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List of Symbols  14 

EST = energy signature temperature (°C) 15 

IARH = indoor relative air humidity (%) 16 

OAT = outdoor air temperature (°C) 17 

p value = probability measure (dimensionless) 18 

r value = Pearson’s correlation (dimensionless) 19 

ZAT = zonal air temperature (°C) 20 

Greek symbols  21 

α = level of significance 22 

List of abbreviations 23 

ASH = anti-sweat heater 24 

ASHRAE = American Society of Heating Refrigerating and Air-Conditioning Engineers  25 

BAS = building automation system 26 

DHU= dehumidification unit 27 
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F = faulty operations 28 

FDD = fault detection and diagnosis 29 

GUI = graphical user interface  30 

HVAC = heating, ventilation and air conditioning 31 

HVAC&R = heating, ventilation, air conditioning and refrigeration 32 

MBCx = monitoring-based commissioning 33 

N = normal operations 34 

PAU = packaged air-conditioning units  35 

RCU = refrigeration compressor rack unit 36 

RMS = remote monitoring system  37 

RTU = rooftop unit 38 

SLR = simple linear regression 39 
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Abstract 56 

Most HVAC&R machine issues are inherently caused by problems in routine operations, 57 

decommissioning problems, improper design, and poor installation, and these issues can result in 58 

excessive energy consumption and a short equipment lifespan. 59 

  Existing fault detection and diagnosis (FDD) methods for refrigeration systems have been 60 

considered in supermarket environments. However, typical HVAC systems are generally operated 61 

without considering indoor conditions as the drivers of refrigeration operations. This issue leads to 62 

unreliable refrigeration data for FDD design. 63 

  This article systematically proposes a novel fault detection method for faulty HVAC operations 64 

related to problems in routine operations and the excessive energy use of refrigeration systems. Four 65 

steps are developed as a novel unfavorable interaction strategy to identify abnormal HVAC operations 66 

based on identified energy signatures. Outdoor and zonal air temperatures (OAT and ZAT) are 67 

concurrently utilized to specify typical area operations for rooftop units (RTUs). A fault detection 68 

approach is proposed based on RTU outliers using plots of OAT and ZAT versus the energy 69 

consumption of the refrigeration system based on fixed 10% differences in the indoor relative humidity 70 

range. The findings of a case study involving five supermarkets demonstrate the potential to identify 71 

the outliers that cause unsuitable dead-band zones and temperature set points for RTU operations, which 72 

can lead to excessive energy consumption of refrigeration units. The proposed methodology enhances 73 

the data reliability and robustness of FDD for refrigeration systems. 74 

Keywords: Building Automation System; Energy Interaction; Fault Detection and Diagnosis; 75 

Unfavorable Interaction; Remote Monitoring System 76 
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1. Introduction 90 

Supermarkets are characterized by high energy consumption and are complex integrated 91 

systems in commercial buildings. Specifically, refrigeration equipment consumes 7% of the total energy 92 

in this sector [ 1] .  In each supermarket, 40-50% of the total energy is consumed by refrigeration 93 

machines. Moreover, coupled heating, ventilation and air conditioning (HVAC) systems account for 94 

20-35% of total consumption [2] .  Display cases are operated to maintain indoor case temperature for 95 

goods quality while display case cooling load is changed regarding ambient conditions provided by 96 

HVAC systems. If the operating conditions deviate from the typical design conditions (e.g., 24 ºC with 97 

55% RH) of the HVAC systems, the situation can cause a load increase for refrigeration systems when 98 

other related conditions are constant, such as the product load and electrical load.  Moreover, selecting 99 

the wrong refrigeration equipment in a renovated building can cause control problems with the 100 

conditions of the zonal environment.  Non-ideal indoor conditions can lead to excessive power 101 

consumption in the HVAC and refrigeration systems.  Such relations are called “Energy interactions” 102 

[3] or “intereffects” [4]. 103 

With these complex systems, there are several challenges to obtaining energy savings and 104 

achieving CO2 reduction by analyzing optimal solutions of the energy interactions [5 - 6]. For example, 105 

simulation-based monitoring systems have been continuously applied in compressor rack supermarket 106 

systems to estimate energy savings [ 7 -  11] .  However, several factors were not considered in the 107 

developed models because unexpected zonal conditions and situations can occur in real applications. 108 

Thus, field test data were collected for energy audits and energy analysis based on simplified techniques 109 

such as the energy signature approach [12]. Additionally, the energy savings of refrigeration equipment 110 

have been determined based on the indoor humidity ratio considering interactions [7, 13 -  16] .  The 111 

results indicated that maintaining an indoor relative humidity lower than 40% can save energy for 112 

refrigeration systems, and this issue is not cost-effective for air conditioning systems during the summer 113 

[17]. To ensure the satisfactory performance of machines in supermarkets, systems can be enhanced by 114 

utilizing monitoring- based commissioning ( MBCx)  [ 18]  techniques, which can avoid problems 115 

associated with improper design, unsuitable installations and poor routine operations. 116 

In terms of commercialization, commercial monitoring systems have been continuously 117 

developed by multiple brands [19] for given building automation systems (BASs)  and remote 118 

monitoring systems ( RMSs). Such systems can be applied to establish set points and fault alarm 119 

functions for HVAC and refrigeration systems. Sensors are used to link routine operations with a 120 

graphical user interface (GUI). BAS and RMS features are useful and convenient for the user operation 121 

of HVACR systems.  However, most of these centralized monitoring systems are cost-prohibitive to 122 

install in practice, especially in developing countries. As a result, a fault detection and diagnosis (FDD) 123 

method for monitoring the system interactions among HVAC and refrigeration units cannot be 124 

developed in practice because the data types of the two systems are not synchronous; therefore, 125 

additional sensors are required and must be linked to one of the two systems. 126 

Recently, American Society of Heating, Refrigerating and Air-Conditioning Engineers 127 

(ASHRAE) research project RP-1615 [20] summarized a strategy for developing full FDD techniques 128 

for supermarket equipment.  Rule-based fault characteristics of a rooftop unit (RTU) and data driven 129 

based on power consumption data were applied in simple fault diagnosis for a compressor rack 130 

refrigeration system [20]. To increase limitations of data in the project, Behfar and Yuill [21] extended 131 

simulation results for fault-free and faulty data of a commercial refrigeration system with effects of 132 

liquid line receivers using grey-box models. One of the findings revealed that a steady-state modeling 133 

approach is required to reduce the complication and fluctuation of large refrigeration systems. The 134 

project stated that several sensors are not appropriate for monitoring the interactions between HVAC 135 
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and refrigeration systems. From the survey of service record [22], unfavorable interaction from faulty 136 

HVAC operations were not the four most costly faults (refrigerant charge, compressor, oil and 137 

condenser fans, respectively) to repair. In addition, the operation of real supermarkets involves a large 138 

number of uncontrolled conditions, which can lead to unsatisfactory data quality and inaccurate 139 

thresholds for superheating and subcooling temperatures. These factors may be affected by unfavorable 140 

interaction information provided by HVAC systems. For example, non-design zone conditions such as 141 

too high zone temperature or humidity level leads to increase cooling load of display cases; indoor 142 

temperature of the display cases will be higher resulting in higher power consumption of refrigeration 143 

compressor rack unit (RCU). To further study the effects of energy use interactions in supermarkets, 144 

Ding et al. [11] developed a retail store model that was validated with operational data within a 10% 145 

error band for electricity use. Beyond energy use prediction, rule-based root cause analysis was 146 

conducted for RTU control and stage cooling mismatch analysis. OA dampers were further investigated 147 

based on a statistical learning-based root cause method. However, the RTU faults that affect 148 

refrigeration systems have not yet been considered. Similar to previous research, Wit et al. [23] 149 

developed the EnergyPlus model for investigating the interactions between HVAC and refrigeration 150 

systems because routine HVAC operations are difficult to constrain in practice. The zonal temperatures 151 

and supply temperatures of refrigerated cases were varied to study energy use variations. However, 152 

BAS and RMS are seldom synchronized based on the same data platform. Thus, the pattern analysis 153 

results of the simulation could be limited in real-world implementation. Mylona et al. [10] also 154 

developed an EnergyPlus model that was calibrated with real operational data from the UK for studying 155 

the interdependence of different factors, including HVAC&R systems, lighting systems, store 156 

operations and occupancy patterns. This simulation model can accurately predict energy use in 157 

supermarkets, and the results can be used in interaction analyses involving subsystems and supermarket 158 

envelopes to increase the energy savings potential. The study found that the highest energy savings was 159 

4% when the HVAC systems were operated only during store hours. Mavromatidis et al. [24] developed 160 

a supermarket model-based ANN for the FDD model training process. Viable data were used for 161 

multiple ANN processes, such as data cleaning and data quality control, due to black-box performance 162 

limitations. Some interactions, such as humidity variations and rule-based routine operations, were not 163 

considered in the calibration processes. Widsonkun at al. [25] studied interaction effect for control 164 

performance between four packaged air-conditioning units (PAU) in an open space; the interaction 165 

resulted in wrong control operations of PAUs and oversizing [26, 27]. Moreover, detailed analysis of 166 

the interactions between air-flow distribution and air-conditioning supply diffuser types are essentially 167 

recognized for infection prevention and control, especially in operating rooms and hospital 168 

environments [28]. Although at least five prior studies investigated unexpected system occurrences due 169 

to system interactions, additional data collection and monitoring are necessary. Additionally, real-time 170 

implementations could require expert or well-trained analysts and researchers. Rule-based and 171 

approach-based systematic analyses and data analysis are useful and can reduce the initial cost of 172 

installation. Moreover, fault effects are not considered in models of refrigeration system energy 173 

interactions. 174 

Considering low-cost monitoring systems and FDD implementations in field tests in developing 175 

countries, Srinivasan et al. [29] applied the SARIMA model to predict energy consumption with cause-176 

effect analysis in retail store operations. Woradechjumroen [30] and Woradechjumroen and Tongshoob 177 

[ 31]  reviewed and simulated non- invasive monitoring systems for HVAC&R operations in 178 

supermarkets.  Although prior research has recognized the importance of the interactions among 179 

supermarket energy systems, these studies mainly considered energy savings features and analyses 180 

based on the normal operation of HVAC systems.  FDD methods have been implemented for HVAC 181 

and refrigeration systems, but the system interactions have not been considered in field tests.  Without 182 
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using the well- controlled operating conditions provided by HVAC systems, improper indoor relative 183 

humidity ( IARH)  levels and ZATs can cause deviations and fluctuations in refrigeration system 184 

operations.  These significant issues can lead to fault detection problems and result in low data quality 185 

for FDD analysis.  To enhance the FDD analysis process for supermarkets in practice, this article 186 

systematically proposes a novel fault detection scheme that considers system interactions, user-friendly 187 

statistics and a novel rule- based method for diagnosing faulty indoor driving force conditions caused 188 

by poor controllers or variations in routine operations.  The findings provide a new procedure to: 1) 189 

reduce the outliers caused by the effects of the unfavorable interaction of HVAC operations on RCU 190 

operations, and 2) isolate unfavorable interaction effects from the overall operation of refrigeration 191 

systems. Isolating the cause of the poor control and faulty operations of an HVAC system can enhance 192 

the FDD approach for refrigeration. The paper is systematically organized as follows. First, the related 193 

background and limitations of only considering simple energy interactions are discussed. Then, the new 194 

method is proposed in steps. Finally, the method is applied to identify the unfavorable interaction effects 195 

in refrigeration systems, and in energy saving applications.  196 
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