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Abstract

Data-driven Automated Fault Detection and Diagnosis (AFDD) is the automated process of detecting
deviations (faults) from normal operation and diagnosing the type of problem and/or its location based on the
exploitation of data collected under normal and faulty conditions. The performance of a typical single-duct
dual-fan constant air volume air-handling unit (AHU) are investigated through a number of experiments
performed during Italian cooling and heating seasons under both fault free and faulty scenarios. The AHU
operation is analysed while artificially introducing six typical faults: 1) positive offset (+3 °C) of the return air
temperature sensor; 2) negative offset (-3 °C) of the return air temperature sensor; 3) positive offset (+15%)
of the return air relative humidity sensor; 4) negative offset (-15%) of the return air relative humidity sensor;
5) complete failure of the return air fan; 6) complete failure of the supply air fan. The faulty tests are compared
with the fault free experiments performed under the same boundary conditions to assess the impacts of the
faults on both thermal/hygrometric indoor comfort and patterns of key operating parameters with the aim of
supporting the studies focusing on new and accurate data-driven AFDD methods for AHUS.

Keywords: Air-handling unit, fan failure, sensor offset, experimental faulty data, fault impact scenario, fault
detection and diagnosis, energy management and efficiency.

1. Introduction

In 2020 the building sector was responsible for about 36% of global final energy use and around 37% of
worldwide energy-related greenhouse gas (GHG) emissions [1]. Heating, Ventilation and Air-Conditioning
(HVAC) systems are used to control indoor air temperature, indoor air relative humidity, indoor air velocity
and indoor air quality inside buildings. The most common HVAC systems include Air-Handling Units (AHUSs)
consisting of a significant number of interconnected components (coils, fans, valves, dampers, actuators,
filters, etc.) and measuring sensors at risk of failure, which may affect end-user comfort, energy efficiency,
GHG emissions, operational/maintenance costs and equipment lifetime. According to several scientific studies
[2-4], HVAC systems are in charge of roughly 50+60% of the energy demand of the building sector and
10+20% of the overall energy consumption. With reference to this point, in the scientific literature it is clearly
highlighted that: (i) HVAC systems are frequently operated in faulty conditions due to lack of proper
maintenance, components’ failure or incorrect installation; (ii) faulty operation greatly affects the performance
of HVAC units. In more detail, a survey in California (U.S.A.) highlighted that 65% of residential cooling
systems and 71% of commercial cooling systems are characterized by faulty operation [4]. Proctor [5] reported
that about 90% of more than 55,000 AHUs operating in U.S.A. runs with one or multiple faults. Furthermore,
Rossi [6] found an average operating efficiency of 1468 roof top units equal to about 80% of the designed
performance. In a study focusing on buildings located in U.K., the results showed that around 25+50% of
energy is wasted due to faults of HVAC systems [7]. Yun et al. [4] also indicated that faulty operation of
HVAC systems can cause an increase of approximately 5+30% in terms of energy demand; other scientific
researches [8,9] showed that an energy saving of 20+-30% can be achieved by recommissioning HVAC systems
to rectify faulty operation. Finally, Deshmukh et al. [10] estimated that faulty operation of HVAC systems is
responsible for about 20% of the energy consumption of buildings.
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Companies generally adopt two different types of maintenance (reactive or preventive) to guarantee the
reliability of HVAC systems [11,12]. In the case of reactive maintenance, the repairs are performed only after
the component failure. This kind of approach could (i) be extremely expensive and (ii) cause safety issues. In
the case of preventive maintenance, the systems are inspected and maintained at pre-set time intervals;
however, the maintenance interval is difficult to be defined taking into account that it must be conservative to
prevent safety issues and reduce fault costs, but scheduling the maintenance very early could mean wasting
system life that is still usable. The above-mentioned critical points associated with both reactive and preventive
maintenance programs could be strongly limited thanks to the Automated Fault Detection and Diagnosis
(AFDD), that is defined as an automated process of detecting deviations (faults) from the normal or expected
operation and diagnosing the type of problem and/or its location [3,4,7]. According to [3,4,7], AFDD strategies
represent one of the most active areas of research as well as a very fast-growing market segment in the context
of building analytics technologies. In particular, two International Energy Agency (IEA) Annex reports [13,14]
and several literature reviews [3,7,15] are available with reference to this research field, certifying the
relevance of this topic. Several studies [3,7,14] indicated that AFDD technologies can offer several interrelated
benefits for equipment owners, including energy savings, operating cost reduction, lower GHG emissions,
improved indoor comfort as well as longer lifetime. Service contractors can also benefit from increased
efficiency and reduced costs; manufacturers benefit from warranty cost savings; owners of AFDD tools can
benefit from the majority of the service cost savings; at a higher level, society can benefit from better
environmental protection, energy savings, emission reductions and more consistent service distribution. Yu et
al. [7] underlined that an effective identification and diagnosis of the faults in AHUs could save from 15% up
to 30% of the total energy consumed by buildings. Au-Yong et al. [16] also highlighted the importance of
AFDD methods, suggesting several maintenance factors to be correlated with the satisfaction of occupants.
Frank et al. [17] suggested that a widespread adoption of AFDD algorithms would deliver an estimated
5%+15% energy saving with reference to the sector of commercial buildings.

The methods used for performing AFDD analyses can be classified in: (i) quantitative model-based, (ii)
gualitative model-based and (iii) data driven-based [3,7,17]. In comparison to quantitative model-based and
qualitative model-based methods, the data driven-based approach is easier to be utilized mainly thanks to (i)
the development of various computer-aided techniques, (ii) the low-cost installation of sensors as well as (iii)
the possibility to be also applied when the physics-based knowledge is not wide enough [3,7,18]. The category
of data driven-based AFDD tools includes methodologies based on the exploitation of data collected under
normal and faulty conditions allowing for the detection of faults by analysing the changes of selected variable
patterns and searching the causes according to similarities with pre-labelled anomaly libraries [3,7,18]. An
effective assessment of the effects associated with fault occurrence is, therefore, critical to the development of
an effective fault prioritization and data driven-based AFDD algorithms.

1.1 Research gaps

Although data-driven AFDD methods could represent a powerful approach to ensuring more efficient
operations of AHUs and related technology is maturing, they are still in the relatively early stage of adoption
stock-wide [19]. A significant debate continues and uncertainties remain regarding the accuracy and
effectiveness of both research-grade and commercial AFDD products (also because there is not yet a generally
accepted standard for evaluating the performance of AFDD algorithms [17,18]) and several research gaps are
still to be addressed.

In particular, the adoption of data-driven AFDD models for AHUs requires labelled, reliable, affordable, and
scalable experimental data that are difficult to be obtained and still limited due to the facts that [3,7,20]: (i)
AHUs are non-stationary systems because they operate under varying weather/load conditions; (ii) the
architecture of sensors network in AHUs is usually not designed for AFDD purposes and, therefore, some
important parameters are not measured; (iii) measurements under faulty conditions are challenging to be
obtained due to the inconvenience of implementing faults into complex and expensive devices with the purpose
of collecting data; (iv) high-level domain expertise and manual inspections are generally required for data
labelling, making it expensive and time-consuming for practical applications; (v) different faults may have
similar symptoms and, therefore, high accuracy sensors have to be used for measuring the required parameters;
(vi) the simultaneous occurrence of multiple faults should be investigated, but interaction of faults is usually
synergistic and makes difficult to isolate the effects of each single fault; (vii) weather and heating/cooling
loads can significantly affect the fault symptoms and data-driven AFDD tools generally cannot extrapolate
beyond the range of training data (thus, huge experimental campaigns exploring wide ranges of operating
conditions have to be carried out).
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The most part of the experimental datasets for AFDD of AHUs have been mainly developed with reference to
American weather conditions [21-23], with a very few examples of measurements taken under Italian climates
[24-26]. In addition, it should be underlined that the sampling frequency of measurements represents an
important parameter to be selected in order to accurately characterize both transient and steady-state operation
of AHU components; a minimum measurement frequency of 35 s [27,28] has been considered in the
experimental studies focusing on the development of AFDD strategies for AHUSs, but most of them used 1
minute as sampling rate [20,22,26]. Several data-driven AFDD methods have been developed based on the
ASHRAE RP-1312 dataset [20], that is dated 2011; it has been created by means of a simulation model
developed via the HVYACSIM+ software [29] and then validated using measured data (recorded at 1-minute
intervals during both fault free and faulty operation under summer and winter conditions) from an experimental
set-up consisting of two identical HVAC systems including variable air volume (VAV) AHUs (one operating
under fault free conditions and the other one running under faulty conditions with manually implemented
faults). As a consequence, even if several scientific works focusing on data-driven AFDD methods have been
developed, the scientific literature [3,7,19] highlights that faulty datasets to support the adoption of data-driven
AFDD methods are limited and they refer to reduced ranges of weather/load conditions and fault
types/severities.
Experimental faulty datasets of AHUs are also fundamental not only for developing new AFDD tools, but also
as reference ground to benchmark the performance across AFDD algorithms. To the knowledge of the authors,
only 5 out of these datasets with verified ground truth information on specific tagged faults are currently
publicly available [22]. Lin et al. [19] underlined that there is a lack of datasets for assessing the accuracy of
AFDD tools and additional works should be performed in order to provide further public databases, together
with a clear characterization of fault categories. Granderson et al. [21] also highlighted a growing need for
AHU faulty datasets that can be utilized to further evaluate the accuracy of AFDD methods. More recently,
Granderson et al. [22] indicated that it is rare to find databases characterized by ground-truth verified points
together with a clear indication of operating states they represent (healthy, faulty, or simply unusual). In
addition, Casillas et al. [30] noticed that one of the most significant challenges of researches regarding AFDD
methods is represented by the insufficient availability of shared datasets to compare the performance of AFDD
algorithms with the aim of prioritizing related future investments. Finally, Hu et al. [31] underlined that other
research is required to obtain more public experimental data under both normal and faulty operation of HVAC
units (while considering the occurrence of a number of different faults) upon varying the boundary conditions
for developing and assessing new accurate data-driven AFDD tools.
Furthermore, it should be highlighted that a few studies quantitatively examined how various fault types and
severities can impact on users’ comfort, patterns of key parameters, energy consumption, GHG emissions,
operating and maintenance cost and equipment life cycle based on empirical field data [17,19,21]; with respect
to this point, additional efforts could be fundamental in guiding the future development of AFDD technologies.
Chen et al. [32] highlighted that, in the research field of HVAC systems, most of the scientific studies
investigated the fault effects in terms of annual energy consumption or costs or indoor comfort, but little
research has been performed in order to quantitatively assess the fault effects on various measurements, which
are increasingly used to monitor and control equipment operation, assess system dynamic operation as well as
develop data-driven AFDD tools.
The exploitation of simulated datasets could represent an alternative to the collection of experimental
measurements through AHU digital twins/models which can make easier the generation of faulty data under
broader faulty operational scenarios [33-35]. However, they must be experimentally validated to avoid that the
extracted knowledge does not reflect the real behaviour of the system and, according to the scientific literature
[36], only one detailed AHU digital twin validated against measured data is publicly available [20].
Finally, the scientific literature related to AFDD tools indicates that several components of HVAC systems
often fail during day-to-day operation. According to [21], sensors, actuators and fans are the most common
elements of AHUs that fail or give erroneous signals. Li and O’Neill [34] highlighted that the fan is one of the
most critical components of AHUs and the associated common faults include burn-out motor, loosed or broken
belt, out of balance impeller, power control issues, etc.; they [34] also underlined that it is common for the
sensors to have offsets that are typically random (either extra positive or extra negative values adding to the
normal readings can be recognized). Montazeri and Kargar [37] indicated that actuator and sensor faults are
inevitable in AHUs and highlighted that the supply air fan stuck is one of the most frequent faults occurring in
AHUs. Cho et al. [38] underlined that sensors, actuators and fans are the most common elements that fail or
give erroneous signals among the components of HVAC systems. Dey et al. [39] assessed the occurrence
probability of 14 fault types associated to heating coil, cooling coil, outside air mixing box, controller and
3



sensors based on one-year maintenance records related to a VAV AHU serving the Applied Engineering and
Technology building at the University of Texas (San Antonio, U.S.A.); the data indicated that the heating coil
valve leaking and the return air dumper stuck are the most frequent fault types (with an occurrence probability
of 10.9%), while the return air temperature biased, the supply air temperature biased and the mixing air
temperature biased are characterized by an occurrence probability equal to 8.7%. In the IEA Annex 34 [14] it
is also indicated that sensors are often faulty and frequently result in incorrect measurements, especially
sensors used to measure parameters associated with the air in a zone or duct. To the knowledge of the authors,
the offset of the return/indoor air temperature sensor has been experimentally investigated only in four
scientific studies. In particular, Granderson et al. [22] explored the operation of a VAV AHU in the case of
positive (+2.2 °C) and negative (-2.2 °C) offset of the indoor air temperature sensor by means of daily tests
(with a frequency of measurements equal to 1 minute) performed during winter under the climatic conditions
of lowa and Tennessee (U.S.A.); the authors provided detailed information about the dataset (with particular
reference to the fault severity as well as the experimental set-up), but they did not explained the impacts
associated to the occurrence of the faults. Liu et al. [23] examined a positive offset of 3 °C associated to the
measures provided by the return air temperature sensor during summer, winter and fall seasons of lowa
(U.S.A)) by means of 3 testing days (data collected at 1-minute sampling rate) with reference to a VAV AHU;
the authors found that this fault does not adversely affect the system performance during all three investigated
seasons. Cho et al. [38,40] analysed the effects of positive offsets (+10% and 20%) associated with the
measurements of indoor air temperature with reference to the operation of a VAV AHU only during winter by
means of 90-min experiments; they found that (i) a significant effect on the VAV AHU damper opening can
be recognized and (ii) it takes about 50+60 minutes to get again the steady-state operation. Faults associated
with the supply and return air fans have been considered only in 4 scientific papers. In particular, in [20] a
supply air fan failure as well as a return air fan stuck (at 20%, 30% and 80% as level of severity) have been
investigated during winter, spring and summer of lowa (U.S.A.), with reference to the experimental operation
of a VAV AHU (data recorded at 1-min intervals), but the effects corresponding to the investigated faults have
not been analyzed. Liu et al. [23] analysed both the return air fan failure (during fall only) and the supply air
fan failure (during both summer and winter) in the case of a VAV AHU serving 4 test rooms and operating in
lowa (U.S.A.) by means of daily experimental tests (with data collected at 1-minute sampling rate). The
experiments indicated that (i) the cooling supply air fan failure causes overheating in the test rooms, (ii) the
heating supply air fan failure causes both 100% opening of the hot deck VAV damper and overcooling of the
test rooms, (iii) the return air fan failure results in high pressurization of the test rooms. Feng et al. [41] studied
the performance of an innovative AFDD method in the case of both the return air fan failure and the return air
fan stuck at 30% only during the summer operation of a VAV AHU located in Hefei (China) through
experiments of 10 hours (with data collected every 5 minutes); the analysis demonstrated that the proposed
tool is characterized by improved results with respect to other methods available in the literature, but additional
efforts have to be performed in order to make possible its application to wider operating scenarios. Finally,
Nehasil et al. [42] experimentally validated the accuracy of a new tool for the detection of both the return air
fan and the supply air fan failures on the performance of a CAV AHU operating in Bustehrad (Czech
Republic); a 90% detection rate of the developed method has been demonstrated in the study. The above
literature review clearly highlights that the studies related to sensors’ offset and fans’ failure (i) are limited in
number, (ii) have not been performed under Mediterranean climatic conditions, (iii) in some cases have been
conducted only during a single season, (iv) have been carried out with a sampling rate of experimental data
not lower than 1 minute; therefore, it can be underlined that additional experimental researches focusing on
both offsets of return/indoor air temperature/humidity sensors and failure of fans are required.

1.2 Novelty, goals and structure of the paper

This paper addresses some of the above-mentioned most critical barriers limiting the application of data-driven
AFDD tools for AHUs mainly thanks to the development of a newly curated dataset with known ground-truth
conditions and high-quality data representing both fault free and controlled faulty operating conditions of the
typical HVAC system including a single-duct dual-fan constant air volume AHU of the SENS i-Lab of the
Department of Architecture and Industrial Design of the University of Campania Luigi Vanvitelli (Aversa,
south of Italy) [43]. The system includes (i) a network of accurate sensors able to fully monitor and record its
operation upon varying the boundary conditions, as well as (ii) a specifically-devoted control system allowing
to artificially implement selected faults of the main system components and sensors. The experimental data
have been recorded during both Italian summer and winter at 1-second intervals by performing daily tests with
a continuous duration of 9 hours, thus allowing to accurately characterize both transient and steady-state
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behaviour of the AHU. In particular, the operation of the AHU has been analysed while artificially introducing

the following 6 different typical faults:

1) positive offset of the return air temperature sensor (+3 °C);

2) negative offset of the return air temperature sensor (-3 °C);

3) positive offset of the return air relative humidity sensor (+15%);

4) negative offset of the return air relative humidity sensor (-15%);

5) complete failure of the return air fan;

6) complete failure of the supply air fan.

In this study, the measured faulty data have been also compared with the experimental tests performed without

faults (assumed as baselines) under the same boundary conditions. This comparison has been carried out in

order to quantitatively assess the impacts of the selected faults on thermal and hygrometric indoor comfort
conditions as well as patterns of key operating parameters.

The main aims of this study can be summarized as follows:

¢ collecting high-resolution faulty performance data of a typical AHU covering different fault types/severities
over a wide range of Italian operating conditions to be publicly delivered in order to (i) help building
operators and facility engineers in recognizing different fault patterns and identifying faults of AHUS, (ii)
support the development of, and benchmark the performance accuracy of FDD methods, (iii) develop AHU
digital twins with the aim of generating new faulty operational datasets covering broader operating
scenarios, (iv) facilitate the future development of new and accurate AFDD for typical AHUs, (V)
understand how AFDD technology overall is improving over time;

o assessing the gap between AHU faulty operation and design expectations;

o performing fault impact scenario analyses based on the experimental data in order to assess the effects
associated with the occurrence of typical AHU fault types/severities in terms of thermo-hygrometric indoor
comfort conditions and patterns of key operating parameters;

o identifying the most impacted key-operating parameters by evaluating the symptoms occurrence
probability;

¢ helping in selecting the threshold tolerance values required by data-driven rule-based AFDD methods.

In more detail, the paper consists of six main sections. Section 2 describes the experimental setup together

with related sensors and control logics. Section 3 paints a picture of the experimental fault free and faulty tests,

detailing the characteristics of the implemented faults. Boundary conditions of the fault free and faulty
experiments are compared in Section 4. An assessment of faults’ impact in terms of users’ comfort and patterns
of key parameters is performed and discussed in Sections 5 (and related subsections 5.1 and 5.2). Finally, the

conclusions and future research steps are reported in Section 6.

2. Description of the experimental set-up

The SENS i-Lab is an innovative, multi-sensorial and multi-purpose laboratory of the Department of
Architecture and Industrial Design of the University of Campania Luigi Vanvitelli (Aversa, south of Italy,
latitude: 40°58°21” N, longitude: 14°12°26” E) [43]. It consists of an integrated test room housed in the
department itself and characterized by a floor area of 16.0 m?, a height of 3.6 m, four vertical walls (with one
door, but without windows), a horizontal ceiling as well as a horizontal floor. Table 1 describes the main
characteristics of layers composing the envelope of the integrated test room.



Table 1. Integrated test room envelope’s characteristics.

!Element of the Layer mat_erlal Thickness Therma! Conductive thermal | Area
integrated test (from outside to (m) conductivity resistance (m2K/W) (m?)
room inside) (W/mK)
Plasterboard 0.0125 0.250 0.050
Horizontal ceiling Rock wool 0.0800 0.042 1.905 2.023 16.00
Polyurethane panel 0.0150 0.220 0.068
Subfloor 0.1000 1.350 0.074
Tiles 0.0500 2.100 0.024
Horizontal floor Polystyrene panel 0.0800 0.035 2.286 3.107 16.00
Galvanized steel slab 0.0020 52.000 0.000
Tiles 0.0100 1.050 0.010
West- and East- Plasterboard 0.0125 0.250 0.050
ortented vertical Rock wool 0.0800 0.042 1905 | 1995 | 1440
South- and North- Plasterboard 0.0125 0.250 0.050
oriented vertical Rock wool 0.0800 0.042 1.905 1.998 14.4
walls Fibre-cement panel 0.0150 0.350 0.043
Door (South- Soft wood 0.0500 0.140 0.357 0357 | 168
oriented)

The integrated test room is served by a typical HVAC system, including a single-duct dual-fan constant air
volume AHU, capable to control air temperature, air relative humidity, air velocity and air quality inside the
room. Figure 1 reports the schematic of the AHU including the following main functional components: return
air fan (RAF); supply air fan (SAF); pre-heating coil (PreHC); post-heating coil (PostHC); cooling coil (CC);
steam humidifier (HUM); static cross-flow heat recovery system (HRS); vapor compression air-to-water
electric refrigerating system (RS) connected with the cooling coil via a 75 liter cold tank (CT); vapor-
compression air-to-water electric heat pump (HP) connected with both the pre-heating coil and the post-heating
coil via a 75 liter hot tank (HT); four valves (Vererc, Vrosite, Vee, Vium) controlling the flow rate of the heat
carrier fluid entering, respectively, the pre-heating coil, the post-heating coil, the cooling coil and the steam
humidifier; return air damper (Dra); outside air damper (Doa); exhaust air damper (Dea); damper of the HRS
(Dnrs); return air filter (RAFil); outside air filter (OAFil); supply air filter (SAFil); ducts to transfer the air to
(SAD) and from (RAD) the conditioned space. The heat carrier fluid is a mixture of water and ethylene glycol
(6% by volume). Two 0.08 x 0.18 cm? air grilles are mounted on the south-oriented wall at floor level and two
0.08 x 0.18 cm? air grilles are mounted on the north-oriented wall at floor level with the aim of extracting air
from the indoor space to be moved into the AHU; a 0.60 x 0.60 cm? swirl diffuser is mounted in the centre of
the ceiling of the test room. A view of the external part of the AHU serving the test room of the SENS i-Lab
is reported in Figure 2.
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Figure 2. External view of the AHU of the SENS i-Lab.

Table 2 reports the most important characteristics of the main components of the AHU.

Table 2. Characteristics of the main AHU components.
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. Nominal supply air flow rate (m3/h) 600

Supply (SAF) air fan Nominal power (kW) 2.50
. Nominal return air flow rate (m%/h) 600

Return (RAF) air fan Nominal power (kW) 0.50
Nominal efficiency (%) 74.7
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Cross flow he(;a_|t Fl;ggovery system Recovery capacity (KW) 31
Nominal heating capacity (kW) 4.1
Pre-heating coil (PreHC) Nominal heat carrier fluid flow rate (m3/h) 0.71
Nominal air flow rate (m%/h) 600

Nominal cooling capacity (KW) 5.0
Cooling coil (CC) Nominal heat carrier fluid flow rate (m3/h) 0.86
Nominal air flow rate (m%/h) 600

- Nominal steam capacity (kg/h) 5.0
Humidifier (HUM) [44] Nominal power (kW) 37
Nominal heating capacity (kW) 5.0

Post-heating coil (PostHC) Nominal heat carrier fluid flow rate (m3/h) 0.86
Nominal air flow rate (m%/h) 600

Nominal heating capacity (kW) 13.8

Heat pump (HP) [45] Nominal input power (compressor + fans) (kW) 4.5

. . Nominal cooling capacity (kW) 13.6

Ref RS) [4

efrigerating system (RS) [4%] Nominal input power (compressor + fans) (kW) 4.2

According to the manufacturer data [45], the performance maps of the heat pump and the refrigeration unit
are reported in Figure 3a and Figure 3b indicating, respectively, the coefficient of performance COP of the
heap pump (useful thermal power output divided by required electric power input) and the energy efficiency
ratio EER of the refrigerating system (useful cooling power out-put divided by required electric power input)
as a function of supply fluid temperature and outside air temperature. The values of COP for the HP range
from 2.2 up to 10.1, while the values of EER for the RS are in the range 2.3+11.7.

a) m1l-2 m23 m34 m45 w56 mG7 m7-8 8-9 9-10 10-11 b) m2-3 m34 w45 w56 w67 m7-8 w89 9-10 10-11 11-12
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Figure 3. (a) COP of the HP and (b) EER of the RS upon varying outside air temperature and
supply fluid temperature [45].

2.1 Sensors and measurement uncertainty

The AHU is fully equipped in order to monitor, control and record the key parameters of the HVAC system.
The accuracy of measurements has to be indicated in order to quantify the reliability of test data [46]. The
main characteristics of the sensors (measuring range and accuracy) are reported in Table 3. The measurement
points are representative of points commonly monitored in building control systems. The supply and return air
temperature/relative humidity sensors are inserted in the appropriate ducts.



Table 3. Characteristics of the AHU sensors.

Measured parameter Measuring range Accuracy
Return air temperature Tra, Supply air temperature Tsa, Mixed air 0=50°C +0.80 °C
temperature Tma, Cooling coil outlet air temperature T aoucc [47] -
Post-heating coil outlet air temperature T a out,postric [47] —40 +60 °C +0.80 °C
from —40 °C to 20 °C:
(-0.0083-Toa + 0.3667)
Outside air temperature Toa [48] -40 +60°C °C;
from 20 °C to 60 °C:
(0.0088-Toa + 0.025) °C
Air temperature inside the integrated test room Troom [49] -10+60 °C +0.50 °C
Pre-heating coil outlet heat carrier fluid temperature T outpreric, Pre-
heating coil inlet heat carrier fluid temperature Trinpreric, POSt-heating
coil outlet heat carrier fluid temperature T out postHc, POSt-heating coil . o o
inlet heat carrier fluid temperature Tk inpostic, Cooling coil outlet heat —10+120°C *0.10°C
carrier fluid temperature Trou,cc, Cooling coil inlet heat carrier fluid
temperature Tr,incc [50]
Heat pump outlet heat carrier fluid temperature Trouqp, Heat pump inlet
heat carrier fluid temperature Teinnp, Refrigerating system outlet heat 10+ 60 °C +0.03 °C
carrier fluid temperature Trours, Refrigerating system inlet heat carrier ' -
fluid temperature Tr,inrs [50]
Return air relative humidity RHgra, Supply air relative humidity RHsa,
Mixed air relative humidity RHwua, Cooling coil outlet air relative _
humidity RHa out.cc, Post—r):eating coil outlgt air relative humidity 0+ 100% +3.00%
RHA,out,PostHC [47]
Outside air relative humidity RHoa [48] 0+ 100% + (2.3 + 0.008'‘RHoa)%
Air relative humidity inside the integrated test room RHroom [49] 0+ 95% +3.00%
Pre-heating coil heat carrier fluid volumetric flow rate V,, . ...
Cooling coil heat carrier fluid volumetric flow rate VF,in,CC’ Post-heating | 0.70 + 2.34 m%h +2.00% of reading
coil heat carrier fluid volumetric flow rate \V/,, ... [51]
Percentage by volume of ethylene glycol in the heat carrier fluid
entering the pre-heating coil %VaeiycolpreHic, Percentage by volume of
ethylene glycol in the heat carrier fluid entering the cooling coil 0+ 100% +5.00% of reading
%V aiycol,cc, Percentage by volume of ethylene glycol in the heat carrier
fluid entering the post-heating coil %V giycol,postHc [51]

2.2 Control logics of the AHU

The AHU is operated according to a specific control logic. Table 4 describes the conditions controlling the
activation and deactivation of the main components of the AHU, whatever the period of the year is. Even if
been manually de-activated and not used

the AHU is equipped with the PreHC, this component has always
during the experiments performed in this study.

Table 4. Conditions for activating/deactivating the

main AHU components.

ON

OFF

Humidifier (HUM) RHga < (RHSP’Room — DBRH)

RHRrA > (RHsp,room + DBRH)

Tra > (Tsp,room + DBT)
OR
RHgra > (RHsp room + DBRrH)

Cooling coil (CC)

TRA < (TSP,Room - DBT)
AND
RHRA < (RHSP,Room - DBRH)

Post-heating coil (PostHC) Tra < (Tsp,room — DBr)

Tra > (Tsp,room + DBr)

Heat Pump (HP) Tur < (Tt setpoint — 1 °C)

THT > (THT,set-point +1 OC)

Refrigerating System (RS) Ter > (Tersetpoint + 1 °C)

TCT < (TCT,set-point -1 OC)

At the beginning of the tests, the following parameters are manually set (and they could be eventually modified
during the test) by the end-users: (i) the desired targets of both indoor air temperature (Tsproom) and relative
(ii) the deadbands DBt and DBgrw of both
Tsp,room aNd RHsp room, respectively; (iii) the velocity (between 0% and 100%) of both the return air fan (OLrar)

humidity (RHsp room) t0 be achieved inside the integrated test room;
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and the supply air fan (OLsaf); (iv) the opening percentages (between 0% and 100%) of the return air damper
(OPpra), the outside air damper (OPpoa) and the exhaust air damper (OPpea); (V) the activation/deactivation
of the static heat-recovery system damper by means of the opening percentage of the heat-recovery system
damper (OPprs).

Once the previous parameters are manually set by the end-users:

the refrigeration machine operates to maintain a temperature Tcr equal to Tcr set-point (With a deadband of
1 °C) inside the 75-liter cold tank, while the heat pump is activated in order to achieve a temperature Txr
equal to THr set-point (With a deadband of 1 °C) inside the 75-liter hot tank;

the desired return air temperature and relative humidity are kept at a chosen set-point (with defined
deadbands) by regulating both the supply air temperature and the supply air relative humidity, while
maintaining a constant air flow rate to the room;

PID (proportional-integral-derivative) controllers automatically adjust (in the range 0+100%) the opening
percentages of the valves (OPv pretic, OPv postiic, OPv_cc and OPv_1um) supplying the pre-heating coil, the
post-heating coil, the cooling coil and the humidifier, respectively, with the aim of achieving the desired
targets inside the test room;

if the actual return air temperature Tra is beyond the upper deadband UDB- of the indoor air temperature
setpoint Tsp,room (UDBT = Tsproom + DBT), the cooling coil valve PID loop is enabled and the cooling coil
valve position is controlled in the range 0+-100% by the cooling coil valve controller PID output in order to
achieve the lower deadband LDBt (LDBt = Tsproom — DB7) Of the indoor air temperature setpoint thanks
to the reduction of supply air temperature; once this desired temperature level is reached, the post-heating
coil is activated in order to increase the return air temperature up to the UDB+t by enhancing the supply air
temperature; then, the cooling coil is activated again in order to reach the LDB+ and so forth; therefore, the
HVAC system aims at maintaining the return air temperature between LDBt and UDBr, whatever the
season is;

when the actual return air temperature Tra falls below the LDB-+, the cooling coil valve PID loop is disabled
and the cooling coil valve is fully closed, except in the case when the indoor relative humidity has to be
reduced;

in the case of the actual return air temperature Tra falls below the LDBr, the heating coil valve PID loop is
enabled and the heating coil valve position is regulated between 0 and 100% by the heating coil valve
controller PID output in order to achieve a temperature level equal to the UDB+ by increasing the supply
air temperature; once this desired temperature level is reached, the cooling coil is activated in order to
reduce the return air temperature down to the LDB+ by lowering the supply air temperature; then, the
heating coil is activated again in order to reach the UDB+ and so forth; therefore, the HVAC system aims
at maintaining the return air temperature between LDBy and UDB+, whatever the season is;

when the actual return air temperature Tra is beyond the UDBr, the heating coil valve PID loop is disabled
and the heating coil valve is fully closed;

in the case of the actual return air relative humidity RHra is beyond the upper deadband UDBgry of the
indoor air relative humidity setpoint RHsp room (UDBRrH = RHsproom + DBgry), the cooling coil valve PID
loop is enabled and the cooling coil valve position is managed in the range 0+100% by the cooling coil
valve controller PID output in order to achieve the lower deadband LDBry oOf the indoor air relative
humidity setpoint RHsproom (LDBrr = RHsproom — DBRri); 0Once this relative humidity is reached, the
humidifier valve PID loop is enabled and the humidifier valve position is varied in the range 0+100% by
the humidifier valve controller PID in order to increase the return air relative humidity up to the UDBRry;
then, the cooling coil is activated again in order to reach the LDBgrn and so forth; therefore, the HVAC
system aims at maintaining the return air relative humidity between LDBrn and UDBrn, Whatever the
season is;

if the actual return air relative humidity RHgra falls below the LDBgw, the humidifier valve PID loop is
enabled and the humidifier valve position is controlled between 0 and 100% by the humidifier valve
controller PID output with the aim of achieving an indoor air relative humidity level equal to the UDBgrn
while the cooling coil valve PID loop is disabled and the cooling coil valve is fully closed (except the case
when indoor air temperature has to be reduced); once this relative humidity level is achieved, the cooling
coil is activated in order to reduce the return air relative humidity down to the level LDBgx; then, the
humidifier is activated again in order to reach the indoor air relative humidity of UDBgrn and so forth;
therefore, the HVAC system aims at keeping the return air relative humidity between LDBry and UDBRgy,
whatever the season is.
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However, alternatively the end-users are allowed to alter the components’ operation/control logic based on
specific research purposes by manually forcing (at the beginning or during the tests) the opening percentages
of the valves in order to keep the desired user-defined positions. In addition, the end-users can manually vary
the velocity of both supply and return air fans between 0% and 100%. Similarly, the parameters OPpra, OPpoa
and OPpea can be artificially forced in the range 0+100%, where 100% means that the damper is fully open.
The parameter OPphrs Can be set to 100% (no heat recovery) or 0% (heat recovery takes place).

3. Experimental tests

Twenty-three fault free and faulty experiments have been carried out in order to investigate the behaviour of
the AHU of the SENS i-Lab under Italian summer and winter. In particular, eleven tests (NS1, NS2, NS3,
NS4, NS5, NS6, NW1, NW2, NW3, NW4 and NW5) have been performed under normal (N) operating
conditions (i.e, without faults); in more detail, the tests (NS1, NS2, NS3, NS4, NS5 and NS6) have been
performed during the summer 2021 (S), while the other tests (NW1, NW2, NW3, NW4 and NW5) have been
carried out during the winter 2021/22 (W). The remaining twelve tests (FS1, FS2, FS3, FS4, FS5, FS6, FW1,
FW2, FW3, FW4, FW5 and FW6) have been carried out during the summer 2021 (S) or the winter 2021/22
(W) while forcing the operation of specific AHU components/sensors (return air temperature sensor, return air
relative humidity sensor, supply air fan, return air fan) in order to artificially simulate 6 specific typical faults.
A single fault severity has been considered for each type of fault; in addition, faults have been investigated
one by one and, therefore, no tests comprised multiple faults occurring simultaneously.

Table 5 describes the operating conditions of the fault free tests, while Table 6 details the operating conditions
of the faulty tests (where the cells corresponding to the faulty component have been highlighted by a yellow
shade). In particular, Tables 5 and 6 indicate for each test the values of Tsp,room, RHsp,room, DBT, DBrH, OLsar,
OLRAF, OPV_PostHC, OPv_cc, OPv_Hum, OPDRA, OPDHRs, OPDOA, OPpea as well as the date associated to the fault
free tests and faulty tests, respectively. All tests have been started at 9:00 a.m. and ended at 6:00 p.m., without
activating the pre-heating coil. Both fault free and faulty experiments have been performed without internal
gains/loads (i.e., lighting systems switched off and no one inside the test room). A value of about 6% has been
measured as percentage by volume of ethylene glycol in the heat carrier fluid entering the pre-
heating/cooling/post-heating coil during the tests.

Table 5. Operating conditions of the fault free tests.

NS1 NS2 NS3 NS4 NS5 NS6 NW1 NW2 NW3 Nw4 NW5
TSP,Room (OC) 26 20
RHSP,Room
(%) 50
DB (°C) 1
DBrH (%) 5
OLsar (%) 50
OLrar (%0) 50
OPv _postHc .
(%) 0+100
OPv_cc (%) 0+ 100
OPv_rum .
(%) 0+100
OPpbra (%) 100
OPbHRrs (%) 100
OPpoa (%) 20
OPpEea (%0) 20
(dd/anrt:/yy) 14/07/21|06/08/21|23/07/21|27/07/21{31/08/21|09/09/21|14/01/22|22/12/21|17/02/22|30/12/21|15/12/21
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Table 6. Operating conditions of the faulty tests.
FS1 | FW1 | FS2 | FW2 | FS3 | FW3 | FS4 | FW4 | FS5 | FW5 | FS6 | FW6

Ts(ig"m 26 20 26 20 26 20 26 20 26 20 26 20

RHSP,Room
(%) 50

DBt (°C) 1
DBrH (%0) 5
Offset of
Trasensor| +3 +3 -3 -3 0 0 0 0 0 0 0 0
Q)
Offset of
RHRrA 0 0 0 +15 +15 -15 -15 0 0
sensor (%)

OLsar (%0)| 50 50 50 50 50 50 50 50 50 50 0 0

OLrar (%0)| 50 50 50 50 50 50 50 50 0 0 50 50
OPv _postHc -
(%) 0+ 100
OPv cc
(%0)
OPv_Hum
(%)
OPbra (%) 100
OPbHRs
(%)
OPpoa (%0) 20

OPopea (%) 20

Date
(dd/mml/yy)

0+ 100

0+ 100

100

05/08/21{02/02/2202/08/21)21/12/21122/07/21{16/02/2226/07/2129/12/2107/09/21]20/12/21/08/09/2117/12/21

With reference to the fault free tests, the target of the return air temperature has been set at 26 °C during the
summer and 20 °C during the winter (with a deadband of 1 °C), while the target associated to the return air
relative humidity is 50% during both seasons (with a deadband of 5%). In addition, during the normal
experiments, the values of OLsar, OLrar, OPpra, OPpHrs, OPpoa and OPpea have been set equal to 50%, 50%,
100%, 100%, 20% and 20%, respectively, according to the guidelines indicated by the designer of the HVAC
system. Finally, a healthy operation of all valves has been allowed with values of OPy positic, OPv cc, OPv pretric
and OPy wum in the range 0 + 100%.

The values of Tsp,room, RHsp,room, DBT, DBrH, OPpra, OPpHrs, OPpoa and OPpea during the faulty tests have

been maintained equal to the values set during the fault free tests. Six faults have been artificially introduced

at the beginning of the faulty tests and continuously maintained during their entire durations (from 9:00 am up
to 6:00 pm) with no interruptions during the experiments. In greater detail:

o the fault 1, corresponding to the case of a positive offset equal to +3.0 °C purposely added on the return air
temperature sensor, has been implemented during the faulty tests FS1 and FW1,;

o the fault 2, corresponding to the case of a negative offset equal to —-3.0 °C artificially subtracted from the
values measured by return air temperature sensor, has been implemented during the faulty tests FS2 and
FW2;

o the fault 3, corresponding to the case of a positive offset of the return air relative humidity sensor kept equal
to +15 %, has been artificially implemented during the faulty tests FS3 and FW3;

o the fault 4, corresponding to the case of a negative offset of the return air relative humidity sensor kept
constant and equal to —15% has been artificially implemented during the faulty tests FS4 and FW4;

o the fault 5, corresponding to a complete failure of the return air fan (instead of a nominal velocity of 50%),
has been artificially implemented during the faulty tests FS5 and FWS5;

o the fault 6, corresponding to a complete failure of the supply air fan (instead of a nominal velocity of 50%),
has been artificially implemented during the faulty tests FS6 and FW6.
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The sensors’ offsets (faults 1, 2, 3 and 4) have been artificially implemented by increasing or decreasing the
sensors’ output; in other words, the AHU controller receives an increased or decreased return air temperature
or relative humidity with respect to the real/actual values and regulates the AHU operation based on faulty
sensors’ readings. The faults 5 and 6 have been artificially introduced by forcing at 0% the associated command
signal trying to regulate the speed of the return air fan and supply air fan, respectively.

All the parameters indicated in Table 3 have been measured every second during all normal and faulty tests.
During the experiments, the outside air temperature ranged from a minimum of 21.5 °C up to a maximum of
41.9 °C during the summer and from a minimum of 6.2 °C up to a maximum of 24.4 °C during the winter; the
outside air relative humidity varied in the range 18.9%+71.4% during the summer and in the range
21.6%+90.6% during the winter.

4. Comparison of boundary conditions during fault free and faulty tests

The tests under normal conditions (NS1-NS6 and NW1-NW5) have been assumed as baselines to be compared
with the faulty tests (FS1-FS6 and FW1-FW6) in order to discover and highlight the impact of the investigated
faults. In particular, all the normal and faulty tests have been started at 9 a.m. by maintaining the same initial
return air temperature Tra,initiar (@bout 28 °C for summer tests and 18 °C for winter tests) and initial return air
relative humidity RHga,initiat (@bout 60% for both summer and winter tests). The comparability of the healthy
experiments with the corresponding faulty ones has been verified by contrasting the boundary conditions
occurring during the tests in terms of outside air temperature Toa and outside air relative humidity RHoa by
means of the following metrics:

£,=EXP,, 0o — EXP 1)
g = Z% )

g =3k ©

RMSD = i%z (4)

where £ is the average difference, |§| is the average absolute difference, RMSD is the root mean square

difference, N is the number of experimental data points of each single test, EXPoa gaseline,i and EXPoa fauly,i are,
respectively, the experimental values of Toa and RHoa at time step i under healthy and faulty conditions. Table

7 summarizes the values of g, |§| and RMSD as result of the comparisons of the most similar fault free and
faulty experiments among the above-mentioned tests in terms of Toa and RHoa. In Table 7 the worst values
of €, |§| and RMSD are highlighted by red font, while the best values (i.e., closest to 0) of €, |§| and RMSD
are denoted by green font.
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Table 7. Comparison of healthy and faulty tests in terms of outside air temperature Toa and outside air
relative humidity RHoa.

_ Toa (°C) RHoa (%0)

Fault free against faulty tests = |§| RMSD - |§| RMSD
Normal test NS1 vs. faulty test FS1 0.0 0.7 0.9 —4.8 5.0 3.7
Normal test NS2 vs. faulty test FS2 -0.4 0.8 0.9 3.4 3.9 3.1
Normal test NS3 vs. faulty test FS3 -0.1 0.8 0.9 15 45 4.7
Normal test NS4 vs. faulty test FS4 0.1 0.7 0.9 -1.2 3.7 4.3
Normal test NS5 vs. faulty test FS5 -0.6 0.7 0.9 4.2 4.8 3.8
Normal test NS6 vs. faulty test FS6 -0.6 0.9 0.9 1.6 2.4 2.5

Normal test NW1 vs. faulty test FW1 -1.1 1.4 1.5 7.1 8.0 9.3
Normal test NW2 vs. faulty test FW2 0.6 1.0 0.9 -2.0 3.6 3.9
Normal test NW3 vs. faulty test FW3 0.3 1.2 14 -2.5 3.4 3.5
Normal test NW4 vs. faulty test FW4 -0.2 0.8 1.0 -8.7 8.7 4.0
Normal test NW5 vs. faulty test FW5 0.8 1.3 1.3 -3.6 4.6 4.7
Normal test NW5 vs. faulty test FW6 -0.6 1.0 1.3 -0.8 4.0 4.9

Table 7 highlights how the values of €, |§| and RMSD are, respectively, at most -1.1 °C, 1.4 °C, 1.5 °C for

Toa and -8.7%, 8.7%, 9.3% for RHoa. The results reported in this table indicate that the values of |§| are

always not larger than 1.5 °C with respect to Toa and not larger than 10.0% with respect to RHoa; therefore,
according to approach suggested in [20], the boundary conditions of the contrasted fault free and faulty tests
can be considered as very similar; as a consequence, comparing the above-mentioned healthy and faulty
experiments (NS1 vs. FS1, NS2 vs. FS2, NS3 vs. FS3, NS4 vs. FS4, NS5 vs. FS5, NS6 vs. FS6, NW1 vs.
FW1, NW2 vs. FS2, NW3 vs. FW3, NW4 vs. FW4, NW5 vs. FW5, NW5 vs. FW6) is possible for assessing
the impact of each investigated fault on the AHU behaviour/performance. In the Appendix A the normal tests
and the corresponding faulty tests are compared in terms of temporal trends of outside air temperature/relative
humidity as well as initial return air conditions.

5. Faults’ symptoms: results and discussion

In this section, the healthy tests and the corresponding faulty tests are compared to highlight the impact of each
investigated fault on the AHU behaviour/performance. The comparison is performed from different points of
view. In particular, the subsection 5.1 reports the effects of the selected faults on indoor thermal/hygrometric
comfort, while the subsection 5.2 focuses on the experimental patterns of AHU key operating parameters and
symptom occurrence probability.

5.1 Effects of faults on thermal and hygrometric comfort
Table 8 compares the thermal/hygrometric comfort time (i.e., the percentage of time with values of indoor air
temperature/relative humidity within the given deadbands over the entire test duration) of the experimental

tests without faults as well as the corresponding faulty ones. In addition, Table 8 shows the parameters |§T‘D

and |5RH.D calculated according to the experimental data by means of the following formulas:
_ N
|8T,D :Z|ATout,DBT|/Nout,DBT (5)
i=1
N
|§RH,D :Z|ARHout,DBRH|/Nout,DBRH (6)
i=1

where: AToupaT represents the difference between the actual return air temperature Tra and the upper deadband

UDB- calculated only in the cases where Tra is larger than UDBr, or the difference between the lower

deadband LDBy and the actual return air temperature Tra evaluated only when Tra is lower than LDBry;

ARHou,perH represents the difference between the actual return air relative humidity RHga and the upper

deadband UDBgrw calculated only in the cases where RHga is larger than UDBgy, or the difference between

the lower deadband LDBrnx and the actual return air relative humidity RHra evaluated only when RHga is
14



lower LDBRrw; NoutosT and Nouwperr are the number of experimental data points with Tra and RHga out of the
corresponding deadbands, respectively. The parameters |5T,D and |€ allow to characterize the relevance of

RH,D

thermal/hygrometric discomfort (the greater the values of |5T,D and |§RH‘D

, the greater the relevance of thermal

and hygrometric discomfort, respectively). In Table 8 the worst results are highlighted by red font, while the
best data are denoted by green font.

Table 8. Thermal-hygrometric comfort time with and without faults.

ID test Thermal comfort time (%) |§T,D (°C) | Hygrometric comfort time (%) |§RH,D (%)
Faulty test FS1 2.45 1.87 59.38 6.40
Normal test NS1 68.79 0.30 83.59 7.41
Faulty test FW1 0.00 1.64 95.75 4,71
Normal test NW1 78.22 0.53 92.46 4.65
Faulty test FS2 0.00 2.14 75.44 5.82
Normal test NS2 74.81 0.30 91.83 5.99
Faulty test FW2 8.22 1.95 86.80 5.20
Normal test NW?2 75.17 0.18 95.35 5.48
Faulty test FS3 76.03 0.13 25.38 6.20
Normal test NS3 71.59 0.36 92.17 5.79
Faulty test FW3 76.38 0.26 93.30 7.14
Normal test NW3 76.34 0.26 95.32 5.50
Faulty test FS4 88.09 0.36 0.65 15.85
Normal test NS4 76.00 0.37 89.92 6.52
Faulty test FW4 71.99 0.46 0.00 12.69
Normal test NW4 78.03 0.19 90.87 5.42
Faulty test FS5 70.47 0.29 86.04 7.36
Normal test NS5 69.40 0.32 86.21 7.08
Faulty test FW5 76.33 0.28 89.56 6.54
Normal test NW5 75.78 0.17 96.84 5.23
Faulty test FS6 58.67 0.23 31.29 5.23
Normal test NS6 77.32 0.16 93.31 7.84
Faulty test FW6 74.79 0.15 98.13 5.20
Normal test NW5 75.78 0.17 96.84 5.23

It should be highlighted that the thermal/hygrometric comfort time associated to the normal tests is lower than
100% because of the facts that: (a) the initial values of the return air temperature and the return air relative
humidity are far from the given target values (and, therefore, a relevant time is required to achieve the desired
targets from the beginning of the tests); (b) during the start-up phases the AHU operates under transient
conditions trying to approach the steady-state performance.

Figure 4 reports the difference between faulty and normal tests in terms of both thermal comfort time (%DCT+)
and hygrometric comfort time (%DCTgrw):

%DCTr= TCTFauIty,T — TCTaaseline,T (7)
%DCTrn= HCTFauIty,RH — HCTgaseline,rH (8)

where TCTraury, T and TCTaaseline T are, respectively, the thermal comfort time during faulty and corresponding
normal tests, while HCTraurry,rr @and HCTgaseline,rr COrrespond to the hygrometric comfort time during faulty
and corresponding normal tests, respectively. A negative value of %DCT+r or %DCTrn means that the thermal
or the hygrometric comfort time associated with the faulty test is lower than the corresponding normal test.
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Figure 4. Difference between faulty tests and baselines in terms of thermal and hygrometric comfort time.

In comparison to the normal tests, Table 8 and Figure 4 highlight that:

the occurrence of the fault 1 (i.e., positive offset equal to +3.0 °C of the return air temperature sensor)
strongly reduces thermal comfort time (-66.3% during summer and —78.2% during winter) due to the wrong
measurement of the actual return air temperature (measured value greater than the real one); a significant
reduction of hygrometric comfort time is observed only during summer (—24.2%), while during winter there
is a negligible variation of hygrometric comfort time (+3.3%). The fault 1 also implies a relevant intensity

of thermal discomfort considering that |5T,D is equal to 1.87 °C during summer and 1.64 °C during winter;

during both summer and winter, the fault 2 (i.e., negative offset of the return air temperature sensor equal
to 3.0 °C) significantly reduces thermal comfort time (—74.8% and —67.0%, respectively), together with a
not negligible variation of hygrometric comfort time (-16.4% and —8.5%, respectively); these results are
related to the fact that the actual return air temperature is not correctly measured (measured value lower
than the real one); the significance of thermal discomfort is important also in the case of the fault 2 (taking

into account that |§T‘D = 2.14 °C during summer and |ET‘D =1.95 °C during winter);

during summer, the occurrence of the fault 3 (i.e., the positive offset of the return air relative humidity
sensor equal to +15%) does not imply a relevant difference in terms of thermal comfort time (+4.4%), while
it strongly reduces (-66.8%) hygrometric comfort time (due to the fact that real return air relative humidity
is greater than the measured one); during winter, the fault 3 is characterized by a negligible variation in
terms of both thermal comfort time (0.0%) and hygrometric comfort time (+1.0%); this fault also implies a

not insignificant intensity of hygrometric discomfort considering that |§ is equal to 6.20% during

RH,D

summer and equal to 7.14% during winter;

the fault 4 (i.e., negative offset of the return air relative humidity sensor equal to —15%) causes a strong
reduction of hygrometric comfort time (-89.3% and -90.9% during summer and winter, respectively) for
the reason that the measured return air relative humidity value is lower than the real one. The occurrence
of the fault 4 is also characterized by a substantial importance of hygrometric discomfort according to the

values of |§ equal to 15.85% and 12.69% during summer and winter, respectively;

RH,D

negligible effects on both thermal comfort time (+1.1% and +0.5% during winter) and hygrometric comfort
time (-0.2% during summer and —7.3% during winter) are associated with the fault 5 (i.e., complete failure
of the return air fan) as a consequence of the fact that the AHU is still able to guarantee the desired indoor
air temperature and relative humidity (thanks to the operation of the supply air fan);

the occurrence of the fault 6 (i.e., complete failure of the supply air fan) during summer highlights a lower
thermal comfort time (-18.7%), together with a really relevant reduction of hygrometric comfort time
(-62.0%), due to the fact that the air supply is compromised; during winter, the fault 6 highlights a
negligible variation of both thermal comfort time (-1.0%) and hygrometric comfort time (+1.3%).
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5.2 Effects of faults on the patterns of key operating parameters

The assessment of faults’ effects on AHU key operating parameters is of paramount importance in order to (i)
assess the gaps between AHU faulty operation and design expectations, (ii) identify the most impacted
operational parameters and (iii) select the threshold tolerance values required by data-driven rule-based AFDD
methods. The differences between the values measured during the fault free tests and the values measured
during the corresponding faulty experiments of AHU key operating parameters (Tra, Tma, Taoutcc, T A outPostHC,

Tsa, RHra, RHma, RHaoutce, RHaoutpostic, RHsa, Trowce, Trince, Troutpostic, Trinpostic, Vejcc and

Ve inpostic ) @re compared in Figures B.1, B.2 and B.3 of the Appendix B. According to [22,52], the above-
mentioned key variables considered in this experimental study are easily available in practical AHUs and
reflect measurements that are typically logged in building control systems that AFDD tools generally have
access to. In this section, the comparison between the normal and the corresponding faulty tests is performed
by contrasting the arithmetic mean p as well as the standard deviation o of the above-mentioned parameters
calculated as follows:

-y ©
oo Zzl(di— w’ (10)

N

where N is the number of experimental points of a single test and d; is the experimental value at time step i of
the test.

The approach of this study is fully consistent with that one adopted in several scientific papers [20,32] to assess
symptom patterns according to various faults and boundary conditions. In particular, Wen and Li [20]
performed a fault impact analysis by comparing the fault free and faulty operation of a VAV AHU during
winter, spring and summer in lowa (U.S.A.) in terms of arithmetic mean and standard deviation of the most
important key operating parameters. According to [32], the symptom associated to a fault can be detected by
comparing faulty and fault free tests performed under the same boundary conditions in the case of the absolute
difference between each observation during faulty condition yi rauty and the arithmetic mean of measurements
under normal operation peaseiine iS higher than the standard deviation under fault free scenarios ogaseline
according to the following equation:

yi,FauIty ~ Waaseine| > T Oaeiine (11)
where t is the threshold value that can be set equal to one (with a 68% confidence level); a lower threshold
implies that a smaller deviation of faulty observations from normal conditions can be captured and classified
as symptom event. However, it should be underlined that fault symptom magnitude could also be affected by
several factors, such as climatic conditions, thermal/cooling loads as well as system control logic; that’s the
reason why in this work the selected faults have been investigated during both winter and summer.

The values of p and o calculated in this study based on the experimental data gathered during fault free and
faulty tests are reported in Tables 9, 10 and 11. In particular, Table 9 refers to the parameters Tra, Tma, Taoutcc,
Taoutpostiic and Tsa; Table 10 corresponds to the parameters RHra, RHma, RHaoutcc, RHaoutpostic and RHsa,;

finally, Table 11 focuses on the parameters Troucc, Trince, TEoutPostHC, T F,inPostHC, VF,in,CC and \'/FvinvpostHC.
These tables also show the difference A between the values of the arithmetic mean and the standard deviation
associated to the above-mentioned 16 key operating parameters calculated during the faulty tests with respect
to those obtained during the corresponding fault free experiments. This difference has been calculated by
means of the following formula:

A= XFauIty — XBaseline (12)

where Xrauty and Xaaseline represent the arithmetic mean or the standard deviation of the 16 above-mentioned
parameters under faulty and healthy conditions, respectively. A value of A equal to 0 means that there is no
difference between the corresponding faulty and fault free tests in terms of arithmetic mean and standard
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deviation. For each row corresponding to the values of the parameter A (Eq. 12) in Tables 9-11, the
largest/worst absolute values of p and o are highlighted by red font, while the values of n and o closest to 0
are denoted by green font.

Table 9. Differences between faulty and normal tests in terms of Tra, Tma, Taoutce, TAoutpostic aNd Tsa.

ID Test Tra Twma Taoutcc T A outPostHC Tsa
pCC) | 6(CC) | p(CC) | 6(°C) | p(C) | 6(°C) | p(°C) | 6(°C) | p(°C) | 6 (°C)
NS1 26.19 0.85 28.24 1.13 12.74 3.15 23.74 8.16 26.12 6.10
FS1 23.30 1.14 26.64 0.48 10.70 1.00 16.89 7.50 19.68 6.13
AFs1 vs. NS1 -2.89 0.29 -1.60 -0.65 -2.05 -2.15 -6.85 -0.67 -6.45 0.03
NS2 26.34 0.81 28.72 1.29 11.72 2.31 24.09 8.06 26.66 6.27
FS2 29.14 0.71 30.09 1.29 14.16 3.87 29.56 5.91 31.70 4,52
AFs2 vs. NS2 2.80 -0.10 1.36 0.00 2.44 1.57 5.47 -2.15 5.04 -1.76
NS3 26.36 0.85 29.60 1.44 12.09 2.67 23.44 8.08 26.22 6.23
FS3 26.23 0.76 29.55 1.31 10.81 0.71 23.83 7.59 26.47 5.72
AFs3vs. NS3 -0.13 -0.08 -0.05 -0.12 -1.29 -1.96 0.39 -0.50 0.25 -0.50
NS4 26.36 0.78 30.66 1.55 12.01 3.05 25.20 7.92 27.92 6.16
FS4 25.80 0.78 30.05 1.53 12.30 3.45 20.77 6.13 24.27 4.85
AFs4 vs. NS4 -0.56 0.00 -0.61 -0.02 0.29 0.41 -4.43 -1.79 -3.66 -1.31
NS5 26.24 0.85 29.03 1.38 12.45 3.10 22.78 8.22 25.42 6.23
FS5 26.23 0.84 31.00 2.79 11.93 2.89 23.91 8.47 26.63 6.56
AFs5 vs. NS5 -0.02 -0.01 1.97 1.41 -0.51 -0.20 1.13 0.25 1.21 0.33
NS6 26.23 0.78 28.68 1.56 10.66 0.81 23.55 7.68 26.16 5.81
FS6 27.06 0.22 28.21 1.25 10.13 0.89 15.58 2.31 21.34 2.05
AFs6 vs. NS6 0.83 -0.55 -0.48 -0.31 -0.52 0.08 -7.97 -5.37 -4.82 -3.76
NW1 20.02 0.94 19.06 1.85 9.66 1.67 14.52 8.04 16.43 6.45
FW1 17.36 0.22 18.09 2.01 8.93 0.57 9.34 0.55 11.53 0.89
ArFw1 vs. NW1 -2.66 -0.72 -0.96 0.16 -0.72 -1.10 -5.18 -7.49 -4.90 -5.56
NW?2 20.17 0.78 17.96 0.91 9.28 0.46 19.64 8.45 21.03 6.78
FW2 22.67 1.22 18.95 0.88 10.39 1.62 25.27 7.39 26.25 5.89
Arw2 vs. NW2 2.50 0.44 0.99 -0.03 1.10 1.16 5.64 -1.06 5.21 -0.89
NW3 20.11 0.82 20.16 1.86 9.53 0.85 19.49 9.94 21.27 8.13
FW3 20.14 0.81 20.23 1.46 9.39 0.45 19.93 9.95 21.69 8.16
AFw3 vs. NW3 0.03 -0.01 0.07 -0.40 -0.14 -0.40 0.44 0.01 0.42 0.04
NW4 20.10 0.78 20.41 1.57 9.65 0.42 20.00 8.73 21.70 7.10
FW4 20.24 0.91 20.60 1.46 11.04 2.10 18.04 8.37 20.17 6.59
ArFw4 vs. NW4 0.14 0.13 0.19 -0.12 1.39 1.68 -1.96 -0.35 -1.53 -0.51
NW5 20.14 0.79 19.72 1.54 9.31 0.46 18.30 8.37 20.05 6.63
FW5 20.15 0.80 16.30 2.53 9.50 1.68 20.57 9.16 22.11 7.61
AFws vs. NW5 0.02 0.02 -3.43 0.99 0.19 1.22 2.27 0.79 2.06 0.98
NW5 20.14 0.79 19.72 1.54 9.31 0.46 18.30 8.37 20.05 6.63
FW6 20.28 0.75 20.43 1.63 9.97 0.92 29.99 12.85 28.46 10.13
AFw6 vs. NW5 0.14 -0.04 0.71 0.09 0.65 0.46 11.69 4.49 8.42 3.50
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Table 10. Differences between faulty and normal tests in terms of RHgra, RHma, RHa out.cc, RHA outpostic and

RHsa.

ID Test RHRrA RHma RHA out,cc RHA out,PostHC RHsa
R(%) | 6(%) | p(%) | 6(%) | p(%) | 6(%) | p(%) | 6(%) | p(%) | 6(%)
NS1 50.30 4.27 48.77 5.04 99.46 1.35 58.53 21.79 54.62 16.17
FS1 54.64 2.88 52.78 3.80 95.49 3.04 75.30 25.85 63.42 17.87
AFs1 vs. NS1 4.34 -1.39 4.01 -1.24 -3.97 1.70 16.77 4.06 8.80 1.70
NS2 49.43 3.45 49.39 4.08 94.18 3.11 54.52 23.95 49.21 16.11
FS2 49.99 4.29 49.39 4.96 95.45 3.75 46.31 17.72 47.96 19.19
AFs2 vs. N2 0.56 0.85 0.00 0.88 1.27 0.64 -8.21 -6.23 -1.25 3.08
NS3 49.69 3.30 49.33 4.85 99.00 1.99 57.09 23.58 51.24 15.69
FS3 43.90 2.39 44.94 3.38 99.38 1.15 50.66 23.32 43.61 13.60
AFs3 vs. NS3 -5.79 -0.91 -4.39 -1.47 0.38 -0.84 -6.43 -0.26 -7.63 -2.09
NS4 49.47 3.60 42.09 4.37 99.19 151 51.58 22.43 46.33 15.51
FS4 66.77 3.58 51.65 5.72 99.71 1.78 85.18 21.43 82.70 20.75
AFs4 vs. NS4 17.30 -0.02 9.56 1.35 0.52 0.26 33.60 -1.01 36.36 5.24
NS5 49.82 3.86 46.64 5.33 93.05 3.56 60.25 22.28 54.52 15.25
FS5 49.67 4.18 33.03 6.93 90.20 5.12 54.57 23.00 49.50 16.23
AFs5 vs. NS5 -0.15 0.32 -13.60 1.60 -2.84 1.56 -5.69 0.72 -5.02 0.98
NS6 49.87 3.13 41.41 5.96 91.03 2.54 51.35 23.29 44.06 13.76
FS6 55.56 1.36 47.49 5.18 86.19 3.15 66.66 6.31 50.32 4.43
AFs6 vs. NS6 5.69 -1.77 6.08 -0.79 -4.84 0.62 15.31 -16.98 6.27 -9.33
NW1 48.59 2.55 52.27 7.36 88.06 6.55 75.55 22.44 67.04 13.97
FW1 48.26 2.93 48.10 7.84 81.61 6.22 83.64 5.09 73.14 7.72
Arw1 vs. NW1 -0.33 0.37 -4.17 0.48 -6.45 -0.33 8.08 -17.35 6.10 -6.25
NW?2 48.63 2.80 58.31 3.67 92.41 2.16 60.91 27.46 55.36 20.18
FW2 49.11 3.35 60.64 3.66 92.66 2.95 48.07 21.61 47.13 15.61
Arw2 vs. NW2 0.47 0.56 2.34 -0.01 0.24 0.79 -12.84 -5.85 -8.22 -4.57
NW3 49.49 2.59 54.31 7.51 94.09 1.92 64.08 29.31 55.73 20.52
FW3 49,55 2.50 54.80 6.26 94.85 1.15 63.07 29.91 54.96 21.02
A Fw3 vs. NW3 0.06 -0.09 0.49 -1.25 0.76 -0.76 -1.01 0.60 -0.77 0.51
NW4 52.24 2.09 58.60 6.15 94.02 1.64 62.40 28.19 54.88 19.33
FwW4 63.69 3.50 68.51 6.03 94.13 2.18 76.83 23.71 71.99 17.06
Arw4 vs. NW4 11.45 1.42 9.91 -0.12 0.11 0.54 14.43 -4.48 17.11 -2.27
NW5 49.64 241 54.47 5.50 92.66 1.70 66.08 27.23 58.13 18.96
FW5 49.30 3.58 60.90 8.74 86.36 7.14 56.47 27.58 52.63 20.95
AFws vs. NW5 -0.34 1.16 6.43 3.25 -6.30 5.44 -9.61 0.35 -5.50 1.99
NW5 49.64 241 54.47 5.50 92.66 1.70 66.08 27.23 58.13 18.96
FW6 49.79 2.02 54.66 5.14 86.64 3.91 39.77 30.62 39.70 23.17
AFw6 vs. NW5 0.15 -0.39 0.19 -0.36 -6.02 2.21 -26.32 3.40 -18.43 421
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Table 11. Differences between faulty and normal tests in terms of Teou.cc, Trince, TroutpostHC, TE inPostHC,
VF,in,CC and VF,in,PostHC .

TFoutcc Trincc TF.out,PostHC TF.inpostHC VF,in,cc VF,in,PostHC
1(°0) |6 (°C) 1 (°C) |6 (°C) | n (°C) |6 (°C) | 1 (°C) |6 (°C) | p (m*h) | 6 (m*/h) | p (m%h) | 6 (m*/h)
NS1 11.25| 1.29 | 895 | 0.94 | 40.62 | 2.21 | 43.25| 1.42 1.46 0.76 0.98 0.84
FS1 10.62 | 0.86 | 8.67 | 0.87 | 37.50 | 3.04 | 40.80 | 2.89 1.87 0.11 0.40 0.67
Arsivs.nst | -0.63 | -0.44 | -0.29 | -0.07 | -3.11 | 0.83 | -2.45 | 1.46 0.40 -0.65 -0.58 -0.17
NS2 1098 | 1.10 | 865 | 0.83 | 41.22 | 1.73 | 43.54 | 1.19 1.68 0.55 1.04 0.83
FS2 11.66 | 1.50 | 8.80 | 0.98 | 41.64 | 1.69 | 43.60 | 1.13 1.28 0.85 1.46 0.61
Ars2vs.ns2 | 0.68 | 0.40 | 0.15 | 0.16 | 0.42 | -0.05 | 0.06 | -0.05 | -0.40 0.30 0.42 -0.22
NS3 11.10| 1.30 | 857 | 1.04 | 40.74 | 2.30 | 43.20 | 1.38 1.64 0.60 0.98 0.85
FS3 10.60 | 0.72 | 840 | 0.74 | 40.85| 1.92 | 43.39 | 1.28 1.87 0.09 1.05 0.83
Ars3vs.Ns3 | -0.51 | -0.59 | -0.17 | -0.30 | 0.12 | -0.38 | 0.19 | -0.10 0.22 -0.51 0.07 -0.01
NS4 1099 | 1.30 | 855 | 0.97 | 41.67 | 1.37 | 43.82 | 1.11 1.60 0.65 1.14 0.81
FS4 11.06 | 1.28 | 844 | 0.99 | 39.27 | 2.70 | 42.76 | 2.00 1.60 0.64 0.43 0.72
Arsavs.nsa | 0.08 | -0.02 | -0.11 | 0.02 | -2.40 | 1.32 | -1.06 | 0.88 0.00 0.00 -0.71 -0.09
NS5 11.15| 1.21 | 884 | 0.95 | 40.26 | 2.11 | 42.88 | 1.41 1.53 0.72 0.90 0.85
FS5 10.89 | 1.47 | 890 | 1.03 | 40.82 | 1.99 | 43.44 | 1.25 1.55 0.71 1.01 0.84
Arssvs.nss | -0.25 | 0.26 | 0.05 | 0.08 | 0.56 | -0.12 | 0.55 | -0.16 0.02 -0.01 0.11 -0.01
NS6 1047 | 0.71 | 865 | 0.78 | 40.45| 2.18 | 43.20 | 1.29 1.88 0.12 1.03 0.83
FS6 8.96 | 0.85 | 856 | 0.78 | 35.05| 1.60 | 35.90 | 1.77 1.88 0.12 0.00 0.00
Arssvs.Nss | -1.51 | 0.14 | -0.08 | 0.00 | -5.39 | -0.58 | -7.30 | 0.49 0.00 0.00 -1.02 -0.83
NW1 954 | 0.88 | 8.70 | 0.84 |38.07 | 537 |41.77 | 5.12 1.77 0.49 0.33 0.67
FW1 935 | 0.75 | 8.60 | 0.78 | 27.97 | 1.76 | 26.87 | 2.03 1.90 0.13 0.00 0.00
Arwivs.nwi | -0.20 | -0.13 | -0.10 | -0.06 |-10.10| -3.61 |-14.90| -3.08 0.13 -0.36 -0.33 -0.67
NW?2 9.37 | 0.73 | 869 | 0.82 | 38.85 | 3.57 | 42.18 | 2.57 1.90 0.13 0.84 0.85
FW?2 953 | 0.82 | 8.64 | 0.81 |40.95| 2.71 | 4352 | 1.98 1.57 0.72 1.29 0.74
Arw2vs.nw2 | 0.16 | 0.08 | -0.05 | 0.00 | 2.10 | -0.86 | 1.34 | -059 | -0.34 0.60 0.45 -0.11
NW3 9.46 | 0.72 | 858 | 0.81 |42.01 | 451 |4588 | 351 1.91 0.12 0.70 0.84
FW3 952 | 0.68 | 8.67 | 0.78 | 42.10 | 452 | 45.97 | 3.46 1.90 0.13 0.73 0.85
Arwavs.nw3 | 0.06 | -0.04 | 0.09 | -0.03 | 0.10 | 0.01 | 0.09 | -0.05 0.00 0.01 0.03 0.01
NW4 9.62 | 0.63 | 8.66 | 0.74 | 39.15| 3.41 | 4241 | 2.42 1.91 0.11 0.84 0.85
FW4 10.05| 085 | 875 | 0.78 | 38.47 | 3.59 | 41.41 | 2.84 1.55 0.74 0.59 0.81
Arwavs.nwa | 043 | 0.22 | 0.10 | 0.04 | -0.69 | 0.18 | -1.00 | 0.43 -0.36 0.63 -0.25 -0.04
NW5 951 | 0.70 | 867 | 0.78 | 38.41 | 3.96 | 41.89 | 3.20 1.90 0.11 0.71 0.84
FW5 9.18 | 0.90 | 861 | 0.83 | 38.88 | 4.15 | 41.88 | 3.40 1.79 0.45 0.91 0.85
Arwsvs.Nnws | -0.33 | 0.20 | -0.06 | 0.05 | 0.46 | 0.19 | -0.01 | 0.20 -0.11 0.34 0.20 0.02
NW5 9.51 | 0.70 | 867 | 0.78 | 38.41 | 3.96 | 41.89 | 3.20 1.90 0.11 0.71 0.84
FW6 839 | 0.77 | 825 | 0.79 | 39.46 | 6.84 | 40.39 | 6.57 1.90 0.12 1.15 0.81
Arwevs.nws | -1.12 | 0.07 | -0.42 | 0.01 | 1.04 | 2.88 | -1.50 | 3.37 0.00 0.01 0.44 -0.02

ID Test

In comparison to the baselines without faults, Tables 9-11 indicate that:

o the fault 1 (i.e., positive offset equal to +3.0 °C for the return air temperature sensor) strongly changes (i)
the arithmetic mean of Tra, Taoutpostic, Tsa and Troutpostic during both summer and winter (Tables 9 and
10), (ii) the standard deviation of Ta outpostic and Tsa during winter (Table 9), (iii) the standard deviation of
Troutpostc, Trinpostic AN Vi poeie UrNg winter (Tables 10 and 11), as well as (iv) the arithmetic mean

of Tk,inpostic during winter (Table 10), due to the fact that the measured return air temperature is higher than
the real one;

o the occurrence of the fault 2 (i.e., negative offset equal to —-3.0 °C for the return air temperature sensor)
significantly affects (i) the arithmetic mean of Tra, Taoutrosttic and Tsa during summer (Table 9), as well as
(ii) the arithmetic mean of Taourostic and Tsa during winter (Table 9), taking into account that the real
return air temperature is greater than the measured one;

e not very significant variations are recognized in the case of the fault 3 (i.e., positive offset equal to +15%
for the return air relative humidity sensor) in terms of arithmetic mean and standard deviations of the 16
above-mentioned key operational parameters;
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o the fault 4 (i.e., negative offset equal to —15% for the return air relative humidity sensor) greatly modifies
(i) the arithmetic mean of T aoutpostiic, Tsa, RHaoupostic, RHsa and Ve ;. ounc during summer (Tables 9-11),

as well as (ii) the standard deviation of Vi, .. during winter (Table 11), due to the reason that the real

return air relative humidity is larger than the measured one);

o the occurrence of the fault 5 (i.e., complete failure of the return air fan) relevantly changes the arithmetic
mean of Twma during winter (Table 9);

o the variations associated to the occurrence of the fault 6 (i.e., complete failure of the supply air fan) are
fully relevant in terms of (i) both the arithmetic mean and the standard deviation of both T a outpostic and Tsa
during both summer and winter (Table 9), (ii) the arithmetic mean of Rua outpostic during winter (Table 10),
(iii) the arithmetic mean of T outpostHc, Tr,inpostic and \'/F’invpostHC during summer (Table 11), (iv) the standard

deviation of V; . poc during summer (Table 11), as well as (v) the standard deviation of T outpostc and

Trinpostic during winter (Table 11).

In addition, it should be highlighted that:

e among the largest values of the parameter A (Eqg. 12) denoted by red font in Table 9, the most significant
results are those ones associated to Arws vs. nws for the arithmetic mean of Taoutpostic (11.69 °C) and Arpwi vs.
nwi for the standard deviation of Taoutpositc (—7.49 °C);

e among the largest values of the parameter A (Eq. 12) highlighted by red font in Table 10, the most relevant
data are those ones associated to Arwavs. nwa TOr the arithmetic mean of RHsa (36.36%) and Arwe vs. nws for
the standard deviation of RHa outpostric (~17.35%);

e among the largest values of the parameter A (Eq. 12) underlined by red font in Table 11, the most important
results are those ones associated to Arwi vs. nwi fOr the arithmetic mean of Trnpostric (=14.90 °C) and Arpwi vs.
nwi for the standard deviation of TeoutpostHc (—3.61 °C).

Table 12 reports, for each operating variable and faulty scenario, the Symptom Occurrence Probability (SOP)

representing the time percentage of the testing period during which the condition specified by Eq. 11

(suggested by [32]) is verified:

SOP =FST/OT (13)

where FST (Fault Symptom Time) is the time when a fault symptom is observed (based on Eq. 11) in a single
faulty test and OP (Operational Time) is the total operational time of the given faulty test.

For each line of Table 12, the green shade has been assigned to the cell corresponding to the lowest value of
SOP, while the largest values of SOP have been highlighted by red shades.

In the case of the positive offset of the return air temperature sensor (i.e, fault 1), the occurrence of the symptom
is described by the return air temperature during both summer and winter (SOP larger than 98%); during winter
the fault 1 strongly affects also the inlet and outlet water temperature of the post-heating coil; during summer,
also the relative humidity at the outlet of both the cooling and post-heating coils as well as the mixed air
temperature are good descriptors of the fault occurrence.

Similarly, the return air temperature is characterized by very high values of SOP (larger than 93%) also in the
case of the negative offset of the return air temperature sensor (i.e, fault 2) during both summer and winter
conditions.

The fault 3 (i.e, positive offset of the return air relative humidity sensor) significantly affects the return air
relative humidity (SOP = 89.4%) during summer, while during winter the measured parameters are
characterized by SOP values not larger than 62.1% (this latter value is assumed by the relative humidity at the
outlet of the post-heating coil).

The impact of the fault 4 (i.e, negative offset of the return air relative humidity sensor) is relevant in terms of
return air relative humidity during both summer (SOP = 99.8%) and winter (SOP = 100%); the SOP assumes
a significant value (SOP = 82.6%) also for the relative humidity of the supply air during summer.

The complete failure of the return air fan (i.e., fault 5) mainly affects both the mixed air temperature and
relative humidity during summer (SOP greater than 82%), while during winter the relative humidity at the
outlet of the cooling coil (SOP = 81.6%) is the most influenced parameter.

In the case of failure of the supply air fan (i.e., fault 6), the values of SOP are larger than 81% for a number of

parameters (RHra, RHaoutce, Taoutpostic, Troutcc, Ve inpostic + TFoutpostHc @nd Trinpostic), With SOP = 100% for
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RHRraaNd Vi, posmc ; Similarly, during winter, the fault 6 is characterized by a significant impact on most of

the measured parameters with an average SOP equal to 56.2% (even if it is always lower than 100%, with the
maximum value of 92.8% achieved for the parameter Te outpostiic)-

Table 12. Symptom occurrence probability (SOP) as a function of tests and measured parameters.

FS1 | FS2 | FS3 | FS4 | FS5 | FS6 | FWI | FW2 | FW3 | FW4 | FW5 | FW6
VS. VS. VS. VS. VS. VS. VS. VS. VS. VS. VS. VS.
NS1 | NS2 | NS3 | NS4 | Nss5 | Nse | Nwi | Nw2 | Nwa | Nwa | Nws | NwE

Taouce 3338 372 54.4 586 | 516

Tra 255 | 610 | 37.9 | 411 432 | 479 | 409 | 39.2

RHra | 46.6 | 44.9 28.0 495 | 381 | 39.9 50.6

Ton | 639 | 67.2 | 331 | 59.1 | 56.6 | 24.0 658 | 523 | 485 | 648

RHsa | 67.9 52.2 475 373 | 567 | 554 | 549

RHaoutcc 58.6 516 576 | 429 416

Twa 204 | 24.7 190 | 324 281 | 663 | 49.2

RHwa | 240 | 461 | 69.1 323 | 512 | 265 50.3

Taowroric | 658 | 41.7 | 269 | 40.2 | 516 368 | 541 | 67.3

RHA*‘;“"F’W” 217 | 61.0 60.6 468 | 621 | 493 | 555

Ve ince 32.1 175 19.2 20.5

Trouce 327 335 300 | 380 | 378 | 501 | 452 | 65.1

Temee | 231 | 425 313 | 303 | 338 | 366 | 371 | 402 | 412 | 428 | 400

Ve i postric 37.6 39.6 m4 | 329 | 521 | 665

Troupostic | 657 | 29.8 | 215 30.7 304 | 433 | 383 | 347

Trinpostc 337 | 318 | 620 | 30.0 208 | 322 | 392 | 219 | 471

6. Conclusions

The effects of 6 typical faults of AHUs have been assessed in terms of thermal/hygrometric indoor comfort
time and patterns of key operating parameters in order to help building operators and facility engineers in
recognizing different fault symptoms and identifying faults of AHUSs. The assessment has been performed by
contrasting experimental data associated with fault free and faulty tests carried out during Italian summer and
winter under similar boundary conditions.

The experimental data highlighted that most adverse fault types in terms of thermal comfort time are the faults
F1 (positive offset of the return air temperature sensor equal to +3 °C) and F2 (negative offset of the return air
temperature sensor equal to —3 °C) during both summer and winter. With reference to the hygrometric comfort
time, the most unfavourable fault type correspond to the fault F4 (negative offset of the return air relative
humidity sensor equal to —15%) during both heating and cooling seasons.

The Symptom Occurrence Probability (SOP) values, calculated based on the measured data, underlined that
both the fault corresponding to the positive offset (+3 °C) of the return air temperature sensor (F1) and the
fault corresponding to the complete failure of the supply air fan (F6) represent the fault types more significantly
influencing the most important AHU key operating parameters during both winter and summer.

The relevance of the effects associated to the selected faults are summarized in Tables C.1-C.4 of Appendix
C.

The authors will upload the measured data in a public data repository, allowing its utilization for institutional
and research purposes to AFDD developers, AFDD users, and research organizations.

The presented experimental database will be extended over time in order to investigate a broader range of
boundary conditions, additional severities of the selected faults as well as different types of faults (for example,
potential faults associated to the coils’ valves and dampers). In addition, the authors will extend the present
analysis (where the faults have been introduced at the beginning of the faulty tests and maintained during the
entire duration of the experiments) by also considering (i) faults arising suddenly during HV AC operation and
remaining at a constant level after the occurrence, as well as (ii) shorter faulty scenarios where a component is
‘sticky’ and takes more time to be moved/operated with respect to normal operation. In the future, the cases of
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multiple faults occurring simultaneously will be also evaluated. Finally, the faults will be also assessed by
using novel weighted multi-criteria key performance indicators in terms of energy consumption, GHG
emissions and costs. In the future, a dynamic simulation model of the investigated AHU will be developed and
validated in contrast with experimental faulty and fault free in order to analyse wider ranges of faulty scenarios.
The final aim of the research is the development of an innovative tool for performing AFDD analyses based
on supervised data-driven methods customized on the experimental results.

Appendix A

The boundary conditions of the normal tests (baselines) with the corresponding/similar faulty experiments
have been compared in the Figures A.1la)-A.1ll) from a qualitative point of view in terms of outside air
temperature (Toa), outside air relative humidity (RHoa), initial return air temperature (Tra,iniia) @nd initial
return air relative humidity (RHga,initiar). In particular, Figure A.1a) compares the tests NS1 and FS1, Figure
A.1b) compares the tests NS2 and FS2, Figure A.1c) compares the tests NS3 and FS3, Figure A.1d) compares
the tests NS4 and FS4, Figure A.1e) compares the test NS5 and FS5, Figure A.1f) compares the tests NS6 and
FS6, Figure A.1g) compares the tests NW1 and FW1, Figure A.1h) compares the tests NW2 and FW2, Figure
A.1i) compares the tests NW3 and FW3, Figure A.1lj) compares the tests NW4 and FW4, Figure A.1K)
compares the tests NW5 and FWS5 and Figure A.1l) compares the tests NW5 and FW®.
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Figure A.1. Comparison of normal and faulty tests in terms of Toa, RHoa and return initial conditions:
comparison between NS1 and FS1 (a), NS2 and FS2 (b), NS3 and FS3 (c), NS4 and FS4 (d), NS5 and FS5 (e),
NS6 and FS6 (f), NW1 and FW1 (g), NW2 and FW2 (h), NW3 and FW3 (i), NW4 and FW4 (j), NW5 and
FWS5 (k), NWS5 and FW6 (1).

Appendix B
In Figures B.1, B.2 and B.3, the experimental trends of key operating parameters measured during the fault
free and faulty tests have been compared; in order to better highlight the results of the comparison, the
following parameters/residuals have been calculated according to the experimental data and reported in the
above-mentioned figures as a function of the time:

ATra = Tra Baseline — TRA Faulty
ATwma = Twma Baseline — T MA Faulty
ATA,out,CC = TA,out,CC,BaseIine - TA,out,CC,FauIty
ATA,out,PostHC = TA,out,PostHC,BaseIine - TA,out,PostHC,FauIty
ATsa = TsaBaseline — T sA Faulty
ARHRra = RHRa Baseline — RHRA Fautty
ARHwma = RHwma Baseline — RHwmA Faulty
ARHA,out,CC =RH A,out,CC,Baseline — RHA,out,CC,FauIty
ARHA,out,PostHC = RHA,out, PostHC,Baseline — RHA,out, PostHC, Faulty
ARHsa = RHsa gaseline — RHsa Faulty
ATeutce = Troutce,Baseline — T F,out,CC,Faulty
ATEejincc = Trincc,Baseline — T F,in,CC,Faulty
ATF,out,PostHC = TF,out, PostHC,Baseline — TF,out, PostHC,Faulty
ATF,in,PostHC = TF,in, PostHC,Baseline — TF,in, PostHC, Faulty
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- VF,in,cc,Faulty
-V

F,in,PostHC,Faulty

AVF,in,CC =V,

F,in,CC,Baseline
AVF,in,PostHC = VF,in,PostHC,BaseIine

(B.15)
(B.16)

Where TRA,BaseIine, TMA,BaseIine1 TA,out,CC,BaseIine1 TA,out,PostHC,BaseIine, TSA,BaseIine, RHRA,BaseIine, RHMA,BaseIine,
RHA,out,CC,BaseIine, RHA,out,PostHC,Baseline, RHSA,BaseIine, TF,out,CC,BaseIine, TF,in,CC,BaseIine, TF,out,PostHC,BaseIine, TF,in,PostHC,BaseIine,
Ve inccgaseline AN Ve i1 positic sasetine ar€ the values measured during the normal operation (baselines), while

TRA,FauIty, TMA,FauIty, TA,out,CC,FauIty, TA,out,PostHC,FauIty, TSA,FauIty, RHRA,FauIty, RHMA,FauIty, RHA,out,CC,FauIty,

RHA,out,PostHC,Faulty, RHSA,FauIty1 TF,out,CC,FauIty, TF,in,CC,FauIty, TF,out,PostHC,FauIty, TF,in,PostHC,FauIty, V., and

F,in,CC,Faulty

Vk inpostric,rauly FEPIeseNt the values measured in the case of fault occurrence. In more detail, Figure B.1

compares the faulty and fault free tests in terms of ATra, ATma, ATaoutce, ATaoutpostic and ATsa (Egs. B.1-
B.5); Figure B.2 compares the faulty and fault free tests in terms of ARHgra, ARHma, ARHA out.cc, ARHA out postHc
and ARHsa (Egs. B.6-B.10); Figure B.3 compares the faulty and fault free tests in terms of ATeoucc, ATk incc,
ATr outpostrc, ATrinposrc, AVe e and AVe, sowne (EQs. B.11-B.16). In order to facilitate the readability of

the figures and the comparison among them, the same range of values on the vertical axes of all Figures B.1al)-
B.111), Figures B.2a2)- B.212) and Figures B.3a3)- B.313) was adopted.
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Figure B.1. Comparison of faulty and fault free tests in terms of ATra, ATma, ATaoutcc, AT Aoutpostc and ATsa
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Figure B.2. Comparison of faulty and fault free tests in terms of ARHgra, ARHma, ARHa out.cc, ARHA outpostHc
and ARHsa (Egs. B.6-B.10): comparison between NS1 and FS1 (a2), NS2 and FS2 (b2), NS3 and FS3 (c2),
NS4 and FS4 (d2), NS5 and FS5 (e2), NS6 and FS6 (f2), NW1 and FW1 (g2), NW2 and FW2 (h2), NW3 and
FW3 (i2), NW4 and FW4 (j2), NW5 and FW5 (k2), NW5 and FW6 (12).
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Figure B.3. Comparison of faulty and fault free tests in terms of ATrou.cc, ATr,incc, ATFoutpostic, ATF,inpostHc,
AViice and AV, oocc (EQs. B.11-B.16): comparison between NS1 and FS1 (a3), NS2 and FS2 (b3), NS3

and FS3 (c3), NS4 and FS4 (d3), NS5 and FS5 (€3), NS6 and FS6 (f3), NW1 and FW1 (g3), NW2 and FW2
(h3), NW3 and FW3 (i3), NW4 and FW4 (j3), NW5 and FW5 (k3), NW5 and FW6 (13).

Appendix C

The relevance of the effects associated with the selected faults are summarized in Tables C.1-C.4 of this
Appendix, where one of the following signs has been assigned according to the values assumed by the
parameters %DCT+ (Eq. 7), %DCTrn (Eq. 8) and A (Eq. 12):

“0” indicates that the fault causes not substantial changes;

“+” indicates that the fault causes slightly positive changes;

“+ +” indicates that the fault causes substantial positive changes;

“—” indicates that the fault causes slightly negative changes;

e “——"1indicates that the fault causes substantial negative changes.

In particular, Tables C.1-C.4 report, respectively, the symptoms’ relevance (specified in the associated
legends) of the selected faults in terms of thermal/hygrometric comfort time, air temperature, air relative
humidity and heat carrier fluid properties with the aim of facilitating the readability of the experimental
outcomes. A different coloured shade is also assigned to each condition in Tables C.1-C.4 according to the
corresponding legends.
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Table C.1. Symptoms’ relevance of the selected faults in terms of thermal/hygrometric comfort time.
Faulty test | Thermal comfort time | Hygrometric comfort time

Legend

-10% < %DCTt <+10%
-10% < %DCTgrn < +10%
+10% < %DCTt < +20%
+10% < %DCTgrn < +20%
%DCTr > +20%
%DCTgrH > +20%
-20% <%DCTr < -10%
-20% < %DCTgrn < -10%
%DCTr < -20%
%DCTru < -20%

Table C.2. Symptoms’ relevance of the selected faults in terms of air temperature.

TraA Tma Taoutcc T Aout,PostHC Tsa

Faulty test

c c p c c

FS1 = _ —

FS2 —

FS3 —

FS4 —
FS5

FS6

FW1

Fw2

FW3

FwW4 — —
FW5

FW6

Legend

-1.5°C<A<+1.5°C

+1.5°C<A<+25°C

A>+25°C

-25°C<A<-15°C

A<-25°C
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Table C.3. Symptoms’ relevance of the selected faults in terms of air relative humidity.

Faulty test

RHRrA ‘ RHwma ‘ RHaA out.cc RHA outPostHC | RHsa

FS1

FS2

FS3

FS4

FS5

FS6

FW1

FW2

FW3

Fw4

FW5

FW6

Legend
-10% <A <+10%
+10% <A <+20%
A >+20%
-20% <A <-10%
A <-20%

Table C.4. Symptoms’ relevance of the selected faults in terms of heat carrier fluid parameters.

Faulty test

Troutcc Trincc TF out,PostHC TF,inPostHC Veince Ve inpostric

FS1

FS2

FS3

FS4

FS5

FS6

FW1

FW2

FW3

FW4

FW5

FW6

Nomenclature

Latin

letters

AFDD

AHU
CcC
COP

-15°C<A<+1.5°C
0.3m3h <A <+0.3 m¥h

+1.5°C<A<+2.5°C
+0.3 m%h < A <+0.6 m*/h

A>+25°C
A > +0.6 mé/h

-25°C<A<-15°C
-0.6 m¥h <A <-0.3m¥h

A<-25°C
A <-0.6 m¥h

Automatic fault detection and diagnosis
Air-Handling Unit

Cooling coil

Coefficient of performance
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CT
CTBaseIine
CTFauIty
DBkru

DB+

Dea

Doa

Dhrs

Dra

EA

EER
EXPOA,BaseIine,i
EXPOA,FauIty,i
FS1

FS2
FS3
FS4

FS5
FS6
FST
FW1

FW2
FW3
FW4

FW5
FW6
GHG
HP
HRS
HT
HUM
HVAC
LDBgw
LDBr
N
NS1
NS2
NS3
NS4
NS5
NS6
NW1
NW2
NW3
NW4
NWS5

Nout, 0BT
Nout,pBRH

Cold tank
Comfort time of experimental normal tests
Comfort time of experimental faulty tests
Deadband of RHsp room (%)
Deadband of Tsp,room (°C)
Exhaust air damper
Outside air damper
Damper of the heat recovery system
Return air damper
Exhaust air
Energy efficiency ratio
Experimental value of Toa at time step i under healthy conditions (°C)
Experimental value of Toa at time step i under faulty conditions (°C)
Faulty test with positive offset (+3 °C) of the return air temperature sensor during
summer
Faulty test with negative offset (-3 °C) of the return air temperature sensor during
summer
Faulty test with positive offset (+15%) of the return air relative humidity sensor during
summer
Faulty test with negative offset (-15%) of the return air relative humidity sensor during
summer
Faulty test with complete failure of the return air fan during summer
Faulty test with complete failure of the supply air fan during summer
Fault Symptom Time (min)
Faulty test with positive offset (+3 °C) of the return air temperature sensor during
winter
Faulty test with negative offset (-3 °C) of the return air temperature sensor during
winter
Faulty test with positive offset (+15%) of the return air relative humidity sensor during
winter
Faulty test with negative offset (-15%) of the return air relative humidity sensor during
winter
Faulty test with complete failure of the return air fan during winter
Faulty test with complete failure of the supply air fan during winter
Greenhouse gas
Heat pump
Static cross-flow heat recovery system
Hot tank
Humidifier
Heating, ventilation and air-conditioning
Lower deadband of indoor air relative humidity (%)
Lower deadband of indoor air temperature (°C)
Number of experimental data points
Normal summer test n°1
Normal summer test n°2
Normal summer test n°3
Normal summer test n°4
Normal summer test n°5
Normal summer test n°6
Normal winter test n°1
Normal winter test n°2
Normal winter test n°3
Normal winter test n°4
Normal winter test n°5
Number of experimental data points with Tra out of the corresponding deadband
Number of experimental data points with RHra out of the corresponding deadband
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OAD
OAFil
OLrar
OLsar
OP
OPpea
OPbHrs
OPpboa
OPpra
OPv cc
OPv_Hum
OPv postHc

OPv _prerc
PID

PostHC
PreHC
RAD
RAF
RAFil
RAV

RHA,out,CC
RHA,out,CC,BaseIine
RHA,out,CC,FauIty
RHa out postHc
RHA,out,PostHC,BaseIine
RHA,out,PostHC,FauIty
RHwa
RHMA,BaseIine

RHMA,FauIty
RHoa
RHRrA

RHRa initial
RHRA,BaseIine

RHRA Faulty
RHRoom
RHsa

RHSA,BaseIine

RHSA,FauIty
RHsp,room

RMSD

RS

SAD

SAF

SAFil

SAV

SOP

Taouce
TA,out,CC,BaseIine
T Aout,cC,Faulty
T A out,PostHc
TA,out,PostHC,BaseIine

T A out,PostHC, Faulty

Ter

TCT,set»point

Outside air duct
Outside air filter
Velocity of the return air fan (%)
Velocity of the supply air fan (%)
Operational Time of a faulty test (min)
Opening percentage of the Dea (%)
Opening percentage of the Drrs (%)
Opening percentage of the Doa (%)
Opening percentage of the Dgra (%)
Opening percentage of valve regulating the flow entering the CC (%)
Opening percentage of valve regulating the flow exiting the HUM (%)
Opening percentage of valve regulating the flow entering the PostHC (%)
Opening percentage of valve regulating the flow entering the PreHC (%)
Proportional-integral-derivative
Post-heating coil
Pre-heating coil
Return air duct
Return air fan
Return air filter
Return air vent
Cooling coil outlet air relative humidity (%)
Measured Cooling coil outlet air relative humidity under healthy conditions (%)
Measured Cooling coil outlet air relative humidity under faulty conditions (%)
Post-heating coil outlet air relative humidity (%)
Measured post-heating coil outlet air relative humidity under healthy conditions (%)
Measured post-heating coil outlet air relative humidity under faulty conditions (%)
Mixed air relative humidity (%)
Measured mixed air relative humidity under healthy conditions (%)
Measured mixed air relative humidity under faulty conditions (%)
Outside air relative humidity (%)
Return air relative humidity (%)
Initial indoor return air relative humidity (%)
Measured return air relative humidity under healthy conditions (%)
Measured return air relative humidity under faulty conditions (%)
Air relative humidity inside the integrated test room (%)
Supply air relative humidity (%)
Measured supply air relative humidity under healthy conditions (%)
Measured supply air relative humidity under faulty conditions (%)
Desired target of indoor air relative humidity (%)
Root mean square difference (°C/%)
Refrigerating system
Supply air duct
Supply air fan
Supply air filter
Supply air vent
Symptom Occurrence Probability (%)
Air temperature at the outlet of the cooling coil (°C)
Measured air temperature at the outlet of the cooling coil under healthy conditions (°C)
Measured air temperature at the outlet of the cooling coil under faulty conditions (°C)
Air temperature at the outlet of the post-heating coil (°C)
Measured air temperature at the outlet of the post-heating coil under healthy conditions
(°C)
Measured air temperature at the outlet of the post-heating coil under faulty conditions
(°C)
Heat carrier fluid temperature inside the cold tank (°C)
Target temperature of heat carrier fluid temperature inside the cold tank (°C)
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Trincc
TrinHp
TF,in,PostHC
TF.inPreHc
TrinRrs
TF,out,CC
TFoutHP
TF out,PostHc
TF,out,PreHC
TF,out,RS
Tur
THT,set—point
Tma
TMA,BaseIine
TMA,FauIty
Toa

Tra
Trainitial
TRA, Baseline
TRA,FauIty
TRoom

Tsa
TSA,BaseIine
TSA,FauIty
TSP,Room

UDBRgH
UDB+t
VAV
Ve

VHum
VpostHc
VPreHC

VF,in,CC
\V

F,in,PostHC
VF,in,PreHC
XBaseIine

XFauIty
ARHA,out,CC
ARHA out postHc
ARHma

ARHoutpBT

ARHRrA
ARHsa

AT aoutce

Heat carrier fluid temperature at cooling coil inlet (°C)

Heat carrier fluid temperature at heat pump outlet (°C)

Heat carrier fluid temperature at post-heating coil inlet (°C)
Heat carrier fluid temperature at pre-heating coil inlet (°C)
Heat carrier fluid temperature at refrigerating system inlet (°C)
Heat carrier fluid temperature at cooling coil outlet (°C)

Heat carrier fluid temperature at heat pump outlet (°C)

Heat carrier fluid temperature at post-heating coil outlet (°C)
Heat carrier fluid temperature at pre-heating coil outlet (°C)
Heat carrier fluid temperature at refrigerating system outlet (°C)
Heat carrier fluid temperature inside the hot tank (°C)

Target temperature of heat carrier fluid temperature inside the hot tank (°C)
Mixed air temperature (°C)

Measured mixed air temperature under healthy conditions (°C)
Measured mixed air temperature under faulty conditions (°C)
Outside air temperature (°C)

Return air temperature (°C)

Initial return air temperature (°C)

Measured return air temperature under healthy conditions (°C)
Measured return air temperature under faulty conditions (°C)
Air temperature inside the integrated test room (°C)

Supply air temperature (°C)

Measured supply air temperature under healthy conditions (°C)
Measured supply air temperature under faulty conditions (°C)
Desired target of indoor air temperature (°C)

Upper deadband of indoor air relative humidity (%)

Upper deadband of indoor air temperature (°C)

Variable air volume

Three-way valves supply the cooling coil

Three-way valve supply the humidifier

Three-way valve supply the post-heating coil

Three-way valve supply the pre-heating coil

Volumetric flow rate of cooling coil heat carrier fluid (m3/h)

Volumetric flow rate of post-heating coil heat carrier fluid (m3/h)
Volumetric flow rate of pre-heating coil heat carrier fluid (m3/h)

Arithmetic mean p or standard deviation o calculated based on the measured values
under normal conditions

Arithmetic mean p or standard deviation o calculated based on the measured values
under faulty conditions

Instantaneous difference in terms of RHaoutcc between the values measured under
healthy and faulty conditions (%)

Instantaneous difference in terms of RHa outpostic between the values measured under
healthy and faulty conditions (%)

Instantaneous difference in terms of RHwua between the values measured under healthy
and faulty conditions (%)

Difference between RHra and UDBRrn calculated in the case of RHga is larger than
UDBRH, or the difference between LDBr1 and RHra in the case of RHga is lower than
LDBrH

Instantaneous difference in terms of RHra between the values measured under healthy
and faulty conditions (%)

Instantaneous difference in terms of RHsa between the values measured under healthy
and faulty conditions (%)

Instantaneous difference in terms of Taoutcc between the values measured under
healthy and faulty conditions (°C)
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AT A out,PostHC
ATrincc
ATF,in,PostHC
ATroutcc
ATF,out,PostHC

AT out,pBRH

AT outpBT

ATsa

A\'/F,in,CC

A\./F,in,PostHC
%DCTr
%DCTr

%VGchol,PreHC
%VGchol,CC

%VGchol,PostHC

Greeks
A

Ej

€

=]

N

‘SRH.D

n
c
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Instantaneous difference in terms of Taoupostic Detween the values measured under
healthy and faulty conditions (°C)

Instantaneous difference in terms of T,incc between the values measured under healthy
and faulty conditions (°C)

Instantaneous difference in terms of Trinpostic between the values measured under
healthy and faulty conditions (°C)

Instantaneous difference in terms of Teouwcc between the values measured under
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Instantaneous difference in terms of Troupostic Detween the values measured under
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