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ARTICLE INFO ABSTRACT
Keywords: Data-driven automated fault detection and diagnosis (AFDD) offers a significant advantage in optimizing AHU
Air-handling unit efficiency by enabling real-time fault detection. This study evaluates the field performance of a single-duct, dual-

Valve stuck
Fan stuck
Offset of sensor

fan constant air volume AHU in a Mediterranean climate (southern Italy). The analysis considers both normal
and faulty scenarios, including eleven commonly encountered faults (1) positive offset of the return air relative
Faulty experimental data humidity sensor (+15%); 2) negative offset of the return air relative humidity sensor (-15%); 3) negative offset
Fault impact of the return air temperature sensor (-3 °C); 4) humidifier valve stuck at 0% (always closed); 5) positive offset of
Fault detection and diagnosis the return air temperature sensor (+3 °C); 6) cooling coil valve stuck at 100% (always open); 7) post-heating coil
valve stuck at 0% (always closed); 8) post-heating coil valve stuck at 100% (always open); 9) cooling coil valve
stuck at 0% (always closed); 10) complete failure of the return air fan; 11) complete failure of the supply air fan.
The impact of these faults on AHU performance is assessed in terms of electrical power consumption, energy
demand, operational costs, global equivalent CO, emissions as well as operation time. Among the investigated
faults, experimental results highlight that the post-heating coil valve stuck at 100% significantly affects system
performance; specifically, this fault decreases daily indoor air temperature met ratio by about 69% during
summer and winter tests, while increases total daily electrical energy consumption, operational costs, and global
equivalent CO, emissions by over than 60% during cooling period and by more than 80% during heating period.
Through a comparative analysis between observed faulty data and normal performance under identical condi-
tions, this study provides valuable insights for developing AFDD tools and assists building personnel in identi-
fying symptoms of common AHU faults, thereby contributing to more efficient building management.

uncomfortable conditions for occupants, low indoor air quality, and
large energy and financial losses. Automated Fault Detection and
Diagnosis (AFDD) techniques can enable the automatic recognition of
fault occurrence as well as identification/localization of problem sour-
ces [10]. Recommissioning AHUs to address malfunctioning operation
greenhouse gas (GHG) emissions and 36% of global final energy demand via AFDD processes has been shown to result in an approximate 20 -+
[1]. Heating, ventilation, and air conditioning (HVAC) systems account 30% reduction in energy consumption [11,12]. AFDD tools are divided

for 10 = 20% of total energy consumption and 50 - 60% of the energy into knowledge-based and data-driven categories by Zhao et al. [13].
demand of the building sector [2-4], making them strategically impor-

tant for the achievement of EU targets in terms of energy savings [5].
HVAC systems, which often include Air-Handling Units (AHUs), are
commonly run under faulty scenarios as a result of improper mainte-
nance, component failure, or improper installation (according to [6,7]).
AHU malfunctions might have serious consequences [8-10], including

1. Introduction

It is known that building sector accounts for around 37% of global

Knowledge-driven approaches identify errors by analysing the patterns
of certain variables and the similarities with pre-labelled anomaly li-
braries, whereas domain knowledge-based methods depend on physics
rules. Recently the data-driven approach has garnered significant
attention due to its potential for increasing accuracy and its applicability
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Nomenclature

Symbols

A Current intensity (A)

AFDD  Automated fault detection and diagnosis

AHU Air-handling unit

CAV Constant air volume

CC Cooling coil

coso Power factor

CO, Carbon dioxide

CT Cold tank

D Damper

d Deviation (°C, %)

DB Deadband (°C, %)

EA Exhaust air

E Energy (kWh)

ETS Experimental data acquisition time step

EXP Experimental value

F Filter

GHG Global greenhouse gas

HP Heat pump

HRS Heat recovery system

HT Hot tank

HUM Humidifier

HVAC  Heating, ventilation and air-conditioning

KPI Key performance index

L Lower

MR Met ratio (%)

my Mass of a given pollutant (g)

mCO, Mass of global equivalent CO, emissions (gCO5)

N Number of experimental data points

OAD Outdoor air duct

oC Operating costs (€)

OL Velocity percentage (%)

OP Opening percentage (%)

oT Operating time (min)

P Power (W)

PHP Circulating pump connected to the heat pump

PID Proportional-integral-derivative

PostHC  Post-heating coil

PreHC  Pre-heating coil

PRS Circulating pump connected to the refrigerating system

RAD Return air duct

RAF Return air fun

RH Air relative humidity (%)

RHMR Indoor air relative humidity met ratio (%)

RMSD  Root mean square difference (°C, %)

RS Refrigerating system

SAD Supply air duct

SAF Supply air fan

SF1 Faulty test with a positive offset of the return air relative
humidity sensor by + 15% during summer

SF2 Faulty test with a negative offset of the return air relative
humidity sensor by —~15% during summer

SF3 Faulty test with a positive offset of the return air
temperature sensor by 3 °C during summer

SF4 Faulty test with the humidifier valve always kept closed
during summer

SF5 Faulty test with a negative offset of the return air
temperature sensor by -3 °C during summer

SF6 Faulty test with the cooling coil valve always kept open
during summer

SF7 Faulty test with the post-heating coil valve always kept
closed during summer

SF8 Faulty test with the post-heating coil valve always kept

SF9
SF10
SF11

SN1
SN2
SN3
SN4
SN5
SN6
T
TMR
U

Ee
Uco, i
Ucel,i
Ux
VAV
Vee
Vuaum
VPostHC
VbpreHc
\%
\Y
WF1
WEF2
WEF3
WF4
WEF5
WEF6
WEF7
WF8
WF9
WF10
WF11
WN1
WN2
WN3
WN4
WN5
WN6
WN7
WNS8

%d
%DTMR

%DRHMR Percentage difference in terms of indoor air relative

%Eel

%P

open during summer

Faulty test with the cooling coil valve always kept closed
during summer

Faulty test with the complete failure of the return air fan
during summer

Faulty test with the complete failure of the supply air fan
during summer

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

Temperature (°C)

Indoor air temperature met ratio (%)

Upper

Electric energy output-based emission factor (§CO2/kWh)
Energy output-based unit cost (€/MWh)

Energy output-based emission factor (g/kWh)

Variable air volume

Three-way valve feeding the cooling coil

Three-way valve feeding the humidifier

Three-way valve feeding the post-heating coil

Three-way valve feeding the pre-heating coil

Voltage (V)

Volumetric flow rate (m3/h)

Faulty test with a positive offset of the return air relative
humidity sensor by + 15% during winter

Faulty test with a negative offset of the return air relative
humidity sensor by —~15% during winter

Faulty test with a positive offset of the return air
temperature sensor by 3 °C during winter

Faulty test with the humidifier valve always kept closed
during winter

Faulty test with a negative offset of the return air
temperature sensor by -3 °C during winter

Faulty test with the cooling coil valve always kept open
during winter

Faulty test with the post-heating coil valve always kept
closed during winter

Faulty test with the post-heating coil valve always kept
open during winter

Faulty test with the cooling coil valve always kept closed
during winter

Faulty test with the complete failure of the return air fan
during winter

Faulty test with the complete failure of the supply air fan
during winter

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

Normal winter test n° 6

Normal winter test n° 7

Normal winter test n° 8

Percentage difference (%)

Percentage difference in terms of indoor air temperature
met ratio (%)

humidity met ratio (%)

Percentage difference in terms of electrical energy demand
(%)

Percentage difference in terms of electrical power demand




A. Rosato et al.

(%)

%Pemax Percentage difference in terms of maximum electrical
power demand (%)

%CO,  Percentage difference in terms of the global equivalent CO5
emissions (%)

%OT Percentage difference in terms of operational time (%)

%0C Percentage difference in terms of operational cost (%)

%Vgiyeol Percentage by volume of glycol in the heat carrier fluid (%)

%06(P)) Relative uncertainty of Pe (%)

Yoel Percentage difference in terms of electric power
consumption arithmetic mean (%)

%61 Percentage difference in terms of electric power
consumption standard deviation (%)

0 The fault causes not substantial changes (differences
within + 10%)

+ The fault causes slightly positive changes (differences
between 10 and 20%)

+ + The fault causes substantial positive changes (differences
higher than 20%)

- The fault causes slightly negative changes (differences
between -10 and -20%)

- The fault causes substantial negative changes (differences
lower than -20%)

Subscripts

A Air

Baseline Normal condition

cC Cooling coil

CT Cold tank

CO, Carbon dioxide

D Damper

DB Deadband (°C/%)

EA Exhaust air

el Electric

EXP Experimental

F Heat carrier fluid

Faulty  Faulty condition

HT Hot tank

HP Heat pump

HRS Heat recovery system

HUM Humidifier
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i Time step (s)

in Inlet/ between upper and lower deadband

L Phase

MA Mixed air

max Maximum

N Final time step

OA Outdoor air

out Outlet/outside upper or lower deadband

PHP Heat pump circulating pump

PostHC  Post-heating coil

PreHC  Pre-heating coil

PRS Refrigerating system circulating pump

RA Return air

RAF Return air fan

RH Relative humidity (%)

Room Integrated test room

RS Refrigerating system

SA Supply air

SAF Supply air fan

SP Desired set-point

T Temperature (°C)

tot Total

\Y% Valve

X Generic pollutant

Greeks

© AHU component has not been activated only during the
normal test

A Difference

) Uncertainty of the measured value (A, V, W)

g Instantaneous difference (°C, %)

z Average error (°C, %)

[€] Absolute average error (°C, %)

lerp | Relevance of deviations from desired indoor air
temperatures (°C)

|ERH_D | Relevance of deviations from desired indoor air relative
humidity (%)

Hel Arithmetic mean of electric power demand (W)

Gel Standard deviation of electric power demand (W)

in situations where physics-based operation is not fully defined [14,15].
However, data-driven AFDD tools are limited in their ability to extrap-
olate beyond the limits of their training datasets [14,15]. In this context,
there is considerable promise in leveraging data analytics and artificial
intelligence techniques [13,14].

1.1. Research gaps

Data-driven AFDD tools are acknowledged for their effectiveness in
enhancing AHUs performance. However, literature emphasizes that
these tools are yet in the early phases of adoption [12]. A number of
research gaps remain to be addressed, notably the persistent lack of
standardized datasets encompassing diverse operating scenarios, AHU
setups, and equipment [12,16] for both developing new AFDD methods
as well as evaluate the accuracy of existing AFDD tools. Therefore, the
evolution of data-driven AFDD models necessitates the collection of
reliable, scalable, and labelled datasets comprising normal and faulty
data. However, these datasets are currently limited due to various fac-
tors [16-19]: (i) many AHUs lack the necessary sensors to measure key
operational parameters comprehensively; (ii) obtaining faulty data is
challenging due to the complexities and costs involved in implementing
faults into real AHUs; (iii) fault effects are significantly influenced by

boundary conditions, requiring analyses across broad operating condi-
tions; (iv) similar symptoms can be associated with different fault types
or severities, necessitating a significant number of accurate sensors; (v)
technical expertise and field assessments are essential for accurately
labelling the data; (vi) AHUs operate under transient conditions, expe-
riencing variations in weather conditions and cooling/heating demands.
These challenges underscore the complexities involved in gathering
comprehensive and representative datasets for developing accurate and
robust data-driven AFDD models.

The availability of such datasets for AHUs is limited. The literature
review emphasizes the pressing need for additional efforts in obtaining
new experimental faulty datasets to support the evolution and utiliza-
tion of data-driven AFDD tools. This recognized scarcity is echoed by
various authors. Lin et al. [12] stressed the necessity for additional
public datasets that clearly characterize fault categories. Granderson
et al. [20] highlighted the increasing demand for AHU faulty datasets to
accurately evaluate AFDD tools. Granderson et al. [21] pointed out the
rarity of open-access databases featured by validated ground-truth
points. Casillas et al. [22] identified the lack of sufficient publicly
shared datasets as one of the main obstacles in the development of AFDD
methods. Hu et al. [23] concluded that additional research is crucial to
acquire and share further experimental normal and faulty data of HVAC
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units for the development of data-driven AFDD techniques. Presently,
only five datasets with verified ground truth information regarding
specific tagged faults are publicly accessible [21]. This scarcity poses a
challenge for researchers and developers seeking comprehensive re-
sources to test and assess the operation of different AFDD algorithms in
the context of AHUs.

Moreover, these few datasets are characterized by some limitations.
The field datasets available for data-driven AFDD techniques in AHUs
have predominantly originated from American climatic conditions
[19-21,24], with very few instances focusing on Mediterranean climates
[25-27]. Notably, the sampling frequency of measurements significantly
impacts the accuracy of AHU component performance representation;
while the scientific literature suggests a minimum sampling rate of 35 s
[28,29], most studies have adopted a 1-minute time interval
[19,21,24-27]. Numerous data-driven AFDD tools have relied on the
ASHRAE RP-1312 dataset [19], created in 2011 using a simulation
model developed through HVACSIM + software [30]. This dataset was
subsequently validated against data measured every 60 s during both
normal and faulty operations under USA winter and summer weather
conditions; it encompassed both dual-duct dual-fan and single-duct
dual-fan variable air volume (VAV) AHUs.

Understanding how different faults and their severities impact
various aspects is crucial for the advancement and practical application
of AFDD tools. However, only a few experimental studies have quanti-
tatively explored the impacts of faults on occupants’ comfort, power
demands, energy consumption, CO, emissions, and operating costs
[12,16,20]. In particular, the need for environmental and economic
analyses is mainly due to that the CO equivalent emission factor and the
unit costs of electricity in Italy, as in many other countries around the
world, vary depending on the time of day [31]. Consequently, the
occurrence of a fault, in addition to impacting energy consumption, also
influences CO; equivalent emissions and operating costs in different
ways depending on the time of day as well as the corresponding oper-
ation of the HVAC components. As a result, environmental and eco-
nomic assessments could provide different and additional information
compared to those derived exclusively from energy analysis. The
importance of analysing operating costs with reference to the occurrence
of faults in HVAC systems is also highlighted by [32]. This kind of
comprehensive analyses is vital in shaping the future development and
deployment of AFDD tools. For instance, Chen et al. [33] noted that
many studies focused on fault impacts in terms of yearly energy demand,
thermal/hygrometric comfort, or operational expenses in HVAC sys-
tems, but there's a need for additional research to quantitatively eval-
uate fault impacts on several key operating parameters. The literature
review highlights the gaps in research concerning the effects of faults on
AHU components, especially under Mediterranean climates and with
lower sampling rates. There is a clear need for further experimental
investigations to address these gaps comprehensively.

The scientific literature on AFDD tools underscores that several
HVAC components frequently are characterized by operational issues
during regular use. Granderson et al. [20] identified valves, fans, and
sensors as the primary components in AHUs that may fail or provide
incorrect signals. However, information regarding the frequency of fault
occurrences in AHUs is limited due to the inconsistent availability of
maintenance records with fault information [34]. Regarding specific
components, Li and O’Neill [34] highlighted the significance of heating/
cooling coils in AHU operation, noting that faults in related valves, such
as valve stuck, can significantly reduce HVAC system efficiency; they
[34] identified fouling, leaking, scaling, and stuck as the most common
faults for heating/cooling coils. Dey et al. [35] assessed the probability
of occurrence of 14 fault types linked with heating coils, cooling coils,
air mixing boxes, controllers, and sensors according to one-year main-
tenance data of a VAV AHU serving a building at the University of Texas;
they [35] found that return air damper stuck and heating coil valve
leaking were the most frequent fault types.

There’s limited scientific investigation concerning the experimental
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assessment of the impacts of humidifier’s faults on AHU operation (also
due to the fact that HVAC systems including the humidifier are not
usual), while some studies have focused on heating and cooling coil
valve faults. Granderson et al. [21] evaluated VAV and constant air
volume (CAV) AHUs under different heating and cooling coil valve po-
sitions, but did not discuss the impacts related with these faults. Nehasil
etal. [36] experimentally validated an AFDD method for detecting faults
in heating and cooling coil valves in a CAV AHU. Wen and Li [19]
explored the effects of cooling coil valve faults in a VAV AHU during
different seasons. Feng et al. [37] studied an AFDD method's perfor-
mance with cooling coil valve faults in a VAV AHU during summer.
Carling [38] compared three AFDD methods in an AHU with cooling coil
valve faults under cooling mode in Stockholm (Sweden). These studies
underscore the significance of various faults in AHU components,
particularly valves associated with heating and cooling coils, and
highlight the ongoing efforts to develop effective AFDD methods for
detecting and addressing these faults in HVAC systems. The literature
review emphasizes that studies on valves, especially regarding humidi-
fier, are limited in number and have not been conducted in Mediterra-
nean climates. Additionally, some studies were performed only in a
single season, and the data acquisition frequency of field data was not
less than 1 min. This lack of research emphasizes the necessity for new
experimental studies to comprehensively investigate the impacts of such
faults on typical AHU operations. Various studies indicate that sensors,
actuators, and fans are common components in AHUSs that experience
failures or provide erroneous signals. Studies on sensor offsets, partic-
ularly related to return/indoor air temperature sensors, are limited in
number and haven’t covered Mediterranean climates extensively.

1.2. Novelty, goals and structure of the paper

In this study the experimental setup of the SENS i-Lab at the Uni-
versity of Campania Luigi Vanvitelli (Aversa, south Italy) [39] is
exploited. This setup consists of an HVAC system equipped with a single-
duct dual-fan CAV AHU fully designed and instrumented for AFDD
purposes. In particular, this unit is equipped with a specifically devel-
oped control system permitting the users to artificially simulate the
occurrence of predefined faults at different severity levels. In this study,
reliable and high-quality monitoring datasets representing both normal
and faulty tests during both cooling and heating seasons of the above-
mentioned AHU are presented and analysed. Data have been
measured every 1-second during 9-hour daily field tests running from 9
a.m. up to 6 p.m.

In more detail, the following 11 typical faults’ types and severities
have been experimentally studied: 1) positive offset of the return air
relative humidity sensor readings by +15%; 2) negative offset of the
return air relative humidity sensor readings by —-15%; 3) humidifier
valve stuck at 0% (always kept totally closed); 4) positive offset of the
return air temperature sensor readings by +3 °C; 5) negative offset of the
return air temperature sensor readings by -3 °C; 6) cooling coil valve
stuck at 100% (always kept fully open); 7) cooling coil valve stuck at 0%
(always kept totally closed); 8) post-heating coil valve stuck at 100%
(always kept fully open); 9) post-heating coil valve stuck at 0% (always
totally closed); 10) complete failure of the return air fan; 11) complete
failure of the supply air fan.

This paper analyses the impacts of 11 aforementioned faults in terms
of (i) power demand, (ii) electric energy consumption, (iii) operating
costs, (vi) global equivalent CO5 emissions, and (v) operational time.
Previous studies [40,41] focused on the impacts of such faults in terms of
thermo-hygrometric comfort as well as key operating parameters’ pat-
terns. This study mainly aims at: (i) underscoring the differences be-
tween AHU faulty operation and its nominal normal performance; (ii)
evaluating the energy, environmental and economic impacts of the
selected faults; (iii) identifying AHU faults with the most significant
effects to prioritize future maintenance programs; (iv) developing a
reliable dataset of faulty and normal operations of a typical AHU
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operating under Italian weather conditions to support the future
development of data-driven AFDD methods and evaluate the accuracy of
existing AFDD tools.

This study deals with the key barriers towards a wider development
and implementation of data-driven AFDD tools in AHUs by addressing
the main following research gaps:

e limitation of field normal and faulty AHU datasets with verified
ground truth information;

e field AHU databases predominantly originated under American cli-
matic conditions, with very few instances focusing on Mediterranean
climates;

e most data obtained with a 1-minute time interval;

o assessment of AHU faults’ impacts mainly performed from an energy
point of view only;

e very rare scientific investigation concerning AHU configurations
including the humidifier (the operation of the humidification system
is almost entirely absent from publicly available fault datasets,
despite its relevance in terms of energy consumption, indoor air
quality, and seasonal variability);

e few studies focusing on the impacts of faults associated to AHU
humidifier.

Quantifying the energy, environmental and economic impacts of
AHU faults is really valuable for multiple stakeholders. For facility
managers, it enables informed prioritization of maintenance actions
based on the actual consequences of faults. It also helps justify in-
vestments in diagnostic tools by linking fault persistence to increased
operational costs, equipment degradation, and comfort risks. For poli-
cymakers, such kind of quantification provides the necessary evidence to
shape performance-oriented regulation. With reference to this point, an
example is the Smart Readiness Indicator (SRI) [42], which includes
AFDD as a functional service contributing to building smartness. How-
ever, the current formulation of the SRI remains largely generic, without
specifying the diagnostic depth or coverage required to address partic-
ular fault types. Without quantitative data on fault impacts, tools may be
rated based on nominal availability rather than actual effectiveness,
limiting the regulatory push toward meaningful deployment. System
designers also benefit from this information, as it helps in identifying
which faults have the highest operational relevance, allowing for more
targeted design of resilient and maintainable systems. In particular,
understanding fault impacts makes designers more sensitive to the role
of the monitoring infrastructure, which must provide the necessary data
granularity and reliability to enable advanced AFDD capabilities. This
awareness supports a shift from compliance-based design toward
performance-driven approaches, where diagnostics are not treated as
add-ons but as core functions embedded in the building automation
framework.

This paper consists of six main sections. Section 2 provides detailed
information about the experimental setup, reporting the characteristics
of AHU components, sensors and management system. Section 3 ex-
plains the methodology and the experiment design. Section 4 describes
the boundary conditions of both the normal and faulty experiments by
comparing them in terms of outside air temperature and relative hu-
midity. Section 5 presents the results and discusses the experimental
data and the outcomes of the assessment of faults’ impact on system
performance. The last section 6 summarizes the findings and outlines the
future research directions.

2. Description of the experimental set-up

In this section, the experimental set-up is described in detail in terms
of HVAC system and test room it serves (subsection 2.1), sensors used
along with their measurement ranges and uncertainties (subsection 2.2),
and logics governing the HVAC system operation (subsection 2.3).
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2.1. HVAC system

A conventional HVAC system, including a single-duct dual-fan CAV
AHU, serves the test room located in the SENS i-Lab of the Department of
Architecture and Industrial Design at the University of Campania Luigi
Vanvitelli (Aversa, southern Italy) [39]. The AHU under investigation is
consistent with actual systems used in real applications. The test room
has a floor area of 4.0 m x 4.0 m with a height of 3.6 m; it features four
vertical walls (including one door, but no windows), as well as a hori-
zontal ceiling and a horizontal floor. Fig. 1 presents the schematic of the
HVAC system, while the details regarding the characteristics of its main
components are provided in Table 1. In particular, two fans (manufac-
tured by ZIEHL-ABEGG company) are installed in the AHU, the first one
(named Supply Air Fan (SAF)) supplies air to the test room, while the
other one (named Return Air Fan (RAF)) extracts air from the test room.
The SAF is the model RH31C-ZID [43] (type: GR31C-ZID.DC.CR, article
number: 14535/H01), with a diameter of 450 mm and a thickness equal
to 318 mm. This fan is a three-phase alternating current system, deliv-
ering a nominal airflow rate of 600 m®/h with a nominal power demand
equal to 2.5 kW; it has a nominal pressure drop of 105 Pa, together with
a motor efficiency of 26.1% as well as a sound pressure level equal to 90
dB. The RAF is the model RH25C-6ID [44] (type: GR25C-6ID.BD.CR,
article number: 114855/H01), with a diameter of 375 mm and a
thickness equal to 270 mm; it is a single-phase alternating current sys-
tem, delivering a nominal airflow rate of 600 m3/h with a nominal
power consumption equal to 0.5 kW. It has a nominal pressure drop of
149 Pa, together with a motor efficiency of 41.5% as well as a sound
pressure level equal to 78 dB. As reported in Fig. 1 and Table 1, the AHU
is equipped with three coils, but the pre-heating coil (PreHC) is not used
during the tests. The post-heating coil (PostHC) has a nominal heating
capacity of 5.0 kW, a nominal airflow rate of 600 m®/h (with a nominal
pressure drop of 4.97 Pa) and a nominal water flowrate of 0.871 m>/h
(with a nominal pressure drop of 20.35 Pa); the cooling coil (CC) is
characterized by a nominal cooling capacity of 5.0 kW, a nominal
airflow rate of 600 m®/h (with a nominal pressure drop of 17.80 Pa) and
a nominal water flowrate of 0.857 m>/h (with a nominal pressure drop
of 13.56 Pa). The cold/hot heat transfer fluid is a water-ethylene glycol
mixture (approximately 6% by volume of ethylene glycol), which is
circulated by the pump PRS between the electric air-to-water vapor
compression refrigerating system (RS) and the CC, as well as by the
pump PHP between the electric air-to-water vapor compression heat
pump (HP) and the PostHC. In addition, the AHU is equipped with a
humidifier (HUM) manufactured by the company CAREL INDUSTRIES
S.p.A. The HUM model (UE005X [45]) a three-phase alternating current
system and has a nominal power rating of 3.7 kW, with a nominal steam
production capacity of 5 kg/h.

2.2. Sensors and measurement uncertainty

The AHU is equipped with accurate sensors intended to monitor and
record the temporal patterns of its most important operating parameters
via a control panel developed within LabVIEW environment [47]. Tak-
ing into account that specifying the measurement accuracy is crucial for
quantifying the reliability of test data [48], Table 2 presents both the
measuring range and accuracy of all sensors. In particular, the experi-
mental set-up is equipped with a duct return air sensor (model QFM2160
[49], manufactured by Siemens) allowing to measure both return air
temperature (Tgra) and return air relative humidity (RHga) in order to
control indoor conditions and regulate the AHU operation. In the test
room, there are four air grilles (each 0.08 x 0.18 c¢m?) mounted on the
vertical walls at floor level (distributed at the four corners of the room)
to extract air from the indoor environment; each grille is connected to a
separate return duct, and these four ducts are collectively connected to
the main return air duct. The above-mentioned return air sensor is
installed inside the main return air duct.

The following equations are used to calculate the electric power
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Fig. 1. Operating scheme of the HVAC system.
Table 1
Main nominal characteristics of the HVAC system major components.
Supply air fan [43] Nominal supply air flow rate (m>/h) 600
Nominal power (kW) 2.50
Return air fan [44] Nominal return air flow rate (m3/h) 600
Nominal power (kW) 0.50
Cross flow heat recovery system (HRS) Nominal efficiency (%) 74.7
Recovery capacity (kW) 3.1
Pre-heating coil Nominal heating capacity (kW) 4.1
Nominal heat carrier fluid flow rate (m>/h) 0.71
Nominal air flow rate (m®/h) 600
Cooling coil Nominal cooling capacity (kW) 5.0
Nominal heat carrier fluid flow rate (m>/h) 0.86
Nominal air flow rate (m®/h) 600
Humidifier [45] Nominal steam capacity (kg/h) 5.0
Nominal power (kW) 3.7
Post-heating coil Nominal heating capacity (kW) 5.0
Nominal heat carrier fluid flow rate (m>/h) 0.86
Nominal air flow rate (m®/h) 600
Heat pump [46] Nominal heating capacity (kW) 13.8
Nominal input power (compressor and evaporator fan) (kW) 4.5
Refrigerating system [46] Nominal cooling capacity (kW) 13.6
Nominal input power (compressor and condenser fan) (kW) 4.2

demand (Pg) of (i) the SAF (Pelsar), (i) the RAF (Pelrar), (iii) the HP
(Pel,up), (iv) the PHP (Pejpyp), (v) the RS (Peyrs), (vi) the PRS (Pey prs) as
well as (vii) the HUM (Peyum) according to the measured values of
current intensity and voltage:

AL3

SAF

L2
ASAF

V3

(VSAF Aé/laF + Vé VSAF ) COSQPspr

(€8]

P el SAF =

Porar = Vrar-Arar-COS@pap
Panp = (Vip-Aip + Viip-Atip + Vip-Afp) COSpp

(il Ll 12 AL2 13 AL3
Papur = (Vo Apip + VA + Vi Aiip) -COS@ppp

@
3

4
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Table 2
Main characteristics of sensors.

Table 2 (continued)

Measured parameter

Measured parameter

Measuring
range

Accuracy

Return air temperature Tga [49]
Supply air temperature Tsp [49]
Mixed air temperature Tya [49]
Air temperature at the outlet of the
CC Ta,out,cc [49]

Air temperature at the outlet of the
PostHC Ta out,postric [49]
Outdoor air temperature Toa [50]

Indoor air temperature Troom [51]

Temperature of the heat carrier fluid
at the outlet of the HP Tr oy1p [52]
Temperature of the heat carrier
fluid at the inlet of the HP Tg jn up
[52]

Temperature of the heat carrier
fluid at the outlet of the RS Tg out,rs
[52]

Temperature of the heat carrier
fluid at the inlet of the RS Tg jnrs
[52]

Temperature of the heat carrier fluid
at the outlet of the PreHC Tg oy,
prerc [53]

Temperature of the heat carrier
fluid at the inlet of the PreHC Tg j,
prerc [53]

Temperature of the heat carrier
fluid at the outlet of the PostHC T,
out,Postic [53]

Temperature of the heat carrier
fluid at the inlet of the PostHC T,
posttc [53]

Temperature of the heat carrier
fluid at the outlet of the CC Tr out,cc
[53]

Temperature of the heat carrier
fluid at the inlet of the CC T n cc
[53]

Return air relative humidity RHra
[49]

Supply air relative humidity RHga
[49]

Mixed air relative humidity RHya
[49]

Air relative humidity at the outlet
of the CC RHj out,cc [49]

Air relative humidity at the outlet
of the PostHC RHA out,postric [49]
Outdoor air relative humidity RHoa

[50]

Indoor air relative humidity RHgoom
[51]

Volumetric flow rate of the heat
carrier fluid passing through the
PreHC Vjnpretic [53]

Volumetric flow rate of the heat
carrier fluid passing through the CC
Vrincc [53]

Volumetric flow rate of the heat
carrier fluid passing through the
PostHC Vi postic [53]

HP single phase L1 voltage V&L [54]
HP single phase L2 voltage V&3
[54]

HP single phase L3 voltage V&3
[54]
RS single phase L1 voltage V&5 [54]

Measuring Accuracy

range

0-+50°C +0.8 °C (between 15 °C
and 35 °C);
+1 °C (between 0 °C and
50 °Q),

-40 + 60 °C +0.2 °C at Top = 20 °C;+
(~0.008333 " Toa +
0.366667) °C when Tos <
20 °C;+
(0.00875 * Toa —0.025) °C
when Toa > 20 °C

-10 + 60 °C +0.5°Cat 25 °C +
0.03°C/°C

-10 + 60 °C +(0.03 + 0.0005 - Tg) °C

-10+120°C +0.6 °C at 60 °C

0 = 100% +3% (between 30% and
70%);+5% (between 0%
and 100%)

0 =+ 100% +(2.3 + 0.008 of reading)
%

0 =+ 95% +3% at 25 °C + 0.2%/°C

0.70 + 2.34 +2% at 20 °C with %

m3/h Valyeol = 0%

0+425V +0.50% of full scale

RS single phase L2 voltage V&2 [54]
RS single phase L3 voltage V&3[54]
SAF single phase L1voltag V&,
[54]

SAF single phase L2 voltage V52,
[54]

SAF single phase L3 voltage V53,
[54]

HUM single phase L1voltage V&,
[54]

HUM single phase L2 voltage V%,
[54]

HUM single phase L3 voltage V&3,
[54]

PHP single phase L1 voltage Vil
[54]

PHP single phase L2 voltage Vi,
[54]

PHP single phase L3 voltage V&,
[54]

PRS single phase L1 voltage Viig
[54]

PRS single phase L2 voltage V53¢
[54]

PRS single phase L3 voltage V&3¢
[54]

RAF voltage Vrar [54]

SAF single phase L1 current Aé}‘F [54]
SAF single phase L2 current A%,
[54]

SAF single phase L3 current AL,
[54]

HUM single phase L1 current A4,
[54]

HUM single phase L2 current A%,
[54]

HUM single phase L3 current A%},
[54]

HP single phase L1 current A%}P [54]
HP single phase L2 current A2
[54]
HP single phase L3 current A%,
[54]
RS single phase L1 current Ak} [54]
RS single phase L2 current A% [54]
RS single phase L3 currentAff9 [54]
PHP single phase L1 current A5Y,
[54]
PHP single phase L2 current Ak,
[54]
PHP single phase L3 current A},
[54]
PRS single phase L1 current AkLg
[54]
PRS single phase L2 current Ak2¢
[54]
PRS single phase L3 current A3¢
[54]

RAF current Agar [54]

0280V
0+125A

+0.50% of full scale
+0.50% of full scale

0-+50A +0.50% of full scale

0+25A +0.50% of full scale

Peipum =

11 L1 12 AL2 13 . AL3
(VHUM Axum + Viiow-Arium + VHUM'AHUM) ‘COSPuum

Pags = (Vie-Aky + Vg ARz + Vi2-ARE) -cospps (5)

Paprs = (Virs“Aprs + Virs“Aprs + Virs“Aprs) ‘COSPprs (6)

3 )
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where COS(PSAF, COSPRAF, COSPHP, COSPpHP, COSPRS, COSPPRS and COSPHUM
are the power factors of the SAF, the RAF, the HP, the PHP, the RS, the
PRS and the HUM, respectively. The following values suggested by the
manufacturers have been assumed for the power factors: cosggar = 0.95,
cosrar = 0.95, cospyp = 0.95, cosgpup = 0.95, cosprs = 0.95, cOSPprs
= 0.95, and cos@yym = 0.95.

The absolute measurement errors 8(Pey sar), 3(Pel,rAF), 8(Pel,1ip), S(Pel,
pup), 8(Pel,rs), 8(Peiprs) and 8(Pelqum) associated to the evaluation of
power consumption of the SAF (Eq. (1), the RAF (Eq. (2), the HP (Eq. (3),
the PHP (Eq. (4), the RS (Eq. (5), the PRS (Eq. (6) as well as the HUM
(Eq. (7), respectively, can be derived according to the single-sample
uncertainty analysis suggested by Moffat [55] by means of the
following equations:
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5(Viip)» 0(Asip)» 8(Vidp)> 8(Aip) 6(Vis), 6(Aks) 6(Vas), 6(AgS), 6(Vis),
S(AR)> (Virs)s 8(Abks)> 8(Vis)s 6(Aks)> 8(Viis)s 6(Akis)> 8(Viium)»
S(AHm), 8(Vidw), (AR, 8(Viay), and §(ALY,,) represent the un-
certainties (indicated in Table 2) associated to the measurement of
voltage and current intensity of the SAF, RAF, HP, PHP,RS, PRS and
HUM.

The relative uncertainties %8(Pe;) of 8(Pel,sar), 8(Pel,rAF), 8(PelHp),
8(Pe1,pp), S(Pelrs), 8(Pelprs) and 8(Pepum) can be calculated as the
ratios between the values of uncertainties (derived from Egs. 8-14) and
the actual measured power values Pg ; at i-th time step according to (Eq.
(15):

%5 (Pei) = @100

eli

(15)

(A0 (Vir) |+ [Viheo(A53r) |

8(Pasar) = <Cof;ﬂ§“ ) \j

(Pnar) = (c0sar)-\ [Anar-3(Viar) * + [Viar 3(Anar) | ©

+ [AézzqF“s(VézzaF) } 2+

)1’

(VA28 (AL2:) 1* + [AL -5 (VER) |* + [VES8 (AL,

[ALL-5(Vip) 1 + [Vib-(AL) 1 + [A-6(ViZ) *+
[VE2-5(A%2) | + [Ak-o(ViR) ] + [Via-s(Ak) °
(10)

S(Peup) = (COSQUHP)'J

(®

2.3. Control logics of the AHU

The operation of the HVAC system is controlled through a dedicated
control logic developed within the LabVIEW environment [47]. In
particular, the following parameters can be set by users: (i) indoor air
temperature (Tsproom) and relative humidity (RHsp room) targets to be
achieved in the test room; (ii) deadbands (DBt and DBgy) associated
with indoor air temperature and humidity targets; (iii) percentage ve-
locity of the return air fan (OLrar) and the supply air fan (OLgar) within

2 2

[Abtie (Vo) |” + [Vorer6 (Apie) |

[Viwd(Afe) |* + [Awd (Vi) |

3(Peprr) = (COS%’HP)'J

[AR-5(Vi) * + [Vas-o(ARs) 17 + [ARg-o(Vig) I°+
[Vig-o(a) ]* + [Ao(V) ] + [Vido(agd) |
12)

(Peirs) = (COS&DRS)'\J

+ AR, 5(V2p) )+
+ [VéBHP.(S(AgiIP) ]2

1D

the range between 0% and 100%; (iv) opening percentages of the return
air damper (OPpgrp), the outside air damper (OPpgpa), the exhaust air
damper (OPpgp), and the heat recovery system damper (OPpygs) within
the range 0%-+100%. Activation/deactivation of the HVAC components
(HUM valve, CC valve, PostHC valve, HP, PHP, RS, and PRS) is based on
predefined conditions listed in Table 3, regardless of the season (the
control logic of the PreHC is not included in this table as it was inten-
tionally set to off-mode throughout all the tests conducted in this study).
Particularly, the HP is activated only when the temperature of the heat

2 2

SPame) — (cospe) J (A 6(Voks) * + [V 6(4)
o) =

+ [A;fzs"s(vélzzs) ]
[Vizso(Alrs) |* + [Afs6(Vins) |* + [Vins5(Aks) ]

2
+

2

13)

S(Petrrum) = (%) \j

where 6(Viis), 8(A%), 8(Vizr)> 6(A%ir),0(Viir), 6(Akr) 5 8(Viar),
8(Arar); 8(Vip), 6(Afip), 8(Viip), 6 (Afh), 8(Vish), 6 (Afip) 8(Viiip) 5(Afiie)

[AIL-;UM"S(VEUM) ]2 + [VIL-IIUM'5<A§~IIUM) ]2 + [A?UM"S(Vilzum) ]2+
[VIIZIZUM'(s(AZZUM) ]2 + [A?UM"S(VIEIBUM) ]2 + [VZSUM"S(A?UM) }2

14

carrier fluid (Tyt) inside the hot tank (HT) is less than the selected set-
point temperature (Tyr,sp) by a defined deadband temperature (DB yt);
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Table 3
Conditions for activating/deactivating the main AHU components.

ON OFF

Humidifier valve RHpa < (RHsproom —  RHra > (RHsp,Room
DBgyy) + DBgp)

Cooling coil valve Tra > (Tsp,Room + Tra < (Tsp,Room —
DBr) DBr)
OR AND
RHga > (RHsp,Room RHga < (RHsp,Room —
+ DBgp) DBgrp)

Post-heating coil valve Tra < (Tsp,Room — Tra > (Tsp,Room +
DBp) DBr)

Heat Pump Tur < (Tur,sp — DBr, Tur > (Tur,sp + DBr,
HT) HT)

Circulating pump of the heat pump ~ Tra < (Tsp,Room — Tra > (Tsp,room +
DBp) DBy)

Refrigerating system Ter > (Ter,sp + DBy, Ter < (Ter,sp — DBy,
cr) cr)

Circulating pump of the Tra > (Tsp,room + Tra < (Tsp,Room —

refrigerating system DBr) DBry)

OR AND
RHga > (RHsp Room RHga < (RHgp,Room —

+ DBgy) DBgyy)

then it keeps running till temperature of the heat carrier fluid is equal to
(Tur,sp + DBrur). With respect to the RS, it is activated only if tem-
perature of the heat carrier fluid (Tcr) inside the cold tank (CT) is greater
than the defined set-point temperature (Tcr,sp) by the defined deadband
temperature (DBt cr); then, it keeps running until the heat carrier fluid
temperature is equal to (Tcr,sp — DBr,c1)-

PID (Proportional-Integral-Derivative) controllers automatically
adjust the opening percentages of the valves supplying (i) the post-
heating coil (OPy postric), (ii) the cooling coil (OPy cc), and (iii) the
humidifier (OPy yym) to maintain the return air temperature and rela-
tive humidity within specified deadbands. The specified upper and
lower deadbands of Tra are, respectively, UDBt (UDBt = TspRroom +
DBt) and LDBt (LDBT = Tsproom — DBt), while the upper and lower
deadbands of RHga are, respectively, UDBgy (UDBry = RHsp room +
DBRH) and the lower bound LDBRH (LDBRH = RHSP,Room — DBRH).

For the PostHC, the PID controller parameters P and I are set to 1000,
while D is set to 10; in the case of the CC, the PID controller parameter P
is set to —1000, while I and D are set to 1000 and 10, respectively.
Finally, for the HUM, the PID controller parameters P, I and D, respec-
tively, are set to 1000, 10,000 and 500.

End-users have the option to manually override the operation of
specific components and simulate the occurrence of specific faults’
types/severities for defined research purposes. In particular, they can
force (i) the opening percentages of valves, (ii) the return air tempera-
ture and relative humidity sensors’ readings, (iii) the percentage ve-
locity of the supply air fan and the return air fan.

3. Methodology and design of experiments

The performance of the AHU serving the integrated test room in the
SENS i-Lab has been examined through a total of 36 experimental tests
conducted under varying summer and winter conditions. Notably, 14
experiments have been conducted under normal (N) conditions to assess
normal operation; in more detail, 6 tests (SN1, SN2, SN3, SN4, SN5 and
SN6) have been performed during the summer (S), while the other 8
tests (WN1, WN2, WN3, WN4, WN5, WN6, WN7, and WN8) have been
performed during the winter (W). The remaining 22 faulty (F) tests (SF1,
SF2, SF3, SF4, SF5, SF6, SF7, SF8, SF9, SF10, SF11, WF1, WF2, WF3,
WF4, WF5, WF6, WF7, WE8, WF9, WF10 and WF11) have been per-
formed during both summer (S) and winter (W) with 11 faulty tests per
season; in each faulty test, a particular fault type/severity has been
analysed by manually forcing the operation of specific components in
order to artificially simulate the occurrence of faulty conditions. A single
fault severity has been considered for some of the above-mentioned
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faults types, while two severity levels have been considered for the
remaining faults types investigated in this study. In addition, each fault
type/severity has been studied individually.

During the normal tests the following parameters are manually set:
(i) the indoor air temperature setpoint (Tsp room) is 20 °C in winter and
26 °C in summer, with a deadband (DBt) of & 1 °C; (ii) the indoor air
relative humidity setpoint (RHgp room) is 50% during both seasons, with
a deadband (DBgry) of + 5%; (iii) the supply and return air fans are set to
operate with a percentage velocity (OLgap, OLrap) at 50% of their
maximum velocities; (iv) the opening percentages of the return air
damper (OPpga), the outdoor air damper (OPppa) and the exhaust air
damper (OPpga) are equal to 100%, 20% and 20%, respectively. The
heat recovery system is not activated (OPpgrs = 100%), while the
cooling coil valve, the humidifier valve and the post-heating coil valve
opening percentages can vary between 0 < 100% according to the AHU
control logic in order to keep the desired indoor conditions. The faulty
tests have been conducted using the same settings as the normal ones,
except the operation of the return and supply air fans, the cooling coil
valve, the humidifier valve, the post-heating coil valve, and the return
air temperature/relative humidity sensor.

Table 4 outlines the boundary conditions corresponding to the faulty
experiments with the cells in yellow highlighting the faulty component
as well as the corresponding fault severity.

As shown in Table 4, 11 fault types/severities have been experi-
mentally examined by intentionally introducing the fault at the start of
the tests (always set at 9:00 a.m.) and maintaining it until the end of the
experiments (always concluding at 6:00 p.m.). Specifically, the
following 11 fault types/severities have been considered:

o fault 1: positive offset of +15% was artificially applied and kept to
the readings of the return air relative humidity sensor through the
faulty tests SF1 and WF1;

e fault 2: negative offset equal to -15% was artificially applied and

kept constant to the readings of the return air relative humidity

sensor through the faulty tests SF2 and WF2;

fault 3: a negative offset equal to 3.0 °C was artificially applied from

the return air temperature sensor readings through the faulty tests

SF3 and WF3;

fault 4: over the faulty tests SF4 and WF4, the humidifier valve

remained consistently closed (stuck at 0%);

fault 5: a positive offset equal to +3.0 °C was purposely applied to the

return air temperature sensor readings during the faulty tests SF5

and WF5;

fault 6: the cooling coil valve remained fully open (stuck at 100%)

throughout the faulty tests SF6 and WF6;

fault 7: the post-heating coil valve remained closed (stuck at 0%)

throughout the faulty tests SF7 and WF7;

fault 8: the post-heating coil valve remained fully open (stuck at

100%) throughout the faulty tests SF8 and WEFS;

fault 9: the cooling coil valve remained fully closed (stuck at 0%)

throughout the faulty tests SF9 and WF9;

e fault 10: complete failure of the return air fan (instead of a nominal
velocity of 50%), implemented during the faulty tests SF10 and
WF10;

e fault 11: corresponding to a complete failure of the supply air fan
(instead of a nominal velocity of 50%) implemented during the faulty
tests SF11 and WF11.

The investigation did not include the scenario where the humidifier
is stuck at 100% due to potential technical complications. This situation
could trigger condensation phenomena, posing risks to the integrity of
the laboratory's devices and sensors. Additionally, the pre-heating coil
has been manually deactivated and not used during any experiments.
For all tests, both normal and faulty, all parameters listed in Table 2
were measured at 1-second intervals.
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Table 4

Boundary conditions of the faulty experiments.

Energy & Buildings 367 (2026) 117746

D Date Tsproom  Offset of Try, Offset of RHry OLsar  OLgar  OPy posnic OPycc OPy mum
(d/m/y) °0) sensor (°C) sensor (%) (%) (%) (%) (%) (%)
SF1  22/07/2021 26 0 15 50 50 0+100 0+100 0+100
SF2  26/07/2021 0 -15 50 50 0+100 0+100 0+100
SF3  02/08/2021 -3 0 50 50 0+100 0+100 0+100
SF4  04/08/2021 0 0 50 50 0+100 0+100 0
SF5  05/08/2021 3 0 50 50 0+100 0+100 0+100
SF6  25/08/2021 0 0 50 50 0+100 100 0+100
SF7  26/08/2021 0 0 50 50 0 0+100 0+100
SF8  30/08/2021 0 0 50 50 100 0+100 0+100
SF9  01/09/2021 0 0 50 50 0+100 0 0+100
SF10  07/09/2021 0 0 50 0 0+100 0+100 0+100
SF11  08/09/2021 0 0 0 50 0+100 0+100 0+100
WF1  16/02/2022 0 15 50 50 0+100 0+100 0+100
WEF2  29/12/2021 0 -15 50 50 0+100 0+100 0+100
WEF3  21/12/2021 -3 0 50 50 0+100 0+100 0+100
WF4  09/02/2022 20 0 0 50 50 0+100 0+100 0
WEF5  02/02/2022 3 0 50 50 0+100 0+100 0+100
WF6 07/03/2022 0 0 50 50 0+100 100 0+100
WF7  16/12/2021 0 0 50 50 0 0+100 0+100
WF8  13/12/2021 0 0 50 50 100 0+100 0+100
WEF9  31/01/2022 0 0 50 50 0+100 0 0+100
WF10 20/12/2021 0 0 50 0 0+100 0+100 0+100
WF11 17/12/2021 0 0 0 50 0+100 0+100 0+100

10
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temperature T, (°C)

Difference between faulty and normal tests in terms of outside air
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Fig. 2. Comparison of normal and faulty tests in terms of outside air temperature Toa (a) and outside air relative humidity RHop (b).

4. Assessment of boundary conditions between normal and chosen fault types/severities. It's worth noting that all the experiments
faulty tests (faulty and normal) conducted during summer started with the same
initial indoor air temperature (approximately 28 °C) and relative hu-

The normal tests (SN1-SN6 and WN1-WN8) have been considered as midity (around 60%). Similarly, tests (faulty and normal) performed
reference baselines for comparison with the faulty tests (SF1-SF11 and during winter began with a similar initial indoor air temperature
WF1-WF11) to evaluate the effects related with the occurrence of the (around 18 °C) and relative humidity (approximately 60%). Further

11
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details regarding the comparison of boundary conditions between
normal and faulty tests can be found in [40,41]. The comparability of
the normal tests in contrast to the faulty ones has been initially proved
by comparing the boundary conditions of the experiments in terms of
outside air temperature (Tpa) and relative humidity (RHpp) by using the
following metrics:

& = E'-XPOA,Faulty,i — EXPoa Baseline,i (16)

17

(18)

19

where EXPoa Faulty,i and EXPoa Baseline,i are, respectively, the experi-
mental values of RHpa/Toa at the i-th time step under faulty and normal
conditions, € is the average difference between baseline and faulty tests,
[€] is the average absolute difference between baseline and faulty tests,
RMSD is the root mean square difference between baseline and faulty
tests, N is the number of experimental data points. A normal test has
been considered comparable with faulty test only in case of all the
above-mentioned three statistical metrics are lower than 1.5 °C for Toa
and 10% for RHoa.

Fig. 2 reports the values of g, |¢] and RMSD derived by comparing the
most similar normal and faulty tests among the above-mentioned ex-
periments based on of Tpa and RHopa.

Fig. 2 illustrates the maximum values of ¢, [¢| and RMSD reaching up
to 1.1 °C, 1.4 °C, and 1.5 °C for Toja, respectively, and 8.7%, 8.7%, and
9.3% for RHpa. According to the methodology outlined by Granderson
et al. [20], the boundary conditions of the compared normal and faulty
tests can be considered highly close according to the data depicted in
Fig. 2. Specifically:

the normal test SN1 is comparable with the faulty test SF5;

the normal test SN2 is comparable with the faulty tests SF1 and SF4;
the normal test SN3 is comparable with the faulty test SF2;

the normal test SN4 is comparable with the faulty tests SF3, SF6 and
SF7,

the normal test SN5 is comparable with the faulty tests SF8, SF9 and
SF10;

the normal test SN6 is comparable to the faulty test SF11;

the normal test WN1 is comparable with the faulty test WF9;

e the normal test WN2 is comparable with the faulty tests WF7, WF10
and WF11;

the normal test WN3 is comparable with the faulty test WF3;

o the normal test WN4 is comparable with the faulty test WF2;

the normal test WN5 is comparable with the faulty tests WF5 and
WES;

e the normal test WN6 is comparable with the faulty test WF4;

e the normal test WN7 is comparable to the faulty test WF1;

the normal test WN8 is comparable with the faulty test WF6.

Therefore, comparing the aforementioned faulty and normal tests
enables for evaluating the impacts related to the occurrence of the
selected faults on the AHU operation.

5. Results and discussion
In this section all the results obtained during the experimental

campaign are presented. It should be underlined that some aspects make
the study's content and, therefore, its results unique. In addition to the

12

Energy & Buildings 367 (2026) 117746

different AHU scale, this is mainly related to the inclusion of the hu-
midification subsystem, which is almost entirely absent from compara-
ble fault datasets; furthermore, a specifically-developed control logic
has been developed in order to manage the AHU components and
guarantee the desired indoor conditions; moreover, data were collected
at high temporal resolution (1-second sampling), allowing for the cap-
ture of short-duration dynamics and transient effects that are often lost
in other studies; finally, this work spans Mediterranean conditions under
multiple seasons, which have only been minimally investigated in other
studies.

In particular, the next subsections describe the faults’ impacts in
terms of indoor thermo-hygrometric conditions (5.1), electrical power
(5.2) electric energy demand (5.3), operational costs (5.4), global
equivalent CO, emissions (5.5) as well as operating times of AHU
components (5.6). Section 5.7 provides an integrated discussion of the
faults’ impacts across all the above-mentioned parameters. Finally,
Section 5.8 performs a comparative analysis of faults based on these
impacts.

5.1. Indoor thermo-hygrometric conditions

In this section the impacts of the investigated faults on indoor air
temperature and relative humidity are analysed. In greater detail, the
percentages of time during which indoor air temperature (TMR) or in-
door air relative humidity (RHMR) is maintained within the specified
deadbands for each normal and corresponding faulty test are calculated
via the following formulas based on the measured data:

N.
TMR = —25T 100 (20)
Nin,DBRH
RHMR = = *2.100 (21)

where:

Nip,per represents the number of experimental data points
throughout the test duration when Tga falls within its corresponding
deadbands;

e Ninppru represents the number of experimental data points
throughout the test duration when RHga falls within its corre-
sponding deadbands;

N denotes the total number of recorded data points per test
(considering a 1-second sampling rate and a daily operating period
from 9:00 a.m. to 6:00 p.m., this leads to have 32,400 experimental
data points).

Additionally, the relevance of deviations from desired indoor air
temperatures |ET‘D } and the relevance of deviations from desired indoor
air relative humidity |eryp | are defined based on the experimental data
as follows:

_ 1 ul
[ern | = Y— <121: |AToupsri| | Trai & [LDBr, UDBT]> (22)
1 N
|eRetn | = N—(Z |ARHouperiri| | RHrai & [LDBga, UDBRH]>
out,DBRH i—1
(23)
where:

e ATou,ppr is the deviation of actual return air temperature from the
desired temperature boundaries; it's only computed when actual Tra
falls outside the upper deadband (UDBry) or the lower deadband
(LDBT) of RHSP,Room;
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Table 5
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Daily indoor air temperature/relative humidity met ratios together with relevance of deviations from desired indoor air temperature/relative humidity.

TestID TMR (%) RHMR (%) [&,| CC) [y, (%)
SF1 76.0 254 0.1 22
SN2 71.6 922 04 1.8
SF2 88.1 0.6 04 11.9
SN3 76.0 89.9 04 25
SF3 0.0 754 2.1 1.8
SN4 74.8 91.8 03 2.0
SF4 67.8 96.1 02 1.1
SN2 71.6 922 04 1.8
SF5 25 59.4 1.9 24
SN1 68.8 835 03 34
SF6 737 94.1 02 07
SN4 74.8 91.8 03 2.0
SF7 26 57.8 3.8 25
SN4 74.8 91.8 03 2.0
SF8 0.0 90.1 25 0.9
SN5 69.4 86.2 03 31
SF9 1.9 762 2.0 54
SN5 69.4 86.2 0.3 31
SF10 70.5 86.0 0.3 34
SN5 69.4 86.2 03 3.1
SF11 587 31.3 02 12

13
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Table 5 (continued)
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TestID TMR (%) RHMR (%) [&,| CC) [Eun| (%)
SN6 773 933 02 38
WF1 76.4 9.3 03 18
WN7 763 95.3 03 15
WF2 72.0 0.0 05 87
WN4 780 90.9 02 14
WF3 82 86.8 1.9 12
WN3 752 953 02 15
WF4 80.5 184 03 26
WN6 772 90.9 05 0.9
WF5 0.0 95.8 1.6 07
WN5 782 925 05 06
WF6 74.0 87.7 03 13
WN8 737 90.8 03 13
WF7 0.0 0.0 3.0 29
WN2 758 9.8 0.2 12
WF8 55 88.5 39 07
WN5 782 2.5 05 06
WF9 185 97.7 06 25
WN1 769 97.1 02 2.0
WFI0 763 89.6 03 25
WN2 758 96.8 02 12
WF11 748 98.1 02 12
WN2 758 9.8 02 12

14
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e ARHoypery is the deviation from the desired relative humidity
range of actual return air relative humidity; it's only computed when
actual RHgy falls outside the upper deadband (UDBgy) or the lower
deadband (LDBRH) of RHSP,Room;

o Nou,ppr Tepresents the total number of data points during which
return air temperature is outside the acceptable range;

o Nout,pBrH represents the total number of data points during which
return air relative humidity is outside the acceptable range.

Table 5 reports the values of parameters calculated via Egs. (20-23),
with the worst values highlighted by red font and the best values indi-
cated by green font only in case of faulty tests. Table 5 indicates that
daily indoor air temperature/relative humidity met ratios are below
100% during normal tests; this is due to the AHU’s transient operation,
especially during the start-up of the system at the beginning of the tests.
The minimum values of TMR, RHMR, |erp | and |erap | are 0.0%, 0.0%,
0.1 °C and 0.7%, respectively, while the maximum values of TMR,
RHMR, |erp | and |erup | are 88.1%, 98.1%, 3.9 °C and 11.9%, respec-
tively. In some cases, the values of TMR or RHMR in the case of normal
tests are slightly lower (from a minimum of approximately 1% to a
maximum of about 4%) than those for the corresponding faulty tests;
these differences are attributable to the minimal differences in terms of
outside as well as initial indoor air conditions. With reference to the
comparison between the normal test SN3 and the faulty test SF2, the
difference in terms of TMR, in addition to being linked to the minimal
differences in terms of outside as well as initial indoor air conditions, is
mainly attributable to the fact that the cooling coil in the case of the
faulty test is much less used than in the case of the normal test (due to
lower dehumidification requirements caused by the incorrect reading of
indoor air relative humidity due to the occurrence of the fault), so the
cooling process during the faulty test is slower due to the thermal inertia
of the cooling coil itself with respect to the normal test.

In addition to the above-mentioned metrics, Lu et al. [32] suggested
the following key performance indexes (KPIs): (i) the absolute maximum
indoor air temperature deviation (dTpax) calculated as the largest ab-
solute deviation between actual return air temperature Tgry and the
upper or lower Tsproom deadband; (ii) the absolute total indoor air
temperature deviation (dT) defined by adding all indoor air temper-
ature absolute deviations over the entire test period; (iii) the absolute
maximum indoor air relative humidity deviation (dRHp,y) calculated as
the largest absolute deviation between actual return air relative hu-
midity RHgra and the upper or lower RHgp room deadband; (iv) the ab-
solute total indoor air relative humidity deviation (dRHi) defined by
adding all indoor air relative humidity absolute deviations, over the
entire duration of the test. The above-mentioned KPIs have been
calculated for both normal and faulty tests according to the following
equations:

dT ey = Max|AToupsrai| | Trai & [LDBr, UDBy) (24)
N
dTwc =Y |ATouppri| | Trai & [LDBr, UDBy] (25)
i=1
dRH,yox = max|ARHou pprezi| | RHga; & [LDBry, UDBgy] (26)
N
dRHyoe = Y |ARHouppreii| | RHgai & [LDBry, UDBga] 27)

i=1

The percentage difference of the previous parameters between faulty
and normal tests has been also calculated as follows:

(dFaulty - dBaseline)

%d = -100 (28)

Baseline

where:
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o dpauity are the values of dTiax, dTtor, dRHpax, and dRHyo associated
to the corresponding faulty experiments;

o dpaseline represents the values of dTmax, dTtor, dRHmax, and dRHgot
corresponding to the normal tests.

A positive %d indicates that the value of the corresponding metric
during the normal test is lower than that one observed in the related
faulty test, which means that during the faulty experiment the AHU is
able to control in a worse way the associated indoor parameter in
comparison to the normal experiment. Table 6 reports the values of %
d (calculated via Eq. (28) of the KPIs defined by Egs. (24-27) for each
pair of tests under comparison during summer and winter, while the
absolute values of the above-mentioned KPIs associated for each
normal/faulty test are reported in Table A.1 in the Appendix A. The cells
displaying the values of %d in Table 6 are color-coded according to the
legend reported at the end of this table (cells are in yellow if %d is
included in the range + 10%, in red if %d is greater than 20% or lower
than —20%, in orange in all other cases). The minimum values of dTpax,
dT¢ot, dRHpax and dRHg,: are —20.7%, —69.2%, -43.7% and -79.9%,
respectively, while the maximum positive values of dTax, ATtor, ARHmax
and dRHy,: are 409.3%, 7270.1%, 284.0% and 7347.4%, respectively.
The negative values in Table 6 are due, as already explained with
reference to Table 5, to the minimal differences in terms of outdoor air
conditions as well as initial indoor air conditions between the corre-
sponding normal and faulty tests. In some cases the percentage differ-
ences in Table 6 are very significant as the values of the relative metric
are very small in the case of the corresponding normal or faulty tests.

5.2. Effects of faults on electrical power demand of AHU components

In this section the effects of the tested faults in terms of power de-
mand are presented. The measurement uncertainty associated to power
consumption of AHU components has been assessed by using Egs. 8-14.
Based on field data, the largest average absolute errors for Pe| sar, Pel,rAF,
Pel,RS; Pel,PRS’ Pel,HP, Pel,PHP and Pel,HUM are 24.3 W, 2.8 W, 100.3 W, 96.9
W, 101.7 W, 98.4 W and 26.1 W, respectively. These absolute errors
correspond to maximum average relative uncertainties of 7.0%, 3.7%,
4.7%, 12.2%, 5.7%, 12.3% and 2.1%, respectively.

For each normal/faulty experiment as well as AHU components,
Table 7 reports the parameters %}l and %o defined as follows upon
varying both the pair of tests under comparison as well as the AHU
component:

(/"el,Faulty - :uel.Baseline)

Hel Baseline

Yopy = 100 (29)

(Gel‘Faulty - O’eLBaseline)

%0 = 100 (30)

Oel Baseline

where [l Faulty and el Baseline are, respectively, the arithmetic mean
el of electric power consumption Pe) during faulty and baseline tests,
while Gej paulty and Gel,Baseline are, respectively, the standard deviation ce)
of electric power consumption P during faulty and baseline tests. The
values of the |ielBaselines Hel,Faulty> Oel,Baseline @d Gel Faulty are reported in
Table A.2 in Appendix A. In Table 7 the cells reporting the values of %y
and %o are filled in yellow if %} or %0, is included in the range +
10%, in red if %pe or %0, is greater than 20% or lower than -20%, in
orange in other cases (the symbol N.A. (not applicable) denotes that the
AHU component has not been activated during both tests and the
calculation of % or %0, cannot be performed, while the symbol ‘oo’
indicates that the AHU component has not been activated only during
the normal test). In Table 7 the circulating pumps PRS and PHP are not
reported because for those auxiliary systems a faulty condition can only
affect their operation times, but does not significantly influence their
power consumption while operating.

According to Lu et al. [32], the percentage difference %Pe|max
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Table 6
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Values of %d (calculated via Eq. (28) for dTmax, ATtot, dRHmax, and dRHy,, for the corresponding faulty and normal tests during summer and winter.

dT o AT dRH dRH,

Yods1 vs. sn2 (%) -10.3

Yodsez vs. snz (%0)

Yodses vs. sna (%0)

O/OdSFA vs. SN2 (OA))

Yodsgs vs. sn1 (%)

Yodse vs. sna (%)

Yodse7 vs. sna (%0)

Yodsgs vs. s (%)

Yodsr vs. sns (%)

Yodsr1ovs. sns (%) | =128

Yodsr11 vs. sne (%)

Yodwr1 vs. w7 (%0) 42 0.7 4.6 -3.8

-14.0

Yodwez vs. wna (%) 4.0

OA)dWFS vs. WN3 (OA))

94

Yodwrs vs. wre (%0)

Yodwrs vs. wns (%0)

Yodws vs. wns (%)

Yodwe7 vs. w2 (%0)

OA)dWFS vs. WN5 (DA))

Yodwr vs. w1 (%) -3.6

Yodwr1o vs. wn2 (%) 22

Yodwrirvs. w2 (%) | 111 -7.3

Legend

-10% < %d < +10%

+10% < %d < +20% OR -20% < %d <-10%
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Table 7
Values of %y (calculated via Eq. (29) and %oc,; (calculated via Eq. (30) upon varying both the pair of tests under comparison as well as the AHU component.

Yol
Yolter (%) %0 (%) Yope (%) %0 (%) Yol (%) %0 (%) % (%) %0 (%) %0 (%)
(%)

SF1 vs. SN2 —0.4 -3.7 il —4.0 =il

SF2 vs. SN3 -14 14.7

SF3 vs. SN4 -1.3

SF4 vs. SN2

SF5 vs. SN1

SF6 vs. SN4

SF7 vs. SN4 8.3 0.1 0.8 =3 0.1
SF8 vs. SN5 -1.0 =5 —0.8 0.5 12
SF9 vs. SN5 =ikl —6.4

SF10 vs. SN5

SF11 vs. SN6 4.0 -164 N.A. N.A.

WF1 vs. WN7 0.0 -39 0.2 0.9 0.3 0.5 0.9 -89 N.A. N.A.

WF2 vs. WN4 0.2 11 -12 87, -1.0 6.8 0.2

WE3 vs. WN3 -1.0 5.6 0.0 - 0.3 -8.8 0.2

WF4 vs. WN6 0.1 0.3 0.3 -18.5 0.2 0.1 -0.1

WE5 vs. WN5 0.8 0.2 0.7 7.9 0.6

WEF6vs. WN8 04 -14 0.1 =5l 12.8 114 —03

WE7 vs. WN2 24 -16.4 0.8 -16.3 0.6 74 1.8

WE8vs. WN5 44 -10.6 -0.7 0.1 —4.3 —6.1 16.7 44 -19.1
WEF9 vs. WN1 0.5 5.7 0.2 4.9 N.A.  NA.
WEF10 vs. WN2 -0.1 -10.1 0.0 6.0 124

WF11 vs. WN2 0.9 -1.1 15

Legend

-10% < %oa, %00 <+10%

+10% < Yollet, %06 < +20% OR ~20% < Yoet, %0 < ~10%

Yollel, Yo > +20% OR Yoo, %o0e < -20%

17
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SF11 vs. SN6

[ SF10 vs. SN5

SF9 vs. SN5

= SF8 vs. SN5

SF7 vs. SN4

= SF6 vs. SN4

[ SF5 vs. SN1
[ SF4 vs. SN2

| SF3 vs. SN4

= SF2 vs. SN3
[ SF1vs. SN2

-70% —60% -50% —40% -30% -20%

%o g (%)

(@)

-10% 0% 10% 20%
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() WE11 vs. WN2
I WL vs. WN2

[ WF9 vs. WN1
= WES vs. WN5

[ WE7 vs. WN2

WF6 vs. WN8

I WS vs. WS
[ WF4 vs. WN6
[ WF3 vs. WN3
WF2 vs. WN4

= WEF1 vs. WN7

-30% -20% -10% 0% 10%

%P g (%)

(b)

20% 30% 40%

Fig. 3. Percentage difference between normal and faulty tests in terms of maximum electrical power demand during summer (a) and winter (b).

between faulty and normal tests in terms of maximum electrical power
demand of AHU components has been calculated for both normal and
faulty tests via the following equation:

(Pel.max.Faulty - Pel.max.Baseline)

%Pe|max = 100 (31

Pel.maxABaseline

where Pej max Faulty and Pelmax Baseline are, respectively, the peak
electric power demand during the faulty experiment and the corre-
sponding normal test, respectively. Fig. 3 reports the value of %Pe¢| max as
a function of the pairs of tests under comparison.

Fig. 3 indicates that the values of %P, max are generally relevant and
vary from a minimum of -61% (corresponding to the comparison be-
tween the faulty test SF9 and the normal test SN5) up to a maximum of
27% (corresponding to the comparison between the faulty test WF6 and
the normal test WN8).

5.3. Effects of faults on daily electrical energy consumption

In this section the effects of the selected faults in terms of daily
electric energy consumption are analysed. Table 8 reports the percent-
age difference %E¢ between faulty and corresponding normal experi-
ments in terms of daily electric energy consumption referred to the
operation of (1) the supply air fan, (2) the return air fan, (3) the
refrigerating system and its circulating pump, (4) the heat pump and its
circulating pump, (5) the steam humidifier, as well as (6) the entire AHU
during summer and winter. This percentage difference %E, is calculated
as follows:

(Eel.Faulty - Eel,Baseline)

%Eq = 100 (32)

Eel.Baseline

where Eelfaulty and Eeypaseline are, respectively, the daily electric
energy consumption during faulty and corresponding normal experi-
ment. The values of Eej paseline and Eey paulty are reported in Table A.3 in
Appendix A upon varying both normal/faulty test and AHU component.
The cells in Table 8 are filled in yellow if %E, is included in the range +
10%, in red if %Eg is greater than 20% or lower than —20%, in orange in
other cases (the symbol N.A. denotes that the AHU component has not
been activated during both tests and the calculation of %E, is not
applicable, while the symbol ‘c0’ indicates that the AHU component has
not been activated only during the normal test). According to Table 8,
the values of %E,] corresponding to the total daily electric demand range
from -80.5% up to 82.9%.
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5.4. Effects of faults on operational costs

In this section the effects of the selected faults in terms of daily
operating costs are discussed. The percentage difference %OC between
faulty and corresponding normal tests in terms of operating costs is
calculated as follows:

(OCrauty - OCaseline)
OCgaseline
ZiUCel.i‘PeLFaulty.i‘ETs - ZiUcel,i‘Pel.BaseIine,i'ETs
ZiUCel,i 'Pel,Baseline.i -ETS

%0C = 100

100 (33)

where OCgayuity and OCgaseline are, respectively, the operational costs
during the faulty test and the corresponding normal experiment, Pej,
Faulty,i a0d Pej Baseline,i are, respectively, the electric power demand in the
case of the faulty test and the corresponding normal test at the i-th time
step, UCe,; is the unit cost of electricity purchased from the grid at the
same i-th time step, and ETS is the experimental data acquisition time
step (equal to 1 s). The values of UCg; in Italy depend on the region
where electricity is consumed, the day of the year as well as the time of
the day. In this study, the comparison has been carried out by assuming
that the day of the faulty test coincides with that one of the corre-
sponding normal test. In particular, Fig. 4a and b report the values of
UCey,i for each couple of faulty and normal tests under comparison
during summer (a) and winter (b) in Aversa. These data are obtained
from the company GME Gestore Mercati Energetici S.p.A. [56], an
Italian company responsible for the organization and management of
the electricity market, as well as ensuring the economic management of
adequate availability of energy reserves. The values of the UCg; re-
ported in Fig. 4 varies from a minimum of 98.56 €/MWh up to a
maximum of 512.40 €/MWh.

The values of OC are reported in Table A.4 in Appendix A upon
varying the normal/faulty test as well as the AHU component. Table 9
reports the values of %OC upon varying both the pair of tests under
comparison and AHU component with reference to the operation of (1)
the supply air fan, (2) the return air fan, (3) the refrigerating system and
its circulating pump, (4) the heat pump and its circulating pump (5) the
steam humidifier as well as (6) the entire AHU during cooling and
heating seasons. The cells in Table 9 are filled in yellow if %OC is
included in the range + 10%, in red if %OC is greater than 20% or lower
than —20%, in orange in other cases (the symbol N.A. denotes that the
AHU component has not been activated during both tests and the
calculation of %0OC is not possible, while the symbol ‘oo’ indicates that
the AHU component has not been activated only during the normal test).
According to Table 9, the values of %OC corresponding to the total daily
electric demand range from -80.7% up to 82.0%.
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Table 8
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Values of %E, (calculated via Eq. (32) as function of both normal/faulty test and AHU component during the summer and winter.

SAF RAF RS+PRS HP+PHP HUM TOTAL

%Eesr1 vs.sn2 (%) 04 0.1 4.0

%Eesr2 vs.sn3 (%) —1.4 0.2 4.0

%Eese3vs. 584 (%) =1.3 0.0

%Easravssne (%) 21 0.4

Y%Ea,sesvs.sn1 (%) 0.8 —1.2

%Eesrsvssna (%) 1.1 05 10.0

%Eese7vs.sna (%)~ 3.3 0.8

%Eesrsvs.sns (%) 1.0 -0.8

%0 Ee1 589 vs. sn5 (%)

%Ee15510 vs. 58 (%)

YoEese11 vs. sn6 (%)

Y%Eewr1vs.wnz (%) 0.0 0.2 1.7 42 N.A. 2.5

%Eawizvewna (%) =02 12 -7.9

%Ee,wrsvs.wns (%) 1.0 0.0 -9.8

%Ee wravs. whe (%) 0.1 0.3 —0.4

%Ee wes v wns (%) 0.8 0.2 9.8

YoEa,wrs vs.wns (70) =04 0.1 0.3

%Eawervs whz (%) 2.4 0.8 -7.3

YoEa,wrs vs. wns (%0) - 4.4 0.7

9oEeweovs. w1 (%) 1.7

D/‘?Eel,wno vs. WN2 (%)

9oEet,wrn v, wnz (%)

Legend

-10% < %E, < +10%

+10% < %Eq < +20% OR —20% < %Eq <-10%

%Ee >+20% OR %E¢ < -20%
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—SF1 vs. SN2
—SF5 vs. SN1
—SF9 vs. SN5

SF2 vs. SN3
——SF6 vs. SN4
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. WF1vs. WN7 - - -WF2 vs. WN4 WE3 vs. WN3  — —WF4 vs. WN6
550 oo WEFS vs, WN5 - ==eee WE6 vs. WN8 - - WF7 vs. WN2 WE8 vs. WN5
WEF9 vs. WN1 WF10 vs. WN2 WF11 vs. WN2

09:00

10:00 11:00 12:00 13:00 14:00

Time (hh:mm)

(b)

15:00 16:00 17:00 18:00

Fig. 4. Values of UC; as a function of tests and time during summer (a) and winter (b) in Aversa.

5.5. Effects of faults on global equivalent CO2 emissions

In this section the effects of the selected faults in terms of daily global
equivalent CO; emissions are reported. This evaluation is conducted in
this study via the energy output-based emission factor approach pro-
posed in [57]. Based on this approach, the mass my of a given pollutant x
while generating the energy output E can be calculated as:

m= Uy E 34
where Uy is the energy output-based emission factor, that is the specific
emission of equivalent global pollutant x per unit of E. This approach,
although simplified, has been used for assessing the environmental
impact in several recent scientific works [31,56,58]. This energy output-
based emission factor relies on various operating and structural vari-
ables. Among pollutants, CO2 emissions are generally quantitatively
more significant than other GHG emissions [59]. Most scientific papers
using this approach adopt a constant CO, emission factor over time [31].
In contrast, this study employed a more realistic method by incorpo-
rating a time-varying CO, emission factor based on actual data. In
particular, carbon dioxide emission factor related to the electricity
production in Italy Ugloz relies on the day of the year and the time of the
day when electric energy is produced. In this paper, the comparisons
between normal and faulty tests have been conducted under the
assumption that the day of the faulty test coincides with that one of the
associated normal test. Fig. 5 reports the carbon dioxide emission factor
associated to the electricity generation in Italy for each pair of corre-
sponding normal and faulty tests upon varying the time during summer
(a) and winter (b) in Aversa. These data have been derived from the
company Electricity Maps [60], that is specialized in organizing
worldwide electricity data to facilitate the transition towards a fully
decarbonized electricity system across more than 200 zones globally.
According to Fig. 5, the values of Ueclo2 change between a minimum of
178.13 gCO2/kWh and a maximum of 454.11 gCO2/kWh.

The percentage difference %CO2 between faulty and normal tests in
terms of global equivalent CO, emissions is calculated as follows:

mCOZ.Faulty - mCOZ,Baseline
mCO2.Baseline

_ ZiUE!ozvi'Pel.Faulty.i'ETS - EiUgozj ’Pel.Bmeline.i‘ETS

B ZiUecloz i 'Pel,Baseline,i -ETS

%CO, = 100

100

(35)

where mCO2 raulty and mCO2 paseline are, respectively, the mass of global
equivalent CO, emissions of AHU during faulty and corresponding
normal test.

The values of mCO3 rauty and mCOx paseline are reported in Table A.5
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in Appendix A. Table 10 reports the values of %CO5 referred to the
operation of (1) the supply air fan, (2) the return air fan, (3) the
refrigerating system and its circulating pump, (4) the heat pump and its
circulating pump (5) the steam humidifier as well as (6) the entire AHU
during summer and winter. The cells of Table 10 are filled in yellow if %
CO4 is included in the range + 10%, in red if %CO; is greater than 20%
or lower than —-20%, in orange in other cases (the symbol N.A. denotes
that the AHU component has not been activated during both tests and
calculating %CO, is not applicable, while the symbol ‘oo’ indicates that
the AHU component has not been activated only during the normal test).
According to Table 10, the values of %CO; corresponding to the total
daily electric demand range from -80.6% up to 85.1%.

While the environmental assessment performed in this work focuses
on global equivalent CO, emissions associated to operational energy
demands, it should be underlined that it does not capture the broader
carbon impacts associated with component degradation and replace-
ment (that are not reflected in energy consumption, but can significantly
contribute to the building’s overall environmental footprint). This
aspect is particularly important in the case of hard faults, which,
differently from soft faults that can often be resolved by adjusting the
control logic, involve actual component failures that require physical
replacement introducing additional embodied emissions related to
manufacturing, transport, and disposal.

5.6. Effects of faults on operation time of AHU components

In this section the effects of the selected faults in terms of daily
operation time of AHU components are described. Table 11 reports the
percentage of difference %OT between faulty and corresponding normal
tests in terms of operation time with reference to the operation of (1) the
supply air fan, (2) the return air fan, (3) the refrigerating system (4), the
heat pump (5), the steam humidifier, (6) the circulating pump of the
refrigerating system, and (7) the circulating pump of the heat pump
during summer and winter. Th values of %OT are calculated as follows:

(OTFaulty - OTBaseline)

%0T =
OTBaseline

100

(36)

where OTpauty and OTpaseline are, respectively, the operating time
during faulty and corresponding normal test. The cells of Table 11 are
filled in yellow if %OT is included in the range + 10%, in red if %OT is
greater than 20% or lower than -20%, in orange in other cases (the
symbol N.A. denotes that the AHU component has not been activated
during both tests, while the symbol ‘e’ indicates that the AHU
component has not been activated only during the normal test). The
values of OTpaseline and OTFaulty are reported in Table A.6 in Appendix A
upon varying both the normal/faulty test and AHU component.
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Values of %0OC (calculated via Eq. (33) as a function of both pairs of tests under comparison and AHU component during summer and winter.

SAF RAF RS+PRS HP+PHP HUM TOTAL

%OCs ve.5n2 (%) 0.4 -0.1 4.0

%OCsp2 ve.sn3 (%) =15 -0.2 42

%OCspsvs.5na (%) 1.3 0.0

%O0Cspivs.sn2 (%) 21 04

%OCspsvo.sn1 (%)~ 0.8 —1.2

%OCspsvs,sna (%)~ 1.1 0.5 10.2

%OCsp7vs.5n (%)~ 3.4 07

%OCspsvs.5n5 (%) -1.0 0.7

oA)OCSF?VS. SN5 (O/D) -1.0

u/ﬂocsnn vs. SN5 (%)

o/ﬂocsrﬂ vs. SN6 (%)

%OCwr1vs.wnr (%) 0.0 0.3 29 42 N.A. 3.1

%OCwr2vs. wra (%) =02 -1.2 -8.1

%OCwrsvs. wha (%) =1.0 0.0 97

%OCwrsvs. whe (%) 0.1 0.3 —0.6

%OCwrsvs,wns (%)~ 0.9 0.1 9.4

%O Cryrsvs, wrs (%) 04 0.1 0.3

%OCwrrvs. w2 (%)~ 24 0.8 -7.3

%OCwrsvs. wns (%) 44 0.7

%O Cws vs. wni (%) 17

O/oocwno vs. WN2 (%)

%O Cuwri vs. w2 (%)

Legend

-10% < %OC <+10%

+10% < %OC < +20% OR -20% < %OC <-10%

%OC >+20% OR %OC <-20%
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Fig. 5. CO, emission factor associated to electricity consumption
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5.7. Discussions of faults’ impacts

This section discusses the impacts of the investigated faults from
multiple perspectives to provide a comprehensive understanding of their
consequences. Subsection 5.7.1 examines the influence of faults on in-
door thermo-hygrometric conditions. Subsection 5.7.2 analyzes the ef-
fects of faults on electrical power consumption. Finally, subsection 5.7.3
explores the broader implications of these faults in terms of total daily
energy consumption, operational costs, global equivalent CO, emis-
sions, and operating time of AHU components.

5.7.1. Analysis of faults impacts in term of indoor thermo-hygrometric
conditions

According to Table 5, fault 1 has a strong negative impact on indoor
relative humidity met ratio only during summer (RHMR is strongly
reduced from 92.2% in the case of normal test down to 25.4% for the
faulty experiment), together with a worst value of |ERH‘D \(increases from
1.8% during the normal test up to 2.2% in the case of the faulty test).
This fault has a negative effect also based on the data reported in
Table 6, where a significant increase of the value of dRH;, during
summer by about 1068% can be recognized. These results are due to the
fact that the return air relative humidity sensor is providing wrong
readings (i.e., 15% larger than the real return air relative humidity
values).

Table 5 indicates that fault 2 results in a significant decrease in terms
of indoor air relative humidity met ratio during both winter (where
RHMR becomes equal to 0.0% during the faulty experiment) and sum-
mer (where RHMR becomes equal to 0.6% during the faulty test),
together with a much higher relevance of deviations from desired indoor
air relative humidity during both summer (|ERH,D | rises from 2.5%
during the normal test up to 11.9% in the case of the faulty test) and
winter (}ERH,D | increases from 1.4% during the normal test up to 8.7% in
the case of the faulty test). According to Table 6, this fault significantly
increases the values of dRHp,x and dRH;.y, respectively, by about 200%
and 4547% during summer as well as by around 284% and 6605%
during winter. The above-mentioned outputs are caused by the fact that
the return air relative humidity sensor is reading values that are 15%
lower than the real return air relative humidity values.

Fault 5 results in a significant reduction in terms of indoor air tem-
perature met ratio during both summer (TMR is notably decreased from
68.8% in the case of normal experiment down to 2.5% for the faulty
experiment) and winter (TMR is strongly reduced from 78.2% in the case
of normal test down to 0.0% for the faulty test); in addition, a worst
relevance of deviations from desired indoor air temperature is also ob-
tained during both summer (|rp | rises from 0.3 °C during the normal
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test up to 1.9 °C in the case of the faulty test) and winter (|ET‘D | increases
from 0.5 °C during the normal experiment up to 1.6 °C in the case of the
faulty experiment). As reported in Table 6, this fault also causes a sig-
nificant increase of both dTpax and dTiet during both summer (by about
169% and 1844%, respectively) and winter (by approximately by 75%
and 1328%, respectively). These data are a consequence of the fact that
the return air temperature sensor is providing readings that are 3 °C
higher than the real return air temperature values.

As indicated in Table 5, fault 3 significantly reduces indoor air
temperature met ratio during both summer (TMR is strongly reduced
from 74.8% in the case of normal test down to 0.0% for the faulty
experiment) and winter (TMR is notably decreased from 75.2% in the
case of normal test down to 8.2% for the faulty experiment); in addition,
a worst relevance of deviations from desired indoor air temperature is
also obtained during both summer (|ET,D | rises from 0.3 °C during the
normal test up to 2.1 °C in the case of the faulty test) and winter (|erp |
increases from 0.2 °C during the normal experiment up to 1.9 °C in the
case of the faulty experiment). Also, RMHR is negatively impacted by
this fault during both summer and winter. According to Table 6, fault 3
also increases the values of dTnyax, dTior and dRHy, respectively, by
about 204%, 2686% and 175% during summer tests and by approxi-
mately 253%, 3937% and 129% during winter. The above-mentioned
outcomes are due to the fact that the return air temperature sensor is
reading values that are reduced by 3 °C with respect to the real return air
temperatures.

Table 5 indicates that fault 4 significantly reduces indoor air relative
humidity met ratio only during winter (RHMR is strongly reduced from
90.9% in the case of normal test down to 18.4% for the faulty experi-
ment), together with a worst value of |§RH.,D |(it rises from 0.9% during
the normal test up to 2.6% in the case of the faulty test). This fault is
characterized by a negative effect also according to the data indicated in
Table 6, where a significant increase of dRHy,ax and dRHy, respectively,
by about 55% and 2503% can be recognized during winter only. During
summer, the impact of the fault is less significant because the outdoor air
has a much higher absolute humidity compared to winter conditions. As
a result, the AHU can still compensate for the fault even without the
operation of the humidifier.

According to the data in Table 5, it can be underlined that, in the case
of fault 9, indoor air temperature met ratio is significantly reduced
during both cooling season (TMR is notably reduced from 69.4% in the
case of normal experiment down to 1.9% for the faulty experiment) and
heating season (TMR is significantly decreased from 76.9% in the case of
normal test down to 18.5% for the faulty test); furthermore, a worst
relevance of deviations from desired indoor air temperature is also ob-
tained during both cooling season ( |ET,D | increases from 0.3 °C during
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Table 10
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Values of %CO, (calculated via Eq. (35) as a function of both pairs of tests under comparison and AHU component during summer and winter.

SAF RAF RS+PRS HP+PHP HUM TOTAL

%CO, 551 vs.5n2 (%) 0.4 0.1 87
%CO, 552 vs.5n3 (%) 1.6 0.2 42
%CO0ssp3vs. 580 (%) =12 0.0
%COsspvs.sn2 (%) 21 04
%COxsk5vs.5n1 (%)~ 0.8 1.1
%COssp6vs.5na (%)~ 1.0 05 9.7
%CO,s7vs.5na (%)~ 32 0.8
%CO,sp5vs. 585 (%) 1.0 0.8
%COxsp9vs. 585 (%) =11

%CO00,sr10vs. sn5 (%)

%CO,s511 vs. sn6 (70)

%COwr1vs.wnz (%) 0.0 0.3 17 41 N.A. 25
%CO,wr2vs. wa (%) 0.2 1.1 -7.7

%COswrsvs.wrs (%) =1.0 0.0 -10.0

%COswravs.wrs (%) =01 0.2 -0.6

%COswrsvs.wns (%)~ 0.8 0.2 10.9

%CO,wrsvs.wns (%) =04 0.1 0.2

%COwervs. w2z (%) 24 0.8 -7.2

%COwrsvs. wrs (%) =45 0.7

%COswrovs.wn1 (%)~ 1.7

%CO;, w10 vs. wn2 (%0)

%CO:, w11 vs. wn2 (%0)

Legend

—10% < %CO,<+10%

+10% < %CO, < +20% OR -20% < %CO, <-10%

%CO,>+20% OR %CO, <-20%
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the normal test up to 2.0 °C in the case of the faulty test) and heating
season (}ETD | rises from 0.2 °C during the normal experiment up to
0.6 °C in the case of the faulty experiment). The above-mentioned results
are linked to the fact that it is not possible to reduce return air tem-
perature by using the refrigeration system due to the fault occurrence.
Indoor air relative humidity met ratio is also negatively impacted by this
fault during cooling season due to the fact that dehumidification is not
allowed because of the cooling coil valve is closed. Based on Table 6, the
values of dTax, dTtor and dRH; are remarkably increased, respectively,
by about 169%, 1897%, and 204% during summer; during winter dTo
and dRHy,,x increase, respectively, by around 1065% and about 22%.

Table 5 highlights that fault 6 has no significant effect on indoor air
temperature and relative humidity met ratios during both seasons
because during both summer and winter the cooling coil valve is open
for the majority (more than 90%) of the corresponding normal tests’
durations and, therefore, the difference with respect to the faulty sce-
narios is not relevant. With reference to the data in Table 6, it can be
underlined that the fault 6 increases dTmax by around 34% during
summer, while during winter this fault leads to an increase of dRH,x
and dRHyet, respectively, by around 63% and 37%.

As indicated in Table 5, fault 7 results in a significant reduction in
terms of indoor air temperature met ratio during both summer (TMR is
notably decreased from 74.8% in the case of normal experiment down to
2.6% for the faulty experiment) and winter (TMR is strongly reduced
from 75.8% in the case of normal test down to 0.0% for the faulty test);
in addition, a worst relevance of deviations from desired indoor air
temperature is also obtained during both summer (|ET‘D } increases from
0.3 °C during the normal test up to 3.8 °C in the case of the faulty test)
and winter (|ET,D | rises from 0.2 °C during the normal experiment up to
3.0 °C in the case of the faulty experiment). Indoor air relative humidity
met ratio is also negatively impacted by this fault during both summer
(where RHMR is strongly decreased from 91.8% in the case of normal
experiment down to 57.8% during the faulty experiment) and winter
(where RHMR is notably reduced from 96.8% in the case of normal
experiment down to 0.0% during the faulty test), together with a higher
relevance of deviations from desired indoor air relative humidity during
both summer (|&pyp | increases from 2.0% during the normal test up to
2.5% in the case of the faulty test) and winter (|€ru,p | rises from 1.2%
during the normal test up to 2.9% in the case of the faulty test). Table 6
indicates that this fault significantly increases the values of dTpax, dTtot
and dRHy, respectively, by about 409%, 4779% and 554% during
summer as well as by around 377%, 7270% and 7347% during winter.
All the above-mentioned effects are due to the fact that the utilization of
the post-heating coil is not possible due to the fault occurrence.

In the case of fault 8, Table 5 shows that there is a relevant decrease
of indoor air temperature met ratio during both summer (TMR is notably
decreased from 69.4% in the case of normal experiment down to 0.0%
for the faulty experiment) and winter (TMR is strongly reduced from
78.2% in the case of normal test down to 5.5% for the faulty test); in
addition, a worst relevance of deviations from desired indoor air tem-
perature is also obtained during both summer (\?T_D| increases from
0.3 °C during the normal test up to 2.5 °C in the case of the faulty test)
and winter (|ET‘D | rises from 0.5 °C during the normal experiment up to
3.9 °Cin the case of the faulty experiment). The values of dTyax and dTiot
increase notably during summer (by 149% and 2403%, respectively),
while during winter the values of dTmax, dTtot dRHmax and dRHy,e are
enhanced by 361%, 3079%, 50% and 63%, respectively. These effects
are due to the facts that (i) the post-heating coil is used for a limited
period during the summer and winter normal experiments, while (ii) the
cooling coil valve is open for the most part of the corresponding normal
tests (for cooling and/or dehumidification purposes) during both sum-
mer and winter and, therefore, the cooling coil operation cannot
compensate the prolonged operation of the PostHC due to the fault
occurrence;
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Fault 10 has minimal effects on both indoor air temperature and
relative humidity met ratios (according to Table 5), but it increases
mainly during winter the relevance of deviations from both desired in-
door air temperature (|grp | rises from 0.2 °C during the normal test up
to 0.3 °C in the case of the faulty test) and desired indoor air humidity
(\ERH,D } increases from 1.2% during the normal test up to 2.5% in the
case of the faulty test). These effects are justified taking into account that
the complete failure of the return air fan is compensated by the opera-
tion of the supply return air fan.

During summer fault 11 leads to an important reduction of both in-
door air temperature met ratio (TMR is strongly reduced from 77.3% in
the case of normal test down to 58.7% for the faulty experiment) and
indoor air relative humidity met ratio (RHMR is strongly reduced from
93.3% in the case of normal test down to 31.3% for the faulty experi-
ment). As indicated in Table 6, it also causes a significant increase of
dT, and dRHyy by about 161% and 229%, respectively, during sum-
mer; these results are because of the RS cannot reduce return air tem-
perature down to the lower deadband (staring from the initial indoor air
conditions of the faulty experiment). During winter the differences be-
tween faulty and normal tests in terms of TMR and RHMR are irrelevant
thanks to the fact that the HP is able to increase the initial values of Tra
and keep them within the defined deadbands (even with low supply air
flowrate).

The worst TMR value (0%) is obtained in the case of the faults 3 and
8 during the summer, as well as in the case of the faults 5 and 7 during
the winter. The value of TMR = 0% during the test SF3 is linked to the
fact that the return air temperature sensor reads an incorrect value that
is always 3 °C lower than the actual value, so the control logic does not
activate the AHU cooling coil for cooling purposes. In the case of the test
SF8, the TMR value of 0% is due to the fact that the heating coil is always
active, which balances the operation of the cooling coil and does not
allow the desired cooling of indoor air. The value of TMR equal to 0%
during the test WF5 is linked to the fact that the return air temperature
sensor reads an incorrect value that is always 3 °C higher than the actual
value, so the hot coil is not activated. In the case of the test WF7, the
value of 0% for TMR is associated to the fact that the heating coil is
always deactivated, so it is not possible to achieve the desired heating of
indoor air. The worst RHMR value (0%) is obtained with reference to the
faults 2 and 7 during winter. The value of RHMR of 0% during the test
WEF?2 test is related to the fact that the return air relative humidity sensor
reads an incorrect value that is always 15% lower than the actual value,
so the AHU control logic does not activate the cooling coil for dehu-
midification. During the WF7 test, RHMR assumes a value of 0%
because, on the one hand, the return air temperature is always lower
than the relative lower deadband (19 °C), so the cooling coil is not
activated for its control; on the other hand, the return air relative hu-
midity is always higher than the corresponding upper deadband (55%),
so it would be necessary to activate the cooling coil to dehumidify; there
are, therefore, two conflicting requirements, and the AHU logic priori-
tizes the control of the return air temperature (rather than the relative
humidity), so it does not activate the cooling coil; as a consequence, the
relative humidity of the return air always remains above 55%.

5.7.2. Analysis of faults impacts in terms of electric power demand
Table 7, Table A.2 of Appendix A and Fig. 3 show the following main
outcomes:

e fault 1 does not have a significant impact on electrical power con-
sumption of AHU components during both winter and summer with
the exception of the humidifier under summer conditions, which
results in a reduction of about 19% in terms of peak power (due to
the fact that during the faulty experiment SF1 the humidifier is never
turned on, as indicated in Tables 11 and A.6);

e fault 2 determines an increase of the mean of electrical power con-
sumption of the refrigeration system, the heat pump, and the
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Table 11
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Values of %OT (calculated via Eq. (36) as a function of pairs of tests under comparison and AHU component during summer and winter.

SAF RAF RS HP HUM PRS PHP

9%O0Tsg1 vs.sn2 (%) 0.0 00 29
%OTspz vs.sns (%)~ =01 0.1 83
9%OTspsvs.sn (%) 0.0 0.0
%O0Tspivssn2 (%) =02 0.1
%OTspsvs.sn1 (%) =02 0.0
%OTssvs.sna (%) 0.0 0.0
9%00Tsp7vs.sna (%) 0.0 0.0
9%OTspsvs.sn5 (%) 0.0 0.0

900 Tsgg vs. 55 (%)

0.0

%O Tsg1vs. 5855 (%)

%O Tsp11 vs. sn6 (%)

%00 Twr vs.wn7 (%)~ 0.0 00 29 33 NA 00 45
900Twez vs.wna (%) 0.0 0.0
%OTwrsvs.wns (%) 0.0 0.0
%OTwravs.wns (%) 0.0 0.0
%OTwrs vs.wns (%) 0.1 0.0

900 Twrsvs.was (%)~ 0.0 0.0
900Twe7vs.wnz2 (%) 0.0 0.0
%OTwrsvs.wxs (%) 0.0 0.0
%OTwrovs.wat (%)~ 0.2 0.0

%O Twr1vs. w2 (%) - 0.0

%O T w11 vs. w2 (%) 0.0

Legend

-10% < %OT < +10%

+10% < %OT < +20% OR -20% < %OT < -10%

%OT>+20% OR %OT < -20%
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humidifier by about 15%, 23% and 10%, respectively, while the
standard deviation of electrical power consumption is significantly
impacted, whatever the AHU component is. During winter, this fault
has negligible effects on both %}, and %gce with reference to all
AHU components, except the humidifier (that is never operated
during the normal winter test WN4) causing an increase of peak
power by around 25% due to the fact that the humidifier is activated
for a longer period (as reported in Tables 11 and A.6);

during summer fault 5 determines a reduction of both %} and %0ce]
for the humidifier by 100% with respect to the summer normal test
SN1. On the other hand, during summer the RS and the HP increase
their mean electrical power consumption, respectively, by about
41% and 52%, with the values of %o, strongly impacted for almost
all the AHU components. During winter the values of %}, are not
significantly affected by the fault 5 with reference to all the AHU
components. Peak power (as indicated in Fig. 3) is significantly
reduced during summer and winter, respectively, by about ~15% and
—23% thanks to the fact that the operation of both the HP (and its
circulating pump) and the humidifier are strongly reduced (as indi-
cated in Tables 11 and A.6);

fault 3 does not cause a significant variation in terms of mean and
standard deviation of electrical power consumption of AHU com-
ponents during summer, while during winter only the return air fan
(%0, equal to about —42%) and the humidifier (%o, of about —21%)
are affected. Peak power is impacted solely during the winter test,
showing a decrease of about -17% thanks to the fact that the oper-
ation of the RS (and related PRS) is reduced (as reported in Tables 11
and A.6);

faulty 4 clearly affects the operation of the humidifier during both
summer and winter (both %y and %o, are equal to -100%). In
addition, this fault causes an increase of the mean of electrical power
consumption associated to the RS and the HP by about 29% and 49%,
respectively, during summer; the values of %0 are notably affected
during summer, whatever the AHU component is. Peak power is
impacted during both summer and winter, with a reduction of
approximately 18% during both seasons in the case of faulty
scenarios;

fault 9 has a negligible influence on the mean electrical power con-
sumption of the AHU components with respect to the normal oper-
ation during both seasons, except the HP (and related PHP) that is
not operated during the summer faulty test SF9 (thanks to the
missing operation of the RS and related PRS). Peak power is notably
decreased by about -61% during summer mainly thanks to the
reduced activation of both the RS and HP (and their circulating
pumps);

fault 6 has a negligible influence on %y, except for the refrigeration
system during winter (with a small increase of %}l by about 13%);
peak power is only affected during winter, with an increase of about
27%; these outcomes depend on the fact that during summer and
winter the cooling coil valve is open for the majority (more than
90%) of the corresponding normal tests’ durations and, therefore,
the difference with respect to the faulty scenarios is not relevant.
fault 7 is characterized by a not relevant effect on the values of %},
except the heat pump and the humidifier (due to the fact that the
humidifier is not operated during both summer and winter, while the
HP is not activated during summer only). This results in a signifi-
cation reduction by about —-57% in terms of peak power value during
summer thanks to the lower operation time of both the humidifier
and the heat pump;

fault 8 does not determine a significant variation in terms of mean
electrical power consumption of the AHU components and overall
peak power during both summer and winter;

fault 10 reduces the mean and the standard deviation of electrical
power consumption of the return air fan itself by about 77% and
98%, respectively, during both summer and winter. The electric
motor of this fan is characterized by a minimum electrical power
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consumption (different from zero) even in the case of failure due to
the fact that this fault is artificially implemented in this study by
forcing the control signal (instead of applying a physical stuck of the
RAF motor). In addition, during winter the humidifier increases its
mean electrical power consumption by about 12%, while the stan-
dard deviation of its electrical power consumption reduces by about
36%; this is due to that fact that this fault enhances the outside air
flowrate (characterized by lower humidity ratio in comparison to the
return air), thus requiring a longer operation of the humidifier (as
indicated in Tables 11 and A.6). This leads to a larger overall peak
power by about 22% during winter;

fault 11 has a significant impact on the mean and standard deviation
of electrical power consumption of the supply air fan itself, which are
reduced, respectively, by about 73% and 67%, during summer and
around 75% and 90% during winter. The electric motor of the fan is
characterised by a minimum electrical power consumption (different
from zero) due to the fact that the failure of the SAF is not imple-
mented by modifying the control signal, but through a physical stuck
of the fan. Moreover, due to the fact that the humidifier is not
operated during the winter faulty test, the values of both %y and
%0, are equal to —-100%. Peak power is solely impacted during
summer, with a reduction of around —48%.

5.7.3. Analysis of faults impacts in terms of daily electric energy demand,
operating costs, global equivalent CO2 emissions and operating time of AHU
components

Tables 8-11 and Tables A.3-A.6 of Appendix A indicate the following

main effects:

fault 1 does not have a significant impact on daily electrical energy
consumption, global equivalent CO, emissions and operation costs of
the AHU components during both seasons, with the exception of the
humidifier during summer (in the case of the faulty summer exper-
iment SF1 the humidifier is never turned on). These results are due to
the fact that during summer the return air relative humidity sensor is
providing wrong readings (i.e., 15% larger than the real return air
relative humidity values) and, therefore, the humidifier is not acti-
vated, while the operation of the PRS is enhanced (in order to
dehumidify) and the HP (together with its circulating pump) is also
used for a longer time in order to balance the prolonged activation of
the PRS (as indicated in Tables 11 and A.6);

fault 2 determines a relevant decrease of E.;, OC and mCO; of the
heat pump and its related circulating pump with respect to the
normal operation during both summer (by about -69%) and winter
(by approximately -31 + -33%). As a matter of fact, the HP is
operated during summer and winter faulty tests for at least 30 min
less than the corresponding normal experiments (as reported in
Table A.6 of Appendix A). On the other hand, this fault causes a
significant increase of daily electrical energy consumption, opera-
tional costs and global equivalent CO5 emissions of the humidifier
during both summer (by about 464 = 472%) and winter (the hu-
midifier is operated during the winter faulty test WF2, while it is not
activated during the corresponding winter normal experiment WN4).
The differences in terms of total E¢, OC and mCO; during summer
and winter, respectively, are around 32% and about 13 + 14%. The
above-mentioned outputs are caused by the fact that the return air
relative humidity sensor is reading values that are 15% lower than
the real RHgp values; this causes the humidifier to be activated for a
longer period, while the operation time of the HP (and its circulating
pump) is strongly reduced (as reported in Tables 11 and A.6);

fault 5 reduces the daily electrical energy consumption, operational
costs and global equivalent CO2 emissions of the HP and its circu-
lating pump by about 49%, 50% and 47%, respectively, during
summer and by about 80% during winter. A reduction of Ej, OC and
mCO; is recognized also for the humidifier during both summer (by
-100%) and winter (by around -51%--58%), while the RS and its
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circulating pump increase their daily electrical energy consumption,
operation costs and global equivalent CO5 emissions by about 16%
during summer and by around 9%-11% during winter. The differ-
ences between the faulty and normal tests in terms of total E.j, OC
and mCO; are about —16% during summer and around -22%-+-24%
during winter. However, these reductions correspond to worst in-
door thermal conditions during both summer and winter; in partic-
ular, during summer TMR is notably decreased in the case of faulty
test in comparison to the corresponding normal test (as reported in
Table 5); in addition, a worst relevance of deviations from desired
indoor air temperature is also recognized during both heating and
cooling seasons (as indicated in Table 5); moreover, during the
summer faulty test SF5 also the indoor air relative humidity met ratio
is significantly reduced with respect to the corresponding normal test
(see Table 5). These data are a consequence of the fact that the return
air temperature sensor is providing readings that are 3 °C higher than
the real Tgra values, so that the operation of both the HP (and its
circulating pump) and the humidifier are strongly reduced, while the
utilization of the PRS is significantly enhanced (as indicated in
Tables 11 and A.6);

fault 3 leads to an increase of the daily electrical energy consump-
tion, operation costs and global equivalent CO5 emissions of the heat
pump and its related circulating pump by about 31% during summer
and by around 41% during winter. A similar effect is observed for the
humidifier, while the refrigeration system and its circulating pump
are characterized by values of E., OC and mCO; lower than the
normal case by about 13%-+14% during summer and by about 10%
during winter. The differences between normal and faulty tests in
terms of total daily energy consumption, operating costs, and global
equivalent CO5 emissions during summer and winter, respectively,
are about 12%-+13% and 24%. The above-mentioned outcomes are
due to the fact that the return air temperature sensor is reading
values that are reduced by 3 °C with respect to the real values of Tra;
this causes the HP (and related circulating pump) to operate for a
longer period; in addition, the activation of the humidifier is strongly
enhanced, while the operation of the RS (and related PRS) is reduced
(as reported in Tables 11 and A.6);

fault 4 obviously causes values of %E¢, %0C and %CO; equal to
—-100% during both summer and winter, for the humidifier itself. In
addition, during summer the daily electrical energy consumption,
global equivalent CO, emissions and operational costs are reduced
by about 28% for the refrigeration system (with its circulating pump)
thanks to the lower operating time of the humidifier (as reported in
Tables 11 and A.6) and by around 15% with reference to the heat
pump (with its circulating pump) thanks to the lower operating time
of the refrigeration system (as indicated in Tables 11 and A.6). The
differences between faulty and normal tests in terms of total E¢, OC
and mCO; are about —31% during summer and around -15%--16%
during winter. On the other hand, it should be highlighted that, from
the point of view of indoor air hygrometric conditions, during the
winter faulty test WF4 there is a huge reduction of RHMR in com-
parison to the normal test WN6 (as reported in Table 5), together
with a worst value of |ryp |(as indicated in Table 5);

fault 9 leads to a significant reduction of the daily electrical energy
consumption, operation costs as well as global equivalent CO,
emissions of the heat pump and the refrigeration system (together
with their circulating pumps) by 100% and 84%, respectively, during
summer and by around 80%--81% and 88%, respectively, during
winter. For what is concerned the humidifier, its E¢;, OC and mCO,
during the summer faulty test SF9 are significantly lower than the
corresponding normal case. The differences between faulty and
normal tests in terms of total daily energy consumption, operating
costs, and global equivalent CO, emissions are about —-81% during
summer and around -74% during winter. These effects are obtained
thanks to the fact that, as reported in Tables 11 and A.6, the
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occurrence of this fault causes a reduced operation time of both the
RS and the HP (as well as their circulating pumps). However, this
decrease in terms of total Ej, OC and mCO- is counterbalanced by a
relevant reduction of indoor air temperature met ratio during both
cooling season and heating season (as reported in Table 5); further-
more, a worst relevance of deviations from desired indoor air tem-
perature is also recognized during both summer and winter (as
indicated in Table 5);

whatever the season is, fault 6 has a negligible influence in terms of
daily electric energy consumption, operating costs, and global
equivalent CO, emissions on the operation of the AHU components
in comparison to the normal operation, with the exception of the
humidifier and the refrigeration system. The differences between
faulty and normal tests in terms of total E¢), OC and mCO,, respec-
tively, are approximately 8%-+9% during summer and around 5%
during winter. These outcomes depend on the fact that during the
normal tests the cooling coil valve is fully open during the most part
of time (about 90% during the summer normal test SN4 and around
99% during the winter normal test WN8) for cooling and/or dehu-
midification purposes;

fault 7 significantly reduces the daily electrical energy consumption,
operating costs as well as global equivalent CO5 emissions of both the
humidifier (by 100% during both summer and winter) and the heat
pump (with its circulating pump) by 100% during summer and by
about 94% during winter. The differences between faulty and normal
tests in terms of total E., OC and mCO; are around -32% during
summer and about —-38% during winter. These results are mainly
because the utilization of the PostHC is not allowed and, therefore,
the operation time of both the HP and related circulating pump are
strongly reduced (as reported in Tables 11 and A.6); also the energy
demand of the humidifier is lowered. These reductions are counter-
balanced by the fact that this fault is accompanied by a significant
decrease in terms of indoor air temperature met ratio during both
summer and winter (as reported in Table 5); in addition, a worst
relevance of deviations from desired indoor air temperature is also
recognized during both heating and cooling seasons (as indicated in
Table 5);

fault 8 increases the total daily electrical energy consumption,
operating costs as well as global equivalent CO, emissions of the
humidifier, the refrigeration system (together with its circulating
pump) and the heat pump (together with its circulating pump) with
differences equal to about 63%-+64% during summer and around
82%--85% during winter. During both summer and winter faulty
tests, the RS (together with its circulating pump PRS) and the hu-
midifier significantly increase (by at least 20.0% during summer and
7.5% during winter) their operating time to compensate the effects of
this fault (as reported in Tables 11 and A.6);

fault 10 obviously reduces by more than about 77% the daily elec-
trical energy consumption, operational costs, and global equivalent
CO; emissions of the return air fan itself during both summer and
winter. In addition, during the winter faulty test WF10 the humidi-
fier is characterized by a relevant increase in terms of E¢), OC and
mCO, by around 732%, 665% and 625%, respectively, due to that
fact that the occurrence of this fault increases the outside air flowrate
characterized by lower humidity ratio in comparison to the return
air, thus requiring a longer operation of the humidifier (as indicated
in Tables 11 and A.6). The differences between faulty and normal
tests in terms of total daily energy consumption, operation costs, and
global equivalent CO5 emissions are almost limited and equal to -3%
during summer and 8% during winter. In addition, air quality inside
the test room is probably affected due to reduced volume air changes;
fault 11 has a significant impact on the daily electrical energy con-
sumption, operation costs, and global equivalent CO, emissions of
the heat pump, the refrigeration system and the supply air fan, with
reductions equal to about -98%, —-44% and -73%, respectively,
during summer and around -20%-+-25%, -29% and -75%,



Energy & Buildings 367 (2026) 117746

A. Rosato et al.

" n INM SA TLIM,
1

m __H_ Nz\s?oz\s"
s
—————— SNM SA 8IM

1
| - SNIM 'SA 9IM,
e . 1
B —— SNM '$A SIM
= ] INM 'SA TIM
& ] ENM 82 £IM
m — ] PNM 'SA TIM
[N |= |||||||||||||||||||||||||||||||||| B
= 0 INM A TIM,
D I e e e e e e e e e e e e e e e e e e ——————— = ———— Fl
e e ] 9N 'SA TT4S
PR e T |
B :
i NS 'S OTAS!
Do [ m |||||||||||||||||||||||||||||||||| !
e —
= e SNS 5% 645
_—— NS S8 848
————————] VNS 'S4 LdS
T 5 Y
_— #NS 's4 945,
S a
[ — INS 'S4 &dS
e ]
. = INS SA TS|
e e e e e e e e o ———————— ————— -
E NSS4 €4S
o I €NS 'sA TS
[ 1 .
INS 'SA 1S
=
R 08 8 82 2 ® ® ® ® £ 8 8 =
(=3 o (=} (=3 j=} (=1 [=} j=1 f=} (=} (=3 o (=}
(] — ~— o o [Te} o NS o) foX} o
| I I Aﬁ I I | I | 1_.

(%) S1S9) [eurIou pue Ajney udamiaq YNHIA% PUe MIALLA% JO Sanfep
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Fig. 7. Percentage difference between faulty and normal tests in terms of daily electrical energy consumption, operating costs and global equivalent CO, emissions

during summer and winter.

humidity met ratios (as reported in Table 5). In addition, it should be

respectively, during winter. The differences between faulty and
normal tests in terms of total E¢}, OC and mCO3, are equal to around

-60% during summer and about -31%-+-33% during winter. How-

highlighted that the complete failure of the supply air fan will surely

affect/reduce the volume air change and, therefore, the indoor air

quality.

ever, these decreases are counterbalanced during summer with an
important reduction of both indoor air temperature and relative
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The faults with the highest (greater than 20%) increases in terms of
total daily electricity consumption are the fault 8 during both summer
and winter, the fault 2 during summer, and the fault 3 during winter.
Fault 8 results in higher total daily electricity demand in summer
(63.3%) and winter (82.8%) because the heating coil supply valve is
always open (stuck at 100%), causing the heat pump to work much
harder; this also means that the cooling coil has to operate longer to
balance out the prolonged activation of the heating coil battery and
control the temperature of return air; the increased operation of the
cooling coil also leads to greater dehumidification of return air and,
therefore, also causes a more intensive use of the humidifier. The fault 2
during summer causes a larger total daily electricity consumption due to
the fact that the relative humidity sensor reading of return air is incor-
rect (the read value is always 15% lower than the actual value), which
mainly results in a much more significant energy electric demand of the
humidifier. A much higher total daily electricity consumption is also
found in the case of the fault 3 during winter, as the reading of the sensor
measuring return air temperature is always 3 °C lower than the actual
temperature; this leads to a greater electricity request by both the heat
pump (to increase the return air temperature) and by the humidifier (to
enhance the return air relative humidity), thus compensating for the
effects of the fault.

Similar considerations underlie the worst values found in terms of
operating costs and global equivalent CO, emissions.

5.8. Comparative analysis of faults’ severity

Fig. 6 summarizes the intensity of the effects related to each analysed
fault in terms of indoor air temperature and relative humidity met ratios
by reporting, respectively, the percentage differences %DTMR and %
DRHMR between corresponding faulty and normal tests:

%DTMR = TMRFaultyf TMRBaseline (37)
%DRHMR = RHMRgaty — RHMRggseline (38)

where TMRFauity and TMRpaseline, T€Spectively, are the percentages of
time during which indoor air temperature is maintained within the
specified deadbands during the faulty test and its corresponding normal
test, while RHMREgau1ty and RHMRggseline, respectively, are the percent-
ages of time during which indoor air relative humidity is maintained

Table 12
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within the desired upper and lower deadbands of RHsp room during the
faulty test and its corresponding normal test. The dashed red rectangles
in this figure are reported in the cases of the fault is not really effective (i.
e., %DTMR and %DRHMR both within + 10%).

On the other hand, Fig. 7 reports the impact intensity of the analysed
faults in terms of total daily electrical energy consumption, operational
costs and global equivalent CO, emissions. The dashed red rectangles in
this figure are reported for the tests where the occurrence of faulty
condition is not relevant (i.e., within + 10%).

Specifically, from Fig. 6 it can be derived that the following faults do
not significantly affect indoor thermo-hygrometric met ratios:

e humidifier valve always kept fully closed during the summer faulty
tests SF4;

the cooling coil valve always kept fully open during the summer
faulty test SF6;

the complete failure of the return air fan implemented during the
summer faulty test SF10;

the positive offset of the return air relative humidity sensor kept
equal to + 15% artificially introduced during the winter faulty test
WF1;

the cooling coil valve always kept fully open during the winter faulty
test WF6;

the complete failure of the return air fan implemented during the
winter faulty test WF10;

the complete failure of the supply air fan introduced during the
winter faulty test WF11.

On the opposite, all the other faults have a clear impact on at least
one of the two indoor considered met ratios.

Similarly, Fig. 7 shows that the following list of faults are charac-
terized by a marginal impact in terms of total daily electrical energy
consumption, operational costs, as well as global equivalent CO,
emissions:

o the positive offset of the return air relative humidity sensor kept
equal to + 15%, artificially implemented during the summer faulty
test SF1;

e the cooling coil valve always kept fully open during the summer
faulty test SF6;

Qualitative assessment of fault impact on total daily global equivalent CO, emissions, operational costs, electrical energy consumption, indoor air temperature met

ratio and relative humidity met ratio.

Faulty and normal tests Daily indoor air

Daily indoor air relative

Daily electrical energy Daily operating Daily global equivalent

undercomparison temperature met ratio humidity met ratio consumption costs CO, emissions
SF1 vs. SN2 0 - 0 0 0
SF2 vs. SN3 + - + + + o+ 44
SF3 vs. SN4 - - + + +
SF4 vs. SN2 0 0 - —— __
SF5 vs. SN1 - - - — _
SF6 vs. SN4 0 0 0 0 0
SF7 vs. SN4 -—— —— - __ _
SF8 vs. SN5 -— 0 + + 44 4+
SF9 vs. SN5 - - - - __
SF10 vs. SN5 0 0 0 0 0
SF11 vs. SN6 - - - __ _
WF1 vs. WN7 0 0 0 0 0
WEF2 vs. WN4 0 -— + + +
WEF3 vs. WN3 -- 0 ++ ++ ++
WF4 vs. WN6 0 - - — _
WEF5 vs. WN5 -— 0 —— - __
WF6 vs. WN8 0 0 0 0 0
WEF7 vs. WN2 - - - _— __
WE8 vs. WN5 —— 0 4+ 4+ 4+
WF9 vs. WN1 - = 0 —— —— _
WF10 vs. WN2 0 0 0 0
WF11 vs. WN2 0 0 —— __ __
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the complete failure of the winter return air fan implemented during
the faulty test SF10;

the positive offset of the return air relative humidity sensor kept
equal to + 15%, introduced during the winter faulty test WF1;

the cooling coil valve always kept fully open during the winter faulty
test WF6;

the complete failure of the return air fan implemented during the
winter faulty test WF10.

For the sake of completeness, the impact intensity of each fault is
indicated in Table 12 by using the following qualitative scale conceived
to enhance the readability of the results obtained:

e “0" means that the fault causes not substantial changes (differences
within £ 10%);

e “+” means that the fault causes slightly positive changes (differences
between 10 and 20%);

e “+ +” means that the fault causes substantial positive changes (dif-

ferences higher than 20%);

“~” means that the fault causes slightly negative changes (differences

between -10 and —20%);

e “— " means that the fault causes substantial negative changes (dif-
ferences lower than —20%).

According to Table 12, the most impactful fault, i.e. that one marked
with this symbol “+ +” or this symbol “— - with reference to all the
selected five parameters (i.e., daily indoor air temperature met ratio,
daily indoor air relative humidity met ratio, total electrical energy
consumption, global equivalent CO, emissions and operational costs) is
the post-heating coil valve remained closed (stuck at 0%) during both
summer and winter. Then, the faults marked with the symbol “+ +” or
the symbol “~ - with reference to four out of the selected five param-
eters are the following ones: negative offset equal to ~15% of the return
air relative humidity sensor during summer, post-heating coil valve fully
open (stuck at 100%) during summer and winter, cooling coil valve fully
closed (stuck at 0%) during both summer and winter, complete failure of
the supply air fan during summer, negative offset equal to —-3.0 °C of the
return air temperature sensor readings during winter, and positive offset
equal to + 3.0 °C of the return air temperature sensor readings during
winter.

6. Conclusions

The study evaluated the impact of 11 common faults on indoor
thermal and hygrometric conditions, electrical power demand, electric
energy consumption, operational costs as well as global equivalent CO5
emissions of components in a typical Air-Handling Unit; this assessment
was based on the comparison of experimental data from normal and
faulty tests conducted during summer and winter in southern Italy,
under similar conditions.

The results highlighted that the post-heating coil valve always kept
fully open, the negative offset of the return air relative humidity sensor
kept constant and equal to —-15%, and the negative offset equal to -3.0 °C
of the return air temperature sensor have the most adverse effects on
daily total electrical energy consumption, operational costs, as well as of
global equivalent CO, emissions during both summer and winter tests.
In terms of indoor air relative humidity met ratio, the negative offset of
the return air relative humidity sensor kept constant and equal to -15%
as well as the post-heating coil valve always kept closed were the most
detrimental ones during both seasons. The faults that negatively
impacted indoor air temperature met ratio the most were the negative
offset (-3.0 °C) of the return air temperature sensor, the positive offset
(+3.0 °C) of the return air temperature sensor, the post-heating coil
valve always kept closed, the post-heating coil valve always kept fully
open as well as the cooling coil valve always kept closed.

The compiled database will be publicly available for research and
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institutional use by various entities, including research organizations,
AFDD users, and developers. This study generated detailed experimental
data that can support advances in both fault diagnosis and system
optimization; the field data also provide a useful basis for ranking faults
and performing a more accurate cost-benefit analysis of maintenance
strategies.

As a next step, the authors aim to expand the database by considering
different fault types, including scenarios involving multiple simulta-
neous faults, diverse fault severities, and a broader range of operating
conditions. This will allow to experimentally identify critical thresholds
(e.g., fault severity levels) where the energy, environmental and eco-
nomic impacts escalate sharply. Additionally, they will develop a
detailed dynamic simulation model of the AHU, verified against normal
and faulty experimental data, to explore a wider set of faulty scenarios
under varied operational contexts. In addition, in the future the authors
would like to investigate how AHU faults affect long-term economic
costs beyond direct energy expenses. With reference to this aspect, it
should be underlined that persistent AHU failures can cause abnormal
operation, accelerating wear on AHU components and increasing
maintenance frequency and, therefore, raising replacement costs. In
buildings where thermal comfort or air quality is critical, these faults
may also lead to productivity losses or non-compliance with regulatory
standards, with potential financial implications. Moreover, unresolved
faults can escalate into major failures, turning what could be minor
operational expenses into additional and significant capital costs.
Although a quantitative analysis of these aspects falls outside the scope
of this work, we agree that they are crucial to consider when assessing
the overall relevance of fault impact analysis and detection strategies. To
better capture the full environmental relevance of AHU faults and
overcome some limitations of the current study, future research will
include Life Cycle Assessment approaches that account for both opera-
tional and embodied emissions related to specific faults. A final objective
will be then to create and validate a data-driven algorithm that make use
of experimental results for robustly deploy AFDD analyses to be easily
scaled on typical AHUs.
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Appendix A

Table A.1 reports the values of dTmax, dTtot, dRHmax, and dRH; (defined by Eqs. 24-27) upon varying the normal/faulty test.

Table A.1
Values of dTpax, dTtor, dARHmax, and dRHyo: upon varying the normal/faulty test.

dTmax (° €) AT (° C) dRHmax (%) dRHor (%)
SN2 1.3 3318.7 6.3 4551.2
SF1 1.1 1023.2 4.9 53182.3
SN3 1.1 2865.3 6.9 8211.8
SF2 1.2 1371.9 20.7 381609.1
SN4 1.1 2486.7 7.0 5269.6
SF3 3.3 69292.1 6.0 14489.9
SN2 1.3 3318.7 6.3 4551.2
SF4 1.2 2313.6 5.5 1409.9
SN1 1.1 3033.7 12.6 18152.1
SF5 3.1 58986.3 7.1 31561.6
SN4 1.1 2486.7 7.0 5269.6
SF6 1.4 1933.8 4.3 1355.1
SN4 1.1 2486.7 7.0 5269.6
SF7 5.5 121334.1 6.9 34473.3
SN5 1.3 3214.9 8.0 13759.9
SF8 3.3 80458.4 5.2 2768.9
SN5 1.3 3214.9 8.0 13759.9
SF9 3.6 64192.2 9.6 41809.6
SN5 1.3 3214.9 8.0 13759.9
SF10 1.2 2764.6 12.4 15195.7
SN6 1.5 1194.5 8.0 8320.7
SF11 1.2 3112.1 5.8 27395.4
WN7 0.9 1956.9 6.1 2276.4
WF1 1.0 1970.3 6.4 2190.3
WN4 1.0 1325.1 4.8 4200.5
WF2 1.0 4192.4 18.2 281629.5
WN3 1.0 1434.5 5.6 2232.4
WF3 3.4 57910.2 4.9 5115.5
WN6 1.2 3960.0 4.2 2593.6
WF4 1.1 2038.1 6.5 67510.3
WNS5 1.3 3717.0 2.5 1576.4
WF5 2.2 53062.6 3.5 974.0
WN8 1.0 2424.3 4.7 3733.6
WF6 1.1 2782.8 7.6 5123.3
WN2 0.9 1336.7 3.5 1259.0
WF7 4.3 98518.6 4.3 93765.9
WN5 1.3 3717.0 2.5 1576.4
WF8 5.9 118150.0 3.8 2562.0
WN1 1.1 1381.1 4.4 1925.0
WF9 1.1 16083.4 5.3 1882.5
WN2 0.9 1336.7 3.5 1259.0
WF10 0.9 2111.5 9.0 8600.3
WN2 0.9 1336.7 3.5 1259.0
WF11 1.0 1238.6 2.5 729.1

Table A.2 reports the values of the p¢ and the 6. upon varying both the normal/faulty test as well as the AHU component.

Table A.2
Values of 1 and o, upon varying both the normal/faulty test as well as the AHU component.

SAF RAF RS HP HUM

Hel (W) Gel (W) Hel (W) el (W) pel (W) el (W) pel (W) el (W) Hel (W) el (W)
SN2 337.3 8.3 74.0 1.3 3824.8 1573.9 3659.4 1801.3 3081.2 995.7
SF1 336.1 8.0 73.9 1.3 3781.9 1568.1 3645.6 1790.1 0.0 0.0
SN3 338.5 10.3 73.8 1.9 4479.1 1403.4 4354.2 1657.9 3151.6 936.3
SF2 333.6 13.7 73.7 2.6 5139.0 429.5 5351.8 508.3 3461.2 484.4
SN4 341.4 13.8 73.3 2.6 4836.8 547.5 5411.8 560.6 3233.5 885.2
SF3 337.1 14.0 73.2 2.9 4823.3 539.7 5372.0 535.9 3235.3 868.2
SN2 337.3 8.3 74.0 1.3 3824.8 1573.9 3659.4 1801.3 3081.2 995.7

(continued on next page)
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Table A.2 (continued)

SAF RAF RS HP HUM

pet (W) Gel (W) et (W) Gel (W) Het (W) Gel (W) Hel (W) Gel (W) Hel (W) Gel (W)
SF4 344.4 14.0 73.6 2.6 4918.7 962.6 5433.5 545.5 0.0 0.0
SN1 343.7 8.4 74.6 3.0 3406.5 1533.2 3571.9 1797.7 3151.5 911.3
SF5 346.4 13.9 73.7 2.6 4812.2 461.3 5442.9 590.0 0.0 0.0
SN4 341.4 13.8 73.3 2.6 4836.8 547.5 5411.8 560.6 3233.5 885.2
SF6 345.1 14.0 73.6 2.5 4824.1 3925 5359.4 593.6 3281.0 827.4
SN4 341.4 13.8 73.3 2.6 4836.8 547.5 5411.8 560.6 3233.5 885.2
SF7 352.7 13.8 73.8 2.5 4833.9 438.9 0.0 0.0 0.0 0.0
SN5 3445 14.2 73.7 2.6 4766.5 670.7 5377.8 534.7 3244.7 864.6
SF8 341.2 12.9 73.2 2.6 4821.7 381.6 5376.5 521.0 3425.1 591.0
SN5 344.5 14.2 73.7 2.6 4766.5 670.7 5377.8 534.7 3244.7 864.6
SF9 340.9 13.3 73.1 2.6 4900.7 496.0 0.0 0.0 3075.5 1197.9
SN5 344.5 14.2 73.7 2.6 4766.5 670.7 5377.8 534.7 3244.7 864.6
SF10 333.2 15.8 16.9 0.0 4829.6 444.9 5331.4 551.6 3278.1 830.4
SN6 337.7 13.3 73.5 2.6 4774.3 437.5 5347.3 551.5 0.0 0.0
SF11 92.8 4.4 70.9 3.1 4814.8 474.4 5560.5 461.2 0.0 0.0
WN7 358.6 15.9 75.8 2.8 4691.0 437.1 5955.5 826.2 0.0 0.0
WF1 358.6 15.2 75.6 2.8 4704.9 439.2 6006.9 752.4 0.0 0.0
WN4 346.5 14.2 75.6 2.7 4322.1 384.2 5343.1 762.4 0.0 0.0
WF2 345.6 14.4 74.7 2.7 4277.7 410.3 5356.4 664.6 3263.2 830.3
WN3 350.3 15.0 75.6 4.5 4020.0 388.5 5257.3 876.2 3059.2 1073.5
WF3 346.7 14.1 75.6 2.6 4030.2 354.2 5268.8 832.2 3250.3 845.7
WN6 353.1 14.9 75.6 3.3 4153.7 378.2 5552.0 801.2 3239.6 879.8
WF4 352.8 14.8 75.8 2.7 4160.6 378.6 5549.0 786.9 0.0 0.0
WN5 354.6 15.4 75.9 8.5 4113.7 385.0 5589.8 703.6 3212.2 884.0
WF5 357.5 10.5 76.1 2.7 4141.7 354.6 5620.6 680.1 3040.0 1076.1
WNS8 358.6 15.6 75.3 2.7 4636.1 435.7 5965.4 648.0 3143.2 976.4
WF6 357.2 15.4 75.4 2.6 5231.2 485.1 5948.8 887.0 3172.3 939.2
WN2 349.1 16.3 75.6 3.3 4180.4 394.3 5283.8 800.4 2879.5 1374.5
WF7 357.7 13.6 76.3 2.7 4153.6 365.3 5379.7 618.2 0.0 0.0
WN5 354.6 15.4 75.9 8.5 4113.7 385.0 5589.8 703.6 3212.2 884.0
WEF8 339.0 13.8 75.4 3.7 4118.8 368.4 5249.3 820.9 3354.0 715.0
WN1 342.7 14.4 75.1 2.7 4080.4 380.5 5265.9 926.6 0.0 0.0
WF9 348.5 3.9 73.3 2.6 4099.2 358.7 5252.9 971.6 0.0 0.0
WN2 349.1 16.3 75.6 3.3 4180.4 394.3 5283.8 800.4 2879.5 1374.5
WF10 341.0 16.8 16.9 0.1 4176.0 354.6 5283.4 848.8 3236.3 886.2
WN2 349.1 16.3 75.6 3.3 4180.4 394.3 5283.8 800.4 2879.5 1374.5
WF11 87.9 1.6 73.4 3.6 4219.7 389.9 5360.7 628.9 0.0 0.0

Table A.3 reports the values of E¢ upon varying both the normal/faulty test as well as the AHU component.

Table A.3
Values of Ej upon varying both the normal/faulty test as well as the AHU component during the summer and winter.

SAF RAF RS + PRS HP + PHP HUM TOTAL
Ee of SN2 (kWh) 3.0 0.7 28.5 9.3 5.1 46.6
Ee of SF1 (kWh) 3.0 0.7 29.6 10.5 0.0 43.8
E¢ of SN3 (kWh) 3.0 0.7 28.5 10.3 4.4 46.9
E, of SF2 (kWh) 3.0 0.7 29.7 3.2 25.2 61.8
Eel of SN4 (kWh) 3.1 0.7 26.0 10.1 4.3 44.1
E¢ of SF3 (kWh) 3.0 0.7 22.6 13.2 10.3 49.8
Ee of SN2 (kWh) 3.0 0.7 28.5 9.3 5.1 46.6
Ee of SF4 (kWh) 3.1 0.7 20.5 7.9 0.0 32.2
Eel of SN1 (kWh) 3.1 0.7 22.4 9.6 5.3 41.0
Ee of SF5 (kWh) 3.1 0.7 25.9 4.9 0.0 34.6
Eel of SN4 (kWh) 3.1 0.7 26.0 10.1 4.3 44.1
Eel of SF6 (kWh) 3.1 0.7 28.6 9.4 6.0 47.7
Ec1 of SN4 (kWh) 3.1 0.7 26.0 10.1 4.3 441
Eel of SF7 (kWh) 3.2 0.7 26.3 0.0 0.0 30.2
Eel of SN5 (kWh) 3.1 0.7 23.7 8.6 5.7 41.8
E¢ of SF8 (kWh) 3.1 0.7 28.8 16.0 19.6 68.2
Ee of SN5 (kWh) 3.1 0.7 23.7 8.6 5.7 41.8
Eel of SF9 (kWh) 3.1 0.7 3.8 0.0 0.6 8.1
Eel of SN5 (kWh) 3.1 0.7 23.7 8.6 5.7 41.8
Ec of SF10 (kWh) 3.0 0.2 22.1 9.6 5.5 40.3
Ee) of SN6 (kWh) 3.0 0.7 24.8 10.6 0.0 39.0
Eel of SF11 (kWh) 0.8 0.6 13.9 0.2 0.0 15.6
E1 of WN7 (kWh) 3.2 0.7 15.4 12.8 0.0 32.2
Ee of WF1 (kWh) 3.2 0.7 15.7 13.4 0.0 33.0
Eel of WN4 (kWh) 3.1 0.7 16.0 10.9 0.0 30.7
Ee of WF2 (kWh) 3.1 0.7 14.8 7.4 8.9 34.8

(continued on next page)
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Table A.3 (continued)

SAF RAF RS + PRS HP + PHP HUM TOTAL
E. of WN3 (kWh) 3.2 0.7 13.0 12.5 1.6 31.0
Ee of WF3 (kWh) 3.1 0.7 11.7 17.7 5.1 38.3
Eel of WN6 (kWh) 3.2 0.7 13.1 6.9 4.1 28.0
E. of WF4 (kWh) 3.2 0.7 13.0 6.7 0.0 23.6
Ee of WN5 (kWh) 3.2 0.7 13.3 7.2 3.5 27.9
Eel of WF5 (kWh) 3.2 0.7 14.6 1.4 1.6 21.5
Ee of WN8 (kWh) 3.2 0.7 15.1 14.2 2.7 35.9
E. of WF6 (kWh) 3.2 0.7 15.2 15.1 3.6 37.8
Eel of WN2 (kWh) 3.1 0.7 14.4 10.0 0.4 28.7
E¢ of WF7 (kWh) 3.2 0.7 13.4 0.6 0.0 17.9
E. of WN5 (kWh) 3.2 0.7 13.3 7.2 3.5 27.9
Ec of WF8 (kWh) 3.1 0.7 15.5 21.3 10.5 51.0
Ecl of WN1 (kWh) 3.1 0.7 12.9 13.6 0.0 30.2
Ee of WF9 (kWh) 3.1 0.7 1.5 2.6 0.0 8.0
Ee of WN2 (kWh) 3.1 0.7 14.4 10.0 0.4 28.7
Ee of WF10 (kWh) 3.1 0.2 11.9 12.3 3.5 30.9
E¢ of WN2 (kWh) 3.1 0.7 14.4 10.0 0.4 28.7
Ee of WF11 (kWh) 0.8 0.7 10.2 8.0 0.0 19.6

Table A.4 reports the values of OC upon varying both the normal/faulty test as well as the AHU component.

Table A.4
Values of OC upon varying both the normal/faulty test as well as the AHU component.

SAF RAF RS + PRS HP + PHP HUM TOTAL
OC of SN2 (€) 0.3 0.1 3.0 1.0 0.5 4.9
OC of SF1 (€) 0.3 0.1 3.1 1.1 0.0 4.6
OC of SN3 (€) 0.4 0.1 3.3 1.2 0.5 5.5
OC of SF2 (€) 0.4 0.1 3.5 0.4 3.0 7.2
OC of SN4 (€) 0.4 0.1 3.0 1.2 0.5 5.0
OC of SF3 (€) 0.3 0.1 2.6 1.5 1.2 5.7
OC of SN2 (€) 0.4 0.1 3.4 1.1 0.6 5.6
OC of SF4 (€) 0.4 0.1 2.5 1.0 0.0 3.9
OC of SN1 (€) 0.3 0.1 2.4 1.0 0.6 4.5
OC of SF5 (€) 0.3 0.1 2.8 0.5 0.0 3.8
OC of SN4 (€) 0.3 0.1 2.8 1.1 0.5 4.8
OC of SF6 (€) 0.3 0.1 3.1 1.0 0.6 5.2
OC of SN4 (€) 0.4 0.1 3.4 1.3 0.6 5.8
OC of SF7 (€) 0.4 0.1 3.5 0.0 0.0 4.0
OC of SN5 (€) 0.4 0.1 3.1 1.1 0.8 5.5
OC of SF8 (€) 0.4 0.1 3.8 2.1 2.6 9.0
OC of SN5 (€) 0.4 0.1 3.1 1.1 0.7 5.4
OC of SF9 (€) 0.4 0.1 0.5 0.0 0.1 1.0
OC of SN5 (€) 0.4 0.1 3.3 1.2 0.8 5.8
OC of SF10 (€) 0.4 0.0 3.0 1.3 0.8 5.6
OC of SN6 (€) 0.4 0.1 3.5 1.5 0.0 5.4
OC of SF11 (€) 0.1 0.1 1.9 0.0 0.0 2.2
OC of WN7 (€) 0.8 0.2 3.6 3.2 0.0 7.7
OC of WF1 (€) 0.8 0.2 3.7 3.3 0.0 8.0
OC of WN4 (€) 0.8 0.2 3.9 2.7 0.0 7.5
OC of WF2 (€) 0.8 0.2 3.6 1.8 2.1 8.4
OC of WN3 (€) 1.5 0.3 6.1 6.0 0.8 14.7
OC of WF3 (€) 1.5 0.3 5.5 8.4 2.4 18.2
OC of WN6 (€) 0.7 0.2 2.9 1.6 0.9 6.2
OC of WF4 (€) 0.7 0.2 2.9 1.5 0.0 5.3
OC of WN5 (€) 0.7 0.2 3.0 1.7 0.8 6.3
OC of WF5 (€) 0.7 0.2 3.3 0.3 0.3 4.8
OC of WN8 (€) 1.5 0.3 6.8 6.5 1.2 16.3
OC of WF6 (€) 1.5 0.3 6.9 7.0 1.6 17.2
OC of WN2 (€) 1.2 0.3 5.7 3.9 0.2 11.3
OC of WF7 (€) 1.3 0.3 5.3 0.2 0.0 7.0
OC of WN5 (€) 1.0 0.2 4.3 2.4 1.1 9.1
OC of WF8 (€) 1.0 0.2 5.1 7.0 3.4 16.6
OC of WN1 (€) 0.8 0.2 3.2 3.4 0.0 7.5
OC of WF9 (€) 0.8 0.2 0.4 0.7 0.0 2.0
OC of WN2 (€) 1.3 0.3 5.8 4.0 0.2 11.5
OC of WF10 (€) 1.2 0.1 4.7 4.9 1.4 12.4
OC of WN2 (€) 1.2 0.3 5.3 3.7 0.2 10.6
OC of WF11 (€) 0.3 0.2 3.8 3.0 0.0 7.3

Table A.5 reports the values of mCO, upon varying both the normal/faulty test as well as the AHU component.
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Table A.5
Values of mCO; upon varying both the normal/faulty test as well as the AHU component.

SAF RAF RS + PRS HP + PHP HUM TOTAL
mCO; of SN2 (gCO) 878.3 192.6 8235.3 2700.7 1454.7 13461.7
mCO; of SF1 (gCO2) 874.8 192.4 8540.7 3064.6 0.0 12672.6
mCO; of SN3 (gCO2) 1121.1 244.4 10484.5 3767.7 1647.4 17265.1
mCO; of SF2 (gCO2) 1103.5 243.9 10923.5 1178.1 9296.6 22745.5
mCO; of SN4 (gCO2) 941.2 201.8 7977.6 3094.6 1312.7 13527.9
mCO; of SF3 (gCO2) 929.5 201.8 6892.9 4050.6 3139.4 15214.3
mCO; of SN2 (gCO2) 951.8 208.7 8919.0 2910.1 1579.2 14568.9
mCO; of SF4 (gCO2) 972.1 207.8 6435.5 2487.9 0.0 10103.2
mCO; of SN1 (gCO2) 660.7 143.4 4777.8 2068.4 1174.3 8824.6
mCO; of SF5 (gCO2) 666.2 141.8 5528.5 1096.2 0.0 7432.7
mCO; of SN4 (gCO2) 955.4 204.9 8114.6 3131.5 1334.7 13741.1
mCO; of SF6 (gCO2) 964.9 206.0 8905.4 2936.2 1929.3 14941.7
mCO; of SN4 (gCO-) 978.5 209.9 8296.1 3214.6 1356.9 14056.0
mCO; of SF7 (gCO2) 1009.8 211.5 8362.4 0.0 0.0 9583.7
mCO; of SN5 (gCO2) 844.5 180.7 6472.5 2348.8 1554.5 11401.1
mCO; of SF8 (gCO2) 835.7 179.3 7891.7 4356.6 5452.8 18716.0
mCO; of SN5 (gCO5) 787.4 168.5 6030.1 2189.8 1450.1 10625.9
mCO; of SF9 (gCO2) 778.5 166.8 962.4 0.0 156.1 2063.8
mCO; of SN5 (gCO2) 1021.3 218.6 7825.2 2837.6 1876.8 13779.5
mCO; of SF10 (gCO2) 987.9 50.1 7353.3 3198.3 1740.9 13330.5
mCO; of SN6 (gCO2) 1053.0 229.3 8597.9 3652.4 0.0 13532.6
mCO; of SF11 (gCO2) 290.4 221.0 4836.4 59.2 0.0 5407.1
mCO; of WN7 (gCO5) 1245.0 263.1 5945.0 4936.2 0.0 12389.3
mCO; of WF1 (gCO32) 1244.9 262.5 6045.5 5140.9 0.0 12693.8
mCO, of WN4 (gCO5) 1066.1 232.5 5476.7 3657.1 0.0 10432.5
mCO, of WF2 (gCO2) 1063.6 229.9 5052.3 2510.2 2993.3 11849.2
mCO; of WN3 (gCO5) 1365.2 294.7 5615.8 5395.9 728.8 13400.3
mCO;, of WF3 (gCO2) 1351.6 294.7 5052.1 7610.1 2249.2 16557.8
mCO; of WN6 (gCO-) 1180.1 252.6 4835.2 2547.8 1544.6 10360.4
mCO; of WF4 (gCO2) 1179.0 253.2 4806.4 2439.4 0.0 8678.0
mCO; of WN5 (gCO5) 1029.9 220.4 4260.0 2341.0 1150.3 9001.6
mCO, of WF5 (gCO2) 1037.7 220.8 4722.9 469.9 558.9 7010.2
mCO, of WN8 (gCO5) 1160.4 243.7 5425.7 5122.9 978.4 12931.2
mCO; of WF6 (gCO2) 1155.8 243.9 5437.0 5462.9 1289.2 13588.7
mCO, of WN2 (gCO5) 1094.6 237.2 5023.0 3473.5 150.8 9979.1
mCO, of WF7 (gCO2) 1121.4 239.1 4659.3 193.8 0.0 6213.6
mCO; of WN5 (gCO5) 907.6 194.2 3763.1 2038.8 1018.8 7922.4
mCO, of WF8 (gCO2) 866.6 192.8 4430.5 6049.9 3122.1 14661.9
mCO; of WN1 (gCO-) 939.6 205.8 3912.3 4161.3 0.0 9219.0
mCO, of WF9 (gCO2) 955.4 200.9 470.8 809.4 0.0 2436.6
mCO; of WN2 (gCO5) 957.0 207.4 4372.6 3058.2 147.4 8742.5
mCO; of WF10 (gCO2) 935.0 46.4 3605.1 3767.2 1068.3 9422.1
mCO; of WN2 (gCO2) 992.1 215.0 4541.3 3156.6 152.0 9057.1
mCO; of WF11 (gCO2) 249.6 208.6 3221.5 2383.3 0.0 6063.0

Table A.6 reports values of OT upon varying both the normal/faulty test as well as the AHU component.

Table A.6
Values of OT upon varying both the normal/faulty test as well as the AHU component.
SAF RAF RS HP HUM PRS PHP
OT of SN2 (min) 540.0 540.0 345.3 83.1 98.7 484.2 319.2
OT of SF1 (min) 540.0 540.0 355.4 97.9 0.0 540.0 347.2
OT of SN3 (min) 539.5 539.8 299.3 76.6 83.9 465.7 363.1
OT of SF2 (min) 538.7 539.5 274.4 17.6 436.8 464.9 126.6
OT of SN4 (min) 538.7 539.6 241.9 64.2 79.2 488.4 330.2
OT of SF3 (min) 538.5 539.4 220.4 80.5 190.2 371.4 460.1
OT of SN2 (min) 540.0 540.0 345.3 83.1 98.7 484.2 319.2
OT of SF4 (min) 538.8 539.6 197.6 45.7 0.0 325.9 285.4
OT of SN1 (min) 540.0 539.4 293.1 89.0 101.6 433.2 324.2
OT of SF5 (min) 538.7 539.6 234.3 32.2 0.0 538.7 148.6
OT of SN4 (min) 538.7 539.6 241.9 64.2 79.2 488.4 330.2
OT of SF6 (min) 538.7 539.5 266.8 60.3 109.5 540.0 302.5
OT of SN4 (min) 538.7 539.6 2419 64.2 79.2 488.4 330.2
OT of SF7 (min) 538.7 539.6 238.3 0.0 0.0 538.4 0.0
OT of SN5 (min) 538.7 539.5 2249 54.1 105.2 440.8 285.1
OT of SF8 (min) 538.7 539.6 269.9 99.3 343.0 538.7 540.0
OT of SN5 (min) 538.7 539.5 2249 54.1 105.2 440.8 285.1
OT of SF9 (min) 538.7 539.6 46.1 0.0 12.5 0.0 0.0
OT of SN5 (min) 538.7 539.5 2249 54.1 105.2 440.8 285.1

(continued on next page)
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SAF RAF RS HP HUM PRS PHP
OT of SF10 (min) 538.7 0.0 200.8 60.2 100.4 448.1 322.2
OT of SN6 (min) 538.7 539.6 221.5 70.2 0.0 538.5 327.9
OT of SF11 (min) 0.2 539.6 84.3 2.0 0.0 538.7 0.0
OT of WN7 (min) 538.7 539.5 106.1 99.9 0.0 538.3 221.5
OT of WF1 (min) 538.7 539.5 109.2 103.2 0.0 538.4 231.5
OT of WN4 (min) 538.7 539.5 123.5 82.9 0.0 538.7 266.7
OT of WF2 (min) 538.7 539.5 126.3 54.3 163.0 436.9 191.5
OT of WN3 (min) 538.7 539.5 86.6 103.4 323 538.2 267.3
OT of WF3 (min) 538.7 539.5 86.1 140.6 94.8 443.6 409.3
OT of WN6 (min) 538.7 539.5 96.2 56.3 75.8 482.5 130.6
OT of WF4 (min) 538.7 539.5 97.6 54.5 0.0 469.8 127.0
OT of WN5 (min) 538.7 539.5 96.7 62.5 65.8 501.3 107.9
OT of WF5 (min) 539.3 539.5 108.2 15.4 31.7 538.3 0.0
OT of WN8 (min) 538.6 539.5 103.5 110.1 51.3 535.7 244.6
OT of WF6 (min) 538.7 539.5 92.4 118.4 68.0 538.6 256.2
OT of WN2 (min) 538.7 539.5 104.6 79.5 8.8 538.8 226.6
OT of WF7 (min) 538.7 539.5 90.2 6.2 0.0 538.3 0.0
OT of WN5 (min) 538.7 539.5 96.7 62.5 65.8 501.3 107.9
OT of WF8 (min) 538.7 539.5 122.2 163.3 187.1 538.8 540.0
OT of WN1 (min) 538.7 539.5 84.1 1111 0.0 538.6 294.1
OT of WF9 (min) 540.0 539.5 22.7 26.2 0.0 0.0 25.2
OT of WN2 (min) 538.7 539.5 104.6 79.5 8.8 538.8 226.6
OT of WF10 (min) 538.7 0.0 74.0 96.2 65.4 508.6 289.3
OT of WN2 (min) 538.7 539.5 104.6 79.5 8.8 538.8 226.6
OT of WF11 (min) 0.0 539.3 43.4 36.4 0.0 538.4 359.8

Data availability

Data will be made available on request.
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