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Heating, Ventilation and Air-Conditioning (HVAC) systems are responsible of 50-60% of 

energy demand of the building sector. The scientific literature highlights that HVAC units 

are frequently operated under faulty conditions that can significantly affect their 

performance. In this paper, the performance of a typical single-duct dual-fan constant air 

volume Air-Handling Unit (AHU) is investigated through a number of experiments 

performed during Italian cooling and heating seasons under both fault free and faulty 

scenarios. The AHU operation is analysed while artificially introducing seven typical 

faults: return air damper kept always closed; fresh air damper kept always closed; fresh air 

damper kept always open; exhaust air damper kept always closed; supply air filter clogged 

at 50%; fresh air filter clogged at 50%; return air filter clogged at 50%. The faulty and fault 

free tests are compared to assess the environmental and economic performance impacts. 

The experimental data highlighted that the most adverse fault is that one corresponding to 

the exhaust air dumper kept always closed; in particular, it increases both the daily global 

equivalent CO2 emissions and the daily operating costs up to 110% in comparison with the 

fault free conditions. 
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1. INTRODUCTION

About 36% of the world’s energy demand and 37% of 

greenhouse gas emissions are attributed to buildings. Heating, 

Ventilation and Air-Conditioning (HVAC) systems play a 

major role, accounting for between 50 and 60% of building 

energy demand and between 10 and 20% of overall energy 

consumption [1, 2]. The scientific literature points out that 

HVAC systems are frequently operated under faulty 

conditions due to lack of proper maintenance, components’ 

failure or incorrect installation, significantly affecting their 

energy, environmental and economic performance [3, 4]. 

Companies typically use two different types of maintenances 

(reactive or preventive maintenance) to ensure the reliability 

of HVAC units [5, 6]. The Automated Fault Detection and 

Diagnosis (AFDD), which automatically detects and 

diagnoses deviations from normal operation problems, could 

address some critical points that both approaches have [2, 7, 

8]. According to several studies [6, 8, 9], AFDD tools can 

provide a number of advantages, including enhancing indoor 

comfort and equipment lifespans, as well as reducing 

greenhouse gas emissions, energy costs, maintenance and 

operating expenses [10, 11]. The techniques used for 

conducting AFDD analyses can be categorized into: (i) 

quantitative model-based, (ii) qualitative model-based, and 

(iii) data-driven methods [7, 9, 12]. The data-driven methods

are gaining more and more interest mainly thanks to those

facts the (i) they can enhance the accuracy of detection and

diagnosis, as well as (ii) they can be adopted even when there’s 

limited physics-based knowledge [7, 8, 13]. However, data 

driven-based AFDD tools can be exploited to identify faults 

by analyzing changes in specific variable patterns and looking 

for causes based on the comparison between normal and faulty 

field operation. [7, 8, 13]. Therefore, they necessitate labelled, 

dependable, cost-effective, and scalable experimental data; 

however, acquiring such data is really challenging and time-

consuming [7, 8, 14]. It’s worth noting that only a limited 

number of studies performed quantitative analyses by using 

real-world data assessing how different types and severities of 

faults can impact users’ comfort, key parameter patterns, 

energy usage, greenhouse gas emissions, operational and 

maintenance expenses, and equipment lifespan [4, 15-17]. 

Only few studies have been focused on single-duct dual-fan 

constant air volume air-handling units (AHUs) [17-19]. Even 

if the occurrence of dampers’ faults in AHUs has been 

analysed in a number of scientific works [20], faults on filters 

of AHUs have been studied only in very few papers [20]; in 

particular, none of them has been carried out with reference to 

Italian climatic conditions. In light of these observations, 

further efforts could be crucial in shaping the future 

advancement of AFDD technologies with reference to the 

occurrence of faults on dampers and filters in AHUs. In this 

study, the operation of a typical single-duct dual-fan constant 

air volume AHU, integrated in the SENS i-Lab of the 

Department of Architecture and Industrial Design of the 

University of Campania Luigi Vanvitelli (located in Aversa, 
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south of Italy), has been experimentally characterized on the 

basis of daily tests performed under both normal and faulty 

conditions during both Italian summer and winter seasons. In 

particular, the operation of the AHU has been analysed while 

artificially introducing the following 7 different typical faults: 

(1) return air damper kept always closed (stuck at 0%), (2) 

fresh air damper kept always closed (stuck at 0%), (3) fresh air 

damper kept always open (stuck at 100%), (4) exhaust air 

damper kept always closed (stuck at 0%), (5) fresh air filter 

partially clogged at 50%, (6) supply air filter partially clogged 

at 50% and (7) return air filter partially clogged at 50%. The 

experimental data have been investigated comparing the ones 

obtained under faulty conditions with data acquired under 

fault-free operation under similar boundary conditions. The 

aim of this investigation is to assess the impact of the identified 

faults in terms of CO2 emissions and operating costs to support 

the development of data-driven AFDD tools. Section 2 

describes the experimental set-up, while Section 3 details the 

experimental tests. Section 4 compares the boundary 

conditions of the experiments, while Section 5 discusses the 

effects associated with the faults’ occurrence. 

 

 

2. EXPERIMENTAL SET-UP 

 

The SENS i-Lab is an innovative, multi-sensorial and multi-

purpose laboratory of the Department of Architecture and 

Industrial Design of the University of Campania Luigi 

Vanvitelli (Aversa, south of Italy) [21]. It mainly consists of 

an integrated test room served by a typical HVAC system, 

including a single-duct dual-fan constant air volume AHU, 

able to control indoor air temperature, indoor air relative 

humidity, indoor air velocity and indoor air quality. Figure 1 

reports the schematic configuration of the AHU that is fully 

equipped in order to monitor, control and record the key 

parameters of the system. Among the other components, the 

AHU includes three dampers (exhaust air damper DEA, 

outdoor air damper DOA and return air damper DRA). All of 

them are manufactured by the CLA s.r.l. company [22]. Each 

damper is characterized by a frame in galvanised steel 

(thickness of 1.0 mm) and airfoil blades are in galvanised steel 

(with thickness of 0.5+0.5 mm and distance between blades of 

100 mm). They are categorized as Class 4 according to EN 

1751 Standard [23]. The dimensions of DEA, DOA and DRA, 

respectively, are the following: 70×41 cm², 70×31 cm² and 

40×11 cm². The AHU is also equipped with three filters (return 

air filter RAFil, outdoor air filter OAFil, and supply air filter 

SAFil). All the filters are manufactured by the F.C.R. company 

[24], with the following sizes (long side, short side, and 

thickness): 59.2×28.7×4.8 cm³ for RAFil, 59.2×28.7×9.8 cm³ 

for OAFil, and 59.2×28.7×28.2 cm³ for SAFil. RAFil and 

OAFil are identical. Filter media is a progressive density 

synthetic fibre. Both filters are classified as ISO Coarse class 

50% according to ISO 16890 [25]. The outdoor air filter is 

characterized by a nominal airflow rate of 2300 m³/h across a 

0.4 m² filtering area, with a pressure drop of 70 Pa. In contrast, 

the return air filter has a nominal airflow rate of 1650 m³/h 

over a 0.3 m² filtering area, with a pressure drop of 70 Pa. 

SAFil is a 3V rigid bag filter with injection-moulded plastic 

(polystyrene) frame. Its filtering medium is a water repellent 

fiberglass paper pleated at calibrated pitch with continuous 

thermoplastic wire separation. It is classified as ePM1 85% 

according to ISO 16890 [25]. This filter is characterized by a 

nominal pressure drop of 110 Pa at a nominal airflow rate of 

1700 m³/h. 

 

 

 
 

Figure 1. Schematic of the AHU of the SENS i-Lab 

 

The AHU is operated according to a specific control logic. 

In particular, the following parameters are manually set (and 

eventually modified during the tests) by the end-users: (i) the 

desired room setpoint of both indoor air temperature (TSP,Room) 

and indoor air relative humidity (RHSP,Room); (ii) the TSP,Room 

deadband DBT and RHSP,Room deadband DBRH; (iii) the return 

air fan (OLRAF) and the supply air fan (OLSAF) velocity; (iv) 

the return air damper opening percentage (OPDRA), the outdoor 

air damper (OPDOA) opening percentage, the exhaust air 

damper opening percentage (OPDEA); (v) the activation of the 

static heat-recovery system damper (OPDHRS). The parameters 

OPDRA, OPDOA and OPDEA can range between 0 and 100%, 
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where 100% means that the damper is fully open and 0% fully 

closed. The parameter OPDHRS can be set to 100% (the heat 

recovery does not occur) or 0% (the heat recovery from return 

air flow takes place). Once the previous parameters are 

manually set by the end-users, the opening percentages of the 

valves supplying the pre-heating coil (OPV_PreHC), the post-

heating coil (OPV_PostHC), the cooling coil (OPV_CC) and the 

humidifier (OPV_HUM) are automatically managed between 0 

and 100% by PID (proportional-integral-derivative) 

controllers in order to maintain the desired room setpoint. 

Alternatively, at the beginning or during the test, the end-users 

can also manually force the opening percentages of the valves 

(OPV_PreHC, OPV_PostHC, OPV_CC and OPV_HUM) for research 

purposes. Even if the AHU is equipped with a pre-heating coil 

and a heat recovery system, these components have been 

always manually deactivated during the tests. Additional 

details about the characteristics of the AHU can be found in 

[10, 11]. 

 

 

3. EXPERIMENTAL TESTS 

 

Twenty-eight daily fault free and faulty experiments are 

carried out (from 9:00 a.m. up to 6:00 p.m.) in order to 

investigate the AHU behaviour under Italian summer and 

winter seasons. In particular, 14 tests (SN1, SN2, SN3, SN4, 

SN5, SN6, SN7, WN1, WN2, WN3, WN4, WN5, WN6 and 

WN7) have been performed under normal (N) conditions; in 

more detail, the tests (SN1, SN2, SN3, SN4, SN5, SN6 and 

SN7) have been carried out during the summer 2022 (S), while 

the other tests (WN1, WN2, WN3, WN4, WN5, WN6 and 

WN7) have been developed during the winter 2022/23 (W). 

The remaining 14 experiments (SF1, SF2, SF3, SF4, SF5, SF6, 

SF7, WF1, WF2, WF3, WF4, WF5, WF6, and WF7) have 

been performed during both the summer 2022 (S) and the 

winter 2023 (W) while manually forcing the positions of the 

dampers or partially clogging filters (by covering the filters 

with a single-wall corrugated cardboard, where the covered 

area (CP) represented the fault severity). Table 1 reports the 

operating conditions associated to the faulty experiments in 

terms of opening percentages of the return air damper (OPDRA), 

the outdoor air damper (OPDOA) and the exhaust air damper 

(OPDEA), as well as the CP of the return air filter, the outdoor 

air filter and the supply air filter (CPRAFil, CPOAFil and CPSAFil, 

respectively).  

 

Table 1. Operating conditions of the faulty experiments 

 

ID 

Test 

OPDRA 

(%) 

OPDOA 

(%) 

OPDEA 

(%) 

CPRAFil 

(%) 

CPOAFil 

(%) 

CPSAFil 

(%) 

SF1 0 20 20 0 0 0 

SF2 100 0 20 0 0 0 

SF3 100 100 20 0 0 0 

SF4 100 20 0 0 0 0 

SF5 100 20 0 0 50 0 

SF6 100 20 0 0 0 50 

SF7 100 20 0 50 0 0 

WF1 0 20 20 0 0 0 

WF2 100 0 20 0 0 0 

WF3 100 100 20 0 0 0 

WF4 100 20 0 0 0 0 

WF5 100 20 0 0 50 0 

WF6 100 20 0 0 0 50 

WF7 100 20 0 50 0 0 

 

All tests, conducted under both normal and faulty 

conditions, were performed with TSP,Room and RHSP,Room 

set to 26℃ (with a DBT of 1℃) and 50% (with a DBRH of 

5%), respectively, during summer. Conversely, during winter, 

TSP,Room and RHSP,Room were set to 20℃ (with a DBT of 

1℃) and 50% (with a DBRH of 5%). The supply and return 

air fan velocities were maintained at 50%, regardless of the 

test conditions. 

 

 

4. COMPARISON OF BOUNDARY CONDITIONS 

DURING FAULT FREE AND FAULTY TESTS 

 

To highlight the impact of the faults under investigation, the 

tests conducted under normal conditions (SN1-SN7 and WN1-

WN7) have been adopted as baselines to be compared with the 

tests carried out under faulty conditions (SF1-SF7 and WF1-

WF7). All normal and faulty tests are characterized by the 

same starting time (which is 9 a.m.) as well as the same initial 

return air temperature TRA,initial (equal to approximately 28℃ 

for summer tests and 18℃ for winter tests), and the same 

initial return air relative humidity RHRA,initial (approximately 

equal to 60% for both summer and winter tests). The average 

absolute difference between normal and faulty tests in terms 

outdoor air temperature TOA and outdoor air relative humidity 

RHOA has been calculated and they have been assumed as 

comparable in the case of such difference is lower than 1.5℃ 

for TOA and 10% for RHOA. According to these criteria, the 

following pairs of tests can be assumed as comparable and, 

therefore, be used to determine the effects of each fault on the 

behaviour of the AHU: SN1 vs. SF2, SN2 vs. SF5, SN3 vs. 

SF1, SN4 vs. SF4, SN5 vs. SF3, SN5 vs. SF6, SN6 vs. SF7, 

WN1 vs. WF1, WN1 vs. SF3, WN3 vs. WF2, WN2 vs. WF7, 

WN3 vs. WF2, WN4 vs. WF6, WN5 vs. WF4. More details 

about the above-described methodology can be found in 

references [10, 11]. 

 

 

5. ASSESSMENT OF FAULTS’ SYMPTOMS IN TERMS 

OF COMFORT, ELECTRIC ENERGY DEMAND, CO2 

EMISSIONS AND OPERATING COSTS 

 

In this section, the comparison between the fault free tests 

and the corresponding faulty tests has been performed, from 

different points of view, to highlight the impact of each 

investigated fault on the AHU performance. In particular, the 

Section 5.1 summarizes the effects of the selected faults on 

both comfort and electric energy demand; the Section 5.2 

focuses on global equivalent CO2 emissions, while the Section 

5.3 shows the impacts on operating costs. 

 

5.1 Effects of fault on comfort and electric energy demand 

 

The above-mentioned normal and faulty tests have been 

compared in terms of comfort and electric energy demands. In 

particular, Figure 2 reports the percentage comfort time 

difference (%DCT) between each faulty and corresponding 

normal calculated as follows:  

 

% Faulty NormalCT CT CT = −  (1) 

 

where, CTFaulty and CTNormal represent the percentage of time 

under thermal or hygrometric comfort conditions (i.e., the 

percentage of time during which indoor air temperature or 

relative humidity is within the given deadbands) 
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corresponding to faulty and normal tests, respectively. A 

negative value of this parameter indicates that the hours of 

comfort associated with the faulty test are lower than the 

corresponding normal test. 

 

 
 

Figure 2. Values of %DCT as a function of the tests 

 

The comparison in terms of %DCT highlights that the worst 

fault in terms of hygrometric comfort time is the fault F4 

(exhaust air damper stuck at 0%) during winter, which 

corresponds to a considerable reduction by about 29% with 

respect to the test WN5. 

Figure 3 reports the parameter %DEE indicating the 

percentage difference between the faulty and the 

corresponding normal test in terms of daily electric energy 

consumption: 

 

( )
% 100

Faulty Normal

Normal

EE EE
EE

EE

−
 =   (2) 

 

where, EEFaulty and EENormal are, respectively, the electric 

energy consumption of AHU during the faulty test and the 

corresponding normal test. A positive value of this parameter 

means that the electric energy demand associated with the 

faulty test is larger than the corresponding normal test. 

 

 
 

Figure 3. Values of %DEE as a function of the tests 

 

This figure underlines that the occurrence of the faults is not 

really relevant during summer, with values of %DEE ranging 

between -6.33% and +3.87%; in particular, the most adverse 

fault during summer in terms of %DEE is F7. Conversely, the 

faults are characterized by a significant impact in terms of 

electric demand during winter; in more detail, the faults F1, 

F3, and F4 cause a greater consumption in comparison to the 

normal operation by 13.79%, 10.15%, and 12.63%, 

respectively. 

 

5.2 Effects of faults on global equivalent CO2 emissions 

 

The environmental assessment is performed through an 

energy output-based emission factor approach [26]. According 

to this approach, the mass mx of a given pollutant x emitted 

while producing the energy output EE, can be worked out as: 

 
EE

x xm u EE=   (3) 

 

where, 𝑢𝑥
𝐸𝐸 is the energy output-based emission factor, that is 

the specific emissions of x per unit of EE. This factor depends 

upon several operating and structural variables, such as the 

specific equipment, partial load operation, age, state of 

maintenance, outdoor conditions, and pollutant abatement 

systems. CO2 emissions prove to be quantitatively much more 

important than other greenhouse gas emissions [27]. In 

particular, the CO2 emission factor associated to the electricity 

generation in Italy 𝑢𝐶𝑂2
𝐸𝐸  depends on day as well as the time of 

the day. Figure 4 reports this factor for each couple of 

corresponding normal and faulty tests as a function of the time 

derived from the study [28] according to the day during which 

the faulty test has been performed (by assuming that each 

faulty test and its corresponding normal test take place on the 

same day). 

 

 
 

Figure 4. CO2 emission factor associated to electricity 

consumption as a function of both tests and time [28] 

 

The AHU environmental performance associated to the 

faulty tests in comparison with those of the corresponding 

normal tests have been assessed as follows: 

 

( )

( )

2 2

2
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m

u EE u EE
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 − 
= 


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where, 𝑚𝐶𝑂2,𝐹𝑎𝑢𝑙𝑡𝑦  and 𝑚𝐶𝑂2,𝑁𝑜𝑟𝑚𝑎𝑙  are, respectively, the 

global equivalent CO2 emissions of AHU components in the 

case of faulty and normal conditions, EEFaulty and EENormal are 

the electric energy consumptions during faulty tests and 

corresponding normal tests, respectively. A positive value of 
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this parameter indicates that the global equivalent CO2 

emissions associated with the faulty test are larger than those 

corresponding to the normal test. 

Figures 5 and 6 indicate the parameter %𝛥𝑚𝐶𝑂2
 as a 

function of the tests, with instantaneous values calculated 

time-step by time-step and reported in descending order, for 

the summer and winter tests, respectively. 

 

 
 

Figure 5. %𝛥𝑚𝐶𝑂2
 calculated time-step by time-step in 

descending order as a function of the summer tests 

 

 
 

Figure 6. %𝛥𝑚𝐶𝑂2  calculated time-step by time-step in 

descending order as a function of the winter tests 

 

Specifically, with reference to the summer tests (Figure 5), 

positive values of %𝛥𝑚𝐶𝑂2  are observed during a period of 

about 240 minutes (corresponding to 40% of the entire tests’ 

durations), whatever the couple of tests under investigation is 

(except the case of SF4 vs. SN4); values of %𝛥𝑚𝐶𝑂2
 close to 

zero can be recognized for about 40 minutes, while the 

remaining parts correspond to negative values of %𝛥𝑚𝐶𝑂2
. 

The maximum value of %𝛥𝑚𝐶𝑂2  is about 1358%, while the 

minimum corresponds to a value of about -493%; the average 

value is equal to about 75% considering all the summer tests. 

With reference to the winter tests (Figure 6), positive values of 

%𝛥𝑚𝐶𝑂2  are recognized during a period of about 210 minutes 

(corresponding to 30% of the entire tests’ durations), whatever 

the couple of tests under investigation is; values of %𝛥𝑚𝐶𝑂2  

close to zero are obtained for about 20 minutes, while negative 

values of %𝛥𝑚𝐶𝑂2  correspond to the remaining parts of the 

tests. The maximum value of %𝛥𝑚𝐶𝑂2
 is about 1302%, while 

the minimum corresponds to a value of about -90%; the 

average is equal to about 85% considering all the winter tests. 

Table 2 reports the daily values of %𝛥𝑚𝐶𝑂2
 as a function of 

the tests. 

 

Table 2. Daily values of %𝛥𝑚𝐶𝑂2
 as a function of the tests 

 
Tests under Comparison %𝜟𝒎𝑪𝑶𝟐 

SF1 vs. SN3 -6.19% 

SF2 vs. SN1 -1.81% 

SF3 vs. SN5 0.51% 

SF4 vs. SN4 110.15% 

SF5 vs. SN2 -5.51% 

SF6 vs. SN5 2.26% 

SF7 vs. SN6 3.80% 

WF1 vs. WN1 13.65% 

WF2 vs. WN3 -12.41% 

WF3 vs. WN1 9.95% 

WF4 vs. WN5 12.95% 

WF5 vs. WN2 -3.08% 

WF6 vs. WN4 4.54% 

WF7 vs. WN2 1.18% 

 

The values in this table indicate that: (i) the fault 4 (i.e., 

exhaust air dumper kept always closed) is characterized by a 

relevant effect under both summer and winter conditions, with 

daily values of %𝛥𝑚𝐶𝑂2  corresponding to about 110% and 

13%, respectively; the fault 1 (i.e., return air damper kept 

always closed) significantly impacts the CO2 emissions during 

winter only, with a notable daily increment by about 14% in 

comparison to the normal case. The faults 2 and 5 correspond 

to negative daily values of %𝛥𝑚𝐶𝑂2  during both summer and 

winter; this means that they reduce the global equivalent CO2 

emissions with respect to the fault free tests, whatever the 

season is. However, the reduced environmental impact (due to 

a reduced electric energy consumption, as indicated in Figure 

3) is compensated by a lower daily thermal/hygrometric 

comfort time during the summer period in the cases of both the 

faults 2 and 5 and during the winter period for the fault 5 only. 

The results associated to the occurrence of the fault 2 during 

winter can be explained by taking into account that the absence 

of outdoor air allows smaller fluctuations of indoor air 

humidity as well as more stable hygrometric conditions in 

addition, it can be noticed that a relevant reduction of 

humidifier operation time during the winter faulty test can be 

recognized with respect to the corresponding normal test. In 

the case of the fault 1, Table 2 indicates that, with respect to 

the normal test, the faulty operation is characterized by lower 

daily global equivalent CO2 emissions during summer only, 

together with reduced electric energy demand (Figure 3) and 

negligible variations in terms of thermo/hygrometric comfort 

time; this result is because the utilization of hot outdoor air is 

more than counterbalanced by the significantly decreased 

supply airflow rate elaborated by the AHU. 

 

5.3 Effects of faults on operating costs 

 

In this paper, the operating costs associated to the electric 

energy consumption are evaluated. Figure 7 reports the unit 

cost of electricity for each couple of faulty and normal tests 

according to the Italian scenario [29]. Similar to the 

environmental analysis, no difference in terms of unit cost is 

assumed between the faulty test and the associated normal test. 

The operating costs of AHU associated with the occurrence 

of the faults are compared with those corresponding to the 

fault free tests by using the following formula: 
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%𝛥𝑂𝐶 =
(𝑂𝐶𝐹𝑎𝑢𝑙𝑡𝑦 − 𝑂𝐶𝑁𝑜𝑟𝑚𝑎𝑙)

𝑂𝐶𝑁𝑜𝑟𝑚𝑎𝑙
× 100 

=
(𝑈𝐶𝐸𝐸 × 𝐸𝐸𝐹𝑎𝑢𝑙𝑡𝑦 − 𝑈𝐶𝐸𝐸 × 𝐸𝐸𝑁𝑜𝑟𝑚𝑎𝑙)

𝑈𝐶𝐸𝐸 × 𝐸𝐸𝑁𝑜𝑟𝑚𝑎𝑙
× 100 

(5) 

 

where, OCFaulty and OCNormal are, respectively, the operating 

costs of AHU under faulty and normal conditions, EEFaulty and 

EENormal are the electric energy consumptions during faulty 

and normal tests, respectively, and UCEE is the unit cost of 

electricity purchased from the grid according to the values in 

Figure 7. A positive value of %DOC indicates that the 

operating costs associated with the faulty test are larger than 

those of the corresponding normal test. 

 

 
 

Figure 7. Unit cost of electricity purchased from the grid as a 

function of both the tests and the time [29] 

 

Figures 8 and 9 show the parameter %DOC as a function of 

the tests, with values calculated time-step by time-step and 

reported in descending order, for the summer and winter tests, 

respectively. Specifically, with reference to the summer tests 

(Figure 8), positive values are observed during a period of 

about 250 minutes (corresponding to 45% of the entire tests’ 

durations), whatever the couple of tests under investigation is 

(except the case of SF4 vs. SN4); values of %DOC close to 

zero can be recognized for about 40 minutes, while the 

remaining parts correspond to negative values of %DOC. The 

maximum value of %DOC is about 3094%, while the 

minimum corresponds to a value of about -83% as well as the 

average is equal to about 133 %. With reference to the winter 

tests (Figure 9), positive values of %DOC are recognized 

during a period of about 230 minutes (corresponding to 35% 

of the entire tests’ durations), whatever the couple of tests 

under investigation are; values of %DOC close to zero are 

obtained for about 130 minutes, while negative values 

of %DOC correspond to the remaining parts of the tests. The 

maximum value of %DOC is about 1302%, while the 

minimum corresponds to a value of about -90% as well as the 

average is equal to about 85%. 

Table 3 indicates the daily values of %DOC as a function of 

the tests. The values in this table indicate that: (i) the fault 4 

(i.e., exhaust air dumper kept always closed) is characterized 

by a relevant effect under both summer and winter conditions, 

with daily values of %DOC corresponding to 110% and 12%, 

respectively; the fault 1 (i.e., return air damper kept always 

closed) and the fault 3 (i.e., fresh air damper kept always open) 

significantly impact the daily operating costs during winter 

only, with notable daily increments by about 13% and 10%, 

respectively, in comparison to the normal cases. 

  
 

Figure 8. Values of %DOC calculated time-step by time-step 

in descending order as a function of the summer tests 

 

 
 

Figure 9. Values of %DOC calculated time-step by time-step 

in descending order as a function of the winter tests 

 

Table 3. Daily values of %DOC as a function of the tests 

 

Tests under Comparison %𝜟𝑶𝑪 

SF1 vs. SN3  -19.16% 

SF2 vs. SN1  -1.47% 

SF3 vs. SN5  0.64% 

SF4 vs. SN4  110.44% 

SF5 vs. SN2  -5.28% 

SF6 vs. SN5  1.87% 

SF7 vs. SN6 4.01% 

WF1 vs. WN1  13.17% 

WF2 vs. WN3  -12.76% 

WF3 vs. WN1  10.14% 

WF4 vs. WN5  11.99% 

WF5 vs. WN2  -3.28% 

WF6 vs. WN4 5.46% 

WF7 vs. WN2 0.50% 

 

The faults 2 and 5 correspond to negative daily values 

of %DOC during both summer and winter; this means that 

they reduce the operating costs with respect to the fault free 

tests, whatever the season is. However, the reduced economic 

impact (due to a reduced electric energy demand, as indicated 

in Figure 3) is balanced by a lower thermal/hygrometric 

comfort time during the summer period in the cases of both the 

faults 2 and 5 and during the winter period for the fault 5 only. 

The results associated with the occurrence of the fault 2 during 

winter can be explained by taking into account the absence of 

outdoor air causes reduced fluctuations in terms of indoor air 
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humidity as well as more stable hygrometric conditions; in 

addition, it can be noticed that a relevant reduction of 

humidifier operation time during the winter faulty test can be 

recognized with respect to the corresponding normal test. In 

the case of the fault 1, Table 3 indicates that, with respect to 

the normal test, the faulty operation is characterized by lower 

operating costs during summer only, together with reduced 

electric energy demand (Figure 3) and negligible variations in 

terms of thermo/hygrometric comfort; this is due to the fact 

that the utilization of hot outdoor air is more than 

counterbalanced by the significantly decreased supply airflow 

rate elaborated by the AHU. 

 

 

6. CONCLUSIONS 

 

The effects of 7 typical faults on the performance of a 

typical AHU have been investigated in terms of thermo-

hygrometric comfort time, electric energy demand, global 

equivalent CO2 emissions, and operating costs. The 

assessment has been performed by contrasting experimental 

data associated with fault-free and faulty tests carried out 

under similar boundary conditions, during both summer and 

winter of southern Italy. The results indicated that the fault 

corresponding to the exhaust air dumper kept always closed is 

the most adverse one, with relevant effects under both summer 

and winter conditions. In particular, it enhances the daily 

global equivalent CO2 emissions by about 110% and 13%, 

respectively, during summer and winter with respect to normal 

operation. In addition, it increases the daily operating costs by 

about 110% and 12%, respectively, in comparison to the fault-

free conditions. 

In the future, the authors would like to perform additional 

investigations with the aim of extending the analysis on 

different faults in order to develop and validate an innovative 

data-driven algorithm customized to the experimental results 

for performing automated fault detections and diagnoses on 

typical AHUs. 
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NOMENCLATURE 

 

AFDD  Automatic fault detection and diagnosis 

AHU Air-Handling Unit 

CO2 Carbon dioxide 

CP Clogging percentage, % 

CT Comfort time, % 

DEA Exhaust air damper 

DHRS Heat-recovery system damper 

DOA Outdoor air damper 

DRA Return air damper 

DB Deadband 

EE Electric energy, kWh 

HVAC Heating, ventilation and air-conditioning  

𝑚𝐶𝑂2
  Mass of global equivalent CO2 emissions, kg 

OAFil Outdoor air filter 

OC Operating costs, € 

OL Fan velocity percentage, % 

OP Opening percentage, % 

RAFil Return air filter 

RH Relative humidity, % 

SAFil Supply air filter 

SF1-SF7 Faulty tests during summer 

SN1-SN6 Normal tests during summer 

T Temperature, ℃ 

UC Unit cost, €/kWh 

𝑢𝐶𝑂2
𝐸𝐸   

CO2 emission factor associated with electric 

energy consumption, kg/MWh 

WF1-WF7 Faulty tests performed during winter 

WN1-

WN5 
Normal tests performed during winter 

 

Greek symbols 

 

D Difference, % 

 

Subscripts 

 

Faulty Faulty test 

Normal Normal test 

OA Outdoor air 

RA Return air 

RAF Return air fan 

SAF Supply air fan 

V_CC Cooling coil valve 

V_HUM Humidifier valve 

V_PostHC PostHC valve 
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