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Abstract

Internal thermal load fluctuations and variations in occupant density affect the perfor-
mance of Hybrid Geothermal Heat Pump (HGHP) systems. Traditional control strategies
cannot provide the rapid adjustments needed to operate efficiently in real time and can
be inefficient, leading to increased energy consumption and reduced thermal comfort. A
data-driven fuzzy logic control framework is developed in this paper to dynamically adjust
the performance of an HGHP system in real time as a function of occupancy and environ-
mental conditions (e.g., temperature and humidity differences). The controller analyzes
input data related to real-time outdoor ambient conditions like temperature, humidity
and occupied spaces; a real-time flow sensor attached to the occupants of the building (a
count of the number of occupants currently in each occupied space); and the coefficient
of performance (COP) of the HGHP system, and uses the analysis to generate a “smart”
control decision for the following device types: variable speed drive (VSD), fan number,
operating modes, system control and valve positions. The controller also controls the
overall system. The model was developed and simulated in MATLAB Simulink®, with
realistic system parameters, and validated and calibrated using operational data from
an HGHP system at a university, based on operating conditions. The simulation results
indicate that our fuzzy controller achieves higher energy efficiency for thermal comfort
than traditional thermostat-based controls, with COP improvements ranging from 7.36% to
11.76% and power consumption reductions between 4.13% and 8.55% across various occu-
pancy scenarios. The improved COP also demonstrates the device’s responsiveness and
effectiveness, even under frequent changes in occupancy patterns (dynamic occupancy),
making it suitable for use in automated climate control systems in modern buildings.

Keywords: Hybrid Geothermal Heat Pump; fuzzy logic control; occupant density; energy
efficiency; thermal comfort

1. Introduction

Fluctuations in the number of people inside a building directly affect how much heat-
ing and cooling is needed because of the heat generated by human activity [1]. When fewer
people are present than expected, the heating, ventilation, and air-conditioning (HVAC)
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system may not operate as planned. This can cause the building to get too hot or too cold.
As a result, the conditions inside the building are uncomfortable, and energy is wasted [2,3].
These problems contribute to issues such as the urban heat island effect. Uncertainty in
occupancy level leads to a performance gap between what is designed and what actually
happens, causing overcooling or overheating, and results in an energy penalty.

To reduce the energy and environmental effects, Geothermal Heat Pump (GHP) tech-
nology has become popular as an alternative to air-conditioning systems [4]. Geothermal
Heat Pump systems use the ground temperature, which is relatively constant, for heat
exchange, and this gives higher cooling and heating efficiency [5]. The efficiency of air-
conditioning systems is usually measured by the coefficient of performance (COP), which is
the ratio of useful heat movement to the electrical energy input [6,7]. Using the coefficient
of performance as an indicator makes it easy to compare the energy efficiency of systems.
Geothermal Heat Pump systems have a high coefficient of performance, but over time,
they often experience soil thermal imbalance, especially in hot climates where cooling
demand exceeds heating demand. As Man et al. [8] pointed out, when large amounts of
heat are released into the ground, heat accumulates around the ground heat exchanger.
Other studies, like those of Bina et al. [5] and Xie et al. [9], also found that this thermal
imbalance is a factor in the reduction in performance over time. Moreover, the high cost
of installing Geothermal Heat Pump systems and the limited space available for installa-
tion pose problems [10]. To solve these problems, Ahsan et al. [11] proposed the Hybrid
Geothermal Heat Pump (HGHP) system, which uses devices like cooling towers to release
excess heat and keep the soil temperature stable, and this has been effective, especially in
hot and humid climates. However, a major problem with Hybrid Geothermal Heat Pump
systems is their complexity to control. Traditional control methods, like on-off thermostats
or PID controllers, often fail to respond to the changing thermal loads, and this prevents
the Geothermal Heat Pump system from working at its best at all times [12].

To achieve performance from HGHP systems in real-world conditions, we need ad-
vanced control strategies. Fuzzy Logic Control (FLC) is a way to handle uncertainty and
complex nonlinear systems. It uses linguistic variables to convert numerical values (fuzzifi-
cation) through a rule base, analogous to human decision-making processes, and then turn
them back into control actions (defuzzification) [13]. In refrigeration, Fuzzy Logic Control
is highly flexible and effective when handling multiple variables simultaneously [14]. For
example, Ezber et al. [15] used it to control how long radiant heating systems run based
on the difference between inside and outside temperatures, helping save energy when
systems are not running continuously. Other advanced techniques, like the Adaptive
Neuro-Fuzzy Inference System, have been used to predict how well heat pumps work at
different temperatures [16]. Shin et al. [17] looked at how to control water flow in GHP
systems to keep the heat source at a stable temperature. Kathiravel et al. [18] used fuzzy
approaches with Life Cycle Assessment to see how HVAC systems affect the environment
in residential buildings. To clearly delineate the innovative contributions of this research,
Table 1 provides a literature differentiation comparing our proposed FLC framework with
these established methods.

Table 1. Literature differentiation and comparison of the proposed FLC framework.

Control Occupancy Performance .
Study Control Inputs Objectives Consideration Metrics Key Innovation
opgz:{n;a?a;ta Single objective: COP prediction Use of machine
. ! Variable water . accuracy and learning for COP
Shin et al. (2023) [17] envirf);lliental flow (VWF) and Not considered energy prediction to optimize
temperature energy saving saving (%) water pump frequency
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Table 1. Cont.

Control Occupancy Performance .
Study Control Inputs Objectives Consideration Metrics Key Innovation
Single objective: FLC-based adjustment
Ezber et al. (2023) Indoor, outdoor, Energy Schedule.-based Energy. of w.orkmg time for
[15] and return water conservation for (e.g., fixed conservation radiant systems in
temperatures intermittent prayer times) rate (%) intermittently
systems used buildings
Temperature Multi-objective: Measured COP  Dynamic optimization
diff., humidity Thermal comfort, Real-time improvement (%)  integrating real-time
Current study diff., occupancy humidity control, (dynamic and power occupant density and
count, and and maximum density count) consumption measured COP for
system COP energy efficiency reduction (%) multi-actuator control

Despite these advancements, Table 1 underscores a significant research gap. Most
studies focus on controlling temperature or predicting performance without utilizing
real-time data regarding occupant density. There is also a lack of mechanisms that make
real-time decisions about system efficiency to control multiple components simultaneously,
such as valves and fans. Because of this, traditional systems cannot adequately adapt to
changing occupancy loads. This research aims to fill these gaps by developing a multi-
objective FLC framework that utilizes real-time occupancy data and measured system COP
to optimize all parts of the HGHP system.

This study presents a Data-Driven Fuzzy Logic Control framework for Demand-
Responsive HGHP operations. The simulator was built and developed using MATLAB
Simulink® R2025b (MathWorks, Natick, MA, USA) based on operational data from an
HGHP system installed at Kasetsart University to ensure that the system’s thermal behavior
is accurately represented. The primary objective of this research is to develop an intelligent
controller that employs a decision-making mechanism taking real-time input information,
such as temperature and humidity differences, actual occupancy counts, and system COP, to
generate control commands for the VSD, fan number, operating modes, and valve positions.
This research aims to integrate Dynamic Occupant Density into the FLC parameters to
enhance decision-making efficiency. Furthermore, this study focuses on developing an
optimization algorithm designed to maintain thermal comfort levels while minimizing
energy expenses and thermal lag during rapid fluctuations in building occupant density.

2. Materials and Methods
2.1. HGHP System Detail

The Hybrid Geothermal Heat Pump (HGHP) system is a new concept for utilizing
an air-source pump to improve conventional Geothermal Heat Pump (GHP) technology.
Normally, the HGHP system uses an energy pile with an air-cooled condenser or cooling
tower for heat dissipation. This study focuses on the HGHP as a full-scale installation at the
Faculty of Engineering, Kasetsart University (Bangkhen Campus), Bangkok, Thailand, as
illustrated in Figure 1. The outdoor unit (energy pile) provides a mechanism for exchanging
heat between the circulating water and the underground soil, and the circulating water is
then recirculated to exchange heat with the refrigerant in the air-conditioning cycle using
a plate heat exchanger. A water pump controls the flow rate of the circulating water and
receives control signals from a variable speed drive (VSD) located in the indoor unit.
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Figure 1. Hybrid Geothermal Heat Pump equipment: (a) is equipment from the outdoor unit; (b) is
equipment from the indoor unit.

As illustrated in Figure 2, this study involves installing a network of sensors around
the HGHP system to continuously log real-time data every 10 s. The sensor data were
collected to quantify the operational efficiency of the system by measuring a wide variety
of operational parameters, including the temperature and pressure of the R32 refrigerant in
the system (monitored by sensors 51-56 at multiple points), ambient air temperature, GHP
circulating water temperature, total electrical power consumption of the system, and the
temperature and relative humidity of the indoor environment (monitored by sensor S7).

One of the biggest advantages of this system is its flexibility in selecting the heat
rejection method. Three operational modes are available based on the medium used for
heat dissipation: using only energy piles (soil), utilizing only the air-cooled condenser
(air), or a hybrid configuration employing both simultaneously. The selection of these
modes is performed through the manual adjustment of directional valves that control
the R32 refrigerant flow path (flow direction of R32 discharged from the compressor).
The configuration of these valves and the resulting flow paths are detailed in the system
schematic illustrated in Figure 2. Based on what specific valves are used to connect the R32
refrigerant, 3 modes of operation will be available for this system, detailed as follows:

e Air-Conditioning Mode (AC): Uses only the air-cooled condenser to reject heat to the
air outside the building (no energy piles).

e  Geothermal Heat Pump Mode (GHP): Uses only the geothermal energy piles as a
medium means all thermal energy rejected from the system is rejected directly into the
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surrounding soil via the circulating water in the geothermal energy piles through the
plate heat exchanger.

e  Hybrid Geothermal Heat Pump (HGHP): Utilizes both mediums (air-cooled condenser
and energy piles) simultaneously, yielding the maximum amount of thermal energy
rejected and maximizing the operational efficiency of the entire system.

>
== Ell g g s B A_ore
o ‘ ) > ‘ Exchanger
Evaporator [ |

i
4 l
=

Evaporator

1 H 7 |
Energy Pile
13 piles

Heat Exchanger ‘

Figure 2. Hybrid Geothermal Heat Pump diagram.

The HGHP system is separated into an AC unit and a GHP unit. The air-conditioning
system that was tested has a cooling capacity of 11,634.31 BTU. This air-conditioning unit
was installed in a room with a total volume of 48 m3. The air-conditioning unit has three
adjustable fan numbers for cooling and operates in either cooling or dehumidification
mode. The air-conditioning unit is also connected to a GHP system comprising 13 energy
piles, with a total piping length of 355.92 m. For more information, refer to Table 2.

Table 2. Properties of the Hybrid Geothermal Heat Pump System.

Item Unit Value
Room m3 48
Maximum room capacity Person 12
Cooling capacity Btu/h 11,634.31
Power consumption W 922.12
Running current A 3.7
SEER Btu (h-w) 13.41
Power supply V/Ph/Hz 220/1/50
Indoor unit
Fan number
Fan number 3 m/s 3.6
Fan number 2 m/s 29
Fan number 1 m/s 2.4
Ventilation area m? 0.0495

https://doi.org/10.3390/en19081979


https://doi.org/10.3390/en19081979

Energies 2026, 19, 1979

6 of 23

Table 2. Cont.

Item Unit Value
Outdoor unit
Refrigerant - r32
Fan speed m/s 4
Ventilation area m? 0.5885
Refrigerant charge kg 0.67
Refrigerant piping diameter
Liquid mm 6.35
Gas mm 12.7
Heat exchanger Louver fins and inner grooved tube
Fan type Propeller fan
Compressor type Rotary
Expansion device Capillary tube
GHP unit
Pipe length m 355.92
Type of GSHP - single-U
Number of energy piles - 13
Inner diameter of pipe m 0.165
Outer diameter of pipe m 0.155

2.2. Base Controller

This research uses a standard controller commonly referred to as a “thermostat con-

troller,” which is incorporated into all standard air-conditioning systems. The flow diagram

of the controller seen in Figure 3 shows th

e basic on—off control logic. The controller con-

tinuously monitors the indoor temperature using the temperature sensors and compares

the measured temperature value with the user-defined setpoint temperature (Tset). A

deadband is applied around the setpoint to provide operational stability and reduce the

likelihood of frequent short-cycle compre

ssor operation. If the temperature exceeds the

upper or lower limit of the defined deadband, the controller sends binary signals to turn
the air-conditioning system on or off. The main purpose of this on—off control is to control

the operation of the air-conditioning system to maintain indoor temperatures near the

target Tset.

Thermostat Controller

Room

AC system

A 4

Troom lemperature

| 1
: Comparator :
I |
| 1
Setpoint s s onoft :
Temperature i : Error :
I Signal 1
)
R
Room
Temperature
TRoom Sensor

Y

Figure 3. Base Controller workflow diagram.
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2.3. Simulation System Verification

The HGHP modeling process involved using the MATLAB Simulink® R2025b mod-
eling environment and creating simulations that faithfully reproduced both the physical
characteristics and the performance and efficiency of the actual hardware system. The vari-
ous components of the system were built from preexisting components in the Simscape™
library, as shown in Figure 4. In using R32 as the refrigerant, there are components repre-
sentative of the evaporator (to absorb the indoor heat), compressor (to raise the pressure
of the refrigerant and assure flow), air-cooled condenser (to reject heat to the outdoors),
expansion valve (provide a pressure drop before the refrigerant returns to the evaporator),
receiver tank (refrigerant storage), and plate heat exchanger (to transfer heat to the water
that will be flowing through the energy piles, which are underground geothermal loops).
In addition, there is a directional valve control system incorporated into the model that
will allow for the direction of refrigerant flow to the condenser, the heat exchanger, or
both simultaneously to accommodate the proposed hybrid control approach. When the
system operates in the baseline mode, the thermostat-based control of the compressor and
condenser is achieved through the transmission of binary direction control signals (0 or 1)
to activate or deactivate the compressors and condensers.

Receiver

- N— Pu_inp
'l> q ! C(}ldenser A _{}_@_'

Fan

< , 1

A

Room

% e E o
‘— i [ — o
Drive Pile

-

Compressor
Pl Valve A 7 \ \

| Air Heat Water
[ ] Exchanger

Y

Compressor

Drive

Figure 4. Hybrid Geothermal Heat Pump simulation model.

The %Accuracy is calculated using Equation (1) to assess how accurate the simulated
model is compared with the physical reality. The %Accuracy is calculated using a relative
difference between the simulated values (Xgimuylation) and the actual operating values (X,ctyal)-
This provides a measure of whether or not the model is valid over time.

%Accuracy _ <1 _ |Xsimulati0n - Xactual|> % 100 (1)

Xactual

The coefficient of performance (COP) is calculated as the ratio of the cooling capacity to
the total electrical energy consumed according to Equation (2) [6]. The refrigerant mass flow
rate (mrefrigerant) multiplied by the difference in evaporator enthalpy (hout_gvap — hin_Evap),
divided by the total power input, gives us the cooling capacity of the refrigerant (Wqa1).
To ensure a comprehensive analysis, Wi, in this study is calculated by accounting for the
power consumed by all primary components, where Weyap is the energy consumption of
the evaporator, Weomp is the energy consumption of the compressor, W qnq is the energy
consumption of the condenser fan, and Wpump is the energy consumption of the water
pump. This explicit breakdown of the total energy consumption allows for a precise
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evaluation of the system’s operational efficiency and provides a clear foundation for the
component-specific control logic discussed in later sections.
___ Cooling Capacity
COP = Energy consumption
Ihrefrigerant x(h h (2)

- )
_ out Evap i Evap’ [ (kg/s)x (KJ/ kg)
COP - Wfotal : |: kW

For the verification process, the system was configured with a setpoint temperature
(Tset) of 18 °C and a VSD frequency of 40 Hz. This was to simulate the operational limits of
the systems, rather than operating under normal conditions. From Figure 5, the results of
the respective comparisons of indoor room temperature, relative humidity, and COP (blue
line: data from the simulation system; red line: data from the actual system) demonstrate
that the HGHP proposed model achieves a percentage accuracy (green line) in excess of
90%, thereby supporting the reliability of developing and testing these advanced control
strategies in this research.

@) Room Temperature Comparison and Accuracy Over Time (HGHP)
<3 7 — ‘ ‘ 100
) - R e ¥ e Y
3 - >
= — Simulated Temperature HGHP ]
g — — - Actual Temperature HGHP H oo g
g Accuracy S
g <
= B
= e e e e L e —————
8 20 | | | | T 30
Moo 1 2 3 4 5 6
Time (hrs)
80 Room Relative Humidity Comparison and Accuracy Over Time (HGHP) 100
[ I [ [
g .
E — Simulated %RH HGHP ]
= — —-Actwal SRHHGHP | |g0 3
~
~ o
g = ~e Accuracy <
s | T B
40 | | | | | 30
0 1 2 3 4 5 6
Time (hrs)
; Room COP Comparison and Accuracy Over Time (HGHP) 100
I I T T
61 — Simulated COP HGHP -
— — - Actual COP HGHP é
§ 5 Accuracy H 90 é
. 3
- ———————— N
3 | | | | | 30
0 1 2 3 4 5 6

Time (hrs)
Figure 5. HGHP Simulation System comparison.

2.4. Fuzzy Logic Controller Design

The Fuzzy Logic Control (FLC) system, based on fuzzy set (fuzzy logic) theory, pro-
cesses its inputs using fuzzy set values, or “degrees of truth,” on the continuum from
0 to 1, allowing for more nuanced reasoning than can be achieved with binary Boolean
logic. Figure 6 illustrates the Fuzzy Logic Control Architecture, which comprises four main
components. Fuzzification converts crisp (numerical) inputs into linguistic (fuzzy) inputs,
Fuzzy Inference (expert “If-Then”) Production Rules are applied for decision-making using
an inference engine, and defuzzification converts fuzzy (linguistic) results back into crisp
(numerical) outputs [19].

Crisp Input Crisp Output

Fuzzification | Fuzzy Inference Defuzzification
(Fuzzy Set) | (Fuzzy Rules) i (Fuzzy Set)

y

Figure 6. Fuzzy Logic Control workflow diagram.
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The Triangular Membership Function (TriMF) is used in this work for fuzzifying the
input data because it has linearity properties and is computationally efficient [20]. As
noted, the TriMF is characterized by three parameters (g, b, c). The triangular membership
function is given by Equation (3):

f(x;a,b,¢) = max (min <;_Z, Z_z) , 0) 3)

The triangle created by input x consists of its scalar parameters a and ¢, which define
the interval of a triangle with membership equal to 0, with a and c as the lower and upper
boundaries, respectively; the vertex of the triangle will be when b has a membership value
of 1. Thus, for inputs x in the range [4, c] (inclusive), the function linearly increases from a
to b and then linearly decreases from b to c. As such, the function will return a result of 0
for any input x that lies outside the range [4, c].

Following fuzzification, the transformed data is evaluated against the Fuzzy Rule Base
to determine the appropriate fuzzy output. The Fuzzy Rule Base consists of a number
of conditional statements that utilize fuzzy operators and fuzzy sets to define the logical
antecedents and consequents upon which the rules are constructed. Each fuzzy rule base is
created using the system’s linguistic variables to associate an input variable with an output
variable through IF-THEN statements of fuzzy logic, in the form shown in Equation (4):

If xis A, then y is B 4)

A and B in this equation refer to the two fuzzy sets (A or the fuzzy set of inputs and B
or the fuzzy set of outputs) that represent the linguistic terms of the fuzzy set defined in the
input universe (x) and output universe (y). The conditional statement has two main parts:
an antecedent (premise) portion of “x is A” followed by a consequent (conclusion) part of
“yis B”. A good set of rules requires a thorough understanding of the physical system so
that the controller can respond correctly to dynamic conditions.

The last phase of turning a fuzzy output into a crisp output is referred to as defuzzi-
fication; it is the process of converting an aggregated fuzzy set into a crisp output signal
for driving the control system. In this study, we used the centroid (or center of gravity)
method for defuzzification because it computes the balancing point of the complete set
of fuzzy outputs along the x-axis. This is very similar to finding the center of mass of a
uniform-density plate. The crisp value is calculated as per Equation (5):

xCentroid = M (5)
Yip(xi)
where x; represents the discrete element within the universe of discourse, and y(x;) denotes
the corresponding membership value for that point. This formula computes the weighted
average of the fuzzy set, enabling smooth control and clear visualization.

This research’s approach to developing the FLC adheres to the design flow diagram
in Figure 7. First, the inputs and outputs of the system are identified to establish critical
parameters for controlling the overall operation of the HGHP system. Second, operational
data are collected from the HGHP system, which spans a range of operating conditions, to
understand how the system behaves under these conditions. These empirical data become
the foundation for designing the membership functions and fuzzy rules for that system.
After the final design of the Fuzzy Logic Controller (FLC) is created and implemented on
the HGHP system, the performance of the FLC can be evaluated. Then, the performance
evaluation can be enhanced by either modifying the existing FLC or creating a new FLC to
achieve optimal operation of the control method.
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Figure 7. FLC design flow diagram.

2.4.1. Define FLC Inputs and Outputs

The control system presented in this research work dynamically monitors room occu-
pancy to ensure thermal comfort in terms of both temperature and humidity, while also
achieving the greatest possible energy efficiency. As illustrated by Figure 8, the architecture
of the Fuzzy Logic Controller (FLC) integrates four different input variables and uses them
to assess the optimal system state: the temperature difference (calculated by determining
the difference between the measured temperature of the room and the desired setpoint
of 25 °C); the humidity difference (calculated from the relative humidity measured in the
room compared with the desired setpoint of 50% RH); the number of people in the room;
and the current coefficient of performance (COP) of the system. These inputs were selected
to balance occupant comfort with system efficiency. The temperature difference is the
primary feedback for thermal stability, directly influencing compressor operation and fan
number. The humidity difference allows the system to switch to the dehumidification mode
to maintain air quality even when the temperature is stable. The number of people serves
as a leading indicator of dynamic internal heat loads, enabling the controller to adjust
the VSD frequency and valves pre-emptively. Lastly, the COP is monitored to ensure the
controller selects the most energy-efficient operating mode (AC, GHP, or HGHP) based on
real-time performance. The FLC uses its evaluation of these inputs to generate signals to
five different actuators that control the Hybrid Geothermal Heat Pump System (HGHP).
The valve position can be set to air-conditioning (AC), geothermal heat pump (GHP), or
hybrid (HGHP) modes. The VSD frequency can modulate the water flow rate through the
energy pile. The fan number modulates the evaporator fan speed to three levels. In addi-
tion, the controller controls system control functions by turning ON/OFF the compressor
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and condenser fan based on operational requirements, and the operating mode selected by
the controller, either cooling (AC) or dehumidification (DH).

Troom
; Input
Ty = 2C §—L Temperature

Different

Output

%RHroom

N Humidity
%RHger = 50

Number of

People

cor

HGHP System

Figure 8. FLC diagram workflow for Hybrid Geothermal Heat Pump.

2.4.2. Design Data Collection Strategy and Acquire System Data

To effectively evaluate the HGHP system performance, and as outlined by the con-
troller’s architectural design, a complete assessment of the HGHP system’s ability to deliver
cooling and dehumidification to the room, and the energy consumption of the system under
different operating modes, needs to take place so that effective use of control logic can be
applied. An analysis of the data collection techniques used for the system’s performance
evaluation is provided in Table 3. The 13 experimental test cases were developed to evalu-
ate the system’s performance under varying conditions. These conditions were evaluated
by adjusting the valve configurations to determine each mode of primary operation: air
conditioning (AC), geothermal heat pump (GHP), and hybrid (HGHP).

Table 3. Data collection table.

System Setting
Cases No.
Valve Mode VSD (Hz) AC Fan Number AC Mode Tser (°C)
1 AC (1) 0 1 AC (1) 18
2 AC (1) 0 2 AC (1) 18
3 AC (1) 0 3 AC (1) 18
4 GHP (0) 10 3 AC (1) 18
5 GHP (0) 20 3 AC (1) 18
6 GHP (0) 30 3 AC (1) 18
7 GHP (0) 40 3 AC (1) 18
8 HGHP (—1) 10 3 AC (1) 18
9 HGHP (—1) 20 3 AC (1) 18
10 HGHP (-1) 30 3 AC (1) 18
11 HGHP (—1) 40 3 AC (1) 18
12 HGHP (—1) 40 1 AC (1) 25
13 HGHP (-1) 40 1 DH (0) 25

The first 3 cases focus on the AC mode (valve AC). For these cases, the variable speed
drive (VSD) is turned off, thereby allowing the energy pile to be bypassed for heat rejection.
The evaporator fan number is increased from Level 1 to Level 3, with the evaporator still in
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AC mode at a setpoint temperature of 18 °C. The purpose of these tests is to evaluate the
cooling capacity that the system will provide to the room at each level of fan number.

Cases 4 to 11 explore both GHP and HGHP modes. The VSD frequency is swept
from 10 Hz to 40 Hz while maintaining a constant fan number of Level 3 during these
experiments. The intent of this series of experiments is to identify the correlation between
the water flow rates (controlled by the VSD) generated at each VSD frequency setting and
the cooling effect of each geothermal and hybrid configuration.

Lastly, Cases 12 and 13 study how the evaporator mode affects cooling performance in
comparison with dehumidification performance (AC versus DH). The tests are completed
in conjunction with the HGHP configuration, with a VSD speed of 40 Hz and a setpoint
temperature of 25 °C. The fan number operates at Level 1 in AC mode and Level 1 in
DH mode, consistent with the equipment specifications. The purpose of these cases is to
evaluate the system’s dehumidification capability compared with its cooling capability in
various evaporator operating modes.

2.4.3. Analyze Data for Input-Output Mapping

According to the data collected in Section 2.4.2 of the HGHP system, there are clear
differences in the performance capabilities for cooling capacity and energy use. Regarding
cooling performance, the results indicate that the HGHP mode has the best cooling capacity,
followed by the GHP mode and the AC mode. In addition, the VSD frequency and the
AC fan number significantly impact the regulation of room temperature. Higher VSD
frequencies correlate with lower room temperatures, which provide improved cooling
performance. In addition, a Level 3 AC fan number lowers the best temperature compared
with an AC fan number at Level 2 or 1.

The HGHP mode had the highest energy usage among the three operational modes,
with the AC mode and GHP mode using less. One of the main findings relates to how
VSD settings affect water pump energy consumption. Based on a regression analysis
of the collected operational data, a non-linear cubic relationship was identified between
the operating frequency (f) and the pump power consumption (Wpyump ), as defined in
Equation (6). Consequently, low-frequency operation minimizes energy consumption,
whereas high-frequency operation significantly increases power demand. Because of this
non-linear behavior, there is a major limitation on how the FLC must be designed, requiring
that the FLC control logic be optimally selected for VSD frequencies so that adequate cooling
demands are met without excessive power consumption due to high-frequency operation.

Wpump = 0.0231 x f># (6)

2.4.4. Design Membership Functions (MFs) and Fuzzy Rules

For the membership function (MF) development, the current research relies on the
triangular membership function (TriMF) for the input and output variables; the input and
output MF definitions appear in Table 4. As for the ranges of the input and output variables,
the temperature difference and humidity difference values are defined symmetrically about
zero to allow equal representation of both positive and negative deviations from the setpoint.
Each input variable is defined using 5 separate linguistic terms, enabling precise error
resolution based on what has been defined for each variable. Additionally, the occupancy
variable and the COP variable are defined so that the controller can accommodate variable
room loads and variable system efficiency states. Finally, with respect to the outputs, the
VSD frequency variable is defined with 5 frequency levels, allowing very fine speed control
of the motor. The valve position, fan number, and operating mode variables are defined as
discrete actuators with associated operational states. Examples of the input MF and output
MF are shown in the membership function graphs of Figures 9 and 10, respectively.
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Table 4. Specification of input and output variables.

Variable Range Parameter
a b C
Negative large (NL) -2 -2 -1
Negative small (NS) -2 -1 0
Temperature difference (input) Zero (ZZ) -1 0 1
Positive small (PS) 0 1 2
Positive large (PL) 1 2 2
Negative large (NL) -20 -20 -10
Negative small (NS) —-20 -10 0
Humidity difference (input) Zero (ZZ) -10 0 10
Positive small (PS) 0 10 20
Positive large (PL) 10 20 20
No one 0 0 3
N-half 0 3 6
Number of people (input) Half 3 6 9
P-half 6 9 12
Full 9 12 12
Very low (VL) 0 0 1
Low (L) 0 1 2
COP (input) Medium (M) 1 2 3
High (H) 2 3 4
Very high (VH) 3 4 4
HGHP -1 -1 0.9
Valve position (output) GHP -0.1 0 0.1
AC 0.9 1 1
Slowest 0 0 10
N-medium 0 10 20
VSD (output) Medium 10 20 30
P-medium 20 30 40
Fastest 30 40 40
One 1 1 2
Fan number (output) Two 1 2 3
Three 2 3 3
Operating mode (output) Dehumzi(lzflcatlon 8 (1) i
Off 0 0 0.5
System control On 05 1 1

A complete set of IF-THEN rules was developed using the operational functions of
the system to match the inputs to the outputs, which can be seen in Figure 11, showing
the control surfaces of how it works. The primary control logic was developed to control
the VSD frequency and valve position, with the cooling capability given priority during
high-demand periods. When both the temperature difference and the number of people are
high (for example, PL or Full), the system will switch to HGHP mode and use the fastest
VSD frequency. At lower loads, the system will use the lower VSD frequency in GHP mode.
There is also a separate rule to switch to AC mode at the slowest VSD frequency when the
room is unoccupied ("No one’) so that the on/off command can be issued from the system
control panel. We also use VSD modulation to increase the COP by increasing the frequency
when the COP is too low, thereby increasing the heat exchanged and improving efficiency.
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Figure 9. FLC input membership function: (a) is a fuzzy set of temperature difference, (b) is a fuzzy
set of humidity difference, (c) is a fuzzy set of number of people, and (d) is a fuzzy set of COP.

The secondary optimization rules govern fan number, operating mode, and the system
control. The fan number varies according to the temperature difference and the number
of people to reduce the time it takes for the room to cool down. Operating Mode: When
humidity levels indicate excessive moisture in the air, the system will operate in dehumidi-
fication mode; the system control logic will conserve energy by deactivating the system

https://doi.org/10.3390/en19081979


https://doi.org/10.3390/en19081979

Energies 2026, 19, 1979 15 of 23

Degree of Membership

o
(&

o

('Oft’) when no one is present and maintaining a temperature slightly higher than the
setpoint to allow for rapid recovery when someone returns.

B Valve Position
'E—:,) 1 T T T T T T T T
5 ——HGHP
@ GHP
9] Al
S o0sh - <
ks
9]
&
o0 0 I 1 I I | I I | |
o8]
A -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
Output Value
(@)
E‘ : VSD frequency
g Slowest
'g ——NM (Negative Medium)
g 0.5 - | Medium
= =DM (Positive Medium)
) Fastest
&
b‘-D 0 1 1
jo¥]
a o 5 10 15 20 25 30 35 40
Output Value
(b)
B Fan number
'{:n 1 T T \ T T
g One
_g Two
% 05 | = Three
ks
w
&
joln] 0 I | I | ! ! | !
o8]
A 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3
Output Value
(c)
Operating mode E“ ’ System Control
Dehumidification g —Off
—AC = —On
[¢F]
=05
e
5]
o]
&
Lo
[oF]
0 0.5 1 A 0 0.2 0.4 0.6 0.8 1
Output Value Output Value
(d) (e)

Figure 10. FLC output membership function: (a) is a fuzzy set of valve position, (b) is a fuzzy set of
VSD, (c) is a fuzzy set of fan number, (d) is a fuzzy set of operating mode, and (e) is a fuzzy set of
system control.
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Figure 11. Control surface of fuzzy rule: (a) is the control surface of valve position with number of
people and temperature difference; (b) is the control surface of fan number with number of people
and temperature difference; (c) is the control surface of operating mode with humidity difference and
temperature difference; (d) is the control surface of VSD with number of people and temperature
difference; (e) is the control surface of VSD with number of people and COP; and (f) is the control
surface of system control with number of people and temperature difference. The color gradient
represents the magnitude of the output variable on the vertical axis, transitioning from dark blue
(lowest values) to yellow (highest values).

3. Results

The Base Controller (BC) was compared to a proposed Fuzzy Logic Controller (FLC)
in this study. The temperature setpoint for the BC was set to 25 °C to provide maximum
thermal comfort to the occupants of the space. Both controllers were tested under identical
environmental conditions for an equitable comparison. These included synchronized
occupancy profiles for both controllers, the same initial indoor temperature and humidity
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A1}
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for both controllers and the same hourly variation in outdoor ambient temperature for both
controllers throughout the duration of each test.

3.1. Case Study

In this research, the authors categorize performance evaluation into three separate
case studies (illustrated in Figure 12). Figure 12 shows an occupancy profile over time for
up to 12 individuals occupying the space. By varying the number of individuals using
the space, this study can demonstrate how control strategies can be applied in different
situations. Case Study 1 tests the usage patterns of normal classroom users throughout
the day. This includes using the space for morning classes, leaving it empty for lunchtime,
and having it occupied after lunch. Case Study 2 looks at how the control system operates
with normal occupancy; however, it does so with variable occupancy levels that are sudden
and not gradual. Case Study 3 provides an opportunity to understand how the control
system will perform with consistent occupancy levels over prolonged periods of time
(steady-state mode).

Number of people Case 1
T T

Number of people

| | 1 | | |
4 6 8 10 12
Time (hrs)

Number of people Case 2
I I

Number of people

4 6 8 10 12
Time (hrs)
Number of people Case 3
T

Number of people

| | 1 |
4 6 8 10 12
Time (hrs)

Figure 12. Number of people in each case study.

3.2. System Operation in Each Case

This report presents a comparative performance analysis between the proposed Fuzzy
Logic Controller (FLC) and the conventional Base Controller (BC) within the Hybrid
Geothermal Heat Pump (HGHP) system. The evaluation focuses on several key perfor-
mance indicators: room temperature and humidity regulation, coefficient of performance
(COP), and energy usage. In the subsequent graphical representations, the operational tra-
jectories of the Base Controller are depicted in blue, while those of the FLC are distinguished
in red.

3.2.1. System Operation in Case 1

As shown in the graph in Figure 13, Case 1 demonstrates that the FLC outperforms
each of the alternative control strategies in terms of stability for temperature regulation.
The FLC returns the room temperature right to the setpoint with little fluctuation while

https://doi.org/10.3390/en19081979


https://doi.org/10.3390/en19081979

Energies 2026, 19, 1979

18 of 23

cor

Power (kW)

maintaining superior stability compared with the Base Controller. The FLC dynamically
adjusts the operation of the HGHP system based on real-time occupancy and has a greater
coefficient of performance (COP) because of this dynamic adjustment. In terms of overall
energy consumption, the FLC has lower energy consumption than the BC. A major factor
contributing to energy savings is the FLC logic, which allows the room temperature to
drift slightly above the setpoint during unoccupied periods to minimize overcooling of the
space, while effectively recovering the room temperature immediately upon re-occupancy
without creating high-energy demand. Additionally, as seen in the FLC results, the FLC
monitors relative humidity (40-60% RH) and effectively limits it to the comfort zone when
occupancy returns. The FLC also removes higher relative humidity accumulated during
periods of vacancy when the occupant returns to their room.
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Figure 13. Comparison of the control system’s operation in Case 1.

3.2.2. System Operation in Case 2

In Case 2, the operational comparison of the control systems is shown in Figure 14.
The results show that while the FLC effectively changes how it regulates room temperature
based on the number of people present, it does so by attempting to maintain the room
temperature close to the set temperature when people are present. In contrast, the BC
runs at its full capacity regardless of the amount of occupancy and, therefore, experiences
significant peak energy consumption during startup. Additionally, the BC is also more
unstable regarding temperature than the FLC because of the way in which the thermostat
cycles on and off. Notably, at low levels of occupancy, the BC cycles on and off significantly
more than it does at higher occupancy levels. As a result, the FLC has a considerable
efficiency advantage over the BC with respect to its ability to operate in a more energy-
efficient manner under partial-load conditions at low levels of occupancy.

3.2.3. System Operation in Case 3

Figure 15 illustrates the comparative performance of the two control systems (FLC and
BC) in Case 3. At half occupancy (six people), FLC maintains a stable room temperature,
whereas BC exhibits oscillations due to on/off thermostat cycling. FLC’s COP also provides
greater consistency than that of BC, and FLC consumes less energy at peak demand. At
full occupancy (12 people), both systems maintain stable room temperatures with similar

https:/ /doi.org/10.3390/en19081979


https://doi.org/10.3390/en19081979

Energies 2026, 19, 1979

19 of 23

values; however, FLC consumes less energy than BC and has a slightly higher system COP.
With regard to humidity control, both systems maintain room humidity in the comfort
zone during use. FLC, due to the lack of a previous occupant load, allows the initial time
humidity to exceed comfort limits; however, it stabilizes at approximately 60% RH and falls
below comfort limits when occupants enter the space. Accordingly, FLC does not create
excessive humidity levels during use.
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Figure 14. Comparison of the control system’s operation in Case 2.
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Figure 15. Comparison of the control system’s operation in Case 3.

3.2.4. Compare the Performance of the Controller

A quantitative comparison of the Base Controller and the Fuzzy Logic Controller
across three case studies is presented in Table 5. In Case 1, representing normal room
occupancy used in the second case study, the FLC provides the same degree of accuracy for
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both temperature and humidity control as the BC. The FLC also increases the cooling COP
by 9.72% and reduces power consumption by 4.13%. In Case 2, the FLC achieves a 7.36%
increase in COP and an 8.55% decrease in power consumption. Finally, in Case 3, the FLC
achieves the maximum efficiency improvement of 11.76% in COP and a 7.55% reduction
in power consumption. These findings show that the FLC improves energy efficiency
for the HGHP system over the BC in each case study. Overall, these results demonstrate
that both controllers maintain comfort levels; however, in terms of energy conservation
and efficiency, the FLC is more efficient. The magnitude of energy savings will vary with
occupancy patterns and the duration of unoccupied periods; therefore, the greatest energy
savings are expected to be driven by these factors.

Table 5. Comparison of the controller performance in each case.

Case 1 Case 2 Case 3
Percentage Percentage Percentage

FLC Change BC FLC Change BC FLC Change

Average of %accuracy  gg 540/ gg 349, ~0.10%  9842%  96.7% 1.75%  984%  96.6% 1.83%
of room temperature
Average of %accuracy g, o5 gg ggo, 235%  9245%  86.7% 622%  915%  86.4% 5.57%
of room humidity

Average of COP 3.927 9.72% 3.26 3.5 7.36% 3.4 3.8 11.76%
Power usage (kWh) 10.69 4.13% 10.17 9.3 8.55% 10.6 9.8 7.55%

4. Discussion

The experimental results demonstrate that while the BC can maintain the room tem-
perature near the setpoint, it requires a significantly higher energy input compared with
the FLC. This performance gap is primarily attributed to the FLC’s ability to handle the
highly nonlinear thermal load characteristics of the HGHP system. By leveraging the
flexibility of fuzzy linguistic variables, the proposed controller can process uncertain load
fluctuations more effectively than the conventional on-off logic of the BC. Specifically,
the fuzzy inference engine enables multi-objective synergy by dynamically modulating
actuator responses (such as VSD frequency and fan number) based on real-time occupancy
and measured COP, thereby optimizing the balance between occupant thermal comfort
and the system’s energy demand. The FLC framework effectively manages conflicting
objectives through dynamic operational transitions. While the HGHP mode is prioritized
during high occupancy to maximize cooling capacity, the controller automatically shifts
weights toward GHP or AC modes as the occupant density decreases. This transition is
crucial for maintaining soil thermal balance and minimizing unnecessary power demand.
During unoccupied periods, the FLC leverages system control signals to implement a
demand-responsive strategy, allowing the room temperature to drift slightly above the
setpoint. This approach is not only more energy-efficient than the BC’s rigid setpoint
maintenance but also ensures a significantly faster thermal recovery to the desired setpoint
upon re-occupancy compared with a complete system shutdown. Meanwhile, during
occupied periods, FLC will continuously adjust the system to maintain a more stable, more
consistent temperature than BC. Thus, FLC-driven HGHP systems will not only use less
energy when compared with BC-driven HGHP systems but will also produce a higher
average COP.

The main difference between the BC and the FLC is that the BC room will consistently
have a relative humidity below 60% RH, whereas the FLC room will have a relative
humidity of 60% RH or higher only when the device is turned off to conserve energy.
However, once the 60% limit is reached, the FLC will turn on dehumidification to prevent
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the room from exceeding what users consider comfortable. While these two methods
produce an average relative humidity accuracy that is lower in the FLC compared with the
BC, the difference in averages does not have a significant impact on comfort due to the
fact that the majority of humidity deviations will occur while the room is unoccupied (in
other words, dehumidification in an unoccupied room is unnecessary as it has no impact
on occupant comfort).

5. Conclusions

The objective of this research project was to analyze and compare the performance
of a Base Controller (BC) and a Fuzzy Logic Controller (FLC) working together as part
of a Hybrid Geothermal Heat Pump (HGHP) system. The evaluation test was conducted
using a computer simulation based on an actual installation situated at Kasetsart University,
Thailand. In this regard, the following provides a synopsis of the key findings from
this study:

e  The results indicate that, within the scope of this study, the FLC framework demon-
strates a higher potential for optimization compared with the BC because of its ability to
optimize continuously by controlling operational settings including operational mode,
fan number, dehumidification mode, and VSD (variable speed drive) on a real-time ba-
sis based on occupancy while controlling the compressor and condenser on a separate
system control to prevent unnecessary cooling of the system when unoccupied.

e  Opverall statistical accuracy for temperature and humidity measured at the FLC was
close to the BC due to being designed for energy conservation during unoccupied
periods; however, the environmentally controlled spaces operated at desirable stable
comfort levels that exceeded BC for almost every occupied period measure taken
throughout this study.

In summary, the FLC achieved COP improvements of up to 11.76% under the con-
ditions studied. However, it is important to acknowledge that the current findings are
derived from a simulation environment calibrated with data from a single installation and
a specific room configuration. While these results demonstrate significant potential for
energy efficiency and thermal comfort, the generalizability of the proposed framework
should be further explored in larger-scale applications and different climate zones. This
study provides a preliminary demonstration of how such a framework could contribute to
energy conservation and carbon reduction targets, suggesting a pathway for enhancing
sustainable smart building operations.
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Abbreviations

The following abbreviations are used in this manuscript:

HVAC Heating, Ventilation, and Air Conditioning
GHP Geothermal Heat Pump

cor Coefficient of Performance

HGHP Hybrid Geothermal Heat Pump

PID Proportional-Integral-Derivative

FLC Fuzzy Logic Control

VSD Variable Speed Drive

AC Air Conditioning

BTU British Thermal Unit

SEER Seasonal Energy Efficiency Ratio

Tset Setpoint Temperature

Xsimulation ~ Simulated Values

Xactual Actual Operating Values

r'nrefrigeram Refrigerant Mass Flow Rate

hin_Evap Enthalpy of the Refrigerant Entering the Evaporator
hout_Evap Enthalpy of the Refrigerant Leaving the Evaporator
Wiotal Total Power

TriMF Triangular Membership Function

DH Dehumidification

MF Membership Function

BC Base Controller
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