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Abstract: Central air-conditioning systems account for the largest share of energy consumption in
public buildings, wherein the chiller room is the main source. The current empirical strategies of
chiller room group control have difficulty realizing integrity, timeliness, and equipment adjustment
accuracy and lead to energy wastage. Therefore, the operation strategy optimization model is of
great value for achieving energy savings. This study proposed a stepwise optimization method
for central air-conditioning systems, which is divided into the chilled side (the chiller and chilled
water pump) and the cooling side (the chiller, cooling water pump, and cooling tower). The optimal
points of the two sides are calculated sequentially and integrated as the global optimization result. To
construct the stepwise optimization model, mathematical power models of the equipment in use were
established to provide mathematical support for objective functions, and a short-term load prediction
model with a matching optimization step size was established for energy constraints. The TRNSYS
simulation model was developed to verify the energy-saving effects of the stepwise optimization
model according to the energy-saving rates of 6.41% and 13.56% attained in both cases. The stepwise
optimization strategy can more effectively guide practical applications and provide another way of
thinking with respect to the group control optimization of chiller rooms in public buildings.

Keywords: stepwise optimization; operation strategy optimization; central air-conditioning system;
energy-saving effect; public building

1. Introduction

The building industry has become the world’s largest energy consumer [1]. It con-
tributes to more than one-third of the total global energy consumption [2]. According to rel-
evant studies [3], public buildings’ energy consumption now accounts for the largest share
of building-related energy consumption. Concerning the energy demand of public build-
ings, the energy required to operate a central air-conditioning system is often the largest
sub-component, accounting for about 40% to 60% of the total energy consumption [4].

For conventional central air-conditioning control systems, the main consideration is
to achieve stable operation of the cold source system [5]. In most public buildings, the
regulation of the air-conditioning system operation strategy is mainly achieved through
empirical adjustment by the managers according to the relevant environmental parameters.
A great deal of labor is employed, and high time costs are consumed, but the resulting effect
is not satisfactory [6,7]. The purely experience-based strategies employed by managers
may lead to unnecessary energy waste. It is difficult to realize the integrity, timeliness, and
accuracy adjustment of system equipment because of the lack of data fusion on the source
side, the transmission and distribution side, and the terminal side [8,9]. In recent years, the
rapid development of Internet technology has provided technical support for the hourly
recording, uploading, and subsequent downloading of building operations, as well as the
maintenance of big data. The construction of an operation strategy optimization model for
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a chiller room is of great value in terms of achieving energy savings in buildings’ central
air-conditioning systems [10].

A large number of studies exist in the field of developing energy-efficient operation
strategies for air-conditioning systems. A detailed physical model of heating, ventilation,
and air conditioning (HVAC) systems with realistic working conditions was established
by Feng et al. [11]. A two-stage conditional value-at-risk (CVaR) model was proposed
to identify the optimum day-ahead scheduling of smart buildings with HVAC systems.
Finally, the numerical results verified the efficiency and economy of the proposed method.
Lu et al. [12] established an energy consumption model of fans, chillers, and water pumps.
By analyzing the characteristics and interactions between each component, an optimization
strategy model for the condenser water loop of the analyzed HVAC system was proposed.
Zhao et al. [13] proposed an online control optimization method for parallel inverter pumps.
The pump’s operating conditions were partitioned by the continuous monitoring of the
pump’s flow rate, pressure, and working efficiency. The optimal combination of operating
modes for the pumps was determined according to the current operating conditions. The
method’s effectiveness was also verified through a real variable flow regulation system
controlled by a variable differential pressure setpoint. Based on the proposed heat transfer
model of cooling towers, a numerical model for the online optimization of the cooling water
system is established by Keyan Ma [14]. The simulation results indicated that the proposed
online optimization method for cooling water systems can reduce energy consumption by
15.3% compared to other methods. Chen et al. [15] used neural networks (NN) to model a
chiller-oriented power consumption and particle swarm optimization (PSO) algorithm to
optimize a chiller’s loading to achieve minimum power consumption. Wijaya et al. [16]
proposed a method with which to dynamically optimize the operation of chilled water
pumps to improve the cooling system efficiency in a building. A similar study focusing on
reducing system energy consumption by studying chilled water pumps is also available
in the literature [17,18]. On the basis of a semi-physical model of an experimental HVAC
system, Xiong et al. [19] proposed a parallel grid search algorithm to find an optimal
operating point that minimizes the power consumption of an HVAC system. It can be
seen that most of these studies are based on building equipment performance models
such as chillers and variable frequency pumps, wherein the maximum efficiency point is
determined through simulation to achieve energy savings. However, optimal equipment
efficiency does not mean that the overall system’s efficiency is optimal. It is important
to determine a system’s best performance point according to the numerous restrictions
and constraints.

In this regard, many scholars have carried out research on the global optimization
of air-conditioning systems. Vakiloroaya et al. [20] modeled the equipment from the
data monitored in the central air-conditioning systems in commercial buildings and used
various optimization algorithms combined with the transient simulation software module
of TRNSYS 16 to optimize the systems’ setting values overall and propose various operation
strategies. After verification, this approach can ensure an 11.8% reduction in energy
consumption while keeping PMV within reasonable limits. Tu et al. [21] proposed an
overall optimization strategy of a cluster control system coupling a chiller room model with
a primary pump variable-flow system to improve the automation of the chiller room and
maximize energy saving potential. Yao et al. [22] developed a global optimization model for
the overall control of air-conditioning systems with the aim of achieving minimum energy
consumption, wherein the optimum hourly conditions of all equipment in the system
were simulated for one operating day. The method of decomposition—coordination was
used for the model’s solution. An energy analysis revealed that the energy savings from
global optimization were mostly attributed to the adjustment of pumps and fans rather
than chillers. Asad et al. [23] considered the functional and spatial distribution of the main
components of an HVAC system and proposed a distributed, real-time optimal control
solution for typical concentrated HVAC systems, which adopts a dual decomposition
mechanism to split the centralized problem into a master problem and several sub-problems,
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and those sub-problems can be solved independently in parallel. Wang et al. [24] developed
an optimal agent-based, decentralized control strategy for air-conditioning systems and
adopted the evolutionary algorithm to achieve the global optimum. Zhao et al. [25] studied
an entire water-based cooling system from an online application viewpoint and proposed
an easy-to-implement control method for the system. In the simulation platform, the
proposed optimal water flow control strategy offers advantages in terms of global COP and
energy savings of 0.37% and 3.45%, respectively, for the same operating conditions. It can
be seen that the global optimization model is used to attempt to optimize the calculation
of all control parameters. At the data level, the overall optimization model can indeed be
solved to obtain the optimal strategy point for the current operating conditions. However,
in practical projects, due to the characteristics of HVAC systems, such as their dynamics,
strong coupling, and lag in regulation, it is difficult for global optimization models to match
the actual operation conditions.

Considering the above problems, this study proposes an innovative stepwise optimiza-
tion method that can be applied to the group control strategy of chiller rooms. The central
air-conditioning system is divided into the chilled side (the chiller and chilled water pump)
and the cooling side (the chiller, cooling water pump, and cooling tower). The lowest power
of each side is adopted as the objective function. The precise energy constraint is obtained
by a load prediction model that can match the time step of strategy optimization. The opti-
mal points of the two parts are obtained by stepwise sequential optimization calculations.
In the optimization process, the operation data at the last moment in the system possess a
certain weight in the next calculation, which ensures that the optimization strategy will
not produce sudden changes and subsequent system oscillation. Finally, the optimization
results on the chilled side and the cooling side are integrated into the global optimization
results. In this study, a stepwise optimization method with reasonable objective functions,
precise constraints, and a complete optimization process is developed. This method re-
duces the number of devices in each step of the optimization process, thereby reducing
the complexity of the analysis process to a certain extent and allowing a small number
of devices to reach a stable operating state as quickly and sequentially as possible. The
stepwise optimization method has greater energy-saving potential than traditional manual
regulation. Compared with global equipment optimization, less equipment and fewer
parameters are considered, and the system achieves stability more easily. The final result
of the stepwise optimization method can be regarded as an approximate global optimum.
The stepwise optimization strategy is easier to implement in practical engineering, which
can better guide practical applications and provide another way of thinking with respect to
the group control optimization of chiller rooms in public buildings.

The technology roadmap of this study is shown in Figure 1. The rest of this paper is
organized as follows: Section 2 describes the methodology, including the construction of
mathematical models of the analyzed equipment, a load prediction model, and a stepwise
optimization model. Then, a case analysis comparing the traditional empirical strategy and
the stepwise optimization operation strategy is introduced in Section 3. Finally, this study’s
conclusions are presented in Section 4.



Buildings 2023, 13, 487

4 0f22

" - - - - - - - - - - - - - - - =
. . 1 . 1
Equipment mathematical model ' Load Forecasting Model .
i with Matching Strategy Adjustment Stepsize |

Chiller Cooling Tower i '

1 Input variable selection 1

Variable Frequency Pump : . S :

1 Model construction and optimization :

e e e e e e e e e e e

The stepwise optimization strategy

Stepwise Optimization

Objective function Energy constraints

Optimization calculation

Energy-saving effect verification

TRNSYS energy
simulation software

Energy-saving effect
comparison

Figure 1. Technical roadmap.

2. Materials and Methods

Before the optimization model could be developed, a mathematical model of the
main equipment of the air-conditioning system and a load prediction model needed to be
established to provide the objective function and constraints needed for optimization. This
section introduces the method for the construction of a mathematical model of the central
air-conditioning system’s equipment, and then constructs a load prediction model with
matching strategy adjustment steps. Based on the equipment-oriented mathematical model
and the load prediction model, a stepwise optimization model of the group control system
of the chiller room is developed.

2.1. Data Preprocessing

There are often missing data and outliers in the raw data obtained from indoor
temperature-monitoring systems and building automation systems. Therefore, data pre-
processing is required, which is shown in Figure 2.
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Figure 2. Data preprocessing flow chart.
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The building cooling load data are calculated by the combination of three param-
eters: chilled water flow, chilled water supply temperature, and return temperature
(see Equation (1)):

CL=CxMx (Ty —Ty) 1)

where C represents the specific heat capacity of water, M represents the flow rate of the
heating circulation pump, T, represents the temperature of supply water, and Tj, represents
the temperature of return water.

In the formative process of a building’s cooling load, there is a time lag due to the
thermal inertia of the building’s envelope and the complexity of the water system’s pipe
network. In this paper, the time lag cross-correlation (TLCC) method is used to determine
the delay time T between supply and return water temperatures. TLCC method is per-
formed by moving a time series vector in a stepwise manner and repeatedly calculating the
correlation between two signals. If the peak value of correlation is at the center (offset = 0),
this means that the two time series have the highest degree of correlation at this time.
During data processing, the moving time step is 5 min.

As shown in Figure 3, the correlation of the chilled water return temperature is highest
when the delay time 7 is 20 min. Therefore, T is taken to be 20 min. To a certain extent,
these data can be regarded as the lag time of the water system’s circulation, which means
that the temperature difference between the supply and return water after 20 min can be
used for the load calculation at the current moment.
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Figure 3. TLCC calculation results.

2.2. Equipment Mathematical Model

This paper focuses on the energy-saving optimization of the equipment in the chiller
room. The equipment involved in the machine room group control system includes the
cooling tower, chiller, cooling water pump, and chilled water pump.

2.2.1. Chiller Mathematical Model

Many scholars have studied the energy efficiency of chillers and proposed a series
of chiller energy efficiency models, including temperature-dependent models [26], simple
linear regression models [27], variable quadratic regression models [28], multivariable
multinomial regression models [28], DOE-2 models [29], and so on. Considering that
chiller energy efficiency has a strong correlation with the actual chiller load Q,, chilled
water supply temperature T, and cooling water return temperature T¢yr, and that these
influencing factors can be expressed by mathematical variables, the chiller power model
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concerning Tepeps, Tewr, and Qe is selected with reference to ASHRAE’s HVAC application
manual (see Equation (2)).

PC =co+ Cl(Tcwr - Tchws) + C2(Tcwr - Tchws)2 + C3(Tcwr - Tchws)Qe + C4Qe + CSQez (2)

In Equation (2), P, is the electric power of the chiller, while ¢, c1, ¢y, c3, c4, and c5 are
the parameters to be identified in the model.

The least squares (LS) method, recursive least square (RLS) method, and forgetting
factor least square (FFLS) method are used for parameter identification of the mathematical
model of the chiller. Root-mean-square error (RMSE) was used to assess the model’s
accuracy. The coefficient of determination (R?) was used to evaluate the fitting degree of
the model to the sample data. The higher the R?, the better the fit of the model, and the
stronger the model’s ability to interpret the dependent variable.

RMSE = {/ # 3)

2
R2—1_ i1 (fi — i)
YL (@ - vi)?
In Equations (3) and (4), f; represents the model’s output value, y; represents the actual

value, m represents the number of samples, and ¥, represents the actual average value
of samples.

(4)

2.2.2. Cooling Tower Mathematical Model

The energy transfer process of a cooling tower is very complex. Unlike water chillers
and variable frequency pumps, there is no generally recognized and widely accepted
numerical model of a cooling tower available in the industry. With reference to relevant
research [30-32], this paper adopts the multiple linear regression model to numerically
describe the cooling tower’s power. The cooling tower’s outlet water temperature is mainly
related to the flow, the cooling water’s inlet temperature, and the fan’s operating frequency.
In addition, this parameter may be related to meteorological factors. The Pearson correlation
coefficient [33] method was used to conduct a correlation analysis on influencing factors of
cooling water outlet temperature f,,. The correlation analysis’s results obtained for the
variables, including cooling tower’s inlet and outlet water temperature, the cooling water
flow, and air wet and dry bulb temperature, are shown in Figure 4.

f
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t;_
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‘, 044 050 037

040 051 0.37
¢ f_»; ‘q t'e f’r‘s

&

Figure 4. Results of correlation analysis between influencing factors of cooling tower’s outlet
water temperature.

The absolute values of the correlation coefficients were ranked. The correlations were
ordered from highest to lowest: cooling tower inlet water temperature ¢y, air wet bulb
temperature t;, air dry bulb temperature t¢, and cooling water flow rate 4. Other factors
with low correlation (absolute value below 0.3) were not included in the analysis. It should
be noted that the correlation coefficient between dry and wet bulb air temperature is greater
than 0.7, which indicates a strong correlation. Considering the higher correlation between
the cooling tower discharge temperature and the air wet bulb temperature, and since ¢,
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is generally used to assess the capacity of the cooling tower, t; is not considered. The
cooling tower energy consumption model was developed as shown in Equations (5) and (6).
Equation (5) represents the relationship between the cooling tower outlet water temperature
and fan’s operating frequency. Equation (6) describes the relationship between fans’ energy
consumption and operating frequency.

tewr = Co + C1ts + 2 + C3tcws + C4f (5)

f (f)2
P=Py,|co+c1=+cr| = 6
| Coterp e o (6)

In the equations above, P is the energy consumption of the fan, f is the cooling tower
fan’s operating frequency, and fj is 50 Hz. The least squares (LS) method, recursive least
squares (RLS) method, and forgetting factor least squares (FFLS) method are used for
parameter identification of the mathematical model in Equation (5). The other equation in
the model only has three variables, whose determination is relatively simple, and the least
squares method is used to identify these parameters.

2.2.3. Water Pump Mathematical Model

For the cooling water pump and chilled water pump models, this paper refers
to the principle of variable frequency pump modules in TRNSYS energy consumption
simulation software.

The model mainly explains three key points of variable frequency pumps: (1) the
relationship between pump head and flow, that is, the pump’s operating conditions;
(2) the relationship between pump efficiency and flow variation, that is, the pump’s effi-
ciency curve; and (3) the pump’s power, that is, the pump’s energy consumption under
different working conditions.

First, the sample curve is fitted with reference to the pump sample. Then, the change
rule describing the pipe network’s impedance is analyzed through actual operation data.
The air-conditioning unit and fresh air unit were activated in advance during normal
working hours, and this did not affect the pipe network’s impedance. The activation and
deactivation of fan coil units are set by users, which is the main reason for the change
in pipe network impedance during working hours. Based on this, according to the pipe
network impedance in different periods of working hours on weekdays, the operating state
parameters of pumps can be solved. The calculation formula for pipe network’s impedance
is shown in Equation (7). H refers to the pump’s head and g refers to the pump’s flow.

5= — (7)

when the cooling water pump operates with variable frequency, the factor that may cause
the impedance change in the whole pipe network is solely the frequency converter. The
average impedance of the cooling water pipeline under the operating conditions of typical
working days at different frequencies is determined. If the change rate of pipe network
impedance is very small in the process of frequency reduction, an appropriate step size can
be taken, and the impedance between the steps is averaged.

The commuting time of common public buildings is around 8:00-18:00, and the
indoor air conditioner in the office area is kept on during daytime working hours. The
fan coil is generally started around 8:00-9:00. From 17:00 to 18:00, the fan coil units are
closed successively. During the commuting period, all the fan coil units essentially remain
open. Considering the model’s universality in terms of actual projects, the impedance of
the chilled water pipe is ascertained by determining the average fixed value at different
sections of time.

In addition, since the impedance change of the pipe network caused by the opening
and closing of the fan coil is far greater than that caused by the frequency converter, in the
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special time nodes of on and off duty, the influence of the pump’s operation frequency on
pipe network impedance is not considered, and the average value of the time nodes in a
typical week can be selected.

2.3. Load-Forecasting Model with Matching Strategy Optimization Step Size

The main function of load forecasting is to provide energy constraints for the optimiza-
tion of group control strategies in chiller rooms. In this paper, the chiller’s cooling capacity
is selected for use as the load data. The time lag of the water system was determined to be
20 min by the TLCC method. During the chiller’s start-up phase, the indoor temperature
was in the process of dropping from a higher level to a comfortable range, which does
not mean that the cooling capacity is sufficient to maintain a comfortable indoor tempera-
ture at that moment. The period between 7:30-9:00 in the chiller’s startup phase was not
considered, while the indoor temperature between 9:00-18:00 was basically maintained
at a comfortable range, and its cooling capacity can represent the cooling load. Therefore,
the load-forecasting model only forecasts the load data of the building from 9:00 to 18:00
every day, and the forecasting step is 15 min. In addition, the load-forecasting model
needs to provide the next load forecasting value every 15 min and optimize the operation
parameters to meet this load value.

2.3.1. Input Variable Selection

Firstly, the Pearson method is used to analyze the correlation between the influencing
factors of the building’s cooling load. For climatological factors such as temperature,
humidity, and solar amplitude intensity, the building’s cooling load is influenced by these
outdoor weather data and their previous # time intervals (1 is taken as 24 in this paper). To
facilitate the presentation of each datatype, only the first five time intervals were developed
into a thermodynamic diagram. The results are shown in Figure 5.

t t= rad hom dboad 1 2 -3 4 5 ]l wl &3 n4 &5 ndl redd ndd omdd ndéd ndé radT ndd edl bed-2 bad-3 lad-4 load-3

O 004 004 D04 004
-003 0.8 003 -0.03 003 -0.03 -0.08 00 -008 -0.08 -0.08 -D.08 DOF -0.08 .03 005 -0.03 0.5 003
033 029 025 000 000 0.00 0.00 000

-028 0.5 050 040 040 -04%F 010 0.0 010 010 010 041 045 -047 0.0 052 0.53 035 -056 0.2 031 031 033 033

0086 003 003 006 003
005 004 0.04 004 004
006 003 004 004 004
L0 003 003 0.04 D04
005 003 005 0.0 004
0086 003 003 006 003
-003 008 003 003 003 A 000 008 -008 008 002 008 008 -008 008 003 0.03 0.8 003
-003 004 005 003 D03 2000 000 -008 0.08 008 -0.08 008 -008 0.08 005 -0.03 0.03 003
-003 0.4 004 -0.03 -DO3 - 000 00 -000 -0.08 -0.08 -0.08 008 -0.08 .03 005 003 0.5 003
-0.03 004 004 004 003 A 000 009 -000 000 008 008 008 -008 0083 003 0.03 0.8 003

-0.03 004 004 004 D04

-000 000 000 0.08 008 -008 0.08 005 -0.03 0.03 003

033 028 006 000 008 D00 D00
033 008 000 000 0.00 000
008 008 008 D00 D00
008 00 0.08 0.00 D02
0408 008 008 008 000
008 008 008 0.08 -0.08
0408 008 008 008 008
008 008 0.08 0.08 -0.08
006 003 003 006 003
£ 003 003 0.3 003
0086 003 003 006 003
086 003 003 00 003

EEEEEEEEEEEE S

04 003 003 006 003

Figure 5. Results of correlation analysis between influencing factors of building cooling load.

In Figure 5, t represents dry bulb temperature, ¢; represents wet bulb temperature,
rad represents total radiation, hum represents relative air humidity, and load represents
building’s cooling load, while t—1 denotes dry bulb temperature at the previous one-time
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interval, t—2 denotes dry bulb temperature at the previous two-time interval, and so on.
1 time interval corresponds to 15 min.

Sort the absolute values of load correlation. When the correlation coefficient is greater
than 0.3, the correlation is considered strong. However, too many and too similar input
variables will increase the number of redundant calculations carried out by the model and
may lead to overfitting. Therefore, t, t—1, t—2, t—3, rad-5, rad-6, rad-7, load-1, load-2, and
load-3 are included as input variables.

With regard to the internal disturbance caused by user behavior, the corresponding
power branch is selected, and Pearson correlation analysis is conducted concerning the
power branch and load of lighting and equipment. The average value of three branches
with a strong correlation is selected to replace the rule governing personnel density change.

2.3.2. Model Construction and Optimization

The ensemble learning method was selected to build a load-forecasting model. There
are many algorithms that use multiple learners to complete the learning task. In this paper,
the Random Forest (RF) algorithm was selected.

To match the step size of the stepwise strategy optimization method, the data from
9:00-18:00 each day are selected, and the data with an interval of 15 min are extracted to
form an overall dataset after preprocessing. Through the above analysis, the model’s input
variables are outdoor dry bulb temperature of the previous 15, 30, and 45 min; total solar
radiation of the previous 15, 30, and 45 min; the load of the previous 15, 30, and 45 min;
and internal disturbance. The output variable is the current load.

This model is applied to predict the building’s load after 15 min in the actual prediction
task. In fact, the input data will not change suddenly in a short time interval. Taking the
outdoor temperature as an example, the average dry bulb temperature change within
15 min is 0.4, which can essentially be regarded as unchanged, and the same is true for
other data. Therefore, in the actual task, the actual data at time t will be used as the input
variable to predict the output at time ¢ + 15 min. The ratio of the training set, test set,
and validation set is 7:2:1. The test set is used to adjust parameters, and the verification
set is used to evaluate the model performance. During initial training of the model, all
hyper-parameters are selected as default values. After ensuring that the code can run
normally, the GridSearchCV method is used to optimize the hyperparameter.

2.4. Stepwise Optimization

The equipment in the chiller room is divided into the chiller side and the cooling side
according to their functions. The two sides of the system are optimized sequentially. The
chilled side includes chiller and chilled water pump, while the parameters for optimal
control are chilled water supply temperature and chilled water flow. The cooling side
includes the cooling tower and cooling water pump, while the parameters for optimal
control are the cooling water outlet temperature and the cooling water flow. This section
will establish the stepwise optimization model with objective functions and constraints
for both sides according to the equipment power model and the load prediction model
established previously.

2.4.1. Chilled Side

The objective function on the chilled side is employed to keep the sum of the energy
consumption of the chiller and chilled water pump to a minimum (see Equation (8)).

P = min (pch + Pchp) (8)

The subscript ch is the abbreviation of chiller, representing the parameters related to
the chiller, and the subscript chp is the abbreviation for chilled water pump, representing the
parameters related to it, which are used in the following text. In Equation (8), P represents
the power, P, refers to the chiller power, and Py, refers to the chilled water pump power.
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When optimizing constraints, both equipment performance constraints and energy
constraints should be considered. The premise behind achieving the optimal control of
an air-conditioning system is to ensure both the stable operation of the system and that
the operating parameters of each piece of equipment change within a reasonable range. If
the result calculated by the model exceeds the normal threshold, the optimization result is
meaningless. Therefore, it is necessary to constrain the equipment’s operating parameters.
According to the equipment performance and expert knowledge, the chilled water supply
temperature was set at 5-11 °C. The range set for the chilled water return temperature was
6-15 °C. The operating frequency of the chilled water pump was limited to 30-50 Hz. The
power limits of the chiller and chilled water pump were determined by referring to the
historical operation data and equipment specifications of the whole cooling season.

The chilled water return temperature should be corrected after each optimization.
Under similar operating conditions, the temperatures are extracted and sorted, and the
maximum value is taken as the limit of chilled water return temperature at that moment. If
the parameters’ combination at the optimization moment is within the allowable deviation
from the parameters’ combination at a certain moment in time, the moments are considered
to be similar.

The cooling capacity provided by the chiller room, which was calculated as shown in
Equation (9), needs to be able to satisfy the terminal environmental load demand from the
load-forecasting model, which is the fundamental condition for ensuring the comfort of the
resulting environment.

Qe = CM(tchwr - tchws) (9)

In Equation (9), C represents water’s specific heat capacity, taken as 4.2 x 10%J/(kg-°C);
M represents the mass flow of chilled water; ¢, represents the chilled water supply
temperature; and ¢, represents the chilled water return temperature. In a previously
built variable frequency pump model, the flow and pump frequencies could be calculated.

In conclusion, the constraint values of each parameter on the chilled side are shown in
Table 1.

Table 1. Range of constraint variables on the chilled side.

Constraint Variables Unit Min Max
tehas °C 5 11
Eehaor °C 6 15
fc;,p Hz 30 50

2.4.2. Cooling Side

The objective function of the cooling side is employed to minimize the sum of energy
consumption of the cooling tower, chiller, and cooling water pump.

P = min(PCt + P, + Pcp) (10)

The subscript ct is the abbreviation for the cooling tower, representing the parameters
related to the cooling tower, and the subscript cp is the abbreviation for the cooling water
pump, representing the parameters related to the cooling water pump, which are explained
as follows: P represents power, P, refers to the chiller’s power, and P, refers to the cooling
water pump’s power.

The analysis of constraints on the cooling side is basically the same as that applied to
the chilled side. The constraint values of the parameters on the cooling side are shown in
Table 2.
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Table 2. Range of constraint variables on the cooling side.

Constraint Variables Unit Min Max
thS ° C 27 35
tewr °C 28 38
fep Hz 30 50

2.4.3. Stepwise Optimization Implementation

The calculation process of the stepwise optimization model is shown in Figure 6.
When the system starts to work stably (9:00-18:00), the operation strategy of T + 15 min is
optimized at moment T.

’ Stable operation of the system l
}

[ Get Initial Value ‘
|

Constraint condition: equipment performance constraints, energy constraints.

—{

Load forecasting model I Objective function: P=min(P,,+P,,)

1., on chilled side

Adjustable parameters: f,, fn:

Solve f;, and #,

as the optimization strategy 4—{ Optimization algorithm

at T+15min

P yiier and ty,; 00

e e Constraint condition: equipment performance constraints, energy constraints.
cooling side

Objective function: P=min(P..+P.,+P,)
Adjustable parameters: f, 1.,

Solve f;, and t,,,, as the

optimization strategy at o—‘ Optimization algorithm

T+15min

I T=T+15 ‘

/l\ I -

Shutdown? 1

Figure 6. Calculation process of the stepwise optimization model.

First, the chilled side is optimized. The initial values of the main parameter are
fetched at moment T. The initial meteorological data are used as input values for the
building load prediction model to obtain load data for the next moment. Based on the
objective function and constraints, the chilled side strategy at the next moment is obtained
through optimization.

Next, the initial chiller power, initial wet bulb temperature, chilled water supply
temperature, and load prediction data are read and passed to the cooling side. The initial
chiller power and predicted load values provide energy constraints for cooling side’s
optimization. The initial wet bulb temperature data constitute an important input variable
for the power calculation of the cooling tower. After the input conditions are defined, the
cooling side parameters are optimized to obtain the cooling side optimization strategy for
the next moment. Thus, one round of overall optimization will have been completed.

Continue with the next round of optimization, where the initial values are updated
moment by moment with the results of the latest load prediction and the changes in
meteorological data and chiller power.
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The variable selection issue involved in the optimization process on both sides is
shown in Figure 7. After several attempts, the optimization results obtained when moving
from the chilled side to the cooling side are basically the same as those from the cooling
side to the chilled side. Therefore, the two processes are not introduced individually. The
case studies in the later sections all use the optimization process from the chilled side to the
cooled side.

The chilled side —_— The cooling side

Objective function: P=min(Py,+P,) Objective function: P=min(P+Py+Pg,)

Related variables Related variables Source |
Independent variable -« L g ! - < Independent variable
Len
Independent variable -— fchp e f; - < Independent variable
P ch
Direct fetch. Changes Cooling load Solve by load
within 15 minutes are -—» S —_— Lows [ constraint equation
considered small Cooling side
traint
constrpints Lohns <~ From the chilled side
Load forecasting model =+~ 47—
Direct fetch. Changes
Solve by load “— Cooling load Wet bulb 4~} within 15 minutes are
constraint equation temperature considered small

Optimization strategy: fuup, fonw Optimization strategy: fo, fowr

Figure 7. Variable value method.

3. Case Analysis

The TRNSYS energy simulation software is used to construct a model of the central
air-conditioning system of the analyzed building. The traditional empirical strategy and the
stepwise optimized operation strategy are compared in the same experimental environment.

3.1. Simulation Set-Up

An office building in Beijing, China, was taken as an example, with a building area
of 95,000 m? and a height of 68.50 m, including 17 floors above ground and 2 floors
underground. The working hours of the office area in the building are from 8:00 to
18:00. The designed cooling load of the air-conditioning system is 9142 kW. There are four
centrifugal chillers with a cooling capacity of 2286 kW per unit. The chilled water system
is a variable flow secondary pump system with four primary chilled water pumps with a
rated power of 75 kW. Three chilled water secondary pumps have 75 kW of motor power,
32 m of head, and a 55 m? flow rate. Four cooling water pumps have 75 kW of motor power,
34 m of head, and a 470 m? flow rate. The chilled water secondary pump and cooling water
pump have variable frequency control. Four cooling towers are installed on the top of the
north building with a rated current of 8 A and a water flow rate of 200 m3/h. The data set
for this study contains operational data concerning this building for the entire duration of
the 2021 cooling season, which spanned from 21 June to 28 September. Based on the data
set, parameter identification or pipe network impedance calculation was carried out to
obtain the mathematical models of the chiller, cooling tower, and variable frequency water
pump mentioned above.

The cold season equipment system model was developed in Simulation Studio with
reference to the plane figure and system diagram of the machine room of the central air-
conditioning system in the building. The main types of energy-consuming equipment are
the chillers, cooling water pumps, chilled water pumps, and cooling towers. In the TRNSYS
energy consumption model, the ideal resistance-free end was generally adopted, and the
concept of the primary pump overcoming the resistance of the machine room and the
secondary pump overcoming the resistance of the pipe network outside the machine room
is not considered. In addition, the flow-matching problem of the primary and secondary
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pumps is complex, so no primary pump was rendered in the simulation process, and the
flow data can be directly used by the secondary pump flow. The step size of the simulation
was set to 15 min. The simulation model is shown in Figure 8.

Figure 8. TRNSYS energy consumption simulation model.
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After the model was built, the simulation model was set according to the nameplate
parameters of actual engineering equipment to assure that the model could realistically
reflect the operation of the buildings to a certain extent. The operation data from two
randomly selected days, 3 August and 5 August, were used as examples to verify the
operating power of the chiller, chilled water pump, cooling water pump, and cooling tower.
The calculation results are shown in Figures 9 and 10. The relative errors of the calculated
results for the two days are 0.96% and 0.37%, respectively. The relative errors are 12.4%
and 1.7% for the chilled water pump power, 0.15% and 0.7% for the cooling water pump,
and 1.1% and 4.4% for the cooling tower, respectively. From an engineering perspective,
relative errors below 15% are acceptable, so the simulation model can be used to simulate
system operations.
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Model validation results on 3 August.
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Figure 10. Model validation results on 5 August.

3.2. Comparison of Optimization Strategies

Without considering special weather, one day was selected for analysis on a weekday
when two chillers were running throughout the day and on a weekday when one to two
chillers were switching operation throughout the day. The weekdays of 16 July and 9
August were randomly selected. On 16 July, two chillers were in operation until 11:45; after
this point, only one chiller was in operation. On 9 August, two chillers ran throughout
the day.

As shown in Figure 11, the studied building’s cooling side operation strategy was
not adjusted throughout the day on 16 July. The outlet temperature of the cooling water
was 28 °C and the cooling water pump’s operating frequency was 40 Hz. Before 10:00,
the cooling capacity was too great, so the chilled water pump operating frequency was
reduced from 45 Hz to 35 Hz. At 11:45, the cooling capacity was still too great, so one
chiller was shut down. After 15:00, it was found that the cooling capacity was insufficient,
so the chilled water pump’s operating frequency was increased to 40 Hz, and the water
supply temperature was reduced to 9 °C.

9:00 10:00 11:45 14:00 15:30 18:00

Figure 11. Traditional empirical operation strategy on 16 July.

As shown in Figure 12, on 9 August, the operation strategy of the studied building
was adjusted. This building’s operation strategy for the day is consistent with that of most
public buildings. The staff sets the strategy of the next day based on weather prediction
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Cooling water outlet temperature

Frequency of cooling water pump

Chilled water supply temperature

Frequency of chilled water pump

data and personal experience. It can be seen that if the room temperature does not deviate

excessively, the strategy is not adjusted throughout the day.

9:00

11:00

13:00

15:00

Figure 12. Traditional empirical operation strategy on 9 August.

18:00

The actual operating conditions of the building on 16 July and 9 August were input
into the stepwise optimization model. The results of the two days’ strategy optimization
are shown in Tables 3 and 4, respectively. Due to the large number of data, the time interval
of the data displayed after 11:00 in Tables 3 and 4 is 1 h.

Table 3. Comparison of two strategies on 16 July.

Stepwise Optimization Strategy

Traditional Empirical Strategy

Time fenp Lehws cp tetws Jenp tehws cp tetws
9:15 33.1 10.5 32.5 28.5 45.0 10.0 40.0 28.0
9:30 34.1 10.5 33.3 28.5 45.0 10.0 40.0 28.0
9:45 34.6 10.5 34.0 29.0 45.0 10.0 40.0 28.0
10:00 36.4 10.5 34.5 29.0 45.0 10.0 40.0 28.0
10:15 37.1 10.5 36.4 29.0 35.0 10.0 40.0 28.0
10:30 37.1 10.5 35.8 29.5 35.0 10.0 40.0 28.0
10:45 36.3 10.5 34.8 29.5 35.0 10.0 40.0 28.0
11:00 37.8 10.5 35.2 29.5 35.0 10.0 40.0 28.0
12:00 43.6 9.5 434 31.5 35.0 10.0 40.0 28.0
13:00 40.0 10.0 39.0 31.0 35.0 10.0 40.0 28.0
14:00 40.0 10.0 38.9 31.0 35.0 10.0 40.0 28.0
15:00 40.0 10.0 38.9 31.0 40.0 10.0 40.0 28.0
16:00 40.0 10.0 39.0 31.0 40.0 9.0 40.0 28.0
17:00 37.7 9.5 39.7 31.0 40.0 9.0 40.0 28.0
Table 4. Comparison of two strategies on 9 August.
. Stepwise Optimization Strategy Traditional Empirical Strategy

Time

f chp Lehws f cp tetws f chp Lehws f cp tetws
9:15 38.6 9.5 40.0 29.5 35.0 8.0 50.0 28.5
9:30 40.1 9.5 41.7 29.5 35.0 8.0 50.0 28.5
9:45 31.5 8.5 422 29.5 35.0 8.0 50.0 28.5
10:00 31.5 8.5 42.2 29.5 35.0 8.0 50.0 28.5
10:15 34.8 8.5 46.0 30.0 35.0 8.0 50.0 28.5
10:30 35.8 8.5 474 30.0 35.0 8.0 50.0 28.5
10:45 31.5 8.5 42.2 30.0 35.0 8.0 50.0 28.5
11:00 40.6 9.5 422 30.0 35.0 8.0 50.0 28.5
12:00 40.6 9.5 425 30.5 35.0 8.0 50.0 28.5
13:00 40.6 9.5 42.2 30.0 35.0 8.0 50.0 28.5
14:00 40.6 9.5 422 30.0 35.0 8.0 50.0 28.5
15:00 40.6 9.5 422 30.0 35.0 8.0 50.0 28.5
16:00 44.3 10.0 41.6 30.0 35.0 8.0 50.0 28.5
17:00 44.2 10.0 414 30.0 35.0 8.0 50.0 28.5
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A comparison of the two strategies reveals the following:

(1) The traditional empirical strategy is as follows: if the rooms are not too cold or too
hot, the equipment’s operation parameters are not adjusted throughout the day. It can
be seen that there is a delay in the adjustment behavior of managers. The adjustment
concerning the alteration of the cooling capacity on the chilled side was employed after
problems occurred in the terminal room. This adjustment was executed blindly, and
the strength of the adjustment was based on experience without scientific guidance.
So, the adjustment was attempted several times during the day. This will negatively
affect the terminal environment comfort, the energy-efficient operation of HVAC
systems, and even the working capacity of the property’s HVAC team. Secondly, the
adjustment process entails the disconnection of the equipment. Heat dissipation on
the cooling side does not match the building’s load and the cooling machine’s heat
dissipation, which readily leads to energy waste and the depreciation of equipment’s
operational life.

(2) The stepwise optimization strategy realizes the goal of the dynamic adjustment of the
system with the real-time load as the target. To offset the additional load generated
by activating the fresh air unit after 10:00, a strategy to lower the chilled water
supply temperature setting was adopted. After restoring stability, the water supply
temperature and the flow rate increased. In this process, the optimal solution is always
tracked for different working conditions. The cooling load is the dominant factor
affecting strategy formulation. However, some highly relevant factors such as the
wet bulb temperature of the cooling tower cannot be ignored. These factors occupy
a certain weight in the stepwise optimization model and have not been taken into
account by empirical strategies.

(38) The empirical strategy on the chilled side favors a small flow rate with a large tem-
perature difference. According to the calculation results, the variation in the energy
consumption of the chiller caused by the chilled water supply temperature is much
larger than that of the chilled pump caused by changing the chilled water flow. In this
case, reducing the chilled water supply temperature in exchange for a large tempera-
ture difference is not an energy-saving strategy. Secondly, for large office buildings,
the complex pipe network is prone to inferior loops. The use of a small flow supply
will increase the temperature difference in different areas of the building.

3.3. Comparison of Energy-Saving Effects

The two operation strategies in the previous section were input into the TRNSYS
model for comparison via simulation.

(1) Energy consumption comparison on 16 July.

It can be seen from Figure 13 that the total energy consumption of the chiller through-
out the day is much higher than that of the other three pieces of equipment; this value
is followed by those of the cooling water pump, cooling tower, and chilled water pump
(only the secondary frequency conversion pump). Among them, the chiller has the most
obvious energy-saving effect. The energy consumption of the chilled water pump and
the cooling tower is basically consistent under the two operation strategies. According
to Table 5, the energy-saving rates of the chiller and cooling water pumps are 6.91% and
10.07%, respectively, and the total energy-saving rate is 6.41%. With the empirical strategy
applied on July 16, the cooling capacity is greater than the actual load demand for part
of the time, resulting in energy waste. There are also periods when the cooling capacity
is less than the actual building load, during which the terminal environmental comfort
is reduced, and the energy efficiency level of the equipment is low. Such a “positive and
negative offset” led to a low energy efficiency level of the HVAC systems on that day.
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Figure 13. Comparison of equipment energy consumption between the two strategies on 16 July.

Table 5. Equipment energy consumption and saving rates obtained via the two strategies on 16 July.

Energy Consumption (kW)

Chiller Chilled Water Pump Cooling Water Pump Cooling Tower Sum
Empirical strategy 3964.59 350.18 724.67 423.69 5463.12
Stepwise strategy 3690.47 343.87 651.66 426.85 5112.84

Energy saving rates 6.91% 1.80% 10.07% —0.75% 6.41%

Since both the chiller side and the cooling side contain chillers, there is a significant
energy-saving effect on both sides. As shown in Table 6, the energy-saving rate is 6.50% for
the chilling side and 6.73% for the cooling side. The energy-saving rates on both sides are
practically the same.

Table 6. Two sides’” energy consumption and saving rates via the two strategies on 16 July.

Energy Consumption (kW)

Chilled Side Cooling Side
Empirical strategy 4314.77 5112.94
Stepwise strategy 4034.33 4768.98
Energy saving rates 6.50% 6.73%

As seen in Figure 14, the main energy-saving periods during the system operation
are concentrated between 9:00-12:30 and 15:00-18:00, and the energy-saving rate is greater
than 5%. The highest energy-saving rate is from 16:00 to 18:00, and it was greater than
10%. To follow the load change in order to perform dynamic adjustment, the stepwise
optimization strategy dictated setting the chilled water pump frequency 5 Hz higher than
the empirical strategy during 13:00-14:00, which resulted in a negative energy-saving rate
in the local period.



Buildings 2023, 13, 487

18 of 22

15.00%
= Chilled side
=== Cooling side
£10.00% _ Total
e
g ‘\.
S _
@
1%
L 5.00%
=
@«
o=
a
=
5 0.00%
:(E) 9:00~10:00 11:0012:00 15:00~16:00 17:00~18:00
—5.00%

Figure 14. Hourly energy-saving rate of chilled side and cooling side on 16 July.

(2) Energy consumption comparison on 9 August

It can be seen from Figure 15 that the total energy consumption of the chiller through-
out the day is much higher than that of the other three pieces of equipment, and this value
is followed by the cooling water pump. The energy-saving effect of the chiller and cooling
water pump is obvious. In combination with Table 7, the energy-saving rates of the chillers
and cooling water pumps are all over 15%, the energy-saving rates of cooling towers are
5.62%, and the energy consumption of the chilled water pumps increases by about 15%.
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Figure 15. Comparison of equipment energy consumption between the two strategies on 9 August.
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Table 7. Equipment energy consumption and saving rates obtained with the two strategies on 9 August.

Energy Consumption (kW)

Chiller Chilled Water Pump Cooling Water Pump Cooling Tower Sum
Empirical strategy 6602.99 479.24 1357 .41 379.03 8818.67
Stepwise strategy 5563.86 550.52 1150.96 357.74 7623.08
Energy saving rates 15.74% —14.87% 15.21% 5.62% 13.56%

The increased energy consumption of the chilled water pumps is inevitable. Empirical
strategies employ the approach of providing chilled water at a 35 Hz frequency and
8 °C throughout the day, which obviously fails to grasp the main contradiction of the
problem. The main share of energy consumption must be considered to achieve a greater
energy-saving effect. However, the chillers and pumps with a large proportion of energy
consumption offer the greatest energy-saving effect in the stepwise optimization strategy.
Even if the energy-saving potential of the chilled water pump is lost, the whole-day energy
consumption reduces by 13.56%.

As shown in Table 8, the energy-saving rates on the chilled side and the cooling side
are 13.67% and 15.19%, respectively. Clearly, the cooling side has a high energy-saving
potential, which is consistent with the conclusions of the previous analysis. On the analyzed
day, the cooling water outlet temperature on the cooling side is set to low, while the cooling
water pump runs at the rated frequency. Essentially, the maximum heat dissipation does
not match the required heat dissipation, resulting in energy waste.

Table 8. Two sides’ energy consumption and saving rates through the two strategies on 9 August.

Energy Consumption (kW)

Chilled Side Cooling Side
Empirical strategy 7082.22 8339.43
Stepwise strategy 6114.38 7072.56
Energy saving rates 13.67% 15.19%

The hourly energy-saving rates are shown in Figure 16. The energy-saving rate per
hour after 11:30 is above 15%, which is the main energy-saving operation time throughout
the day. The building load is high from 10:00 to 11:00. In the process of the dynamic
adjustment of the optimization strategy, the outlet temperature of the cooler is reduced to
ensure the cooling supply, which results in high total energy consumption and a negative
energy-saving rate.
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Figure 16. Hourly energy-saving rate of chilled side and cooling side on 9 August.
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In conclusion, after adopting the stepwise optimization strategy, the energy-saving
rates of the central air-conditioning system, refrigeration side, and cooling side are 6.41%,
6.50%, and 6.73%, respectively, throughout the work period on 16 July, and are 13.56%,
13.67%, and 15.19%, respectively, throughout the work period on 9 August. Thus, the
energy efficiency of the stepwise optimization strategy has been verified.

4. Conclusions

There are many studies on the optimization of HVAC system operation strategies in
the field of energy efficiency in public buildings. However, the fact that few of these studies
have achieved effective and consistent performance in practical engineering applications is
a problem. The effective implementation of optimization research in practical engineering
is a problem commonly faced by researchers in this field. In this study, an innovative
stepwise optimization method for central air-conditioning systems is proposed based on
a summary of previous research results, with the objective of providing a new way of
thinking regarding the optimization of operation policy. The main research processes and
findings of this paper are summarized as follows:

(1) The stepwise optimization method divides the central air-conditioning system into
the chilled side and the cooling side, which reduces the number of devices in each
optimization process. The optimal points of the two sides are obtained by stepwise
sequential optimization calculations. Finally, the optimization results on both sides
are integrated into the global optimization results.

(2) A stepwise optimization model with reasonable objective functions, precise con-
straints, and a complete optimization process was developed. Equipment mathe-
matical power models were selected to provide mathematical support for objective
functions, and a short-term load prediction model with a matching strategy optimiza-
tion step size was established to obtain the energy constraints.

(3) Compared to the traditional empirical strategy, the stepwise optimization strategy
realizes the goal of the dynamic adjustment of the system with the real-time load as
the target, which allows operators to avoid the delay and error problems posed by
manual adjustment.

(4) Based on the TRNSYS platform, the stepwise optimization strategy and traditional
empirical strategy are simulated, and their energy-saving effects are compared.
In both cases of the two studied workdays, the energy-saving rates were 6.41%
and 13.56%, respectively, which verifies the energy-saving capacity of the stepwise
optimization strategy.

This paper presents work carried out on the optimization of the group control system
of chiller rooms in public buildings. This optimization method results in the acquirement
of the approximate optimal operating point of the system. It can be noted that the research
findings of strategy optimization are often difficult to implement in practical buildings,
which may be due to the low accuracy of the models used and the lack of complete and
precise constraints. After all, the actual working conditions are very complex. The imple-
mentation of strategies in the actual projects still requires further exploration according to
the real operational characteristics of the building under consideration.
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