temperature from the user hydronic
loop (Twr) equal to 12 °C (i.e., full or 100% load condition). Fig. 5.a shows the variation of CC and
CMP speed when the ODF speed is varied between the minimum and maximum values (i.e., 380
and 1,280 rpm). Note that regardless of the ODF speed, the CC maintains approximately constant.
This result can be easily explained by considering the control logic of the variable-speed chiller.
Specifically, when the ODF speed is changed, the controller adjusts the compressor speed to meet

the desired chilled water temperature setpoint. Being the water flow rate and return water
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temperature kept constant, whenever the unit meets the water supply temperature setpoint it
operates at constant capacity. As shown in Fig. 5.a, when the ODF speed is increased, a lower
condensing pressure is found due to the greater amount of air crossing the CND coil (orange line).
Conversely, the evaporating pressure is almost constant (blue line). In such conditions, the
decrease in the condensing pressure leads to a decrease in the quality of the refrigerant entering
the EVP, eventually leading to an increased cooling effect per unit mass of circulated refrigerant.
To compensate for this effect, the controller slows down the compressor (grey line) to guarantee
that the water supply temperature setpoint is met.

The reduction in CMP speed leads to a reduction in the power absorbed to drive the CMP,
as shown in Fig. 5.b. Meanwhile, due to the increase in the ODF speed, the ODF power
consumption increases (blue line). However, the total power consumption (black line)
monotonically decreases when the ODF speed increases. As shown in Fig. 5.c, the EER increases
from 2.72 up to 2.96 (+8.8%) when increasing the ODF speed from 980 rpm (nominal ODF value)
up to 1,280 rpm, testifying that although an increase in ODF consumption is observed (to push
more air through the CND)), it is more than compensated by the reduction in power consumed by
the CMPs.
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5
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& 3000 300 £ 5
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Figure 5. Results for the variable-speed chiller for ODT=28 °C and full-load operation: (a)
Compressor speed, cooling capacity, evaporating, and condensing pressure, (b) power
consumption, and (c) EER values.

Figs 6.a-b show the results for the variable-speed chiller with variable-speed ODF for the
following three Twr values: 12, 10.8, and 9.5 °C, again with reference to an ODT equal to 28 °C.
As previously mentioned, Twr Values are strictly related to the load condition of the chiller (with
higher Twr values corresponding to lower cooling demand from the user). More specifically, for a
Twr =12 °C, the chiller is operating at full load or 100% of its capacity. Conversely, when Twr =10.8
°C or Twr =9.5 °C, the chiller is operating at 75% and 50% of its capacity, respectively. Note that
the ODF speed was limited up to 1,000 rpm (and not to 1,280 rpm as in Fig. 5) since in the case of
ODT=28 °C and 50% cooling load (i.e., Twr=9.5 °C), higher fan velocities would lead to unfeasible
operating conditions for the CMPs. More specifically, the rotating speed of CMPs would drop
below 1000 rpm, which lies outside the performance map provided by the manufacturer. Looking
at Fig. 6.a, results suggest that in the case of part-load operation of the chiller, it is still convenient
to run the fan at its maximum speed and not to reduce it proportionally to the CMP speed. Indeed,
when increasing the ODF fan speed, the decrease in CMP consumption more than offsets the
increase in ODF power. In addition, when the chiller is delivering 50% of its full capacity (see
grey line in Fig. 6.a), the variation of EER is heavily affected by changes in fan speed. As shown
in Fig 6.b, this is motivated by the fact that at 50% part-load operation the CMP power dramatically
reduces from 6.5 kW to 0.5 kW (-6.0 kW), against an increase in the ODF fan power from 0.17
kW up to 1.8 kW (+1.73 kW). In this examined scenario, reducing the ODF speed to idle (i.e., 380
rpm) would result in an EER decrease of approximately threefold compared to the value observed
at 1000 rpm.
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Figure 6. Effects of part-load operation on the optimal CND fan speed for different ODT
values: (a) EER values, and (b) CMP Power

Fig. 7 shows results for the variable-speed chiller’s operation at three different ODT values

(28-32 and 36°C), assuming full-load operation (i.e. Twr=12 °C). A linear increase in the EER is
observed when the ODF speed is increased from 380 to 1080 rpm, with a maximum percentage

increase of 28.2%. In addition, a 2.9% increase is observed when moving from 980 rpm up to

1,280 rpm. This result again suggests that, regardless of the ODT, it is still advantageous to operate

the ODF at maximum speed, as the reduction in the compressor (CMPs) power, induced by the

lower difference between condensing and evaporating pressure, outweighs the increase in ODF

power consumption.
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Figure 7. EER of the variable-speed chiller with variable ODF for different ODT values.
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4.2 Operation of the constant-speed chiller

The main results for the constant-speed chillers with variable-speed ODF are presented
in Figs 8.a-b for the following ODT values: 26, 29, 33 and 36 °C. A Twr equal to 12 °C is
assumed (i.e. full load condition) and both CMPs are activated. Fig. 8.a shows the variation in
the CC when the ODF speed is varied between 380 and 1,280 rpm. Note that when the ODF
speed increases from 380 to 980 rpm, the CC is heavily influenced by the ODF speed (a +21%
increase is observed). Conversely, the sensitivity of CC with ODF speed reduces when passing
from 980 up to 1,280 rpm (a further increase by less than 10% is observed). The sensitivity of
CC to the fan speed is mainly related to the effects induced in the condensing pressure: indeed,
as shown in Fig. 8.b, a decrease in the condensing pressure leads to a decrease in the quality of
the refrigerant entering the EVP (yellow bars). Lower values of refrigerant quality lead to a
higher cooling effect per kg of refrigerant circulated by the CMP. However, since the
compressor speed is not modulated to meet supply temperature setpoints (differently from the
case of the variable-speed chiller discussed above), the increased CC leads to a lower
temperature of the water leaving the chiller and supplying the building (blue bars). As shown in
Fig. 8.b, this effect is more pronounced when the ODF speed is increased from 380 rpm to 980
rpm, while it is almost negligible from 980 rpm to 1,280 rpm.

Fig. 8.c shows the total power consumed by the chillers. A minimum value is observed
at 980 rpm. A further increase in the ODF speed results in an increase in total power
consumption, suggesting that the increase in ODF consumption is not negligible compared to
the decrease in the power needed to drive the CMP. Fig. 8.d shows the variation of EER with
the ODF rotating speed. Unlike the variable-speed chiller, the EER does not monotonically
increase when moving to a higher fan speed. A maximum value in the EER can be achieved at
around 980 rpm (corresponding to the minimum power consumption of the unit). The
percentage increase in the EER at 980 rpm is approximately equal to 45%, compared to the
value observed at 380 rpm, and almost 7.8% compared to the value at 1,280 rpm.
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Figure 8. Results for the full-load operation of the constant-speed chiller: (a) Cooling
Capacity; (b) total power consumption, (c) and (d) EER values.

The main results for the constant-speed chiller with only one CMP “ON” are shown in

Figs. 9.a-b. Fig. 9.a shows the variation in the CC when the ODF speed is varied between 380

and 1,280 rpm. It may be observed that passing from 380 rpm to 980 rpm the CC is still

influenced by the ODF speed, but the system exhibits a lower sensitivity compared to the case

presented in Fig. 8.a (only a 12% increase). In addition, the CC is approximately insensitive to

the ODF rotating speed when passing from 980 up to 1,280 rpm (a negligible 2% increase is

observed). The reason for this behavior has already been explained in the case of two CMPs

activated. Figure 8.b shows the variation of EER with ODF rotating speed. A maximum EER

value with one CMP “ON” is achieved at around 680 rpm, i.e. at a speed lower than the optimal

ODF rotating speed (i.e., 980 rpm) observed for the case of two CPMs ON. In all the cases, the

percentage increase of EER when reducing the velocity from 980 to 680 rpm is almost 4.2%.
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Figure 9. Results for the part-load operation of the constant-speed chiller (i.e., one
compressor “ON”): (a) Cooling Capacity, and (b) EER values.

4.3 Effects of condenser size on the optimal fan speed

Figs 10.a shows the EER values for the variable-speed chiller equipped with variable-
speed ODF, in the case of the chiller with a larger CND as discussed in Section 3.2. The
following three Twr values were assumed: 12, 10.8, and 9.5 °C, corresponding to 100%-, 75%-,
and 50%-part load conditions, respectively. It can be observed that the EER no longer exhibits
the monotonically increasing trend at higher fan speeds observed in Fig. 5.c for the unit
equipped with a smaller condenser; conversely, an optimal ODF speed lower than the maximum
1,280 rpm can be identified. The existence of such a maximum EER can be explained by
looking at Fig. 10.b where, for the simulation performed at ODT=28 °C and 50% part-load, the
same rotating speed corresponds to the minimum value of the total power consumption of the
chiller. In addition, as shown in Fig. 10.a, regardless of the examined loading condition (100%,
75%, and 50% cooling demand from the user), the maximum value of EER maintains
approximately constant at the same ODF fan speed. Finally, the effect of different ODT values
is shown in Fig. 10.c. Interestingly, no sensitivity in the optimal ODF speed to changes in ODT

is observed.
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Figure 10. (a) EER values and (b) power consumption for the variable-speed chiller with a
“large condenser” at full load.

Figs 11.a,b show the EER trend for the same unit, equipped with the larger condenser, in

the case of the constant-speed capacity control. Looking at Fig. 10.a, when both the CMPs are

running (i.e., at full capacity), a maximum EER value is achieved in the middle of the range

680-980 rpm. As already explained in Subsection 4.2, the existence of such a maximum is

related to the change in the CC and the decrease in CMP power, induced by the increase in the

airflow rate through the CND coil. When running only one CMP (see Fig. 11.b) the maximum

EER value is located at 680 rpm. Furthermore, a strong reduction in the EER is observed when

passing from 680 rpm to 1,280 rpm (i.e. -45%). This result is a consequence of the lower

sensitivity of the CC in this range, and the increase in ODF power consumption as observed in
Fig. 8.b.
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Figure 11. EER values for the constant-speed chiller with a “large condenser”: (a) full load
operation (two CMPs ON) and (b) 50% part-load operation (only one CMPs ON)

4.4 On the relevance of appropriate speed control strategies for variable-speed fans in air-
cooled chillers

Before moving on, it is essential to summarize the key findings that emerged in the previous
sections with regard to air-cooled chillers with variable-speed ODFs. In both variable-speed and
constant-speed chillers, the results indicated that a significant potential for energy savings through
effective ODF control exists. Specifically, in variable-speed chillers, allowing the ODF to operate
at maximum speed, rather than relying on constant-speed ODFs, could be advantageous.
Interestingly, a simplified control method that sets the ODF speed proportionally to the compressor
speed may not result in energy savings, particularly during part-load operations. Conversely, in
constant-speed chillers, an optimal ODF speed value may exist, mainly depending on the number
of activated compressors rather than on the outdoor air temperature. Interestingly, in this case, a
simplistic approach that sets the condenser fan to maximum speed when two compressors are
activated or to minimum speed when only one is active may not lead to energy savings.

Finally, it is crucial to emphasize that the above-formulated criteria must be validated by
considering the technical specifications of the chiller, including heat exchanger and compressor
types. Therefore, a preliminary assessment through proper mapping of the chiller’s performance

IS necessary.

4.5 Assessment of the energy-saving potential of the improved fan management strategy

In order to assess the potential energy saving arising from the improved ODF management,
an analysis was carried out for the case of the examined constant-speed chiller when serving an
office building located in Palermo (Italy). The main features of the assumed building (geometry,
envelope, and so on) are standardized according to ASHRAE 90.1-2016 [50] and adapted to Italian
building stock by using the UNI/TR 11552:2014 [51]. The building was simulated in TRaNsient
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SYstem Simulation software [52]. The obtained cooling demand is shown in Fig. 12, and it spans
from June 1% to September 30™. The profile was obtained considering (i) schedules for occupants,
equipment, and lightning according to [50], and (ii) local control of the indoor air temperature,
maintained at approximately 26 °C. A peak cooling demand of about 49 kW, was found. ODT
values for Palermo, which are shown in Fig. 11, were retrieved from Meteonorm Database [53].
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Figure 12. Cooling demand profile of the office building.

The constant-speed chiller previously examined was assumed to meet the cooling demand
of the office. The chiller was connected to a cold thermal storage system of about 1 m* volume.
Moreover, a sequential control was assumed to switch ON and OFF chiller compressors based on
the temperature measured at the bottom node of the tank [13]. More specifically, a temperature
setpoint of 7 °C for the supply water was assumed, with a maximum deadband of + 2 °C.
Regarding the ODF, the following scenarios were considered:

- Base case. A head pressure control for managing the ODF of the chiller (here indicated
as HP) was assumed as a base case. More specifically, it was assumed to maintain a
pressure of about 28.5 bar corresponding to an average saturation temperature of 45 °C
for R410a. To simulate such a logic, maps for the chiller were developed similarly to
the procedure shown in Fig. 2. However, for the sake of brevity, the procedure is not
described.

- Improved Scenario. It was assumed to set the fan speed so that the maximum EER value

(shown in Figs. 8 and 9) is achieved. More specifically, the ODF rotating speed was set
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to 980 rpm in the case two CMPs are activated, and 680 rpm in the case only one
compressor is ON.

4.5.1 Definition of the indicators and results

To compare the energy performance of the two control logics, an average EER value was

defined as shown in Eq. 9. More specifically, EER[gg’TBg’LT] in the equation indicates the

average EER of the chiller when operated at a percentage of its full capacity lying in the
[a%: B%] range, with an ODT within the interval [ODTy, ODT>].

%]
28760 CoolDem; [opr,; ODTZ]EERO"D;

EER!&7:F%]
CoolDemopr,;0p,] (9)

[0DTy;0DT,] —

In Eq. 9 CoolDemopr,.0pr, INdicates the total cumulated cooling energy demanded by the
building, throughout the heating season, when ODT lies in the range between ODT: and ODTo.
CoolDem; ;opr,.0pr,) DENOLES, CONVersely, the cooling demand in a generic i-th hour, while EER},"D/;

is the EER calculated in the i-th hour with the chiller operating at x% of its full capacity (with
X% falling in [a%: f%]). The following temperature intervals were assumed to develop a
frequency distribution of the hourly cooling load resulting from TRNSY'S simulations: [23-25
°C], [25-28 °C], [29-31 °C], [32-34 °C], and [35-37 °C]. Considering that the chiller is equipped
with two compressors the following part-load ranges were assumed: [0-50%] and [50%-100%].

Results are shown in Fig. 13. The pink bars represent the percentage of the annual cooling
energy demanded in each ODT range [ODT:-ODT>], which is met by operating the chiller at a
certain part-load ratio. As intuitive, at higher ODT (see last three intervals), the cooling load from
the building is very high and, based on the capacity control assumed, the entire load would be
supplied by the unit when running with two compressors “ON”; conversely, at lower ODT values
a significant fraction of the cooling energy would be supplied with the unit in part-load operation
and one compressor only in “ON” state.

Looking at the green markers indicating the EER values achieved by the chillers at different
ODT and loading conditions, it is worth noting that the EER of the chiller operating with the
improved ODF speed control strategy (indicated as VVar_ODF) outperforms the chiller with HP
control in the case of low and medium ODT values (i.e., for ODT ranging between 23 and 28 °C).
Conversely, the increase in the EER is much lower when moving to higher ODT values. For
instance, in the ranges [29-31°C] and [32-34 °C], the percentage increase of the average EER in
the case of Var_ODF is approximately equal to 4.5% and 6.5%, respectively. In the range [35-

37 °C] the HP control even outperforms the VVar_ODF control, since at such highest outdoor air
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temperatures the higher ODF speed adopted in the HP control results in a lower condensing
pressure. Finally, considering the total electricity consumption in one year of operation and based
on the average EER defined by Eq. 9, it was found that the VVar_ODF control resulted in 3.79
MWhe/y, while the HP control to 4.31 MWhe/y. Then, the improved ODF speed control strategy
identified in Section 4.2 resulted in a marginal 12.1% energy saving compared to the conventional

control strategy adopted as a reference case.

0%CoolDem XVar_ODF O HP

__100.0% — . — 80
— X ] 7.0
o 80.0% X 0
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g X 50 W
£ 60.0% .
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23-25°C 26-28 °C 29-31 °C 32-34 °C 35-37 °C

Figure 13. Average EER values for the two management strategies.

5. Conclusions

In this paper, the performance of air-cooled chillers equipped with variable-speed condenser
fans was investigated, to identify optimal control strategies of fan speed. By assuming a 50-kWc
chiller as a reference unit, a complete mapping of system performance was obtained through
several simulations performed in a wide set of operating conditions (collected in a test matrix),
specified in terms of outdoor temperature and cooling load (this last term imposed by fixing
different return temperature of the water on the hydronic loop), considering both the cases of the
unit equipped with constant- and variable-speed compressors. Simulation results were collected in
terms of power absorption by compressors and fans’ drives and EER of the unit. In the case of the
chiller with variable-speed compressors, the EER increased by about 8.8% when increasing the
fan speed with respect to the nominal speed value. Due to this monotonic trend, in such a
configuration keeping the fans at the highest speed is convenient. In the case of the constant-speed
chiller, when operating at full load (i.e. both compressors activated), the cooling capacity is very
sensitive to the outdoor fan speed, increasing by 21% when the fan rotating speed increased from
380 rpm to 980 rpm, for higher fans speed, from 980 up to 1,280 rpm, the capacity resulted
approximately constant (actually, a 1% decrease was observed). Therefore, unlike the variable-
speed chiller, in units equipped with sequential control of multiple constant-speed compressors the
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EER no longer exhibits a monotonic trend, rather achieving a maximum value corresponding to a
particular fan speed (980 rpm for the examined unit, coincident with the nominal rotating speed of
the fan), which should be identified as “optimal fans rotating speed” for the examined conditions.
When simulating the part-load operation of the same unit (only one of the two compressors
activated), the maximum EER was achieved at a lower fan rotating speed, around 680 rpm. An
optimal condenser fan control of the unit should consequently reduce the rotating speed whenever
the unit reduces the load. The effect of condenser fan speed on the same variable-speed chiller
when supposed equipped with a larger condenser was investigated, resulting in a very different
trend from the one observed for the “base design™: the unit with a larger condenser achieved a
maximum EER for a particular fan speed. The discrepancy between the results obtained for the
units with a “base design” and with an “increased size condenser” testifies that no rules of general
validity can be drawn for the optimal control of condenser fan speed since the energetically optimal
strategy is highly influenced by the capacity balance between components and should be therefore
identified for each unit through an accurate performance map under different operating conditions.
Finally, in the case of a constant-speed chiller serving an office building, the application of the
improved strategy for fan control revealed that potential for energy savings exists compared to
conventional logic based on a fixed setpoint on condensing pressure, resulting in a 12.1% reduction
in electricity consumption. The study confirms that an in-depth assessment of system performance
aimed at identifying optimal control of auxiliaries is worth investigating since relevant margins for
energy savings exist especially for systems with prolonged annual operation in off-rating and part-
load conditions. In broader terms, improving the performance of these systems is of utmost
importance considering the expected increase in building cooling demand due to global warming.
In this regard, as air-cooled chillers will be reference technologies primarily because of their
simplicity, a decrease in the energy required during their operational phase through refined controls
will contribute to the achievement of ambitious decarbonization goals. Future work will focus on
controlling the building architecture in the case of variable-speed fan chillers, including the maps
developed here to estimate the energy-saving potential of different buildings in the tertiary sector.
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Nomenclature

Acronyms

CMP Compressor

CND Condenser

CTRL Control

ECM Electronically Commutated Motor

EVP Evaporator

EV Expansion Valve

IM Induction Motor

LS Least Square

ODF Outdoor Fan

VFD Variable frequency drive

Variables

CcC Cooling Capacity (W)

CoolDem Cooling Demand(W)

EER Energy Efficiency Ratio (dimensionless)

Pm Mechanical Power (W)

RMSE Root Mean Square Error Index

OoDT Outdoor air temperature (°C)

Tws ref Reference Temperature of the water supplied to the hydronic loop (°C)
Twr Temperature of the water returning from the hydronic loop (°C)
Tws Temperature of the water supplied to the hydronic loop (°C)

Greek Letters

WeMPp Compressor rotating speed (rpm)
WEAN Fan rotating speed (rpm)
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