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Abstract: Faults of heating, ventilation, and air-conditioning (HVAC) systems can cause
significant consequences, such as negatively affecting thermal comfort of occupants, energy
demand, indoor air quality, etc. Several methods of fault detection and diagnosis (FDD)
in building energy systems have been proposed since the late 1980s in order to reduce
the consequences of faults in heating, ventilation, and air-conditioning (HVAC) systems.
All the proposed FDD methods require laboratory data, or simulated data, or field data.
Furthermore, the majority of the recently proposed FDD methods require labelled faulty
and normal data to be developed. Thus, providing reliable ground truth data of HVAC
systems with different technical characteristics is of great importance for advances in FDD
methods for HVAC units. The primary objective of this study is to examine the operational
behaviour of a typical single-duct dual-fan constant air volume air-handling unit (AHU)
in both faulty and fault-free conditions. The investigation encompasses a series of experi-
ments conducted under Mediterranean climatic conditions in southern Italy during summer
and winter. This study investigates the performance of the AHU by artificially introduc-
ing seven distinct typical faults: (1) return air damper kept always closed (stuck at 0%);
(2) fresh air damper kept always closed (stuck at 0%); (3) fresh air damper kept always
opened (stuck at 100%); (4) exhaust air damper kept always closed (stuck at 0%); (5) sup-
ply air filter partially clogged at 50%; (6) fresh air filter partially clogged at 50%; and (7)
return air filter partially clogged at 50%. The collected data from the faulty scenarios are
compared to the corresponding data obtained from fault-free performance measurements
conducted under similar boundary conditions. Indoor thermo-hygrometric conditions,
electrical power and energy consumption, operation time of AHU components, and all
key operating parameters are measured for all the aforementioned faulty tests and their
corresponding normal tests. In particular, the experimental results demonstrated that the
exhaust air damper stuck at 0% significantly reduces the percentage of time with indoor
air relative humidity kept within the defined deadbands by about 29% (together with a
reduction in the percentage of time with indoor air temperature kept within the defined
deadbands by 7.2%) and increases electric energy consumption by about 13% during winter.
Moreover, the measured data underlined that the effects on electrical energy demand and
indoor thermo-hygrometric conditions are minimal (with deviations not exceeding 5.6%
during both summer and winter) in the cases of 50% clogging of supply air filter, fresh air
filter, and return air filter. The results of this study can be exploited by researchers, facility
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managers, and building operators to better recognize root causes of faulty evidences in
AHUs and also to develop and test new FDD tools.

Keywords: air-handling unit; damper fault; filter fault; fault detection and diagnosis; fault
impact assessment; energy management

1. Introduction

The building sector accounts for up to 40% of the global energy demand and con-
tributes to 33% of greenhouse gas emissions globally [1], while Heating, Ventilation, and
Air-Conditioning (HVAC) systems are responsible for almost half of the building energy
consumption and 10-20% of total energy consumption [2].

Faults of HVAC systems refer to anomalies in one or more components, which can
lead to various consequences, such as impacting electrical energy consumption, indoor air
quality (IAQ), thermal comfort of occupants, etc. It is estimated that faults occurring in
HVAC systems could increase the consumption of these sectors by 15-30% [3,4]. However,
ensuring fault-free operation of HVAC systems is a complex task considering the numerous
interactions between components (e.g., such as in air-handling units (AHUs)), the different
needs of occupants, the lack of proper maintenance, the failure of components, or their
incorrect installation [5,6].

To ensure the feasibility of HVAC systems, companies often use either reactive or
preventative maintenance [3,5]. Reactive maintenance is when repairs are made only after
a component has failed. In complex systems, this type of approach is often inconvenient
since restoring the damaged sections after failure may be (i) very costly and (ii) potentially
unsafe. The systems are inspected and maintained at predetermined intervals in the case
of preventive maintenance; however, it is challenging to define the maintenance interval
because it needs to be conservative in order to avoid safety issues and lower fault costs, but
scheduling the maintenance too early could result in the waste of still-usable system life.

In this scenario, Fault Detection and Diagnosis (FDD) approaches allow for the identi-
fication of faults or anomalous operational patterns in HVAC systems’ components and
the diagnosis of their root causes and, therefore, can limit the above-mentioned critical
points associated to the conventional maintenance approaches. FDD is then crucial for
promptly identifying and correcting faults that can lead to significant energy waste, shorter
equipment life, occupant discomfort, poor indoor air quality, and increased operating
costs [7]. Due to the increasing importance of building energy performance, there has
been a growing trend towards the development of FDD tools. Numerous FFD tools have
been proposed for building energy systems, like economizers, chillers, AHUs, Variable
Air Volume (VAV) terminals, heating, and refrigeration systems. According to Ref. [3],
they can be classified in three main approaches, namely (1) quantitative model-based,
(2) qualitative model-based, and (3) process history-based FDD. In particular, the first
two approaches belong to knowledge-driven-based methods, while the process history-
based approach belongs to the family of data-driven based methods. Regardless of the
approach that is followed to develop an FDD process, the starting point of the analysis
is related to the availability of operational data of the considered system from which the
following are extracted: (i) the normal/expected behaviour of the system, (ii) the faulty
behaviour of the system, and (iii) the symptoms associated to a specific fault to enable its
diagnosis. In this perspective the source of information can be represented by laboratory
data, simulated data, or monitored data in real working systems. In the last case, it is
very complex to obtain all the required information especially for what is concerned the
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faulty operational patterns; this is the reason why the laboratory and the simulated data
are preferred.

This study mainly aims at developing an extended dataset related to the artificial
implementation of seven common faults of dampers and filters into a fully monitored AHU
via a number of experiments. This work also aims at quantitatively assessing the impacts
of the investigated faults on indoor thermo-hygrometric conditions and energy consump-
tion by comparing fault-free and faulty scenarios under a wide range of Mediterranean
boundary conditions.

Research Gaps, Novelty, and Goals

Although the development of FDD processes for HVAC systems dates back to the
1980s [8], data-driven FDD is still in the relatively early stage of adoption stock-wide [9].
A common approach involves using qualitative IF-THEN rules to detect and diagnose
faults in energy systems. A notable example is the set of APAR rules, which consist of
28 steady-state rules developed for FDD in AHUs [10]. These rules exploit sensor data
and control signals according to different modes of AHU operation. The APAR rules have
been integrated into the ASHRAE Guideline 36 [11], providing a structured framework for
fault detection and diagnostics in HVAC systems. However, such rules (i) do not cover
all possible faults in AHU components (such as filters, fans, or multiple faults), (ii) lack
complete fault isolation capability, as well as (iii) are based on steady-state hypothesis.
Despite these constraints, APAR rules have the advantage of not requiring monitored
data for baseline model development, a fundamental step in more advanced data-driven
FDD approaches.

In this sense, one of the most important challenges towards FDD progress is the lack
of enough reliable and ground truth datasets, as they are required to understand both
the normal and faulty operation of HVAC systems according to different configurations,
climate conditions, heating/cooling loads, available sensors, implemented control logics,
and operating modes [9,12]. Furthermore, despite the existence of methods for evaluating
the effectiveness of FDD tools, there is currently no widely accepted standard for fault
impact assessment [9,13].

More in detail, the development of a robust FDD process requires a substantial amount
of fault-free and faulty data that are well labelled, also respect to the severity of the anomaly
that is occurring during a specific period of operation. Experimental datasets with the
ground-truth of different faults pertaining to AHUs operation are really poor due to the
fact that obtaining such information from a real working AHU is extremely challenging at
least for the following reasons [7,9,13-17]:

e  AHUs operate under non-stationary conditions due to fluctuations in boundary con-
ditions and heating/cooling loads, requiring high-frequency data collection for a
complete characterization of system behaviour;

e the sensors installed in real AHUs are typically limited to those essential for control
purposes, which may not meet the requirements of robust FFD tools that rely on
additional sensors to measure key operating parameters;

e intentionally introducing faults in real AHUs to gather reference data on anoma-
lous behaviour is neither financially nor practically viable, particularly during
occupied periods;

e  high level of expertise and field inspections are necessary for labelling data;

e different faults may produce similar symptoms and propagate to other AHU compo-
nents, leading to secondary issues. Hence, high accuracy and number of sensors are
essential for conducting fault isolation;
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e  heating/cooling loads and weather conditions vary significantly over time, impacting
system operation under different boundary conditions that need to be thoroughly
characterized.

Considering the above aspects and according to the reviewed literature, collect-
ing reliable data of various HVAC systems undergoing different types of faults in di-
verse weather conditions is vital for the development of more efficient data-driven FDD
tools [7,14]. In this regard, few datasets were acquired under Mediterranean climate
conditions [18-21], while the majority of the experimental tests were conducted in the
USA [17,22].

Furthermore, measurement frequency is another characteristic of each experimental
test that has a crucial role in both transient/steady-state phase recognition of AHU opera-
tion as well as accurate training process in data-driven methods. According to Refs. [23-25],
measurement frequency of conducted tests in the literature was not less than 35 s, while
the tests assessed in this study are conducted with a timestep of 1 s.

A lack of open access labelled datasets with verified ground truth information for
AHUs is recognized. The most widely used publicly available dataset of AHU faults
considering faulty/fault-free conditions is the ASHRAE project 1312-RP [26] in which
the dynamic behaviours of an AHU are modelled by using the HVACSIM+ software
(version 20) [27] and validated by experimental data for both fault-free and faulty operation
under Iowa (USA) climatic conditions. These experiments were performed on two identical
multizone VAV AHUs, one specified for fault-free tests and the other one for faulty tests,
guaranteeing complete correspondence of boundary conditions between faulty and fault-
free experiments. Various sensors, controllers, and equipment faults were implemented
on the faulty VAV AHU under different levels of intensity in spring, summer, and winter
with 1 min timestep [6,28]. Granderson et al. [17] acquired two experimental datasets for
a single zone Constant Air Volume (CAV) AHU and a single zone VAV AHU, including
fresh air damper stuck (at 15%, 50%, and 100%), outdoor air temperature sensor bias,
heating/cooling valve stuck, and leakage heating/cooling valve with different intensity
levels in one-minute timestep [17]. The third open access dataset (named “LBNL Open
Power Data [29]”) includes operational data acquired through HVACSIM+ [27] and Model-
ica [30]-EnergyPlus [31] co-simulation, laboratory experiments, and field measurements
of seven HVAC systems, namely Rooftop Unit (RTU), single-duct AHU, dual-duct AHU,
VAV box, fan coil unit, chiller plant, and boiler plant. Faults associated to fan, damper,
filter, heating/cooling coil, and control with different severities were investigated at one-
minute time intervals [32]. In addition to the above-mentioned reasons for the necessity of
experimental AHU faulty/fault-free data acquisition, it should be underlined that publicly
available AHU datasets can be used for the validation of the FDD tools proposed in the
literature and the comparison between different FDD methods in terms of precision, compu-
tational costs, adaptability, transferability, and required expertise. Despite some published
datasets without ground-truth information and labelled data such as the one released by
Ahern et al. [33], the only commonly used open access labelled datasets with verified
ground truth information for AHUs are the three discussed datasets [17,26,29].

Emphasizing the persistent challenge of dataset deficiency for evaluation and compar-
ison of different FDD tools performance, Frank et al. [15] recommended the development
of publicly available datasets and evaluation metrics for AHU faults to devise a standard
methodology for independent comparison of FDD algorithms and to provide industry
with a clearer insight into the trade-offs inherent in FDD performance. Wen and Li [26]
concluded that datasets need to be suitably balanced in terms of number of faulty and
fault-free data to prevent bias in FDD tools evaluation. Lin et al. [9] highlighted the crucial
importance of collecting a comprehensive dataset across a wide range of systems and
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equipment in order to finally develop standard certification processes. Casillas et al. [34]
noted that more ground truth operational data of HVAC systems should be collected and
synthesized into a single repository with a common format and documentation in order to
deal with the issue of data scarcity. Lastly, Hu et al. [35] emphasized that further researches
must be performed to collect sensor data especially under faulty operation, as their normal
operation is often assumed as a starting point to define FDD processes.

Moreover, it is worth noting that only a handful of studies have quantitatively investi-
gated the effects of different fault types and severities on users’ comfort, patterns of key
operating parameters, power consumption of different AHU components, greenhouse gas
emissions, indoor air quality, operating and maintenance costs, and equipment degradation
based on field measurement [9,15,16,23]. Concerning this, authors in [36] assessed the
impact of different types of faults occurring in roof-top units, ranking them to promote an
effective maintenance of such systems.

Chen et al. [37] categorized AHU hard faults into fan, coil, sensor, actuator, and duct
related faults and considered air filter clogging and mixed/return air damper stuck as
potential major faults pertaining to ducts and actuators, respectively. With reference to
damper faults and clogged filters, those are among the most probable faults to occur in
HVAC systems [6]. Dey et al. [38] released the maintenance record of AHU faults for an
observed building in a one-year time span. The results reported that return air damper
stuck and heating coil leaking were the most probable faults to occur, with a probability of
about 11% among the evaluated faults. In the fault ranking provided by Jacobs et al. [39]
in the case of a RTU, “no outside air intake” (i.e., outdoor air damper being fully stuck)
showed a frequency of about 6%. Rosato et al. [21] reviewed 31 papers and concluded that
return air damper stuck is the most investigated AHU fault among more than 50 types of
faults. Nehasil et al. [40] developed an Automated FDD (AFDD) tool and implemented it on
58 AHUs' datasets of real buildings. The results indicated that closed dampers in heating,
cooling, and economizer modes were the most detected faults based on the proposed
novel AFDD method, with a detection rate of 90%. Deshmukh et al. [41] mentioned that
free-cooling mode of a VAV AHU in a real building is extremely dependent on fault-free
performance of outdoor air dampers; hence, detection of stuck outdoor air damper and
leaking damper faults is of paramount importance [41].

Faulty operation of dampers and filters can affect comfort of end users, energy de-
mands of HVAC systems, greenhouse gas emissions, operational costs, as well as indoor
air quality. With reference to this point, it should be highlighted that air ventilation and
filtration are fundamental in addressing IAQ problems, including the risk of spreading
infectious diseases [42]. Therefore, detecting and diagnosing faults of dampers and filters
of AHUs can contribute in improving indoor environmental quality of billions of people
spending significant time indoors as well as achieving a healthier urban environment.

Even if their effects can be relevant, damper faults and clogged filters were investi-
gated from an experimental point of view only in a few scientific studies for FDD tools’
performance assessment, highlighting a strong need for further analyses. Granderson
et al. [17] experimentally investigated the effects of outdoor air damper leakage (with
two distinct fault severities: 20% of maximum damper flow and 50% of maximum damper
flow) and outdoor air damper stuck (fully open and partially open at 50%) on the operation
of a single-zone CAV AHU; they [17] also assessed the effects of outdoor air damper stuck
(minimum position and fully open) on a single-zone VAV AHU; all the experiments [17]
were performed under Tennessee (USA) climatic conditions. Nevertheless, this study [17]
did not include fault impact assessment. Cho et al. [43] conducted multiple element failures
of a HVAC system in a test room by using an environmental chamber as a test facility during
winter in a 90 min set of experiments. This study included implementation of single faults
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(like outdoor damper fault with 10% deviation in terms of openness signal with respect to
normal condition) and concurrent faults (such as simultaneous outdoor air damper faulty
signals/offset of supply air temperature sensor), involving faults” impact assessment on
heater power consumption. The results indicated that simultaneous occurrence of outdoor
air damper and supply air temperature error leads to the highest heater power consump-
tion in comparison with other coupled concurrent assessed faults [43]. Li and Wen [28]
classified seven major faults in the RP-1312 dataset [26] during winter, spring, and summer.
Leaking outdoor air damper (45% and 55% opening percentages) and exhaust air damper
stuck (fully open) were the induced damper related summer faults, while exhaust air
damper stuck (fully open and fully closed) and outdoor air damper leakage (52% open and
62% open) were the faults associated to the winter test. They analysed faults’ impacts by
measuring heating/cooling coil and supply/return fan energy demands [28]. Deshmukh
et al. [41] presented analytical FDD methods to identify and evaluate selected faults in VAV
AHUEs; in particular, algorithms for faults like stuck dampers and leaking dampers have
been developed and tested with reference to a specific case study corresponding to a large
academic building in Boston (USA).

Besides laboratory data, authors in [6] underlined that real data and simulated data
comprise about half of the data sources for developed AHU FDD tools in the literature.
Due to the labour intensive, costly, and time-consuming nature of field measurements
and experimental tests, simulations with validated models have the potential to be a
suitable substitute for them. For instance, in terms of simulated damper and filter faults,
in Ref. [44] a fault-modelling feature in EnergyPlus (version 8.6) [31] was introduced and
tested on simulated dirty air filter fault. That feature enabled the authors to quantify the
fault effects on energy consumption and thermal comfort at building scale. Wang and
Hong [45] assessed outdoor damper leakage/stuck and dirty filters by using field survey
and simulation model to report the importance of maintenance in HVAC systems. However,
only a few energy modelling tools have the capability to model the HVAC systems faults
(e.g., HVACSIM+ [25], Modelica [28] and TRNSYS [46]), which require users to create
fault models grounded in domain knowledge and physics [47] and to validate them using
experimental data [47].

According to the reviewed scientific literature, it can be concluded that (i) exhaust air
damper and return air damper related faults are poorly investigated, (ii) no experimental
study pertaining to clogged filters are available, (iii) no experiments conducted to assess
damper /filter faults in Mediterranean climatic conditions, especially during both cooling
and heating seasons, (iv) no tests performed with 1 s frequency measurements, and (v) only
a few researches assessed faults’ impacts on various key operating parameters and AHU
components’ power consumption. Thus, the present study aims at bridging the research
gaps regarding the extensive characterization of damper/filter faults by conducting detailed
experiments to thoroughly examine the impacts and symptoms of these faults on typical
AHU's operation [43—45,48].

In particular, this study has been performed in the SENS i-Lab of the University of
Campania Luigi Vanvitelli (located in Aversa, southern Italy) that is equipped with an
experimental set-up including a typical HVAC system with a single-duct dual-fan constant
air volume air-handling unit designed for FDD purposes. In particular, the system is
equipped with (i) a management system that can introduce artificial faults, as well as
(ii) accurate sensors infrastructure that can monitor and record the performance of each
component by varying boundary conditions.

This study presents and discusses high quality and reliable experimental data obtained
during normal and faulty operation of the above-mentioned AHU in summer and winter
in the case of damper/filter faults. Data have been collected at 1 s intervals (through a
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specifically developed data acquisition system) based on daily field tests lasting 9 h, starting
at9 a.m. and ending at 6 p.m. Specifically, the following seven typical different faults have
been induced to the AHU:

return air damper kept always closed (stuck at 0%);
fresh air damper kept always closed (stuck at 0%);
fresh air damper kept always opened (stuck at 100%);
exhaust air damper kept always closed (stuck at 0%);
fresh air filter partially clogged at 50%;

supply air filter partially clogged at 50%;

return air filter partially clogged at 50%.

The design of experiments has been defined according to testing procedures widely
already adopted in several scientific papers [17,26,49,50].

The experimental data obtained under faulty conditions have been investigated and
compared to the data acquired under fault-free operation by using similar boundary con-
ditions to evaluate the effects of the selected faults on (i) indoor thermo-hygrometric
conditions, (ii) time-domain and frequency-domain patterns of key operating parameters,
and (iii) electric energy and power consumption of AHU components. The final analyses
have been performed by using key-performance indicators (calculated based on the experi-
mental data) well-known in the scientific community for the assessment of faults impact in
AHUSs with the aim of identifying the faults with most adverse impacts and ranking them
accordingly.

This work mainly aims to:

e highlight and characterize the differences between faulty and fault-free operation of
AHUs when dampers and filters are not operated as expected;

e  quantitatively assess the impact and symptoms of tested faults on indoor air tempera-
ture/relative humidity and energy consumption by comparing fault-free and faulty
scenarios under a wide range of boundary conditions;

e develop a reliable open-access dataset of a typical AHU operating under Mediter-
ranean weather conditions, including tagged faulty and fault-free data collected at
1 s intervals;

e  support the scientific community in further advancing the definition and validation of
data-driven FDD tools for applications in AHUs.

This paper includes six main sections. Section 2 reports the detailed description of
the experimental set-up as well as sensors” characteristics and control logic of the system.
Section 3 is dedicated to explain the methodology followed to perform the impact analysis.
In Section 4, the boundary conditions of each daily experiment are characterized in order to
identify for each analysed fault, the free-fault day with the most similar weather conditions,
and enable a robust comparison for conducting the impact analysis. Section 5 includes
faults” impact assessment in terms of electrical power and energy consumption, AHU
components’ operation time, and key operating parameters. The conclusive remarks and
future developments of the study are reported in the last section.

2. Description of the Experimental Set-Up

This section presents a comprehensive description of experimental set-up used in
this study to perform the experimental tests. Additional information about HVAC system
operation and control logic, test room envelope’s characteristics, installed sensors, etc. are
available at [49].

The HVAC system of the SENS i-Lab, located in the Department of Architecture and
Industrial Design at the University of Campania Luigi Vanvitelli (Aversa, south of Italy),
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includes a single-duct dual-fan constant air volume air-handling unit in order to guarantee
the desired thermo-hygrometric conditions inside a 57.6 m? test room [51]. The schematic
of the HVAC system is shown in Figure 1, while the main nominal characteristics of the

main components of the HVAC unit are reported in Table 1.
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Figure 1. Operating scheme of the HVAC system (thick solid black lines/arrows: path of air flow;

blue lines/arrows: path of cold heat transfer fluid produced by the RS; red lines/arrows: path of hot

heat transfer fluid produced by the HP; dashed light blue lines/arrows: parameters controlling the

AHU operation; dashed pink lines/arrows: signals controlling the opening of the valves) [51].

Table 1. Nominal main characteristics of the HVAC system main components.

. Nominal supply air flow rate (m?/h) 600

Supply air fan (SAF) Nominal power (kW) 2.50

. Nominal return air flow rate (m3/h) 600

Return air fan (RAF) Nominal power (kW) 0.50

Cross flow heat recovery Nominal efficiency (%) 74.7
system (HRS) Recovery capacity (kW) 3.1
Nominal heating capacity (kW) 41

Pre-heating coil (PreHC) Nominal heat carrier fluid flow rate (m3/h) 0.71
Nominal air flow rate (m3/h) 600
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Table 1. Cont.
Nominal cooling capacity (kW) 5.0
Cooling coil (CC) Nominal heat carrier fluid flow rate (m3/h) 0.86
Nominal air flow rate (m3/h) 600
. epe Nominal steam capacity (kg/h) 5.0
Humidifier (HUM) [52] Nominal power (kW) 3.7
Nominal heating capacity (kW) 5.0
Post-heating coil (PostHC)  Nominal heat carrier fluid flow rate (m3/h) 0.86
Nominal air flow rate (m3/h) 600
Nominal heating capacity (kW) 13.8
Heat pump (HP) [53] Nominal input power (compressor +
4.5
evaporator fan) (kW)
Nominal cooling capacity (kW) 13.6
Refrigerating system (RS) [53] Nominal input power (compressor + 40

condenser fan) (kW)

As shown in Figure 1, the AHU is equipped with three dampers (exhaust air damper
Dga, outdoor air damper Dpy, and return air damper Dry). All these filters are man-
ufactured by the CLA s.rl. company (San Giacomo di Teglio, Italy) [54]. Each one is
characterized by a frame in galvanised steel (with thickness of 1.0 mm) and airfoil blades
in galvanised steel (thickness of 0.5 + 0.5 mm), with distance between blades equal to
100 mm. They are categorized as Class 4 according to EN 1751 Standard [55]. The dimen-
sions of Dga, Doa and DRy, respectively, are the following: 70 x 41 cm?, 70 x 31 cm? and
40 x 11 cm?. The movement and position of the louvers are controlled by a motor-driven
actuator specifically designed for air dampers [56]. The AHU also includes three filters
(return air filter Frp, fresh air filter Foa, and supply air filter Fss). All these filters are
manufactured by the FC.R. S.p.A. company (Cinisello Balsamo, Italy) [57], with the fol-
lowing sizes (long side, short side, and thickness, respectively): 59.2 x 28.7 x 4.8 cm? for
Fra, 59.2 x 28.7 x 9.8 cm? for Fou, and 59.2 x 28.7 x 28.2 cm? for Fga. Fra and Fop are
identical. Filter media is a progressive density synthetic fibre; it is protected by a wire
mesh on both sides to ensure the consistency of the pack and the regularity of the pleat
(frame is in galvanised steel, while electro-galvanised steel wire mesh protections are used).
Both filters are classified as ISO Coarse class 50% according to ISO 16890 [58]. The fresh
air filter presents a nominal airflow rate of 2300 m3/h across a 0.4 m? filtering area, with a
filter weight of 1.8 kg and a pressure drop of 70 Pa. The return air filter is characterized
by a nominal airflow rate of 1650 m3/h over a 0.3 m? filtering area, with a filter weight of
1.1 kg and a pressure drop of 70 Pa. Fgp is a 3 V rigid bag filter with injection-moulded
plastic (polystyrene) frame; its filtering medium is a water repellent fiberglass paper. It is
classified as ePM1 85% according to ISO 16890 [58] with a nominal pressure drop of 110 Pa
(at a nominal airflow rate of 1700 m3/h).

The HVAC system described in Figure 1 is managed through a specific control logic,
implemented and executed in the LabVIEW environment (version 2019 SP1) [59]. End-users
have the ability to manually adjust and set the following parameters:

e  set-points of indoor air temperature Tsproom and relative humidity RHgproom to be
reached in the test room;

e deadbands associated with Tsproom and RHsproom, that are named DBt and DBRry,
respectively;

e return air fan and the supply air fan speed (i.e., OLrar and OLgar, respectively) in the
range between 0% and 100% (those parameters are kept constant throughout all the
tests considered in this study);



Energies 2025, 18, 618

10 of 41

e opening percentages of the return air damper (OPpra), the outside air damper
(OPppa), and the exhaust air damper (OPpga) in the range between 0% and 100%,
where 0% indicates that the damper is completely closed (those parameters are kept
constant throughout all the tests considered in this work);

e activation/deactivation of the heat-recovery system that is determined by adjust-
ing the opening percentage (between 0% and 100%) of the heat-recovery system
damper OPppgs (heat recovery system is inactive throughout all the tests considered in
this research).

As the parameters mentioned above are defined, the operation mode of the HVAC sys-
tem components (post-heating coil, cooling coil, humidifier, heat pump, and refrigerating
system) is determined, regardless to the season, according to the control logics reported in
Table 2 (the control logic of the pre-heating coil is omitted from the table as it is deliberately
set to the off-mode during all the tests carried out in this study; thus, the demand for
heating was only met by the operation of the post-heating coil). In particular, the Heat
Pump (HP) is activated only when the temperature of the heat transfer fluid (Tyr) inside
the hot tank (HT) is lower than the desired set-point temperature (THTset-point) decreased
by a specified deadband temperature (DBt yr); then it remains activated until the temper-
ature of the heat transfer fluid becomes equal to THset-point + DB ur. The heat transfer
fluid is circulated by the pump PHP, which connects the HT and the PostHC/PreHC coils
(only when one of the PostHC or PreHC coil valve is open). Regarding the Refrigerating
System (RS), it is activated only when the temperature of the heat transfer fluid inside
the cold tank (CT) exceeds the desired set-point temperature (Tcrset-point) increased by
the specified deadband temperature (DBt ct); then, it remains activated until the heat
transfer fluid temperature becomes equal to Tcrset-point — DBr,cT. The pump PRS circu-
lates the fluid between the CT and the cooling coil (CC) only when the CC valve is open.
The heat transfer fluid is a mixture of water and ethylene glycol (about 6% by volume).
PID (proportional-integral-derivative) controllers autonomously adjust the valve opening
percentages for the post-heating coil (OPy _pogtric), cooling coil (OPy _cc), and humidifier
(OPy_pum). These adjustments ensure that the return air temperature (Tra) remains within
the specified upper bound UDBt (UDBt = Tsproom + DBr) and the lower bound LDBy
(LDBt = Tsproom — DBr) of the deadband of the return air temperature set-point (Tsproom)
while the actual return air relative humidity (RHga) stays within the upper bound UDBry
(UDBRH = RHSP,Room + DBRH) and the lower bound LDBRH (LDBRH = RHSP,Room - DBRH)
of the deadband of the return air relative humidity set-point (RHsproom)-

Table 2. Conditions for activating/deactivating the AHU components.

ON OFF
Humidifier (HUM) RHRA S (RHSI’,Room — DBRH) RHRA Z (RHSP,Room + DBRH)
Tra > (Tsproom + DBr) Tra < (Tsproom — DBr)
Cooling coil (CC) OR AND
RHRra > (RHsproom + DBrp) RHgra < (RHsproom — DBRrn)
Post-heating coil (PostHC) Tra < (TsprRoom — DBr) Tra 2> (TsPRoom + DBr)
Heat Pump (HP) Thr < (THTset-point — DB HT) Tur > (Tutset-point + DB )
Refrigerating syStem (RS) TCT > (TCT,set-point + DBT,CT) TCT S (TCT,set-point - DBT,CT)

However, the user can override the control signals in order to customize the system
operation and, therefore, artificially introduce specific faults (and corresponding intensities)
related to specific components of the experimental set-up.
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Sensors and Measurement Uncertainty

The HVAC system is fully equipped with a range of sensors that monitor, measure,
record, and control crucial operating parameters that are acquired using a management
system developed in the LabView environment [59]. Table 3 reports both the measuring
range and the accuracy of each sensor. It is important to note that all AHU'’s electrical
components operate on three-phase power, except the return air fan (RAF) requiring
single-phase power. Air temperature Trqyom and air relative humidity RHgoom inside the
integrated test room are measured in the center of the floor at a height of about 60 cm above
the ground. The spatial uniformity of indoor thermo-hygrometric conditions cannot be
verified and controlled in this experimental set-up because the corresponding parameters
are measured at individual points (as in the case of almost all real-world applications).

Table 3. Main characteristics of the sensors.

Measured Parameter Measuring Range Accuracy

Temperature of return air Tra [60], supply air Tsa [60],
mixed air Tya [60], air at cooling coil outlet 0-50 °C +0.8 °C (between 15 °C and 35 °C),
T out,cc [60], and at post-heating coil outlet 41 °C (between 0 °C and 50 °C),

TA,out,PostHC [60]

+0.2°Cat Tpoa =20 °C,
+(0.008333-Tpop + 0.366667) °C when

Temperature of outside air Tpa [61] —40-60 °C Toa <20 °C,
+(0.00875-Tpa — 0.025) °C when

TO A > 20 °C

Air temperature inside the integrated test room —10-60 °C £0.5°C at 25 °C + 0.03 °C/°C

TRoom [62] . '

Heat carrier fluid temperature at heat pump outlet

TEoutap [63], heat pump inlet Tgin yp [63], refrigerating TYTY . o

system outlet T oy rs [63], and refrigerating system 10-60°C +(0.03 +0.0005-Tg) °C

inlet TF,in,RS [63]

Heat carrier fluid temperature at pre-heating coil outlet

TEout,Pretic [64], pre-heating coil inlet Tgin preric [64],

post-heating coil outlet —10-120 °C 10.6°C at 60 °C

TEout PostHC [64], post-heating coil inlet Tgin postric [64],
cooling coil outlet Tg oyt cc [64], and cooling coil inlet

Trin,cc [64]
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Table 3. Cont.

Measured Parameter

Measuring Range

Accuracy

Relative humidity of return air RHga [60], supply air
RHgp [60], mixed air RHy [60], air at cooling coil

+3% (between 30% and 70%),

outlet RHy out,cc [60], and air at post-heating coil outlet 0-100% +5% (between 0% and 100%)
RHA,out,PostHC [60]
Relative humidity of outside air RHpga [61] 0-100% £(2.3 + 0.008-reading) %
Air relative humidity inside the integrated test room 5959 3% at 25 °C + 0.2%/°C
RHRoom [62]
Volumetric flow rate of heat carrier fluid flowing into

+2% at 20 °C

pre-heating coil VFIin/PreHC [64], cooling coil
VF,in,CC [64], and post-heating coil VF’in,POStHC [64]

0.70-2.34 m3/h

with O/OVglycol =0%

Heat pump single phase L1 voltage VEL, [65], single
phase L2 voltage VL3, [65], and single phase L3 voltage
Vigp [65]

Heat pump circulating pump single phase L1 voltage
VELL [65], single phase L2 voltage V52 [65], and single
phase L3 voltage V52 [65]

Refrigerating system circulating pump single phase L1
voltage VkLg [65], single phase L2 voltage V&g [65],
and single phase L3 voltage Vg [65]

Refrigerating system single phase L1 voltage V&S [65],
single phase L2 voltage V2 [65], and single phase L3
voltage V&2 [65]

Supply air fan single phase L1 voltage Vi [65], single
phase L2 voltage V535 [65], and single phase L3 voltage
V& [65]

Humidifier single phase L1 voltage Vi, [65], single
phase L2 voltage V3 ) [65], and single phase L3
voltage Vi [65]

0425V

+0.50% of full scale

Return air fan voltage Vrar [65]

0280 V

+0.50% of full scale

Supply air fan single phase L1 current AL} [65], single
phase L2 current A5y [65], and single phase L3 current
AL [65]

Humidifier single phase L1 current AL}, [65], single
phase L2 current ALK/ [65], and single phase L3
current AL, [65]

0-125 A

+0.50% of full scale

Heat pump single phase L1 current Ak [65], single
phase L2 current AL, [65], and single phase L3 current
AL, [65]

Heat pump circulating pump single phase L1 current
ALlp [65], single phase L2 current AL, [65], and single
phase L3 current ALY, [65]

Refrigerating system circulating pump single phase L1
current ALk [65], single phase L2 current Ak24 [65],
and single phase L3 current A3 [65]

Refrigerating system single phase L1 current Ak [65],
single phase L2 current AK2 [65], and single phase L3
current Ak% [65]

0-50 A

+0.50% of full scale

Return air fan current Agar [65]

0-25A

+0.50% of full scale
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Electric power consumption of the supply air fan (EPsaF), the return air fan (EPraF),
the heat pump (EPp), the heat pump circulating pump (EPppp), the refrigerating system
(EPRs), the refrigerating system circulating pump (EPpgs), as well as the humidifier (EPyum)
are calculated through the following equations according to the measured values of voltage
and current intensity:

L2 13 AL3
(V AF - ASAF T VEAF - ASAE + VSar - ASAF) * COS PSAF

EPgap = Ne 1)
EPRAF = VRAF * ARAF * COS @RAF )
EPup = (Vi - Al + ViR - Al + VIR - AL ) - cos oup 3)
EPppp = (VPHP ASip + Vitp - A + Vi - AIﬁ%IP) * COS QpPHP 4)
EPrs = (VES - ARS + VEZ - AR + VIZ - AR) - cos ors )
EPprs = (VPRS Afks + Virs - APRE + Vs - A%lgis) - COS QPRS (6)
13

Vium - Affum + Vifom - Afum + Viium - AHUM) * COS PHUM

EPxum = 7 (7)

where cOSQgAF, COSQRAF, COSQHP, COSQPHP, COSPRS, COSQPpRs, and cos@yum are the power
factors of the SAF, the RAF, the HP, the PHP, the RS, the PRS, and the HUM, respec-
tively. The following values recommended by the manufacturers have been presumed
for the power factors: cos@sar = 0.95, cos@rar = 0.95, cos@pp = 0.95, cos@ppp = 0.95,
cos@Rs = 0.95, cos@prg = 0.95, and cos@yum = 0.95.

The absolute measurement errors & (EPsar), 8 (EPrafr), 8 (EPnp), & (EPpyp), 8 (EPRs),
5 (EPpRrs), and & (EPyuwm) related to the assessment of the electric power consumption of
the supply air fan (Equation (1)), the return air fan (Equation (2)), the heat pump (Equation
(3)), the circulating pump connected to the heat pump (Equation (4)), the refrigerating
system (Equation (5)), the circulating pump connected to the refrigerating system (Equation
(6)), and also the humidifier (Equation (7)), respectively, are calculated based on the single-
sample uncertainty analysis [66] by using below equations:

5(EPsar) = (COS@SAF) | [ 5("%&:)}2 + [VEAe- 5(A%£F)r + AR 5(V‘§3;F)K+ ®
V3 {Véip : 5(A%ip)} [ASAF S(VSAF)} n [VSAF 5( ASAF)}

8(EPrar) = (cOS @RAF) \/[ARAF ) 5(VRAF)]2 + [VRar - 5(ARAF)]2 o)

) (conrm | [0SV [Vl 8 ()] [ -8 (vi)] 0

VR o(Ak) |+ Ak o (Vi) |+ [ViR-o(ak) |

{Algll-IP 5 (VPHP)- ’ + VPHP 5 (AII;Il-IPﬂz + [A%ZHP 5 (VPHP)} 2+

[ PHP 5(APHP)} [APHP 5(VPHP>}2 + [VPHP 6<APHP)}2 (1)

8(EPpyp) = (cos @pyp) -
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P 2
e |
RS RS)| +|ARS RS RS RS
5(EPpgs) = (cos pprs) - [Aizs 5 (VPRS): 2 + VPRS 5 (APRS)] [APRS 5<VPRS)E+ (13)
[VPRS 5 (APRS) + APRS 5 <VPRS)} {VPRS 5 (APRsﬂ
5(EPrun) = (COS (PHUM> _ {AHUM 5 (VHUMHZ + [VlﬁlUM -0 (AHUMHZ + [AIIFIZUM -0 (VHUM) } 2+ (14)

V3

{VHUM 5 (AHUM> } ’ + [AI]:IB{JM -5 (VHUM> } ’ + [V]fleM -5 (A]FIUM) } ’

where § (X) in the above formulas denotes the uncertainty of variable X, as listed in Table 3,
related to the measured current and voltage values of the SAF, the RAF, the HP, the PHP,
the RS, the PRS, and the HUM.

3. Design of Experiments

The AHU serving the test room of the SENS i-Lab has been operated under faulty and
fault-free conditions. In particular, 11 experimental tests were carried out during summer
and winter season under normal condition (N), namely SN1, SN2, SN3, SN4, SN5, SN6,
WN1, WN2, WN3, WN4, and WN5, where the tests SN1-SN6 were performed during the
summer (S) 2022, while the other tests WN1-WN5 were conducted during the winter (W)
across the years 2022/23. Regarding faulty tests, 14 experiments were performed, namely
SF1, SF2, SE3, SF4, SF5, SF6, SF7, WF1, WF2, WE3, WF4, WF5, WE6, and WE7, where the
tests SF1-SF7 were carried out during the summer (S) 2022, while the other tests WF1-WEF7
were completed during the winter (W) 2023.

Table 4 reports the operating conditions associated to the fault-free experiments, while
Table 5 reports the operating conditions of the faulty ones (the cells highlighted with a
yellow background report the settings imposed to artificially emulate the malfunctioning
of the system components). The set-point values of indoor air temperature and relative
humidity inside the test room have been defined according to typical indoor conditions
desired in Italian buildings during winter and summer.

Table 4. Operating conditions of the fault-free experiments.

D Date Tsproom RHsproom DBr  DBrag  OLgar  OLgar OPpra OPpoa OPpga OPpoa  OPpsa  OPgra

(dd/mm/yy) Q) (%) (@) (%) (%) (%) (%) (%) (%) (%) (%) (%)

SN1 30 June 2022

SN2 12 July 2022

SN3 20 July 2022

SNA 27 July 2022 26 50 1 5 50 50 100 20 20 100 100 20

SN5 24 August 2022

SN6 21 September 2022

WN1 14 January 2022

WN2 17 February 2022

WN3 2 March 2022 20 50 1 5 50 50 100 20 20 100 100 20

WN4 22 December 2022

WN5 2 February 2023
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Table 5. Operating conditions of the faulty experiments.
T e e O e e O
SF1 20 July 2022 0* 20 20 100 100 100
SF2 5 July 2022 100 0* 20 100 100 100
SF3 29 August 2022 100 100 * 20 100 100 100
SF4 22 July 2022 26 50 100 20 0* 100 100 100
SF5 7 September 2022 100 20 0 50 * 100 100
SFe6 6 September 2022 100 20 0 100 50 * 100
SF7 4 October 2022 100 20 0 100 100 50 *
WF1 11 January 2023 0* 20 20 100 100 100
WE2 13 February 2023 100 0* 20 100 100 100
WE3 30 January 2023 100 100 * 20 100 100 100
WF4 3 February 2023 20 50 100 20 0* 100 100 100
WF5 14 February 2023 100 20 0 50 * 100 100
WFe6 21 February 2023 100 20 0 100 50 * 100
WE7 15 February 2023 100 20 0 100 100 50 *

* The background color (yellow) highlights the settings imposed to artificially emulate the malfunctioning of the
system components.

It should be noted that a single fault type/severity was investigated during each faulty
test by manually setting the position of the return air damper, the outdoor air damper, and
the exhaust air damper to a constant value (i.e., 0% or 100%) to emulate a damper stuck.
On the other hand, the outdoor air filter, the supply air filter, and the return air filter faults
were manually obstructed to emulate a filter clogging at 50% by covering the filters with a
single-wall corrugated cardboard, where the covered area represented the fault severity.

According to the test IDs reported in Table 5, the following seven fault types/severities
were implemented during the operational hours of the system (from 9:00 a.m. to 6:00 p.m.),
specifically:

e fault 1: return air damper kept always closed (stuck at 0%) during the faulty tests SF1

and WF1 (i.e., OPpra = 0%);

e fault 2: fresh air damper kept always closed (stuck at 0%) during the faulty tests SF2

and WEF2 (i.e., OPppa = 0%);

e  fault 3: fresh air damper kept always open (stuck at 100%) during the faulty tests SF3

and WES3 (i.e., OPpoa = 100%);

e fault 4: exhaust air damper kept always closed (stuck at 0%) during the faulty tests

SF4 and WF4 (i.e., OPpga = 0%);

e fault 5: fresh air filter partially clogged at 50% during the faulty tests SF5 and WF5

(i.e., OPFOA = 0(70),'

o fault 6: supply air filter partially clogged at 50% during the faulty tests SF6 and WF6

(i.e., OPFSA = 0(70),‘

e fault 7: return air filter partially clogged at 50% during the faulty tests SF7 and WF7

(i.e., OPFRA = 00/0).

4. Comparison of Boundary Conditions Between Fault-Free and
Faulty Tests

The fault-free tests (SN1-SN6 and WN1-WN5) were assumed as reference baselines to
be compared with the faulty tests (SF1-SF7 and WF1-WEF?7) in order to assess the impacts
associated to a specific faulty condition.



Energies 2025, 18, 618 16 of 41

To this purpose, the initial indoor conditions for all the tests (fault-free and faulty)
conducted in summer are approximately the same and equal to about 28 °C and 60% for
Tra and RHRp, respectively; similarly, the initial indoor conditions are consistent for both
faulty and normal tests during winter, with starting values of about 18 °C for the room air
temperature (Tra) and 60% for the relative humidity of the room air (RHga).

Furthermore, for each faulty test there is a corresponding normal test similar in terms
of outdoor air temperature (Tpa) and outdoor air relative humidity (RHpa) according to
the following metrics evaluated for each pair of tests:

&i = EXPoA Normal,i — EXPoA Faulty;i (15)

(16)

(17)

(18)

where EXPoa Normal,i and EXPoa Faulty,i are, respectively, the experimental values of Toa or
RHpa at time step i for normal and faulty tests, € represents the average difference, | €| is
the average absolute difference, N is the number of experimental data points, and RMSD is
the root mean square difference.

Table 6 reports the obtained values of €, | €| and RMSD for each pair of normal and
faulty tests. In the table, the worst values of €, | €| and RMSD are reported in red, while the
best values of €, | €| and RMSD are reported in green.

Table 6. Comparison between normal and faulty tests in terms of outside air temperature Toa and
outside air relative humidity RHpa .

Toa (O RHpa (%)
Fault-Free Against Faulty Tests — — — —
€ | €| RMSD € | €| RMSD
Normal test SN3 vs. faulty test SF1 —0.79 0.94 1.17 1.81 3.16 3.47
Normal test SN1 vs. faulty test SF2 —0.27 0.83 0.96 8.04 8.52 5.93
Normal test SN5 vs. faulty test SF3 —0.83 1.21 1.25 -0.76 2.87 3.44
Normal test SN4 vs. faulty test SF4 —0.68 0.83 0.90 0.15 ** 2.64 ** 3.52
Normal test SN2 vs. faulty test SF5 —0.30 0.92 1.09 —4.61 8.28 8.41*
Normal test SN5 vs. faulty test SF6 —0.84 1.30 1.30 —5.95 6.07 429
Normal test SN6 vs. faulty test SF7 —0.91 1.22 1.32% —2.79 4.06 5.18
Normal test WN1 vs. faulty test WF1 -1.13 1.24 0.85 1.11 5.26 6.52
Normal test WN3 vs. faulty test WEF2 —0.78 0.98 0.79 0.92 4.33 5.83
Normal test WN1 vs. faulty test WE3 1.57* 1.59 * 1.06 —8.20* 8.87 % 6.09
Normal test WN5 vs. faulty test WF4 0.11** 0.50 0.56 ** —5.94 6.35 3.68
Normal test WN2 vs. faulty test WF5 0.34 0.85 0.94 6.55 6.90 5.65
Normal test WN4 vs. faulty test WF6 —0.12 0.46 ** 0.58 5.92 5.92 3.06 **
Normal test WN2 vs. faulty test WEF7 —0.98 1.14 0.83 4.28 6.84 7.15

* Worst values of the selected metrics. ** Best values of the selected metrics.
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Table 6 shows that the highest absolute values of g, | €| and RMSD are, respectively,
equal to 1.57 °C, 1.59 °C, 1.32 °C for Toa and —8.20%, 8.87%, 8.41% for RHpa. The data
provided in this table highlights that the values of | €| are always less than 1.6 °C in terms
of Toa and lower than 10.0% in terms of RHpa.

Further information regarding the boundary conditions comparison between normal
and faulty tests can be found in [49,50]. According to the process suggested in [32], it is
possible to conclude that the identified pairs of fault-free and faulty tests can be considered
as subjected to boundary conditions enough similar between each other to enable a robust
comparison. For the sake of completeness, the following bullet points report all the normal-
faulty pairs of tests considered for conducting the impact analysis:

e the normal test SN3 can be compared against the faulty test SF1;

e the normal test SN1 can be compared against the faulty test SF2;

e thenormal test SN5 can be compared against the faulty test SF3;

e the normal test SN4 can be compared against the faulty test SF4;

e the normal test SN2 can be compared against the faulty test SF5;

the normal test SN5 can be compared against the faulty test SF6;

the normal test SN6 can be compared against the faulty test SF7;

the normal test WN1 can be compared against the faulty tests WF1 and WF3;
the normal test WN2 can be compared against the faulty tests WE5 and WF7;
the normal test WN3 can be compared against the faulty test WF2;

the normal test WN4 can be compared against the faulty test WF6;

the normal test WN5 can be compared against the faulty test WF4.

5. Methods and Results

This section reports the results of the comparison between the fault-free and faulty
tests to assess the fault impacts on the operation of HVAC system components. Section 5.1
considers the main effects that the analysed faults have on indoor thermo-hygrometric
conditions, while Section 5.2 discusses the impact on electrical power and energy consump-
tion. In Section 5.3, the effects of faults on the key operating parameters are analysed. The
analyses have been performed by means of well-defined single-criteria key performance
indicators that well fit with the purpose of quantify the impact of specific faulty conditions
on AHU operation; this will make it possible to rank faults according to their impact under
different operating conditions based on a fault scenario analysis, as well as evaluate a
maintenance action prioritization scheme considering how the impact of a fault changes
during system operation.

5.1. Effects of Faults on Indoor Thermo-Hygrometric Conditions

This section provides a complete analysis of the effects of the studied faults on indoor
air temperature and relative humidity. Specifically, for each pair of corresponding normal
and faulty experiments, Table 7 shows the values of both the percentage of time during
which indoor air temperature is kept within the defined deadbands (TCT) as well as
percentage of time during which indoor air relative humidity is kept within the defined
deadbands (HCT). Additionally, this table reports the relevance of deviations from desired
indoor air temperatures |1 p| and the relevance of deviations from desired indoor air
relative humidity values [€ryp |, which quantify the intensity of fault impacts on indoor
thermo-hygrometric conditions, respectively. These four metrics are calculated by using
the following formulas:

TCT = Nmﬁ?” -100 (19)
Nin,DBRH
HCT = —2222 1100 (20)

N
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1 N
Erpl=G——- |ATou,pBTi| | TrAi  [LDBr, UDBr] (21)
Noutper \ /=
1 N
|erup| = N— Y |ARHouppru;i| | RHRraji & [LDBry, UDBgy] (22)
out, i=1

where:

Nin,peT and Nj, ppry represent the number of experimental data points correspond-
ing to operating conditions where Tra and RHRgy, respectively, fall between their
corresponding deadbands;

AT,y BT Tepresents the deviation between the actual temperature of return air (Tra ;)
at a specific time step i and the corresponding upper deadband UDBr or lower
deadband LDBr;

ARHgytpBrH, s the difference between the actual relative humidity of return air
(RHga ;) at a specific time step i and the corresponding upper deadband UDBgy or
lower deadband LDBRy;

N represents the total number of data points collected for each test. Considering a
1 s monitoring interval and an operational schedule from 9:00 am to 6:00 pm; this
translates to 32,400 experimental data points;

Nout,pBT and Nyt pBrH represent the number of experimental data points correspond-
ing to operating conditions where Trs and RHgga, respectively, fall outside their
corresponding deadband limits (either upper or lower).

Table 7. Percentage of time during which indoor air temperature/relative humidity is kept within

the defined deadbands and relevance of deviations from desired indoor air temperature/relative

humidity values during fault-free and faulty tests.

ID Test TCT (%) HCT (%) |€T,D | °Q) |ERH,D | (%)
SF1 70.2 93.0 0.45 0.9
SN3 69.5 93.6 0.45 0.6
SEF2 71.5 84.7 0.38 2.3
SN1 719 94.2 0.18 04
SF3 68.4 90.6 0.50 0.9
SNb5 68.0 90.0 0.47 1.0
SF4 70.6 92.8 0.41 0.8
SN4 70.8 94.0 0.24 0.4
SF5 67.3 92.2 0.45 0.9
SN2 715 93.2 0.36 0.8
SF6 68.0 91.5 0.49 0.9
SN5 68.0 90.0 0.47 1.0
SF7 67.5 90.8 0.40 1.5
SN6 67.6 92.9 0.40 1.0
WF1 76.0 88.2 0.25 1.3
WN1 78.2 92.5 0.52 0.6
WE2 75.3 97.7 0.28 0.6
WN3 70.9 89.2 0.47 1.3
WE3 73.2 94.8 0.26 2.0
WN1 78.2 92.5 0.52 0.6
WF4 73.7 56.5 0.27 1.3

WN5 80.9 86.0 0.27 0.7
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Table 7. Cont.

ID Test TCT (%) HCT (%) [erp| CO) EruD | (%)
WE5 74.0 99.0 0.29 0.8
WN2 76.3 95.3 0.26 15
WEG6 754 44 0.26 2.9
WN4 75.7 34.0 0.28 2.8
WEF7 74.1 91.2 0.30 0.8
WN2 76.3 95.3 0.26 15

SN1 vs. SF2

It should be mentioned that percentage of time during which indoor air tempera-
ture/relative humidity are kept within the defined deadbands observed in normal tests
falls below 100% due to two primary factors: Firstly, the initial values of the return air
temperature and relative humidity deviate considerably from the predetermined target
values, necessitating a substantial duration to converge towards the desired setpoints from
the beginning of the tests. Secondly, during the start-up phases, the AHU operates under
transient conditions as it endeavours to attain steady-state performance.

Figure 2 shows the following percentage difference (%DCT) between each normal and

corresponding faulty test:
%DCT = CTFaulty — CTNormal (23)

where CTNormal and CTgayity are the test durations during which indoor air temperature
or relative humidity is kept within the defined deadbands during normal and faulty tests,
respectively. A negative value for %DCT indicates the system’s inability to maintain the
desired indoor air temperature/relative humidity values under faulty conditions.

M Indoor air temperature M Indoor air relative humidity
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Figure 2. Values of %DCT as a function of the normal/faulty tests under comparison.

On the basis of Table 7 and Figure 2, the following considerations can be reported:
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e thefault1 (i.e., return air damper always closed) had minor effects on indoor thermo-
hygrometric conditions in either summer or winter tests (between 0.6% and —4.3%,
respectively);

o the fault 2 (i.e., fresh air damper kept always closed) resulted in a 9.5% decrease in
HCT during summer, dropping from 94.2% during the normal test down to 84.7%
during the faulty test; however, TCT during summer was minimally impacted. In
contrast, during winter the fault 2 (test WF2) increased HCT in comparison with the
normal winter test (WN3), with values of 97.7% and 89.2%, respectively. These results
could be related to the absence of fresh air, allowing smaller fluctuations in terms of
indoor air humidity as well as more stable hygrometric conditions;

e  the fault 3 (i.e., fresh air damper kept always open) impacted TCT/HCT of less than
1% during summer, while it determined a 5% decrease in TCT during winter;

o thefault4 (i.e., exhaust air damper kept always closed) had minor effects on TCT/HCT
during summer test, while it caused a reduction in TCT and HCT of 7.2% and 29.4%,
respectively;

e thefault5 (i.e., fresh air filter clogged at 50%) did not affect TCT and HCT significantly,
neither in summer nor winter. The highest reduction in terms of TCT/HCT caused by
the fault F5 pertains to the test SE5, when TCT was reduced by about 4.2%;

e the fault 6 (i.e., supply air filter clogged at 50%) did not affect TCT/HCT during both
summer and winter;

e thefault7 (i.e., return air filter clogged at 50%) resulted in 4.1% HCT reduction in the
faulty test WF7 compared to the normal test WN2, while HCT/TCT during summer
tests were negligible.

The relevance of deviations from desired indoor air temperature for all the faults is
equal or less than 0.52 °C. Similarly, the relevance of deviations from desired indoor air
relative humidity values for all the faults is equal or less than 2.9%, as indicated in Table 7.

In summary, since OPpra, OPpoa, and OPpga remain constant across all normal
and faulty tests, the AHU can guarantee the desired values of indoor air temperature and
relative humidity by adjusting OPy pesttic, OPv_cc, and OPy pum, as well as activating
HP/RS/HUM in order to compensate for the effects of the implemented faults. In this
sense, fault impact assessment requires a comprehensive analysis that considers not only
indoor thermo-hygrometric conditions, but also deviations in terms of electric consumption
as well as operation time of each AHU component.

5.2. Effects of Faults on Electrical Demand and Operation Time

This section provides a complete analysis of the impacts of the considered faults
on electrical power consumption, electrical energy demand and operation time of AHU
components. Specifically, for each pair of corresponding normal and faulty experiments,
Tables 8 and 9 present the arithmetic mean (i) and the standard deviation (o) of electric
power consumption (EP), and their relative percentage difference (%EP), which is calculated
as follows:

(EPFaulty - EPNorma\l)

%EP =
EPNormal

100 (24)

where EPNormal and EPpayty are, respectively, the arithmetic mean p or the standard devi-
ation o of the electric power consumption of AHU components operated in normal and
faulty conditions. Table 8 refers to summer tests, while Table 9 correspond to winter experi-
ments. In Tables 8 and 9, cells reporting the values of %EP have been colour coded based
on the legend provided, reflecting the significance of the values derived from Equation (24).
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Table 8. Electric power consumption (EP) of faulty and normal summer tests as well as corresponding
percentage difference for each system component calculated via the parameter %EP (Equation (24)).

AHU Component
SAF RAF RS HP HUM

u o u (o) u (o) u (o) w (o)
EP of SN3 (W) 35257 1399 7211 242 558142 473.04 608044 653.70 356541 1212.03
EP of SF1 (W) 34374 1363 6996 237 5653.19 47443 610548 627.55 330658 793.34
%EPsF1 vs. sN3 (%) —250 -257 -298 -206 129 029 041 -400 -7.26 [oEe
EP of SN1 (W) 34191 1379  72.03 257 5121.67 40635 5763.83 599.32 3216.87 892.66
EP of SF2 (W) 34630 13.64 7242 245 562511 43427 611635 660.89 3243.19 880.13
%EPgEy vs. sN1 (%) 128 —1.09 054 467 98 687 612 1027 082  —1.40
EP of SN5 (W) 333.93 1354 7193 259 500455 415.09 5811.19 644.46 3255.85 829.68
EP of SF3 (W) 339.79 13.69 7227 257  5049.95 42878 5855.12 592.80 325641 832.55
%EPgF3 vs. sN5 (%) ~173 111 047 —077 091 330 076 —801 002 035
EP of SN4 (W) 34155 1352 72.03 257 5068.06 360.63 572392 619.03 3307.88 751.95
EP of SF4 (W) 34476 14.05 70.82 259 514025 39345 5731.87 595.04 322806 883.84
%EPgF1 vs. sNa (%) 094 390 —168 078 142 910 014 —388 -241 1492
EP of SN2 (W) 35432 14.13 7254 252 5510.62 444.84 616739 62559 324595 885.04
EP of SF5 (W) 339.66 139 7231 258 500548 40493 5780.75 606.76 3257.51 834.45
%EPgEs vs. sN2 (%) 414 —163 -032 238 -917 -897 —627 -301 036 —572
EP of SN5 (W) 333.93 1354 7193 259 500455 415.09 5811.19 644.46 3255.85 829.68
EP of SF6 (W) 33897 1357 7259 249 501510 423.05 5819.33 64358 3291.61 804.88
%EPgFg vs. sN5 (%) 151 022 092 38 021 192 014 -014 110 —2.30
EP of SN6 (W) 34130 1428 7278 257 472215 462.06 582045 62499 3319.49 772.82
EP of SF7 (W) 339.090 14.09 72.04 262 487682 46620 577959 626.14 3318.74 779.28
%EPgE7 vs. sN6 (%) —064 —133 -1.02 195 328 090 -070 018 —0.02 084

—10% < %EP < +10%
+10% < %EP < +20% or —20% < %EP < —10%

R %EP > +20% or %EP < —20%

Specifically, cells displaying the highest %EP values are highlighted in red to pinpoint

the most significant differences between faulty and normal tests. The mean electrical
power consumption of the recirculating pumps of the RS and the HP are not included
in Tables 8 and 9, as the electrical power consumption of these auxiliary systems remain
almost constant even after fault induction.

The assessment of measurement uncertainties associated to electric power consump-
tion of the supply air fan, return air fan, refrigerating system, and heat pump was conducted
by using Equations (8)—(14). Based on the experimental data, the highest absolute errors for
EPsar, EPrar, EPRrs, and EPyp are 24.64 W, 4.04 W, 103.21 W, and 105.54 W, corresponding
to maximum relative errors of 6.98%, 5.32%, 10.09%, and 11.96%, respectively.

As can be seen in Table 8, the difference between faulty tests and their corresponding
fault-free tests in terms of average power consumption is between —10% and 10% for all
the reported AHU components of every fault during summer. Similar data (between —10%
and 10%) can be recognized with respect to the standard deviation values of electric power
consumption, except for the humidifier (in the cases of faults 1 and 4) and the heat pump
in the case of fault 3. For what is concerned the winter tests (Table 9), the average power
consumption variation between normal and faulty tests is between —10% and 10% for all
the assessed AHU components, except from the RS mean power consumption differences
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caused by the faults F2 and F5 (10.89% and —10.04%, respectively), the HP mean power
consumption difference caused by the fault F7 (—10.34%), and the HUM mean power
consumption difference associated to the fault F3 (—100%). The percentage difference of
standard deviation of AHU components’ electric power consumption between faulty and
normal are higher than 10% or lower than —10% in the following cases: (i) the SAF in the
cases of the faults F2 and F5; (ii) the RAF during the winter faulty tests WF1, WE2, and
WEFS3; (iii) the RS in the case of the faults F2 and F4; (iv) the HP in the case of the faults F1,
F2, and F3; and (v) the HUM in the case of the fault F3.

Table 9. Electric power consumption (EP) of faulty and normal winter tests as well as corresponding
percentage difference for each system component calculated via the parameter %EP (Equation (24)).

AHU Components
SAF RAF RS HP HUM

1 o 1l () 1 () 1l (o) u ()
EP for WN1 (W) 35456 1539 7594 849  4129.08 385.04 5591.82 70328 3210.93 883.99
EP for WF1 (W) 34222 1436 7206 246  4340.10 395.67 5761.81 80049 3171.09 967.08
%EPwE1 vs. w1 (%) -348 —6.69 511 |[J0EN 511 276 303 1382 —124 940
EP for WN3 (W) 360.04 1553 7548 256  4190.18 37535 5650.65 62093 329231 816.10
EP for WF2 (W) 32721 1375 7525 720 464630 41590 5963.09 813.78 3279.07 796.74
%EPwr2vs.wns (%) =912 —1146 —0.30 [JISHESN 1089 1080 553 [JEEOGN 040 —2.37
EP for WN1 (W) 35456 1539 7594 849  4129.08 385.04 5591.82 70328 3210.93 883.99
EP for WF3 (W) 35279 1491 7535 261 408337 38217 5670.70 828.80 0.00  0.00
%EPwE3 vs. w1 (%) —050 312 —o7s GOSN 111 -o75 141 17.85 |IGONGI00ND
EP for WN5(W) 354.88 1530 7513 270 431091 40647 571580 78525 0.0  0.00
EP for WF4 (W) 357.65 1557 7449 265 4475.13 468.85 5849.52 749.77  0.00  0.00
%EPwE4 vs. wNs (%) 078 176 —009 —185 383 1535 234 —451 - -
EP for WN2 (W) 35861 1586 7579  2.82 470729 437.07 5967.88 81525 0.0  0.00
EP for WF5 (W) 32820 1411 7544 268 423451 40698 569323 73501 0.0  0.00
%EPwEs vs. wN2 (%) —848 —11.03 —046 —496 —10.04 —688 —460 —9.84 - -
EP for WN4 (W) 34714 1518 7455 270  4379.88 41032 5820.76 59620  0.00  0.00
EP for WF6 (W) 35480 1510 7516  2.62  4581.35 421.66 600850 641.85 0.0  0.00
%EPwE6 vs. wN4 (%) 000 —053 082 —296 460 276 322  7.66 : :
EP for WN2 (W) 35861 1586 7579  2.82 470729 437.07 6619.38 84776 0.0  0.00
EP for WF7 (W) 357.83 1620 7428 261 455281 437.11 5935.18 809.68 0.00  0.00
%EPwE7 vs. wN2 (%) 022 -214 —-199 -—744 —328 000 —1034 —4.49 - -

—10% < %EP < +10%
+10% < %EP < +20% or —20% < %EP < —10%

R %EP > +20% or %EP < —20%

Tables 10 and 11 report the electrical energy consumption (EE) of (1) the supply air fan

(EEsar), (2) the return air fan (EErar), (3) the refrigerating system (EERs), (4) the circulating
pump connected to the refrigerating system (EEpgs), (5) the heat pump (EEpp), (6) the
circulating pump connected to the heat pump (EEpyp), and (7) the humidifier during
fault-free and corresponding faulty experiments; these tables include also the percentage
difference between faulty and fault-free tests in terms of electric energy consumption (%EE),
calculated as follows:

(EEFaulty - EENormal>

EENormal

%EE = 100 (25)
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where EENormal and EEga 1ty are, respectively, the electric energy consumption of AHU
components during normal and corresponding faulty tests.

Table 10. Electric energy consumption (EE) of faulty and normal summer tests as well as corresponding
percentage difference for each system component calculated via the parameter %EE (Equation (25)).

AHU Components
SAF RAF RS PRS HP PHP  HUM  TOTAL

EE of SN3 (kWh) 3.17 0.65 23.61 6.36 7.12 3.56 6.71 51.82
EE of SF1 (kWh) 3.09 0.63 22.81 6.29 6.12 3.34 5.66 48.35
%EEsF1 vs. sN3 (%) —252  -308  -339 110 —1404 618 1565 746
EE of SN1 (kWh) 3.08 0.65 2531 6.89 6.93 3.57 4.50 5123
EE of SF2 (kWh) 3.12 0.65 24.20 6.24 7.89 3.64 4.36 50.50
%EEsF2 vs. sN1 (%) 1.30 0.00 —439 943 1385 1.96 —311  -142
EE of SN5 (kWh) 3.01 0.65 20.46 6.04 641 3.18 6.22 46.30
EE of SF3 (kWh) 3.06 0.65 20.91 6.08 6.52 3.25 5.75 46.56
%EEss3 vs. sN5 (%) 1.66 0.00 2.20 0.66 1.72 2.20 —7.56 0.56
EE of SN4 (kWh) 3.07 0.65 25.16 6.56 6.32 343 5.49 50.93
EE of SF4 (kWh) 3.10 0.64 25.15 6.90 6.31 3.31 5.01 50.71
%EEsF4 vs. sN4 (%) 0.98 ~154  —0.04 5.18 —016  —350 874  —043
EE of SN2 (kWh) 3.19 0.65 2357 6.58 7.82 3.59 4.92 50.76
EE of SF5 (kWh) 3.06 0.65 2177 6.32 6.38 3.24 6.17 4791
%EEsEs vs. sN2 (%) —4.08 0.00 764 395 1841 975 [ 561
EE of SN5 (kWh) 3.01 0.65 2046 6.04 6.41 3.18 6.22 46.30
EE of SF6 (kWh) 3.05 0.65 21.04 6.19 6.22 3.27 6.38 47.13
%EEsFs vs. s (%) 1.33 0.00 2.83 2.48 —2.96 2.83 2.57 1.79
EE of SN6 (kWh) 3.07 0.66 14.10 5.86 9.00 3.66 7.08 43.76
EE of SF7 (kWh) 3.05 0.65 15.68 5.70 9.09 3.96 6.98 4543
%EEsF7 vs. N6 (%) —065  —154 1121 273 1.00 8.20 ~141 3.82

—10% < %EE < +10%
+10% < %EE < +20% or —20% < %EE < —10%
%EE > +20% or %EE < —20%

Each cell of the rows reporting the parameter %EE in Tables 10 and 11 is coloured
according to the magnitude of the difference itself. Specifically, if the percentage difference
falls within the range £10%, the cell is filled in yellow; alternatively, if the absolute differ-
ences are greater than 20%, the cell is filled in red; otherwise, for intermediate cases the
cells are coloured in orange.

Figure 3 shows the percentage differences between normal and faulty tests in terms of
electrical energy demand (calculated via the parameter %EE (Equation (25)) during summer
(a) and winter (b). The percentage difference (%EE) for individual AHU components is
reported only when it is greater than or equal to 10%, while the total energy consumption
is reported whatever the value is.
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Table 11. Electric energy consumption (EE) of faulty and normal winter tests as well as corresponding
percentage difference for each system component calculated via the parameter %EE (Equation (25)).

AHU components
SAF RAF RS PRS HP PHP HUM TOTAL
EE of WN1 (kWh) 3.19 0.68 6.65 6.52 5.82 1.40 3.52 27.97
EE of WF1 (kWh) 3.08 0.65 5.36 7.00 9.91 3.09 2.52 31.77
%EEwrivs. wn1 (%) —345  —441  —1940 7.3c [N 1359
EE of WN3 (kWh) 3.24 0.68 7.80 6.39 10.58 3.06 5.29 37.47
EE of WF2 (kWh) 2.94 0.68 7.60 7.00 10.35 3.23 0.48 3247
%EEwF2vs. wns (%) —9.26 0.00 —2.56 9.55 —2.17 556  [EO00GN 1334
EE of WN1 (kWh) 3.19 0.68 6.65 6.52 5.82 1.40 3.52 27.97
EE of WF3 (kWh) 3.18 0.68 6.21 7.00 10.52 3.01 0.00 30.75
%EEwrs vs. wn1 (%) —0.31 0.00 —661 736 [[NEORCIIEOO00 oo+
EE of WN5 (kWh) 3.19 0.68 7.53 7.00 7.50 2.21 0.00 28.32
EE of WF4 (kWh) 3.22 0.67 8.27 7.00 9.73 2.77 0.00 31.89
% EEwF4 vs. wNs (%) 0.94 ~147 9.83 o0 |G - 12.60
EE of WN2 (kWh) 3.23 0.68 8.33 7.00 9.93 2.88 0.00 32.29
EE of WF5 (kWh) 2.95 0.68 7.76 7.00 9.76 2.93 0.00 31.28
%EEwrsvs, wNz (%) —8.67 0.0 —6.84 0.00 ~1.71 1.74 - ~3.13
EE of WN4 (kWh) 3.12 0.67 7.61 7.00 8.75 2.56 0.00 29.92
EE of WF6 (kWh) 3.19 0.68 7.61 7.00 9.84 2.86 0.00 31.40
% EEwFs vs. WNa (%) 2.24 1.49 0.07 0.00 1246 1172 - 4.94
EE of WN2 (kWh) 3.23 0.68 8.33 7.00 9.93 2.88 0.00 32.29
EE of WF7 (kWh) 3.22 0.67 8.65 7.00 9.79 2.90 0.00 3247
% EEWF7 vs. WN3 (%) 0.31 ~147 384 0.00 ~141 0.69 - 0.56

—10% < %EE < +10%
+10% < %EE < +20% or —20% < %EE < —10%

R %EE > +20% or %EE < —20%

Tables 12 and 13 report the operation time OT (i.e., the time during which the compo-

nent was active/used of (1) the supply air fan (OTsar), (2) the return air fan (OTgrar), (3)
the refrigerating system (OTRg), (4) the heat pump (OTgp), (5) the humidifier (OTnxywm), (6)
the circulating pump connected to the refrigerating system (OTprs), and (7) the circulating
pump connected to the heat pump (OTpyp) during fault-free and corresponding faulty
experiments). The percentage difference between faulty and fault-free tests in terms of
operating time (%OT) is calculated as follows and also included in Tables 12 and 13:

OTFaulty - OTNormal)

wor -t
OTNormal

100 (26)

where OTNormal and OTgayuity are, respectively, the operating time of AHU components
during fault-free tests and corresponding faulty tests. Each cell of the rows reporting the
parameter %OT in Tables 12 and 13 is coloured according to the magnitude of the parameter
itself (as indicated in the legend).
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Figure 3. Percentage difference between normal and faulty tests in terms of electrical energy demand
during summer (a) and winter (b) calculated via the parameter %EE defined by Equation (25).
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Table 12. Operating time (OT) of faulty and normal summer tests as well as corresponding percentage
difference for each system component calculated via the parameter %OT (Equation (26)).

AHU Components
SAF RAF RS HP HUM PRS PHP
OT of SN3 (min) 540.0 540.0 253.8 70.2 113.0 489.6 273.9
OT of SF1 (min) 540.0 540.0 242.1 60.1 102.7 484.1 256.8
%OTsF1 vs. sN3 (%) 0.0 0.0 —46 144 9.1 11 —62
OT of SN1 (min) 540.0 540.0 296.5 721 83.9 530.3 274.7
OT of SF2 (min) 540.0 540.0 258.1 774 80.6 480.2 279.8
%OTsrs vs. sN1 (%) 0.0 0.0 —13.0 7.3 =39 —94 1.9
OT of SN5 (min) 540.0 540.0 245.3 66.2 114.6 464.9 2443
OT of SF3 (min) 540.0 540.0 248.5 66.8 105.9 468.0 250.0
%OTsF3 vs. sN5 (%) 0.0 0.0 1.3 1.0 -7.6 0.7 2.3
OT of SN4 (min) 540.0 540.0 297.8 66.2 99.6 504.5 263.7
OT of SF4 (min) 540.0 540.0 293.6 66.5 93.1 530.9 254.3
%OTsF4 vs. sNa (%) 0.0 0.0 —-14 0.5 —6.5 5.2 —3.6
OT of SN2 (min) 540.0 540.0 256.6 76.1 90.9 506.1 276.2
OT of SF5 (min) 540.0 540.0 261.0 66.2 113.7 486.4 249.5
%OTsEs vs. sN2 (%) 0.0 0.0 17 130 [N 3o —9.7
OT of SN5 (min) 540.0 540.0 2453 66.2 114.6 464.9 2443
OT of SF6 (min) 540.0 540.0 251.7 64.4 116.3 476.0 251.2
%OTsFe vs. sN5 (%) 0.0 0.0 2.6 2.8 1.5 2.4 2.8
OT of SN6 (min) 540.0 540.0 179.2 92.8 128.0 450.9 281.6
OT of SF7 (min) 540.0 540.0 192.9 94.4 126.1 438.3 304.3
%OTsF7 vs. sN6 (%) 0.0 0.0 7.7 1.8 —15 28 8.0

—10% S %0OT S +10%
+10% < (VOOTS +20% or —20% < %0T < —10%

R %OT> +20% or %OT < —20%

Table 13. Operating time (OT) of faulty and normal winter tests as well as corresponding percentage
difference for each system component calculated via the parameter %OT (Equation (26)).

AHU Components
SAF RAF RS HP HUM PRS PHP
OT of WN1 (min) 540.0 540.0 96.7 62.7 65.8 501.3 107.9
OT of WF1 (min) 540.0 540.0 74.2 104.0 47.7 538.8 237.8
%OTwmawa 0 00 00 S cc
OT of WN3 (min) 540.0 540.0 100.7 106.6 96.4 4913 235.5
OT of WF2 (min) 540.0 540.0 108.8 110.0 8.7 538.8 248.2
%OTw2 vs. WN3 (%) 0.0 0.0 8.0 31 N 97 5.4
OT of WN1 (min) 540.0 540.0 96.7 62.7 65.8 501.3 107.9
OT of WF3 (min) 540.0 540.0 91.2 113.4 0.0 538.8 231.3
%OTwEs vs. wN1 (%) 0.0 0.0 -7 R -
OT of WN5 (min) 540.0 540.0 104.9 79.0 0.0 538.8 170.1
OT of WF4 (min) 540.0 540.0 110.8 99.8 0.0 538.8 213.1

%OTwr4 vs. W5 (%) 0.0 0.0 57 [ - 000 [NESE
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Table 13. Cont.
AHU Components
SAF RAF RS HP HUM PRS PHP
OT of WN2 (min) 540.0 540.0 106.1 100.0 0.0 538.3 221.5
OT of WF5 (min) 540.0 540.0 110.0 103.4 0.0 538.8 225.5
%OTgsEs vs. sN2 (%) 0.0 3.6 34 - 0.1 1.8
OT of WN4 (min) 540.0 540.0 104.2 90.3 0.0 538.7 196.8
OT of WF6 (min) 540.0 540.0 99.7 98.3 0.0 538.8 219.6
% OTwee vs. wNa (%) 0.0 —4.3 8.9 - 0.0 11.6
OT of WN2 (min) 540.0 540.0 106.1 100.0 0.0 538.3 221.5
OT of WF7 (min) 540.0 540.0 113.9 99.0 0.0 538.8 223.0
% OTwEg7 vs. w2 (%) 0.0 74 —0.9 - 0.1 0.7

—10% < OT < +10%
+10% < OT< +20% or —20% < OT < —10%
OT> +20% or OT < —20%

Figure 4a,b present the percentage time differences between normal and faulty tests

in terms of operation time (calculated via the parameter %OT defined by Equation (26))

during summer (a) and winter (b); the values for individual components are highlighted

only when their absolute values are greater than or equal to 10%.

Based on Tables 10-13 as well as Figures 3 and 4, the following results regarding

the effects of considered faults on AHU components’ electric energy consumption can

be derived:

the fault 1 (i.e., return air damper stuck at 0%) had a considerable impact on HP
electrical energy consumption, increasing it by about 70% during winter and reducing
it by about 14% in summer with respect to normal conditions. In contrast, RS electric
energy demand showed only minor variations during summer, with a difference of
about 3% between normal and faulty tests. During winter, the fault 1 resulted in a
decrease of about 19% of RS electrical consumption. Additionally, this fault resulted
in reduced electrical consumption demand of the humidifier by about 15% in summer
and about 28% during winter. Total electric demand associated to the fault 1 increased
by about 14% during winter because only cold fresh air is used, while it reduced
during summer by about 7% because the utilization of hot outdoor air is more than
counterbalanced by the significantly decreased supply airflow rate elaborated by
the AHU;

the fault 2 (characterized by the fresh air damper being stuck at 0%) led to a reduction
in total electrical energy consumption of approximately 13% with respect to the corre-
sponding normal test; this was largely due to a significant decrease (more than 90%) in
humidifier electrical energy consumption, while the electrical energy consumption of
other AHU components remained largely unchanged. It is important to note that while
this fault resulted in lower total energy consumption during winter because of the fact
that only return air is used, it enhanced percentage of time during which indoor air
temperature and relative humidity are kept within the defined deadbands. During
summer, the changes included a 14% increase in HP electric energy consumption and
a 10% decrease in PRS electric demand, determining a negligible reduction (about
1%) in terms of total electrical consumption; the slightly reduced electric demand is
counterbalanced by a decrease of about 9% in terms of percentage of time during
which indoor air relative humidity is kept within the defined deadbands during the
faulty test SF2 compared to the normal test SN1. It should be underlined that the
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exclusive use of return air without any fresh air intake likely has negative implications
for IAQ, even if IAQ was not directly assessed in this study;

the fault 3 (i.e., fresh air damper stuck at 100%) led to the most significant rise in
HP electric energy consumption observed during the winter tests among all the
investigates faulty scenarios. Indeed, during the winter faulty test, it resulted in an
81% increase in total HP electric demand compared to the normal one because of the
fact that larger flowrate of fresh air is used. In addition, it is also noteworthy that
the humidifier remained completely inactive during the test WF3, as the increased
operation of the HP had a reduced demand for humidification as a counter effect; on
the other hand, no significant effects have been recognized during the summer test;
the fault 4 (i.e., exhaust air damper stuck at 0%) during summer determined the occur-
rence of minor differences in terms of electric energy consumption between the faulty
and normal scenarios. However, in the winter tests, the HP electric demand increased
by about 30% compared to the fault-free test, with a total electrical consumption
increased by about 13%. Notably, the winter faulty test WF4 also experienced the most
significant reductions in both percentage of time during which indoor air tempera-
ture and relative humidity are kept within the defined deadbands, with decreases of
approximately 7% and 29%, respectively;

the fault 5 (i.e., fresh air filter clogged at 50%) did not result in significant variations
(about 3%) in terms of total electric energy consumption of AHU components during
the faulty winter test compared to the normal one. However, a reduced outdoor air
volumetric flowrate led to an 8% decrease in RS energy consumption and, consequently,
an approximate 18% reduction in HP electrical demand during the summer faulty test
compared to the summer normal experiment; this reduction caused a 25% increase in
humidifier electrical energy consumption (as the demand for humidification increased
taking into account the decrease in RS energy consumption); as a result, the fault 5
allowed a reduction of about 5% in total electric demand during summer (this effect is
counterbalanced by a reduced percentage of time during which indoor air temperature
is kept within the defined deadbands by about 4%);

the fault 6 (corresponding to the supply air filter clogged at 50%) resulted in a 12%
increase in heat pump electrical energy consumption during the winter faulty test WF6
compared to the winter normal test WN4. This increase can be attributed to the lower
supply air flow rate in the faulty test, which necessitated a higher air temperature
to meet the indoor setpoint temperature. The total electric demand increased by
about 5% under winter conditions. During the summer tests, the effect of the reduced
supply air volumetric flow rate was counterbalanced by an increase in cooling energy
demand, which led to a 3% increase in RS energy consumption to meet indoor thermo-
hygrometric requirements. Additionally, the increased operation of the refrigerating
system also had a dehumidifying effect, resulting in about a 3% rise in humidifier
electrical energy consumption during the summer faulty test SF6 respect to SN5; the
overall electrical demand slightly increased by about 2% during summer;

the fault 7 (i.e., return air filter clogged at 50%) resulted in a reduced return air
flowrate, which consequently increases the fresh air flowrate. Specifically, RS energy
consumption increased during both summer (by about 11%) and winter (by about 4%);
the effects on the other AHU components were negligible.
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Figure 4. Percentage difference between normal and faulty tests in terms of operational time during

summer (a) and winter (b) calculated via the parameter %OT defined by Equation (26).
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Deshmukh et al. [41] reported that an outdoor air damper stuck in the fully open
position results in energy waste, with an increment of about 18% of energy expense during
a particular winter month. Additionally, Lu et al. [67] underlined that an outdoor air
damper stuck in the fully open position significantly increases energy consumption by
about 14%, whereas a decrease in energy demand of nearly 26% occurs when the outdoor
air damper stuck is stuck in the fully closed position. The outcomes of both scientific
researches [41,67] are consistent with the experimental findings of this work. Wang and
Hong [45] investigated a list of maintenance issues (including outdoor air damper leakage,
outdoor air damper stuck at fully open position, and dirty filters) via field surveys and
simulation models. According to [45], filters clogging can affect electric energy demands
of fans (together with pressure drops and airflow rates); this result is aligned with the
outcomes of this study where an impact in terms of fan energy demand caused by filters
faults is also recognized.

To summarize, this section discussed the impact of faults on indoor air temperature and
relative humidity, together with electrical demands. Considering the negligible variations
of average power consumption of almost all AHU components between normal tests and
their associated faulty tests, it can be concluded that faults have had higher effects on
operation time and total energy consumption of AHU components rather than mean power
consumption (Tables 10-13). It is also evident that, with the exceptions of the faulty test
WF1 (where the return air damper was kept always fully closed) and the faulty test WF4
(where the exhaust air damper was kept always fully closed), the influence of all other
faults was generally minimal, affecting both percentage of time during which indoor air
temperature/relative humidity are kept within the defined deadbands and total electric
energy consumption by no more than 10%. Notably, during winter the fault F1 resulted
in a 14% increase of total electric energy consumption but did not significantly affect
indoor thermo-hygrometric conditions. Conversely, during winter the fault F4 determined
a substantial reduction in terms of percentage of time during which indoor air relative
humidity is kept within the defined deadbands by about 29%, coupled with about 13%
increase in total electrical demand. In terms of operation time of AHU components, it can be
observed (from Tables 12 and 13 as well as Figure 4) that in most of the faulty experiments
the percentage differences between normal and faulty tests are in the range of £10% mainly
during summer tests. Notably, the largest percentage differences in operation times are
observed during the winter tests, particularly for the heat pump (and its circulating pump)
as well as the humidifier; in particular, it changes between a minimum of -100% obtained
for the HUM during the faulty winter test WF3 up to a maximum of 120% obtained for the
PHP during the faulty winter test WF1, highlighting significant deviations from typical
performance under normal conditions.

5.3. Effects of Faults on Key Operating Parameters

Assessing the impact of typical faults on AHU key operating parameters is crucial
for the development of data-driven Fault Detection and Diagnostics (FDD) tools. The
knowledge of such patterns represents an essential feature for the definition of robust
FDD systems. In this perspective, Figures 5-7 summarize the impact that each considered
fault had on some of the most relevant operating parameters, reporting their arithmetic
mean (u) and standard deviation (o). Specifically, 14 parameters are considered in this
analysis, pertaining to air temperature, fluid temperature, and air relative humidity. The
air temperature related parameters include Tra, Tma, Ta outcc, Ta outPostic, and Tsa
(shown in Figure 5); the fluid temperature related parameters, such as Tgoutcc, Trin,cc,
TE out, Postiic, and TEin postc, are reported in Figure 6, while the air relative humidity related
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parameters, including RHgra, RHypa, RHA out,cc, RHA out Posttic, and RHgp, are indicated

in Figure 7.
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The effects of each fault on the considered key operating parameters are here discussed in
detail by using the following qualitative scale to improve the readability of the obtained results:

“0” means that the fault does not lead to significant changes;
“+” means that the fault leads to minor positive changes;
“+ +” means that the fault leads to significant positive changes;

7

means that the fault leads to minor negative changes;

“--” means that the fault leads to significant negative changes.

In accordance with this scale, Figures 5-7 report the symptoms’ relevance associated
with the considered faults based on the values taken by the parameter A:

A= xFaulty — XNormal (27)

where Xgauity and Xnormal denote the arithmetic mean () or the standard deviation (o) cal-
culated from the measurements obtained under faulty and normal conditions, respectively.

Considering Figures 5-7, the following results regarding key operating parameters
can be derived:

e thefault1 (i.e., return air damper stuck at 0%) led to a noticeable deviation of arith-
metic means associated to Tva, Ta outPostHC, Tsa, TEout,PostHC, TEinPostic, RHMmA,
RHa out,cc, RHa out Posttic, and RHga during the winter faulty test WF1 with respect
to the normal winter test WN1; with reference to the same season, the impact of the
same fault F1 is also relevant in the cases of the standard deviations of Ta out PosttC/
Tsa, Tgout,PostiC, TEinPostic, RHra, RHMa, RHA out,cc, RHA out,Postic, and RHga .
The fault F1 relevantly changes the arithmetic means of Tyja and RHyp as well as
the standard deviations of Ta out,cc, Ta outPostiC, Tsa, TEoutPostic, RHra, RHma,
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RHA out.cc, RHA out Postiic, and RHsa when comparing the faulty summer test SF1
and the normal summer test SN3;

the fault 2 (i.e., fresh air damper stuck at 0%) had a significant impact on the arith-
metic means of RHya, RHa out postic, and RHgpa as well as the standard deviations
of Ta out,ccs T outPostHC, Tsa, TEoutPostiC, TEinPostic, RHra, RHMma, RHA outcc,
RHA out posttic, and RHga during the faulty winter test WF2 compared to the normal
winter test WN3. The arithmetic means of RHya together with the standard deviations
of Ta out,ccs TaoutPostHC, Tsa, TEoutPostiC, TEinPostic, RHra, RHMma, RHA outcc,
RHA out postiic, and RHgs during the summer faulty test SF2 with respect to the
corresponding normal summer test. The effects on air relative humidity are mainly
due to a relevant reduction in humidifier operation time (by about —91% as indicated
in Figure 4b);

the fault 3 (i.e., fresh air damper stuck at 100%) caused a relevant change in the
standard deviations of Ta out,cc, T out,PostHC, TsA, TEout,PostHC, TEinPostic RHRA,
RHwya, RHa out,cc, RHA out Posttic, and RHga during summer (while the arithmetic
means were not significantly affected). During winter, both the arithmetic means
and standard deviations of Ta out,PostiC, TsA, TEout,PostHC, TEin,Postic, RHraA, RHma,
RHa out,cc, RHa out Posttic, and RHga were considerably impacted. These results are
also a consequence of longer operation time of HP and reduced HUM operation time
during the winter faulty test in comparison to the winter normal test (respectively, by
about 80% and —100%, as reported in Figure 4b);

the fault 4 (i.e., exhaust air damper stuck at 0%) determined a relevant decrease in
arithmetic means associated to T out PostHC, Tsa, TEout PostiC, TEin,Postic, RHMma, and
RHa outcc, together with a significant increase of RHy oyt postic during the winter
faulty test WF4 compared to the winter normal test WN5. It should be noted that,
despite a slight variation of RHga arithmetic mean (as it indicated in Figure 7) with
reference to winter operation, the percentage of time during which indoor air relative
humidity is kept within the defined deadbands during the faulty winter test decreased
by about 29% as displayed in Figure 2; this is because, despite the fact that RHga
was out of the defined deadbands, its values were close to the upper bound of the
deadband UDBgy (55% in all conducted tests). On the other hand, the observed varia-
tions of arithmetic means of all the key operating parameters were negligible during
summer, except in the case of RHya; during the summer, the standard deviations of
TA,out,PostHCr TSA, TF,out,PostHCr TF,in,PostHC, RHga, RHma, RHA,out,CCr RHA,out,PostHCr
and RHgp considerably changed;

the fault 5 (i.e., fresh air filter clogged at 50%) resulted in relevant variations of
arithmetic means of RHya, RHa out Postic, and RHga during summer and RHya,
RHa out,cc, RHA out Postic, and RHsx during winter;

the fault 6 (corresponding to the supply air filter clogged at 50%) lead to remarkable
changes in the arithmetic means of the following key operating parameters during
winter: RHya, RHA out posttic, and RHgy; during summer, the arithmetic mean of
RHpyp is mainly affected;

the fault 7 (i.e., return air filter clogged at 50%) significantly impacted on the arithmetic
means of RHra, RHpya, RHa out.cc, RHA out Postiic, and RHga during winter. During
summer, the arithmetic mean of RHyya is strongly impacted. This was mainly due to
lower share of return air with higher relative humidity than fresh air in supply air.
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6. Conclusions

This study focused on evaluating the effects of seven typical filter/damper faults on a
typical single-duct dual-fan constant air volume air-handling unit (AHU) based on filed
experimental data. The performed analysis aimed to determine the impacts of these faults
on various factors, including indoor thermo-hygrometric conditions, electrical power and
energy consumption, operational times of AHU components, as well as patterns of key
operating parameters. This comprehensive analysis provided insights into how different
faults influence the performance and efficiency of the AHU system, thereby affecting indoor
environmental quality and energy usage. The evaluation was carried out by comparing
experimental data from fault-free and faulty tests, which took place during summer and
winter under Mediterranean climate conditions.

The main goals achieved by this study (addressing several research gaps highlighted
in the literature review) can be summarized as follows:

e areference dataset based on experimental campaigns characterized by high resolution
measurements of both normal and faulty operation of a typical existing monitored
AHU under different modes and weather/load conditions was developed;

e the impact and symptoms of tested faults on indoor thermo-hygrometric conditions
and electric energy consumption were quantitatively assessed under a wide range of
boundary conditions. In particular, the experimental results revealed that the fault 4
(exhaust air damper stuck at 0%) during winter was the most detrimental in terms
of percentage of time during which indoor air relative humidity is kept within the
defined deadbands. However, none of the faults studied had a substantial impact
on the percentage of time during which indoor air temperature is maintained within
the defined deadbands. It was also observed that the majority of the summer faults
(SF1, SF2, SF4, SF5) actually decreased total electrical energy consumption, while the
remaining summer faults did not lead to significant variations. On the contrary, winter
faults displayed a different pattern, with the tests WF1, WF3, and WF4 resulting in a
more than 10% variation of electrical energy demand;

e the experimental dataset and the results of faults impact assessment represent a
fundamental source of knowledge for supporting the scientific community in defin-
ing and/or validating simulation models and data-driven FDD tools to be applied
in AHUs.

A secondary scope of this study was to complement previous fault impact analyses per-
taining to typical faults such as temperature/relative humidity sensor’s bias, return/supply
fan failure, heating/cooling coils stuck, and humidifier valve stuck [49,50,68]. The exper-
imental datasets will be made publicly available on a data repository well-recognised
by researchers, so that designers, researchers, policy makers, and facility managers can
benefit from a detailed and wide impact analysis, providing valuable motivations for the
implementation of Automated Fault Detection and Diagnostics (AFDD) and improved
maintenance strategies in HVAC systems. This comprehensive analysis helps stakeholders
understand the diverse effects of faults on system performance, guiding them towards
more effective and efficient solutions. These improvements can then lead to better system
reliability, enhanced operational efficiency, and reduced maintenance costs, ultimately
contributing to optimal HVAC system management.

With reference to the main limitations of this study, it should be indicated that the
experiments and related results were derived with reference to a specific AHU scheme with
particular components’ technologies and sizes operated under a certain control logic in
Mediterranean climatic conditions. Although the AHU studied in this paper is absolutely
representative of systems typically in use in many applications, the transferability and
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scalability of the obtained datasets and results to AHUs different from the one used in this
study will need to be investigated more extensively and in more detail in the future.

In terms of future work, this study has the potential to be further expanded. From an
experimental point of view, while numerous faults related to secondary HVAC systems
have been extensively studied and artificially applied to AHUs as detailed in the literature,
other types of faults, such as controller malfunctions or duct leakages, have not yet been
thoroughly investigated. Furthermore, the exploration of abrupt faults, gradual faults,
faults of varying severities, intermediate climatic conditions, and simultaneous faults
represents potential aspects to be further explored in future investigations. These additional
tests could provide a more comprehensive understanding of how different types of faults
impact AHU performance under various conditions.

Furthermore, as can be interpreted from the result and discussion section, all the
assessed faults except for WF1 and WF4 did not show severe influences on both indoor
thermo-hygrometric conditions and electric energy consumption. However, they obviously
have implications on indoor environmental quality (e.g., CO, and volatile organic com-
pounds concentrations); this denotes the necessity of new parameters and variables to be
assessed and measured in the future tests, especially for the fault 2 (fresh air damper kept
always stuck at 0%), the fault 4 (exhaust air damper kept always stuck at 0%), the fault 5
(fresh air filter partially clogged at 50%), the fault 6 (supply air filter partially clogged at
50%), and the fault 7 (return air filter partially clogged at 50%).

The authors will upload the collected experimental data for all the considered faults
(including faults evaluated in [49,50]) in a publicly accessible data repository. This will
enable AFDD developers, AFDD users, and research organizations to exploit experimental
data for institutional and research purposes. Additionally, FDD methods developed in
the literature can be tested on this dataset to be qualified in terms of performance and
reliability, which has become one of the main concerns in this field.
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Nomenclature

Symbols

A Current intensity (A)

AFDD Automated fault detection and diagnosis

AHU Air-handling unit

CAV Constant air volume

CcC Cooling coil

cos@ Power factor of the AHU component

CT Cold tank

CTn Test duration during which indoor air temperature or relative humidity is
ormal kept within the defined deadbands during normal tests (min)

CTeuus Test duration during which indoor air temperature or relative humidity is
aulty kept within the defined deadbands during faulty tests (min)

DB Deadband

Dga Exhaust air damper

Doa Outside air damper

Dyrs Damper of the heat recovery system

Dra Return air damper

EA Exhaust air

EE Electric energy consumption (kWh)

EP Electric power consumption (W)

EXP Experimental value

Foa Outside air filter

Fra Return air filter

Fsa Supply air filter

FDD Fault detection and diagnosis

HCT Percentage of time during which indoor air relative humidity is

kept within the defined deadbands (%)

HP Heat pump

HRS Static cross-flow heat recovery system

HT Hot tank

HUM Humidifier

HVAC Heating, ventilation and air-conditioning

IAQ Indoor air quality

LDB Lower deadband (°C, %)

N Number of experimental data points

OAD Outside air duct

OL Velocity percentage (%)

orP Opening percentage (%)

oT Operating time of the AHU’s component (min)

PHP Circulating pump connected to the heat pump

PID Proportional-integral-derivative

PostHC Post-heating coil

PreHC Pre-heating coil

PRS Circulating pump connected to the refrigerating system

RAD Return air duct

RAF Return air fun

RAV Return air vent

RH Air relative humidity (%)

RMSD Root mean square difference (°C, %)

RS Refrigerating system

RTU Rooftop unit

SAD Supply air duct



Energies 2025, 18, 618 37 of 41

SAF Supply air fan
SAV Supply air vent
SF1 Faulty test with the return air damper kept always closed (stuck at 0%) during summer
SF2 Faulty test with the fresh air damper kept always closed (stuck at 0%) during summer
SE3 Faulty test with the fresh air damper kept always opened (stuck at 100%) during summer
SF4 Faulty test with the exhaust air damper kept always closed (stuck at 0%) during summer
SF5 Faulty test with the fresh air filter partially clogged at 50% during summer
SF6 Faulty test with the supply air filter partially clogged at 50% during summer
SF7 Faulty test with the return air filter partially clogged at 50% during summer
SN1 Normal summer test n°1
SN2 Normal summer test n°2
SN3 Normal summer test n°3
SN4 Normal summer test n°4
SN5 Normal summer test n°5
SN6 Normal summer test n°6
T Temperature (°C)
TCT Percentage of time during which indoor air temperature is
kept within the defined deadbands (%)
UDB Upper deadband (°C, %)
VAV Variable air volume
Vce Three-way valve supplying the cooling coil
VHumMm Three-way valve supplying the humidifier
VpostHC Three-way valve supplying the post-heating coil
VpreHC Three-way valve supplying the pre-heating coil
\Y% Voltage (V)
\Y% Volumetric flow rate of heat carrier fluid (m3/h)
WF1 Faulty test with the return air damper kept always closed (stuck at 0%) during winter
WEF2 Faulty test with the fresh air damper kept always closed (stuck at 0%) during winter
WE3 Faulty test with the fresh air damper kept always opened (stuck at 100%) during winter
WF4 Faulty test with the exhaust air damper kept always closed (stuck at 0%) during winter
WEF5 Faulty test with the fresh air filter partially clogged at 50% during winter
WF6 Faulty test with the supply air filter partially clogged at 50% during winter
WF7 Faulty test with the return air filter partially clogged at 50% during winter
WN1 Normal winter test n°1
WN2 Normal winter test n°2
WN3 Normal winter test n°3
WN4 Normal winter test n°4
WN5 Normal winter test n°5
X Arithmetic mean m or standard deviation s calculated based on the measured values
%DCT Percentage comfort time difference (%)
%EE Percentage difference in terms of electrical energy demand (%)
%EP Percentage difference in terms of electrical power demand (%)
%OT Percentage difference in terms of operating time (%)
%V Glycol Percentage by volume of glycol in the heat carrier fluid (%)
Subscripts
A Air
CcC Cooling coil
CT Cold tank
DBT Deadband of return air temperature (°C)
DBRH Deadband of return air relative humidity (%)
EA Exhaust air
EXP Experimental
F Heat carrier fluid

Faulty Faulty condition
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HT Hot tank
HP Heat pump
HUM Humidifier
i Time step (s)
L Phase
MA Mixed air
Normal Fault-free condition
OA Outdoor air
PHP Heat pump circulating pump
PostHC Post-heating coil
PreHC Pre-heating coil
PRS Refrigerating system circulating pump
RA Return air
RAF Return air fan
Room Integrated test room
RS Refrigerating system
SA Supply air
SAF Supply air fan
SP Desired set-point
Greeks
A Difference
) Uncertainty of the measured value (A, V, W)
3] Instantaneous difference (°C, %)
€ Average error (°C, %)
|| Absolute average error (°C, %)
[Erp | Relevance of deviations from desired indoor air temperatures (°C)
|ERH,D | Relevance of deviations from desired indoor air relative humidity values (%)
v Arithmetic mean (°C, %)
o Standard deviation (°C, %)
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