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Abstract

This study proposes a real-time chiller capacity control strategy based on marginal Coeffi-
cient of Performance (COP) analysis to improve the energy efficiency of air-conditioning
systems. The research focuses on the air-conditioning system (ACS) of an office building.
Operational data, including chiller capacity and the corresponding COP, were collected to
derive the chiller’s operating characteristic curve. The Optimal Capacity Control (OCC)
strategy aims to maximize the total COP of all chillers, and the initial capacity allocation
is determined using the Lagrange multiplier method. To further refine performance, a
fine-tuning mechanism is introduced, calculating the ratio of COP variation to capacity
variation (RC ratio) for each chiller to identify which unit should be loaded or unloaded.
Based on the fine-tuning mechanism, a comprehensive OCC model is established to ensure
that the chiller’s cooling output precisely matches the load demand, thereby maximiz-
ing system efficiency and reducing energy consumption. To validate the effectiveness
of the proposed OCC strategy, a numerical analysis was implemented using real oper-
ational data from the existing ACS. Comparative simulations between the OCC and a
Traditional Capacity Control (TCC) strategy were conducted. On a representative summer
day, total power consumption decreased from 1534.0 kWh (TCC) to 1527.2 kWh (OCC),
while total system COP increased from 113.9 to 114.8. Seasonal analysis further confirms
consistent energy savings under varying load conditions. The results indicate that the
OCC strategy significantly enhances system performance and reduces energy consumption
under varying load conditions. Overall, the proposed method achieves a higher system
COP, leading to notable electricity savings and improved operational efficiency of the
air-conditioning system.

Keywords: air-conditioning system; Optimal Capacity Control (OCC); Coefficient of
Performance (COP); energy efficiency

1. Introduction

In Taiwan, air-conditioning systems have become indispensable to daily life, account-
ing for more than 40% of the total electricity consumption. Consequently, their share of
overall power demand has been steadily increasing, particularly due to the rapid prolif-
eration of small- and medium-sized air-conditioning systems (ACS), which has driven
peak electricity loads to new record levels. Furthermore, climate change induced by the
greenhouse effect is projected to raise the average temperature on peak demand days in
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Taiwan. For most users, ACS is primarily operated during daytime high-temperature
periods, significantly increasing electricity expenditures. In addition, the annual operating
hours of ACS have shown a continuous upward trend [1]. In response, industries have
been actively investing in the research and development of energy-efficient technologies
to reduce electricity consumption and mitigate energy costs. Therefore, improving the
efficiency of ACS has become an urgent and indispensable issue [2,3].

In an ACS, the power consumption of chillers accounts for approximately 60% of the
total energy use. Energy-saving analyses indicate that implementing appropriate control
strategies and improving the Coefficient of Performance (COP) of the chiller units are
among the most effective approaches to reducing the substantial power demand associated
with peak loads [4]. The most common energy-saving strategies for chillers include:
(1) operating the chiller at its optimal efficiency point, and (2) increasing the chilled water
outlet temperature [5,6]. In general, chillers operate most efficiently at 60% to 95% of their
rated cooling capacity, and the COP exhibits an approximately linear relationship with
the cooling capacity [7]. The operating efficiency of a chiller depends on the combined
performance of the compressor, evaporator, and condenser [8]. If a chiller’s capacity
becomes insufficient due to poor design or prolonged operation, operating it near full load
will only increase energy consumption without improving cooling performance. In an ACS,
avoiding the operation of multiple chillers at low efficiency levels can yield significant
energy savings and enhance overall system performance. Therefore, implementing real-
time capacity control among multiple chillers to maintain operation near their optimal
efficiency points is essential for improving the overall energy efficiency of the system.

In the field of energy-saving optimization for ACS, most studies have concentrated on
the economic scheduling of chillers. These studies employ a wide range of optimization
algorithms, such as particle swarm optimization [9], dynamic programming [10], Hopfield
neural networks [11], genetic algorithms [12,13], simulated annealing [14], differential
evolution [15], cuckoo search [16], and the firefly algorithm [17]. These algorithms ad-
just the chillers” capacity outputs based on the required cooling load to determine load
distribution and power consumption for each unit, thereby ensuring the system operates
at its most energy-efficient state and minimizing electricity costs. In recent years, with
the rapid development of energy-saving technologies and equipment for ACS, various
energy-conservation techniques have been widely adopted [18-20]. Intelligent control
strategies for ACS can dynamically regulate the cooling capacity of chillers in response to
fluctuations in a building’s cooling demand. This enables chillers to operate at or near their
highest efficiency points, further enhancing the overall energy efficiency of the system.

In the research on capacity control for ACS, Tu et al. proposed a control model for
multi-unit ACSs to ensure stable and reliable operation while achieving both high cooling
performance and energy efficiency [21]. You et al. employed a load-based sequencing
control strategy to coordinate the sequencing of multiple devices and introduced a deep
recurrent DRQN network that effectively utilizes historical data to optimize the operating
parameters of air-conditioning water systems with chiller control [22]. Lee et al. ana-
lyzed the heat transfer process of a central variable water/air flow chiller system using a
thermal resistance approach and further optimized capacity matching, with a particular
focus on addressing excess condensing heat—an aspect that previous studies had often
oversimplified—while considering overall energy performance [23]. Xiao et al. proposed a
novel performance index, the capacity utilization rate, to illustrate the impact of indoor
units on system performance, and developed a performance model based on this index [24].
The proposed model was validated through field tests in real buildings to examine the
operational characteristics of variable refrigerant flow systems. Moreover, the use of diverse
hybrid nanolubricant composition ratios has been shown to enhance the COP of ACSs [25].
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Liu et al. presented an optimal strategy for improving chiller sequencing control to achieve
energy-efficient and reliable operation [26], while Hui et al. proposed an available regula-
tion capacity model for residential air conditioners to enhance power system flexibility and
resilience [27]. Ko et al. designed a test facility that determines system capacity through
refrigerant-side capacity measurement, thereby reducing fuel consumption and saving en-
ergy [28]. Wang et al. developed a reinforcement learning (RL)-based control framework for
optimizing the cooling operation of chiller plants to enhance building energy efficiency [29].
Despite these advancements in chiller control technologies, a gap remains in integrating
real-time optimization with control feasibility. These limitations stem from the imitation of
prior optimization-based and rule-based chiller control studies, as well as the absence of
simple and deployable control strategies for multi-chiller systems. There is still no widely
adopted method that explicitly quantifies and leverages the marginal relationship between
COP and cooling capacity in real-time chiller scheduling. Consequently, existing strategies
often fail to effectively respond to dynamic variations in building loads. As a result, chillers
frequently operate at suboptimal efficiency points, leading to energy waste, reduced system
reliability, and increased operational costs. Therefore, enhancing the efficiency of ACSs is
not only a technical challenge but also an issue of economic sustainability. The novelty of
using the RC ratio for real-time marginal efficiency assessment is proposed in this paper.

This paper proposes a real-time Optimal Capacity Control (OCC) strategy for chillers
in an ACS equipped with Variable Water Volume (VWV) technology [30]. The proposed
method introduces a fine-tuning mechanism, the Ratio of COP variation to capacity vari-
ation (RC ratio), for real-time scheduling. This mechanism enables dynamic adjustment
of the operating capacity of chillers based on real-time cooling load data, ensuring that
each unit operates near its optimal COP. By continuously monitoring the performance of
multiple chillers, the OCC strategy dynamically determines which units should be loaded
or unloaded to achieve the highest overall system efficiency while satisfying the required
cooling load. To verify the effectiveness of the proposed strategy, a numerical analysis
was developed using operational data from an existing ACS. Comparative simulations
were performed to evaluate the OCC strategy against a TCC strategy. The results demon-
strate that OCC achieves substantial energy savings across all operating conditions. It
is demonstration of improved COP and energy savings across seasonal scenarios. These
findings emphasize the importance of coupling between capacity and efficiency in ACS
design and offer a practical framework for developing intelligent energy-saving control
strategies. Furthermore, the OCC strategy significantly improves overall system efficiency
and reduces energy consumption under various load conditions.

2. Description of the Problem

This paper proposes an OCC strategy that maximizes the combined COP of all chillers
while satisfying all operational constraints. The OCC optimizes the overall efficiency of the
ACS, thereby reducing the total power consumption of the chillers and further enhancing
the system’s energy efficiency.

2.1. VWV System Configuration

The ACS investigated in this study is a VWV system, commonly found in modern
commercial buildings as shown in Figure 1. The ACS utilizes a primary constant/secondary
variable flow chilled water system, where the flow rate of the chilled water is modulated
by variable frequency drives (VFDs) on the pumps to match the real-time cooling load.
The primary side of the system includes multiple chillers and constant-frequency chilled
water pumps; the secondary side uses the variable-speed chilled water pumps to supply
the cooling load. The VWV system uses a common pipe to balance the chilled water flow
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between the chillers and the loads. In the primary side, the constant-frequency chilled
water pumps delivered chilled water Q; to common pipe, which flows through Q, back
to the primary. Each chiller is equipped with a constant-frequency chilled water pump,
delivering a fixed amount of chilled water. The secondary side is delivered the Q5 and
Qq by a variable-speed chilled water pumps with variable flow rate control. The chilled
water flow control includes the opening and closing of the two-way control valve, the
speed control of the variable frequency secondary pump, and the bypass control valve
to maintain the pressure difference between the inlet and outlet of the load side. The
system is operated to maintain the supply chilled water temperature within a defined range
(6-7 °C), while meeting real-time thermal loads calculated from building demand. The
chillers are the primary energy consumers in the ACS, and their combined operation
significantly impacts the overall system efficiency. This study focuses on optimizing the
capacity control of these chillers to minimize energy consumption while satisfying the
building’s cooling demand.
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Figure 1. VWV Schematic diagram of the ACS.

2.2. The Performance Analysis of Chillers

The primary energy-saving strategy for ACSs is to precisely control the VWV system
for both chilled water flow and cooling water flow, ensuring that the cooling load require-
ments are fully met without unnecessary energy waste. The efficiency of the chilled water
unit is represented by the COP, as shown in Equation (1) [31].

Qe (1
COP;(t) = =t—— 1

0= S o
While it is often assumed that a chiller’s performance is fixed after manufacturing, its
COP is not a static value. In practice, the COP varies dynamically with operating conditions
and often deviates from its nominal rated value. Although the relationship between
COP and cooling capacity is approximately linear for both volumetric and centrifugal
chillers, the overall operational efficiency depends on the integrated performance of the
compressor, evaporator, and condenser. If the heat-exchange capability of the evaporator
or condenser deteriorates over time—due to factors such as undersized design, fouling,
or long-term operational wear—a critical issue may arise: operating the chiller near full
load can increase power consumption without delivering a corresponding improvement
in cooling output [32]. Consequently, the unit is forced to operate in a low-COP state, as

illustrated in Figure 2.
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Figure 2. COP variation due to chiller degradation.

Figure 2 provides a simplified conceptual illustration of COP degradation within a
typical operating range. In practice, the COP-capacity relationship is not strictly linear and
varies depending on compressor type and control mechanism. The approximately linear
trend observed in some chillers is generally valid only within moderate part-load regions.
For purely quantity-controlled machines operating under on/off control, the COP behavior
may exhibit discontinuities and cannot be represented by a linear relationship between
COP,,ip, and COP 4y Therefore, the linear depiction in Figure 2 should not be interpreted
as a universal theoretical assumption but rather as an illustrative trend within a specific
operating context.

2.3. The Operating Characteristic Curve of Chiller

The COP of a chiller varies according to its operating conditions. When an ACS adopts
a VWV system for energy savings, the chiller’s automatic control system adjusts its cooling
capacity to match fluctuations in the cooling load. However, if the operating capacity of the
chiller is not properly regulated, its COP will decrease. The COP generally changes with
the Part Load Ratio (PLR) of the chiller, which is defined as shown in Equation (2). The
PLR is defined as the ratio between the operating cooling capacity and the rated cooling
capacity of the chiller, which is a standard performance indicator widely adopted in the
HVAC engineering literature [9].

ppool(t)
i

x 100% )

The operating characteristics curves of chillers describe the relationship between the
PLR and the COP. The operating characteristic curve of a chiller is typically approximated
by a quadratic function [9], as shown in Equation (3).

COP;(t) = a;-PLR?(t) + b;-PLR;(t) + ¢ (3)

The core of this model is to establish the relationship between a chiller’s operating
capacity and its COP. Analysis of the operational data revealed a quadratic relationship
between the cooling capacity and COP for each chiller. By applying polynomial regression
to the collected data, performance curves were fitted for the primary chillers in the system.
The ACS employs a VWYV strategy to regulate the chillers’ cooling capacities in response to
fluctuations in the cooling load. However, if the chiller capacity is not properly controlled,
it may result in excessively high condenser pressure or excessively low evaporator pressure.
Both of these conditions are detrimental to chiller performance and lead to a reduction
in COP.
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It should be noted that the COP-PLR relationship may vary depending on the type of
chiller and compressor mechanism. These differences arise from variations in compressor
design, capacity modulation mechanisms, and thermodynamic characteristics. The pro-
posed OCC strategy does not rely on a predefined linear COP assumption. Instead, it is
formulated based on empirically derived operating characteristic curves and their corre-
sponding first-order derivatives. The RC ratio used in this study represents the marginal
variation of COP with respect to cooling capacity at a specific operating point. Therefore,
as long as the COP—capacity relationship of a given chiller type can be accurately modeled
or monitored, the marginal equalization mechanism remains applicable.

3. Formulation of the OCC Strategy

The objective of the OCC strategy is to dynamically distribute the total cooling load
among multiple chillers so as to maximize the overall COP of the system.

3.1. Problem Formulation

The optimization problem is formulated to maximize the sum of the COP of all chillers.
The objective function can be expressed as follows:

N N
Maximize COPy = Y_ COP; = ¥ a;- PLR? + b;-PLR; + ¢; (4)

i=1 i=1
The relative constraints are described as follows.

1.  Load satisfaction constraint: The total cooling output from all chillers must match the
total cooling load of the system.

™M=

| PLR;-P/™*d = p; (5)

i=1

2. Operational constraint: The operating capacity of each chiller must remain within its
allowable minimum and maximum limits.

Pcool < Pz'COOZ < P.COOZ Vi= {1, ey N} (6)

imin imax

3.2. Traditional Capacity Control (TCC)

The formulated optimization problem is solved using the Lagrange multiplier
method [33]. The Lagrangian function (£) is constructed by combining the objective
function with the equality constraint, as shown in Equation (7).

N
L(PLRy,...,PLRy,A) = COPy + A (PT -y PLRi-Pl-’””d), 7)
i=1

For the objective function to be at its maximum, the partial derivatives of the La-
grangian function with respect to each variable (PLR; and A) must be equal to zero. The
partial derivative of the Lagrangian function with respect to PLR; for each chiller is given
as follows:

oL d(COP;)

_ __ prated\ _
dPLR;  OPLR; +)‘( B ) 0 ®)

Equation (8) can be rearranged as follows:

a(cor;) 1
apLR; 'Prated =A (9)
1
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By applying the chain rule, since Pl.w"l = PLR;-P/** the derivative of the part-load
ratio can be expressed as

apqool
OPLR; = —iy (10)
1
Substituting Equation (10) into Equation (9), a new equation can be expressed as
9(COPy) _ A (11)
aplqool

Equation (11) reveals the fundamental principle of the proposed OCC strategy, A
represents the rate of change of each chiller’s COP with respect to its cooling capacity. In
other words, A quantifies how much the COP of chiller i increases (or decreases) when its
cooling load is slightly adjusted.

3.3. OCC Strategy

Since the capacity and COP values vary continuously during chiller operation, record-
ing the COP and cooling capacity of each chiller at regular intervals enables continuous
determination of the RC value. The ratio of COP change to capacity change is expressed
in Equation (12).

_ COP;(t) — COP;(t—1) _ ACOP;(t)
’picool(t) o picool(t o 1)| Aplqool (t)

The RC ratio provides essential information about the chiller’s marginal performance.

RC;(t)

(12)

The fine-tuning mechanism is designed to take actions that achieve the highest possible
efficiency improvement for the entire system. This control strategy operates in two primary
modes: loading and unloading.

Loading Mode: When the total system cooling load increases (P! (t) > P&l (¢ — 1)),
a chiller must be selected to increase its cooling output. The algorithm prioritizes the chiller
that provides the greatest increase in COP for a given increase in capacity.

e A positive RC ratio (RC > 0) during the loading process indicates that the chiller’s
COP increases as its capacity increases. The COP operating curve from point A to
point B is illustrated in Figure 3a.

e A negative RC ratio (RC < 0) indicates that the COP decreases as cooling capacity
increases. The COP operating curve from point C to point D is illustrated in Figure 3b.
To maximize system efficiency, the controller selects the chiller with the highest RC
ratio to accommodate the additional cooling load.

COP ) COP A
COP(t) COP(t)
COP(t-1)

COP(t-1)}

Pcool(t_l) Pcool(t) 'Pcool Pcaol(t_l) Pcaol(?)

I.ncreasing[ Increasi.u%t

(a) (b)

Figure 3. Illustration of COP change during the loading process.

Unloading Mode: When the total system cooling load decreases (P7°! (t) < P! (t — 1)),
a chiller must be selected to reduce its cooling output. In this scenario, the objective is to
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select the chiller whose reduction in cooling capacity yields the greatest improvement or
smallest degradation in its COP.

e RC <0 indicates that the COP value of the chiller decreases as the operating capacity
adjustment decreases as shown in Figure 4a. The COP operating curve from point E to
point F is illustrated in Figure 4a. RC > 0 indicates that the COP value of the chiller
increases as the operating capacity adjustment decreases as shown in Figure 4b. The
COP operating curve from point G to point H is illustrated in Figure 4b.

e  To clarify, during unloading, the change in capacity is negative. A high positive RC
value indicates that a small reduction in cooling load results in a substantial increase
in the COP. This represents the most favorable condition for unloading. Therefore,
when the system needs to shed load, the controller also selects the chiller with the
highest RC ratio for unloading.

COP A COP A
RC<0 RC>0
COP(t-1)f oo e COP(t-1)}————————eg—rg
JACOPTHE T CoR@ T e s [
COP() | —/JF | / | |
| | | |
| | | |
| | /’ | :
/ : AP cool : ““r" : AP cool |
|¢—P —>
1 1 » 1 l»
P cool(t_]_) P cool(t) I) COO]. P cool(t_l) P cool (t)

:l] Decreasing i]l Decreasing

() (b)
Figure 4. Illustration of COP change during the unloading process.
In summary, at any control interval t that requires an adjustment in total cooling

output, the system identifies the chiller with the maximum RC ratio among all active
units to perform either loading or unloading. This relationship can be formally expressed

as follows:
L _ L
RClpa(t) = Max. {RCH(H) | (13)
U () = u
RCllox(t) = Max. {RCI (t)} (14)

This unified criterion ensures that the system continuously seeks the operating point
of highest marginal efficiency, dynamically adapting to load variations to maintain optimal
overall performance.

3.4. Implementation of the OCC

The principles of the fine-tuning mechanism are integrated into a comprehensive
control strategy that is executed at each control interval. The overall operational flow of
the OCC strategy is illustrated in the flowchart shown in Figure 5. The procedure of the
fine-tuning mechanism can be summarized as follows:

1.  System Initialization: The control program initializes by reading the predefined system
parameters, including the number of chillers and their corresponding performance
curve models.

2. Load Calculation: The system calculates the real-time total cooling load, Pr, based on
sensor data collected from the building.
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3. Capacity Evaluation: The current total online capacity, P%OOZ , is determined by sum-
ming the outputs of all active chillers. This value is then compared with the required

load, Pr.
4.  Load Distribution (Modulation):

(a)

(b)
(©

5. Chiller Staging (Startup/Shutdown): After the load distribution, the system evaluates
the operating state of all chillers. If the total load exceeds the combined capacity
of the online units, a standby chiller is activated. Conversely, if a chiller operates
below its minimum load threshold for a sustained period, it is shut down to avoid

The system computes the RC ratio for each online chiller based on its current

and previous operational data.
The chiller with the maximum RC ratio is identified.

The selected chiller then adjusts its cooling capacity—either loading or
unloading—to align the total online capacity with the required system load.

inefficient operation.

6. Loop: The system waits for the next control time step and repeats the entire process
from Step 2, thereby ensuring continuous and dynamic optimization of the unit’s

overall performance.

( Process Start >

Initialization and Read System
Parameters for Chiller Unit i ~ Unit N

I

Read Total Cooling Load (Pr)

l

A

Read Total Online Cooling Capacity (P, and

Determine Online Chiller number

I

Evaluate RC Ratio for Each

Online Chiller

Execute Loading Command by
Using Load Model

Execute Unloading Command by
Using Unload Model

No

Are All Online Chillers
Full Loading?

Are All Online Chillers
with Minimum Loading?

Shutdown Chiller?

C e

Figure 5. Flow Chart of the OCC process.

https:/ /doi.org/10.3390/en19051271


https://doi.org/10.3390/en19051271

Energies 2026, 19, 1271

10 of 19

4. Case Study

This study uses an office building as the test case. The analysis focuses on a single
representative day from a typical summer week. Three chiller units, KLSB-01, KLSB-02,
and KLSB-03, are employed in the test. The corresponding cooling load and electricity
price during summer are presented in Table 1. Table 2 shows the specification of the
ACS. The numerical computations were performed using MATLAB R2018b on a PIV-
2.6GHZ computer with 512MB RAM. The optimization procedures, RC ratio calculation,
load redistribution logic, and seasonal energy consumption analysis were implemented
through custom-developed scripts. The simulation model was constructed based on actual
operational data collected from the ACS of the studied office building. The monitored
dataset includes cooling capacity, electrical power consumption, chilled water temperature,
and part-load ratio (PLR) under stable operating conditions. Polynomial regression was
applied to derive the COP-PLR characteristic curves for each chiller. These fitted curves
serve as the performance model for simulation.

Table 1. Cooling load and electricity price during summer.

Time Section Electricity Price NTD $/kWh) Cooling Load (RT)
08-09 2.18 214.6
09-10 5.02 178.8
10-11 5.02 178.8
11-12 5.02 178.8
12-13 5.02 214.6
13-14 5.02 214.6
14-15 5.02 178.8
15-16 5.02 178.8
16-17 8.05 143.0
17-18 8.05 107.3

Table 2. Specification of the ACS.

No. Item Specification
1 Model KLSB-100S
2 Power Source 3380V 60 Hz
3 Refrigerant R134a
4 Air conditioning capability 300 kW
5 Power consumption (air conditioner) 60 kW
6 COP (Full air conditioning) 5.0

4.1. Implement of RC Ratio

This study employs a monitoring system to record the COP values corresponding to
chiller capacity adjustments from 10% to 100% of the PLR, as shown in Table 3. The mea-
surement environment was at an outdoor temperature of 35 °C and an indoor temperature
of 28 °C. Data are obtained directly from the existing monitoring system of the building’s
ACS. The ACS is equipped with a commercial-grade control and monitoring system capa-
ble of continuously measuring chilled-water temperatures, flow rates, cooling capacities,
condenser-side parameters, and the power consumption of each chiller. Based on these
recorded data, a curve-fitting method was applied to derive the operating characteristic
curve of the chillers.

https:/ /doi.org/10.3390/en19051271
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Table 3. The relationship between COP and PLR.

The COP of Chillers
PLR (%) KLSB-01 KLSB-02 KLSB-03
100 497 491 4.98
96 4.96 4.87 4.96
95 4.95 4.85 4.94
90 492 4.82 491
87 491 4.80 4.87
85 4.90 4.75 4.84
83 4.83 4.73 4.83
80 4.82 4.70 4.80
77 4.81 4.56 4.80
75 4.70 4.50 4.75
72 4.66 447 4.69
70 4.55 442 4.60
67 4.35 442 4.55
65 4.15 4.40 4.25
62 411 4.23 4.18
60 3.85 4.15 3.95
57 3.77 3.93 3.77
55 3.75 3.85 3.65
50 3.65 3.80 3.55
45 3.65 3.75 3.45
42 3.6 3.66 3.39
40 3.55 3.61 3.34
37 3.46 3.54 3.34
35 3.35 3.45 3.29
32 3.24 3.39 3.22
30 3.15 3.33 3.11
27 3.03 3.33 3.06
25 2.86 3.11 2.86
20 2.75 2.93 2.79
18 2.67 2.77 2.70
16 2.53 2.65 2.63
14 2.35 2.53 2.55
12 2.24 2.45 2.44
10 2.15 2.34 2.36

By applying curve fitting method, the operating characteristic curves of chillers for
units KLSB-01, KLSB-02, and KLSB-03 are derived as shown in Equations (15)-(17).

COP; = —0.000193PLR? + 0.0476 PLR; + 1.6893 (15)
COP, = —0.000193PLR3 + 0.0472PLR; + 1.8847 (16)
COP3 = —0.0002PLRZ + 0.0489PLR3 + 1.9531 (17)

By taking the first differential of the capacity—~COP relationship, the correspond-
ing first-derivative trend curves COP}, COP), and COP} are obtained as shown in
Equations (18)—(20).

COP} = —0.000386PLR; + 0.0476 (18)
COP) = —0.000386PLR; + 0.0472 (19)
COP} = —0.00040PLR3 + 0.0493 (20)
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Figure 6 presents the relationship between the RC value and the operating capacity
of each chiller under the OCC strategy. In this figure, the horizontal axis represents the
RC value, defined as the marginal variation of COP with respect to cooling capacity. The
left vertical axis indicates the individual operating capacity of each chiller, while the right
vertical axis represents the total combined capacity of the three chillers. In this case, the
system cooling load is 214.6 RT. The OCC strategy adjusted the chiller capacities based
on their respective RC values. The procedure for the fine-tuning mechanism based on RC
values is summarized as follows:

1.  The RC value corresponds to the first-order derivative of the COP—capacity rela-
tionship derived from Equations (18)—(20), and it reflects the marginal efficiency
improvement per unit of capacity adjustment. According to the optimality condition
derived from the Lagrangian formulation in Section 3, the optimal operating point is
achieved when the marginal COP variation of all operating chillers becomes equal.
Therefore, the OCC strategy sequentially adjusts chiller capacities by always selecting
the unit with the highest RC value.

2. Attheinitial stage, all chillers operate at their minimum allowable capacity. Among
them, KLSB-03 exhibits the highest RC value (approximately 0.045) at 10% loading,
indicating that increasing its capacity will yield the greatest COP improvement per
unit of load increase. Therefore, KLSB-03 is selected first for loading, as shown at
Point A in Figure 6. As its capacity increases toward approximately 25% (Point B), its
RC value gradually decreases due to the downward trend of the derivative curve.

3. Once the RC value of KLSB-03 decreases to a level comparable to the other chillers,
the controller evaluates the RC values of all units again. The chiller with the highest
current RC value is then selected for further loading. This iterative process continues
such that the operating points of the chillers gradually converge toward a state where
their RC values are approximately equal (around 0.039 in this case). At this stage, the
marginal efficiency contributions of all operating chillers are balanced, indicating that
the system has reached a locally optimal capacity distribution.

4. The loading sequence is repeated until the total combined cooling capacity matches
the required system load of 214.6 RT. This marginal equalization mechanism ensures
that each incremental increase in load is assigned to the chiller that provides the
highest efficiency gain, thereby maximizing the overall system COP.

5. During unloading, the same marginal principle applies. Because capacity reduc-
tion implies a negative change in cooling output, the RC value is evaluated accord-
ingly, and the chiller with the highest RC value (i.e., yielding the greatest efficiency
improvement per unit of capacity reduction) is selected for unloading. This uni-
fied marginal-efficiency criterion guarantees that the system continuously operates
at the most energy-efficient configuration under both increasing and decreasing
load conditions.

Because the cooling capacity and COP vary simultaneously, optimizing one without
accounting for the other may result in operational inefficiency. By calculating the RC values
of all chillers in operation, the control system can identify the unit that provides the greatest
efficiency gain per unit of capacity adjustment. This approach ensures that the system’s
overall COP is maximized while fully satisfying the cooling load demand.

4.2. Daily OCC Strategy in Summer

The capacity control of each chiller was performed using both the TCC and the OCC
strategies. The daily capacity allocation results are presented in Tables 4 and 5. Under the
TCC strategy, as shown in Table 4, the capacity of KLSB-03 was set to a minimum of 50%,
while the remaining cooling load was evenly distributed between KLSB-01 and KLSB-02.
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This approach represents the optimal configuration for traditional chiller capacity control
under low-efficiency operating constraints. Consequently, units KLSB-01 and KLSB-02 were
forced to operate at higher COP levels, providing a suitable benchmark for comparison

with the OCC strategy’s performance.
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Figure 6. Relationship between RC value and chiller capacity output under the OCC.

Table 4. Daily load distribution of the TCC strategy in summer.

Allocated Capacity (RT)

Time Section Total Load

KLSB-01 KLSB-02 KLSB-03 (RT)
08-09 82.3 82.3 50.0 214.6
09-10 64.4 64.4 50.0 178.8
10-11 64.4 64.4 50.0 178.8
11-12 64.4 64.4 50.0 178.8
12-13 82.3 82.3 50.0 214.6
13-14 82.3 82.3 50.0 214.6
14-15 64.4 64.4 50.0 178.8
15-16 64.4 64.4 50.0 178.8
16-17 93.0 50.0 0.0 143.0
17-18 57.3 50.0 0.0 107.3

Table 5. Daily load distribution of the OCC strategy in summer.
Time Section Allocated Capacity (RT) Total Load

KLSB-01 KLSB-02 KLSB-03 (RT)
08-09 71.5 69.8 73.3 214.6
09-10 61.1 54.4 63.3 178.8
10-11 58.5 57.5 60.8 178.8
11-12 58.5 57.5 60.8 178.8
12-13 71.5 69.8 73.3 214.6
13-14 71.5 69.8 73.3 214.6
14-15 61.1 54.4 63.3 178.8
15-16 61.1 54.4 63.3 178.8
16-17 69.8 0.0 73.3 143.0
17-18 51.6 0.0 55.8 107.3

A comparison in Table 5 shows that the capacity of KLSB-03 under the OCC is consis-
tently higher than that of the other chillers. The variation in KLSB-03’s operating capacity is
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also greater than that of the other units at every operating point. Consequently, whenever
the ACS load increases, KLSB-03 is prioritized for capacity adjustment. After KLSB-03's
capacity increases, its RC value becomes lower than those of the other two chillers. At
the same operating capacity, KLSB-01 exhibits a higher RC value than KLSB-02; therefore,
KLSB-01 and KLSB-02 are loaded sequentially in that order. KLSB-01’s RC value will then
reach the maximum among the three chillers, and this cycle continues until the combined
operating capacity of all chillers satisfies the ACS load.

Tables 6 and 7 present the daily COP values and daily power consumption in summer.
The total COP achieved under the OCC strategy is higher than that of the TCC strategy,
while the total power consumption with OCC is slightly lower. The TCC strategy uses the
Lagrange multiplier method to solve this problem, which yields a solution close to a local
optimum. OCC utilizes RC fine-tuning technology to further search the optimal operating
point. However, the difference between the two strategies is not substantial because the
TCC strategy was already optimized, with KLSB-01 and KLSB-02 operating at higher COP
levels. The cooling load of the chillers in the ACS fluctuates continuously due to the VWV
regulation rate. Therefore, the chiller capacities must be continuously adjusted to match
these fluctuations. The OCC strategy ensures that all chillers in the system operate at high
efficiency at all times, thereby avoiding excessive energy consumption within the ACS.

Table 6. Daily COP and energy consumption using TCC strategy in summer.

KLSB-01 KLSB-02 KLSB-03 Total COP  Total Consumption
Time Section

cor kWh cor kWh cor kWh cor kWh

08-09 43 67.0 45 64.5 3.9 45.1 12.7 176.6
09-10 4.0 57.1 41 54.7 3.9 45.1 12.0 156.9
10-11 4.0 57.1 4.1 54.7 3.9 45.1 12.0 156.9
11-12 4.0 57.1 41 54.7 3.9 45.1 12.0 156.9
12-13 4.3 67.0 45 64.5 3.9 45.1 12.7 176.6
13-14 43 67.0 45 64.5 3.9 45.1 12.7 176.6
14-15 4.0 57.1 41 54.7 3.9 45.1 12.0 156.9
15-16 4.0 57.1 41 54.7 3.9 45.1 12.0 156.9
16-17 4.5 73.1 3.7 46.6 0.0 0.0 8.2 119.8

17-18 3.8 53.1 3.8 46.6 0.0 0.0 7.6 99.7
Total 1139 1534.0

Table 7. Daily COP and energy consumption using OCC strategy in summer.

KLSB-01 KLSB-02 KLSB-03 Total COP  Total Consumption
Time Section

cop kWh cor kWh cop kWh cor kWh

08-09 41 61.0 4.2 57.7 45 57.7 12.8 176.4
09-10 3.9 55.3 3.9 49.2 4.2 52.4 12.0 156.8
10-11 3.8 53.8 4.0 50.9 42 51.0 12.0 155.8
11-12 3.8 53.8 4.0 50.9 4.2 51.0 12.0 155.8
12-13 41 61.0 4.2 57.7 45 57.7 12.8 176.4
13-14 41 61.0 4.2 57.7 45 57.7 12.8 176.4
14-15 3.9 55.3 3.9 49.2 42 52.4 12.0 156.8
15-16 3.9 55.3 39 49.2 42 524 12.0 156.8
16-17 4.1 60.0 0.0 0.0 44 57.7 8.5 117.8

17-18 3.6 49.8 0.0 0.0 41 48.3 7.7 98.1
Total 114.8 1527.2

The OCC strategy was applied under the same load conditions, and the results were
compared with those of the TCC strategy. The analysis demonstrates that:

>  OCC strategy remains applicable in heterogeneous configurations.

>  Load redistribution becomes more differentiated, with high-efficiency units prioritized
under marginal equalization principles.

>  The performance improvement over TCC is more pronounced in heterogeneous sys-
tems due to increased variability in marginal efficiency.
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»  Certain operational constraints may introduce staging discontinuities.

4.3. Energy Consumption Across Four Seasons

The seasonal analysis is based on monitored operational data from representative
weeks in each season. The selected periods and corresponding outdoor temperature
characteristics are as follows:

e  Spring: April 8-12; average outdoor temperature 23-27 °C; peak daytime temperature
approximately 29 °C.

e  Summer: July 10-14; average outdoor temperature 30-34 °C; peak daytime tempera-
ture approximately 35-36 °C.

e  Autumn: October 16-20; average outdoor temperature 24-29 °C; peak daytime tem-
perature approximately 31 °C.

e  Winter: December 4-8; average outdoor temperature 18-23 °C; peak daytime tempera-
ture approximately 25 °C.

The selected weeks represent typical climatic conditions in southern Taiwan and reflect
actual cooling demand observed in the building. The energy consumption and electricity
price for each season are illustrated in Figures 7 and 8. Figure 7 compares the energy
consumption of the TCC and OCC strategies across the four seasons. The results show
that OCC consistently achieves lower energy consumption than TCC, particularly during
summer and autumn when cooling loads are high. This improvement demonstrates OCC’s
ability to maintain high operating efficiency by dynamically adjusting chiller capacities in
response to varying load conditions. Similarly, Figure 8 compares the seasonal electricity
costs under both strategies. OCC achieves lower total electricity expenditure compared to
TCC throughout the year, confirming its effectiveness in reducing operating costs while
maintaining sufficient cooling performance. Although the energy savings during spring
and winter are less pronounced due to lighter cooling loads, OCC still provides a more
balanced and adaptive response to load fluctuations. Overall, these results indicate that
the OCC strategy not only enhances system efficiency but also contributes to long-term
economic and energy-saving benefits across varying climatic conditions.
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Figure 7. The comparison of energy consumption of TCC and OCC.
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Figure 8. The comparison of electricity prices of TCC and OCC.

4.4. Applicable Scenarios and Practical Limitations of the OCC Strategy

The proposed OCC strategy is primarily designed for centralized multi-chiller air-
conditioning systems, such as chiller plants in large commercial buildings, hospitals,
campuses, industrial facilities, and district cooling systems. In such systems, multiple
chillers operate in parallel, and load redistribution among units is feasible. The RC-based
marginal equalization mechanism can dynamically determine loading and unloading
priorities, thereby improving overall plant efficiency.

However, in small-scale air-conditioning systems equipped with only a single chiller,
the OCC strategy cannot be directly applied. Since load redistribution among multiple
units is not possible, the marginal equalization principle becomes inapplicable. In such
cases, system optimization should instead focus on enhancing the part-load performance of
the individual chiller, improving chilled water temperature control, or optimizing variable-
speed pump operation.

For buildings with two chillers operating under simplified staging logic, partial im-
plementation of the RC-based marginal principle may still be feasible. The strategy could
be adapted to assist in startup/shutdown sequencing decisions or to support fine-tuning
around medium-load operating ranges.

Future research may explore simplified OCC variants tailored for small-scale systems,
such as:

e Integrating marginal COP estimation into single-chiller part-load optimization.

e  Combining the RC concept with predictive load forecasting.

e Developing hybrid control strategies that coordinate chiller operation with
auxiliary components.

By clarifying the applicable deployment context, the OCC strategy should be un-
derstood as a plant-level optimization framework rather than a universal solution for all
air-conditioning configurations.

5. Conclusions

This study aims to develop an OCC strategy for chillers in ACS. The proposed method
uses a fine-tuning mechanism to dynamically adjust the operating capacity of the chillers
according to the real-time cooling load, ensuring that each unit operates near its optimal
efficiency point. This strategy enables a precise match between chiller capacity and cooling
load, thereby maximizing system efficiency while reducing both energy consumption and
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operating costs. The OCC strategy employs the RC ratio algorithm to determine loading
and unloading actions by calculating the ratio between the changes in the COP and cooling
capacity for each chiller. To verify the effectiveness of the proposed strategy, numerical
simulations were conducted to compare the OCC and TCC strategies. The analytical results
confirm the validity of the proposed optimization method.

During a typical summer day, the total power consumption under the OCC strategy
was 1527.2 kWh, slightly lower than the 1534.0 kWh consumed under TCC. Furthermore,
the system COP increased from 113.9 (TCC) to 114.8 (OCC), highlighting the OCC strategy’s
superior performance even under peak load conditions. This study integrates theoretical
optimization, empirical data modeling, numerical simulation, and control strategy design,
all grounded in established engineering methodologies. It not only demonstrates the real-
time control mechanism but also aligns with the principles of feedback-based adaptive
control systems in engineering.

Future research may focus on large-scale validation, integration with predictive or
model-based control strategies, and incorporation of dynamic electricity pricing into the
objective function. Hybrid approaches combining marginal-efficiency control with ad-
vanced optimization or learning-based algorithms may further enhance robustness and
global optimality. Overall, the proposed OCC strategy provides a practical and physically
interpretable framework for improving chiller plant efficiency. By explicitly leveraging
the marginal relationship between capacity and COP, the method bridges theoretical op-
timization principles and real-time operational control, offering a scalable solution for
energy-efficient air-conditioning system management.
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Abbreviations

The following abbreviations are used in this manuscript:

ACS air-conditioning system

AHU Air-Handling Unit

cor Coefficient of Performance

OocCcC Optimal Capacity Control

PLR Part Load Ratio

RL Reinforcement Learning

TCC Traditional Capacity Control

VFD variable frequency drives

VPF Variable primary flow

VWV Variable Water Volume

P; Electrical input power of chiller

Pf% N The maximum operational capacities of the i-th chiller
Pf;;filn The minimum operational capacities of the i-th chiller
Pl-”‘”d The rated cooling capacity of the i-th chiller.

Pr The total system cooling load
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Q Cooling capacity of chiller i

the,i Rated cooling capacity of chiller i

COPr the objective function

COP;(t) COP of chiller i at time .

COP;(t —1) COP of chiller i from the previous time interval t — 1
PLR; Part-load ratio of chiller i

Pfl"’c(t) The electrical power consumed by chiller i at time ¢
Qeool(t) The cooling capacity provided by chiller i at time ¢
Pinl (t—1)  The cooling capacity provided from the previous time interval ¢ — 1
RC;(t) The RC ratio for the i-th chiller at time interval ¢
RCE(t) The loading RC value of the chills i at the period ¢
RCY (1) The unloading RC value of the chills i at the period ¢
L Total system cooling load

N Number of online chillers

A Lagrange multiplier

a;, b;, c; Polynomial coefficients of COP-PLR curve

t Time index
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