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The spread of intelligent buildings and advanced HVAC systems controls emphasizes the necessity of evaluating
the impact of malfunctions caused by errors in the design, installation, or maintenance of these systems. In this
work, the effect of the most diffused faults in ventilation systems is studied for an air handling unit installed in a
Danish residential apartment. For this purpose, a dynamic model was built in Modelica, representing the building
and the ventilation system. Different faults with varying intensities were implemented in the model. The impacts
were evaluated by comparing the results of the obtained “with-fault” models with the “fault-free” model used as a
benchmark. The comparison involved thermal and electrical energy use, thermal comfort and indoor air quality.
Results showed that, for the studied system, the increase in thermal energy use was significant for the offset of
the sensor controlling the bypass (up to + 27%), the bypass damper leakage and stuck (up to + 90%) and ducts’
thermal losses (up to + 48%). In the latter case, an increase in thermal discomfort was observed (+7% of hours

with operative temperature below 18.5 °C).

1. Introduction
1.1. Background

In recent years, research has been moving towards the new concept
of “smart building” [1]. It is defined as “a residence that has been fitted
out with technologies such as cloud computing that anticipates and re-
sponds to the needs of the occupants, working to improve their comfort,
convenience, security, and entertainment by managing technology in-
side the residence and connecting them to other communities” [2]. This
new approach deals with increasing involvement of technologies in
buildings with continuous data collection, monitoring indoor environ-
mental conditions and systems operations and carrying out actions
aimed at actively controlling the indoor environment. The influence of
this change in building management can be found in improving, among
others, thermal comfort and indoor air quality. Another important
aspect is using collected data for the building energy management sys-
tem (BEMS). Its operations are addressed towards the energy efficiency
issue, finding the configuration to optimize the use of HVAC systems to
minimize energy use [3]. In these buildings, the high amount of avail-
able data allows the calculation of energy indicators that can be used to
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detect inefficiencies, taking actions aimed at improving real-time energy
use [4].

The increasing necessity of managing energy use in buildings is
related to the high consumption of the building sector that, according to
European Commission data [5], is responsible for 40% of energy con-
sumption and 36% of greenhouse gas emissions. In this context, the
same European commission promotes innovation and investment in
smarter buildings to contribute to energy efficiency.

The continuous search for efficient buildings with a more rational
energy use can not ignore the difference between the design phase of
construction and the operation, which sometimes causes energy waste
due to defective installations or faulty system operations. Referring to
variable air volume air handling units (VAV AHU), Torabi et al. listed
the most impacting human-induced errors in the pre-, construction, and
post-construction phases. They highlighted that most of them happen in
the construction phase and are related to system control. They also
recommend developing fault detection and diagnosis (FDD) methods
and training programs for practitioners [6]. Another issue concerns
failures occurring in systems independently of human action. The
literature refers to these as faults, whose definition in IEA Annex 25 is
“the departure from the normal operating point of a process” [7]. In this
context, a new FDD-based approach has recently grown in importance; it
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Nomenclature

Shortcuts

ACF After Crossflow Heat Exchanger
AHC After Heating Coil

AHU Air Handling Unit

CAV Constant Air Volume

CFHE Crossflow Heat Exchanger
DCV Demand Controlled Ventilation
EC Annual Electrical Use

ECR Electrical Use Ratio

EXT External

FDD Fault Detection and Diagnosis
FF Fault-Free

FIA Fault Impact Analysis

KPI Key Performance Indicator
TE Annual Thermal Energy Use
TER Thermal Energy Ratio

TRY Test Reference Year
VAV Variable Air Volume

List of symbols

Cc CO,, concentration [ppm]

C Leakage class [(m L)/(s m?)]

Dp Damper position [-]

h Heat transfer coefficient [W/(m? K)]

Qleak Leakage rate [L/(s m?)]

T Temperature [°C]

Aps Static pressure difference from duct interior to exterior
[Pa]

€ Efficiency [-]

Subscripts

c Convective

HC Heating Coil

HS Heating System

leak Leakage

off Offset

op Operative

r Radiant

tot Total

WF With-Fault

was first applied to building HVAC systems in the *70 and became the
focus of research from the *80 until nowadays [8]. In general, FDD is an
area of investigation concerned with automating the processes of
detecting faults with physical systems and diagnosing their causes [9],
and its application to building systems is dealt with in the IEA annexes
25 and 34 [7,10]. Together with this approach, aimed at real-time
detection of faults occurring in a system, the fault impact analysis
(FIA) is a simulation-based approach whose aim is to study the fault
influence on buildings’ energy use, thermal comfort and indoor air
quality (IAQ) [11]. For this purpose, a crucial point consists of the
knowledge of the most impacting and frequent faults occurring in HVAC
systems [7] and their modeling [11,12].

1.2. Literature review

The literature review highlighted the existence of various works
where the simulation-based FIA was used as a methodology for the
evaluation of improper systems operations and the quantification of
impacts. This part will report the most relevant ones, focusing on the
applied method, the obtained results, the used software and the
analyzed case study.

Basarkar et al. present a detailed description of the implementation
of a limited number of faults — clogging in a piping loop, economizer
outdoor damper leakage, fouled heat exchanger and room sensor offset —
in a simulation model of a large office building supplied by a variable air
volume (VAV) system using EnergyPlus. Their presentation of the
methodology applications is limited; however, they observed an in-
crease in the total annual energy use of about 22% [13]. Almost the same
approach was used by Andersen et al., which studied the presence of
faults in a demand-controlled ventilation (DCV) system in an elementary
school in Oslo (Norway). In this study, the increase in energy use is
significant for some faults, reaching 77% and 60% in the case of supply
and exhaust airflow sensor offset, respectively, but also impacts on
thermal comfort and IAQ are analyzed [14]. Tallet et al. focus on a
constant air volume (CAV) AHU installed in an office building. They
studied the effect of sensor drift, valve leakage and duct leakage faults
on energy consumption, thermal comfort and IAQ with Modelica with
relevant results — an increase of energy use up to 2.75 times in summer
and 1.25 times in winter — due to water valve leakage [15]. Yoon et al.
also studied the single and combined effect of sensors’ faults in HVAC
systems in an office building with an AHU. They compared the annual

energy use, machine performance (annual COP) and thermal comfort in
different scenarios with different intensity sensor offsets. The authors
observed that the temperature offsets at the building and air system
levels had impacts on the overall system, particularly on energy per-
formance and thermal comfort; the offsets in sensors at the water pro-
duction system levels had local effects on the related system components
[16]. The most comprehensive works in the FIA framework are those
proposed in [17,18]. In the first case, the authors proposed a study on
consumption and ventilation requirements in a DCV system installed in
an office, analyzing different sensor offsets and comparing two methods,
a probabilistic and a deterministic approach. In the deterministic anal-
ysis, with the evaluation of the single fault effect, the maximum devia-
tion observed was a 17% energy use increase and an almost doubling
number of under-ventilated hours (+94%). In the second study, they
implemented 359 fault scenarios and performed weekly simulations
with Modelica for a VAV system installed in an office building. Most of
the faults resulted in having an impact lower than 6%; in some other
cases, the effect was observed to be much higher, with different faults
affecting the system’s operation differently according to the season of
operation.

Using white-box models for fault impact analysis is the first step for
identifying the dominant effects with high detail and observing the
impact of faults and their intensities on operating conditions. An evo-
lution of this approach could be represented by the application of grey-
box and inverse models, as suggested by Van Gelder et al. [19]. In this
scenario, models could be incorporated into FDD tools and used to detect
faults in real systems. An example of applying such a methodology is
proposed by Gunay et al. [20].

1.3. Aim of the paper and novelty

The literature review highlighted that fault impact analysis is a
widely used methodology for evaluating impacts due to faults in HVAC
systems. However, except for a few works (e.g., [17,18]), the proposed
analysis investigates a limited number of faults in narrow intensity
ranges; in many cases, the investigation only concerns energy use and
neglects the thermal comfort and IAQ aspects. Moreover, in the authors’
knowledge, the application of FIA to a residential case study is missing in
the literature.

The present paper aims to investigate the impacts due to the presence
of faults in a CAV AHU installed in a typical Danish residential
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apartment on thermal and electrical energy use, thermal comfort and
indoor air quality. The building and the system models were created in
Modelica, referred to in the literature as the most promising software for
dynamic fault modeling [11]. A list of fault models was built, and the
impact of each one, with different intensities, was studied through
annual simulations.

2. Methodology

The proposed methodology is based on simulations with Modelica. In
the first step, a fault-free model representing a typical Danish residential
building was developed (Section 2.1). Consequently, specific faults for
AHU systems were defined according to a literature review and added to
the fault-free model, outlining the “with-fault model” (Section 2.3). In
the subsequent step, KPIs were defined (Section 2.4) as the difference
between fault-free and with-fault simulation results on relevant pa-
rameters. Finally, the KPIs were evaluated, showing how faults can
affect energy use and indoor climate conditions.

2.1. Case study

2.1.1. Building model

The building was modeled with the AirMixed model from the Mod-
elica Buildings library [21]. It is a 98 m? residential apartment divided
into two equal thermal zones: one with the living room and bedrooms,
the other with the kitchen and bathroom. The two thermal zones are
separated by a wall with an open door. In Fig. 1, the plan view of the
building is shown. The south-oriented facade was exposed to the out-
door environment, whereas all the other surfaces were considered
adiabatic.

This analysis studied three scenarios, each representing a different
age in which buildings are modeled based on characteristic thermal
performance. Table 1 shows the characteristics of each scenario.

For the windows reported in Table 1, the associated thermal trans-
mittance is 5.4 W/(m? K) for the single pane, 2.8 W/(m? K) for the
double pane and 2.0 W/(m? K) for the triple pane window. The glass’s
thickness is 3 mm for all the typologies and a 12 mm air gap is consid-
ered for double and triple panes. The following boundary conditions
were included in the model:

e Simulations were performed using climatic data from the TRY of
Copenhagen [22].

e According to the Danish executive order on building regulations,
constant air infiltration was set across the building envelope, equal to
0.09 L/(s m2), a reference value for residential buildings [23].

e Daily profiles for internal gains were assumed from European Stan-
dard EN 16798-1 [24]. The peak values correspond to 2.8 W/m? for
people, 3 W/m? for appliances and 8 W/m? for lightning [25]; these

Adjacent Indoor Environment
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Table 1
Scenarios’ thermal performance.
Case Opaque Wall Thermal Glazed Surfaces Annual
Study Transmittance Typology Energy Need
[W/(m® K)] [ [kWh/(m® y)]
Scenario 0.6 Triple pane 25
A
ScenarioB 1.1 Double pane 50
ScenarioC 1.7 Single pane 100

values were split as 50% convective and 50% radiative. The latent
heat gain was set at 1.4 W/m?2. All these values were given a time-
dependent factor according to the schedules in the standard.

2.1.2. AHU and heating system models

The ventilation system analyzed in this study consists of a CAV AHU,
whose layout represents a typical ventilation unit installed in a Danish
residential building.

For this purpose, 29 ventilation system schematics were obtained by
building managers in Denmark and analyzed. The most diffused layout
chosen for the present work is represented in Fig. 2:

After filtering the incoming outdoor air, it undergoes heat recovery
with exhaust air through a crossflow heat exchanger; after the rise in
pressure given by the fan, air temperature is increased by the heating
coil, whether it is not warm enough to be supplied to the room. The
presence of a bypass system has a double purpose: during the cooling
season, it allows the bypass of the heat recovery to provide external air
at lower temperatures and fulfil thermal comfort requirements, whereas,
in mid-seasons, it acts as a mixing valve between the air coming from
outside and the heat recovery, guaranteeing the fulfilment of the set-
point. According to Danish Standards, the considered system does not
show the possibility of air recirculation as it should be avoided for health
issues.

The system components were modeled using the followings settings:

The supply and exhaust fans work at a constant mass flow rate equal
to 0.3 L/(s mz), the reference value for residential buildings ac-
cording to Danish Standard [23].

The crossflow heat exchanger works at a constant effectiveness of
0.8; the nominal pressure losses in each path were set at 200 Pa.
The filters were modeled through the FixedResistances.PressureDrop
model of the Modelica Buildings Library, which models the presence
of the filter as a constant pressure drop; a nominal pressure drop of
40 Pa was assumed for each filter.

In the fault-free model, ducts were modeled using the same method
as filters, with a constant pressure drop of 150 Pa at nominal
conditions.

Living Room
Bedroom
Thermal Zone

External
Environment

AHU

N Kitchen Fxternal
N wXIernd.
s Bathroom

\ Environment
v Thermal Zone

Door

AHU

Supply

Exhaust

path

External Environment

path

Fig. 1. Plan view of the residential apartment.
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X

o=
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Fig. 2. Layout of the AHU.

o Before the air enters the crossflow heat exchanger, it is split into two
parts through a junction; part of the airflow, whose amount is
regulated by a damper, bypasses the heat recovery.

The heating coil is modeled as a heat exchanger with constant
effectiveness of 0.6; pressure losses were set at 50 Pa for the air side
and 10 kPa for the waterside.

A variable flow pump drives the hot water in the circuit, and the
temperature increase is obtained through an ideal heater model
(HeatExchangers.Heater T) from the Modelica Buildings Library; the
pump nominal flow rate was set to 0.0083 kg/s, whereas the boiler
setpoint temperature was set to 40 °C. The total pressure losses in the
water circuit were estimated at around 50 kPa.

The heating coil was dimensioned by assuming that the airflow
temperature could be increased from the outdoor design temperature
(-10 °C) to the supply temperature (18 °C). This resulted in a peak
heating capacity of 970 W.

START

3 Tt > 18°C

[

The control system mainly consists of two blocks controlling the
pump’s flow in the hot water circuit and the actuator of the bypass valve.
In the first case, a PID controller was used to control the pump, which
receives an input signal from the supply air temperature sensor placed
after the heating coil. The supply air temperature was set to 18 °C. The
PID was set for heating mode and switches on when the air needs an
increase in temperature; otherwise, the heating coil is off. The bypass
controller aims to reach 18 °C at the recovery unit outlet. The control
logic of the bypass is shown in the diagram in Fig. 3.

In the case study analyzed in this work, the AHU only provides
outdoor air to increase indoor air quality. In contrast, the building’s
heating is provided by an ideal system, whose sizing was made by
calculating the peak of the annual heat load required for each case study
for keeping the indoor temperature at 20 °C. The results for the three
case studies showed a different sizing of the heating system, corre-
sponding to 1.2 kW for Scenario A, 2.0 kW for Scenario B and 3.4 kW for
Scenario C.

YES
h
External Air
Tem(_;;era}ture (Bypagdéx\lr:femn?(z% ating FREE COOLING MODE
et .
opening) (Bypass valve completely open)
v
PID
= {Definition of actuator
position)
Supply
Temperature
Setpoint
END %

Fig. 3. Control system logic of the bypass valve.
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2.2. Fault models

The literature review led to the definition of faults and related in-
tensities frequently occurring in ventilation systems. Table 2 provides a
summary of the faults implemented in this work.

Part of the fault models proposed was assumed from the existing
papers highlighted in Table 2; some others were modeled considering
their effect on the system’s components. In this section, a full description
of each fault is provided.

2.2.1. Sensor offset model

The sensor offset model represents the incorrect reading of a sensor,
which therefore detects a higher or lower value than the real one. In this
work, its modeling is described by Eq. (1):

Tyr = Tpr + ATy (€H)

where Tyr is the detected temperature by the faulty sensor, Tgr is the
same temperature in the fault-free case and AT, is the offset intensity. A
wrong calibration process or the reading degradation after a period
without recalibration can cause the sensor offset. The presented model
was applied to the ventilation system’s sensors: the supply temperature
sensor, whose measurement affects the operations of the heating coil,
the temperature sensor at the heat recovery unit outlet and the external
air sensors, controlling the bypass damper opening.

2.2.2. Bypass damper leakage and stuck model

The faults associated with the bypass damper are stuck and the
presence of air leakages. The stuck happens when the actuator is blocked
in a particular position. The model of this fault is built by replacing the
output of the bypass control system with a constant position signal (Dp).
Different reasons can cause the damper to get stuck: it can be due to the
control system not working properly or mechanical blocking of the
actuator. Whether the valve tightness is not good enough, there can be
air leakages across the bypass, with a portion of the airflow rate avoiding
the heat recovery unit. The leakage model modifies the output of the
bypass control system, establishing a minimum damper position, ac-
cording to Eq. (2):

Dpywp = min(Dpgr, Dpjea) 2

where Dpy,;; is the faulty damper position, Dpg is the same parameter in
the fault-free case and Dp,, is the minimum position associated with the
presence of leakages.

Table 2
Fault list with intensity.
Component Fault Intensity References
Air temperature sensor Sensor offset [-4°C; +4°C] [16,18,26-37]
at heating coil outlet
Air temperature sensor Sensor offset [-4°C; +4°C]
at CFHE outlet
Outdoor air temperature Sensor offset [-4°C; +4°C]

sensor
Bypass Damper Leakage
Bypass Damper Stuck

[0%,40%]
[0%,100%]

[18,28,33,36]
[15,18,28,33,36]

Heating coil Efficiency [0.5; 0.6] [13,18,27,32,38]
drop

Crossflow heat Efficiency [0.7; 0.8]

exchanger drop
Air Filters Fouling Up to + 50% [27,32]
Ducts Leakage Qieak = [0.14; (15]
0.4]

Ducts Poor 5 to 30 mm of [18]
insulation insulation

Fan Motor Up to —30% [18,33,34,39]
efficiency

drop

Energy & Buildings 292 (2023) 113150

2.2.3. Crossflow heat exchanger degradation model

The efficiency drop of heat exchangers was modeled by substituting
the nominal efficiency parameter of the crossflow heat exchanger with
the parameter representing the fault. The main cause for efficiency drop
is related to waterside scaling or air-side fouling of the heat exchanger.
The efficiency values were therefore calculated assuming a range of
thermal resistance increase from 5 to 50% due to fouling and scaling.

2.2.4. Filter fouling model

Filter fouling is one of the most recurring faults in air systems, and it
occurs in case of non-adequate maintenance and regular cleaning of
filters. It was assumed that the filter resistance to the airflow could in-
crease up to 50% because of fouling, reaching a value of 60 Pa compared
to the 40 Pa adopted for clean filters. Similarly to other faults, the filter
fouling is modeled by modifying the pressure drop due to the filter.

2.2.5. Duct leakage and thermal losses model

The presence of leakages and thermal losses in ducts was also
considered. In the first case, a leakage model was set up through the
fixed resistance model of the Buildings library, which implemented in
the simulations the leakage model proposed by ASHRAE in [40] based
on Eq. (3):

Qreak = CLAPY® 3)

The calculation of the leakage flow rate (Qu«) depends on the
pressure difference between the inner and outer parts of the ducts (Ap;),
which is calculated at each timestep, and the leakage class (C), whose
value is in [40]. The ducts’ thermal losses were considered using the
Pipe model of the Buildings library; it calculates the heat exchange be-
tween the fluid inside the ducts and the surrounding environment,
assuming the insulation thickness and thermal conductivity as input.

2.3. Fault implementation and simulation settings

The faults presented in Section 2.2 were introduced once in the fault-
free model, assuming constant intensity for the whole simulation time.
By implementing each fault individually, 88 simulation cases were built,
each consisting of a model with a specific fault and intensity.

The methodology choice involved the possibility of performing
parametric simulations: each fault occurred alone in the system and its
impact was evaluated individually with different simulations showing
the effect of the increasing intensity.

Annual simulations with hourly timestep were performed with
Modelica software [41].

2.4. KPIs

Each fault’s impact was evaluated through Key Performance In-
dicators (KPIs), which define the gap between the fault-free and the
with-fault case. In this work, the considered KPIs describe the impacts on
energy use (electrical and thermal), thermal comfort and indoor air
quality. In the next sections, a detailed description of KPIs is given for
each class.

2.4.1. Energy KPIs
The evaluations of the impacts of faults on energy use are presented
in this work using four indexes: thermal energy use of the heating sys-
tem, the thermal energy use of the AHU (e.g., thermal energy supplied to
air by the heating coil), total thermal energy use, electrical energy use.
The KPIs are calculated considering the difference in the annual use
between the faulty and the fault-free case, according to Egs. 4-7:

o TEHS.WF - TEHS.FF

TERys = 4
5 TEys r @
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TER, e — TEuc,wr — TEpc rr )
TEyc rr

TER . — (TEHS.WF + TEHC.WF) - (TEHS‘FF + TEHC,FF) ®)
“ (TEHS.FF + TEHC‘FF)

EC, — EC
ECRpy = o AHUWF AHUFF )

ECanu rr
In the above equations, the Thermal Energy Ratio (TER) and Elec-
trical Consumption Ratio (ECR) are defined as the increase or decrease
of consumption in each faulty case compared to the fault-free scenario in
terms of annual Thermal Energy (TE) or Electrical Consumption (EC).

2.4.2. Thermal comfort KPIs

Together with the energy impacts, the influence of faults on the
thermal environment of the building was considered. The analysis was
performed by comparing the hours when the operative temperature
(Top) lies within different predefined ranges (shown in Table 3) in the
fault-free situation with each faulty condition. The operative tempera-
ture is defined as “the uniform temperature of an imaginary black
enclosure in which an occupant would exchange the same amount of
heat by radiation and convection as in the actual non-uniform envi-
ronment” [42], and it is calculated according to Eq. (8):

_ thair + hrTr

" b ®

The operating temperature ranges were established according to EN
16798-1 [22]. The fourth category in Table 3 is a representative range of
category II of the standard; for higher operating temperatures (category
5), the indication of the standard is lower dissatisfaction of people, while
categories 3, 2, 1 in Table 3 indicate a decreasing thermal comfort.

2.4.3. Indoor air quality KPIs

The same approach used in Section 2.4.3 for thermal comfort anal-
ysis was also applied to the CO5 concentration inside the building to
evaluate the faults’ impact on indoor air quality. The division in classes
was taken from European Standard EN 16798 [24], and it is shown in
Table 4:

3. Results and discussion

In the following sections, the results of the study are shown. The
simulations’ outputs are reported in Section 3.1. Subsequently, a dis-
cussion is offered about the coherence of the results and how each fault
influences the system’s behavior (Section 3.2).

3.1. Results

The obtained results are reported in this section following a four-step
analysis. Section 3.1.1 focuses on the ventilation system’s total thermal
energy and electrical consumption impacts. This analysis shows each
fault’s influence but neglects the variation of thermal energy produced
by each system (e.g., heating system and heating coil). For this reason, in
Section 3.1.2, the variation of each fault’s intensity is analyzed in the two
systems separately. The influence of different-age buildings is reported
in Section 3.1.3, while the effects on thermal comfort and IAQ are shown

Table 3
Operative temperature (T,p) ranges proposed in this study.

Categories Operative Temperature

Top < 18.5°C
18.5°C < Top < 19.0°C
19.0°C < Top < 19.5°C
19.5°C < Top < 20.5°C
Top > 20.5 °C

g s wN =
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Table 4
Ranges of the CO, concentration (C) for each IAQ class.

Classes CO, concentration ranges‘
Class I C < 550 ppm

Class II 550 ppm < C < 800 ppm
Class IIT 800 ppm < C < 1350 ppm

! The indicated values are considered above outside.
in Section 3.1.4.

3.1.1. Impacts on thermal and electrical use

The first evaluation is performed considering the TER,,; and ECRapy
indexes (see Section 2.4.1). The ratios refer to the energy use obtained
from the fault-free simulation, 3106 kWh/y and 400 kWh/y for the total
thermal and electrical consumption, respectively. The results are re-
ported only for Scenario A; however, the considerations and conclusions
made in this section are extendible to the other reported case studies.
The effect of different building thermal performances is addressed in
Section 3.1.3.

This analysis focuses on the total thermal energy and the ventilation
system’s electrical use. In the presented case study, these outputs
highlight which faults can impact energy use and save the most. The
analysis is based on final energy, neglecting the aspects of energy pro-
duction systems that are beyond the scope of this paper.

In Fig. 4, the results of the fault sensors’ impact are presented. The
sensor after the heat recovery unit (ACF), which controls the air fraction
bypassing the heat exchanger, strongly influences global thermal con-
sumption. With a positive offset of 4 °C, the thermal energy consumption
is almost 30% higher than the fault-free case. In the same scenario, a
saving in electrical use can be observed due to the lower pressure losses
of the bypass circuit. The temperature sensor after the heating coil
(AHC) controls the hot water flow rate inside the heating coil. The most

TERtot ECRanu
_1o¢ A -1% 1%
2°C A -1% 2%
3°C 1% 3%
4°C - 1% 4%
ACF sensor
1°C A 5% -1%
2°C A 11% -3%
3°C -5%
4°C 7%
_1eC A 3% -0%
2°C A 7% -0%
3°C A 11% -0%
4°C - 15% -0%
AHC sensor
1 °C A -0% -0%
2°C A -0% -0%
3°C -0% -0%
4°C A -0% -0%

Fig. 4. Impact of ACF and AHC sensors offset with different intensities. The
ratios are related to a fault-free scenario (TE, = 3106 kWh/y, ECagy = 400
kWh/y).
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relevant impact can be found in the negative offset scenario, presenting
a lower increase than the ACF sensor positive offset, but is still around
15% in the worst-case scenario. The external sensor offset is not given in
this analysis, as it does not impact electrical or thermal energy use.

The poor operation of the bypass damper resulted in a high-impact
fault (Fig. 5(a)). As presented in Section 2.2.2, leakage and stuck
occur differently. However, in both cases, the fault intensity is referred
to as the damper position (corresponding to the minimum reachable
position for leakage and fixed position for stuck). Both thermal and
electrical consumptions are affected by bypass fault, as it acts on the
share of airflow passing through the crossflow heat exchanger, modi-
fying the air path pressure losses and the heat recovered. The leakage
fault can increase thermal energy consumption by 30% (with 7% elec-
trical savings), but the stuck impact is higher. The two border scenarios
are Dpr = 0 and Dpr = 1, which outline the cases with fully closed
(maximum heat recovered) and fully open (zero heat recovered) bypass
damper positions, respectively. The fully closed case has no relevant
impact (except for a 7% increase in electricity consumption); instead,
the fully open damper almost doubles the thermal energy consumption.

The duct faults (Fig. 5(b)) outline a different relevance between the
duct leakage and the thermal loss faults. The latter strongly influences
the total thermal consumption, up to about 50% in the case of a 5 mm
thickness of duct insulation. In contrast, only the electrical consumption
seems slightly affected by duct leakage. This aspect is justified by the low
leakage flow obtained following ASHRAE’s leakage model: in the worst-
case scenario (C, = 0.4), the leakage flowrate ranges, according to
pressure variations, between 0.0007 and 0.0016 kg/s, 2% and 4.6% of
the nominal flow rate, respectively.

The efficiency drop of the heat recovery unit was observed to have an
impact that can reach almost the 10% in the total thermal consumption,
with a maximum difference in efficiency equal to 0.1 (compared to the
0.8 value for the fault-free scenario) (Fig. 6).

In Fig. 7, the faults affecting only the electricity consumption are
reported. In both cases, only the supply duct was considered in the single
component fault; however, the fouled return filter or return fan effi-
ciency drop showed the same results as the supply. Results show a
greater impact of motor degradation (up to 40% with both components’
fault) than filter fouling (up to 5%).

3.1.2. Impacts of fault intensity on systems behaviour

This section aims to provide a view of how different faults and in-
tensities impact single thermal energy systems’ consumption. The re-
sults are shown according to the TERys and TERy¢ indexes, referring to
the consumption of the fault-free case.

As described in Section 2.1.2, it was decided to limit the power of the
heating system and heating coil to provide more realistic operations. It
should be noted that the choice of the systems’ peak power and their
interaction (e.g., the control system) affect the results shown in this part.
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TER¢ot ECRanu
e=10.7 1%
e=0.72 1%
CFHE
Efficiency £=0.74 - 5% 1%
variation
e=076 3% 0%
£=0.78 A 2% 0%

Fig. 6. Impact of performance degradation of the crossflow heat exchanger.
The ratios are related to a fault-free scenario (TEy,, = 3106 kWh/y, ECapy =
400 kWh/y).

Besides the EXT sensor offset, whose influence is restrained in the
proposed case study, Fig. 8 shows how energy is shared between the two
systems. The ACF sensor’s negative offset decreases heating system
consumption (up to —1.5%), whereas the positive offset increases the
energy exchanged by the heating coil (up to + 400%). These effects
cause a decrease in the negative offset and an increase in the positive
offset scenarios of the total energy consumption, as discussed in Fig. 4.
Conversely, in the case of the AHC sensor, the positive offset does not
show a growth of the total thermal consumption: the decrease in energy
supplied by the heating coil (in the case of + 4 °C offset the heating coil
is off for the whole year) is compensated by an increase in the heating
system’s consumption. In the negative offset scenario, the increase in the
heating coil consumption (up to 560%) does not correspond to the
decrease in heating system thermal energy (around —25%), taking to the
increase in total energy already discussed in the previous section.

Analyzing the bypass faults (Fig. 9), almost the whole energy con-
sumption increase is associated with the increased heating coil opera-
tion, which reports increased consumption by up to + 450% for the
leakage and + 1340% for the stuck. In the case of a fully closed damper
position scenario (Dpr = 0), “forcing” the supply air into the heat re-
covery unit for the whole year involves some savings in the heating
consumption, although limited (-1.5%).

The inadequate duct insulation affects both systems (Fig. 10), with
an increase of 25% for the heating system and 380% for the heating coil
consumption in the 5 mm insulation thickness scenario. Unlike other
faults, the thermal losses are not concentrated in a part of the system, but
air undergoes continuous transformation along with the duct length. For
this reason, despite their dependence on the adjacent environment and
duct paths, thermal losses are potentially one of the faults that have a
greater effect on consumption and system operation.

The effect on leakage, almost irrelevant in the total thermal con-
sumption, show an increase in the heating coil consumption due to the
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0 A9 -1% 7%
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Fig. 5. Impact of bypass damper leakage and stuck fault (a) and ducts’ leakage and thermal losses (b). The ratios are related to a fault-free scenario (TE = 3106
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Fig. 7. Impact of fans’ electrical efficiency drop (a) and filter fouling (b). The ratios are related to a fault-free scenario (TE,; = 3106 kWh/y, ECypy = 400 kWh/y).
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Fig. 9. Impact of bypass damper faults intensity on heating system (a) and heating coil (b) consumptions. The ratios are related to a fault-free scenario (TEys = 2898

kWh/y, TExc = 208 kWh/y).

3.1.3. Impacts on different-age buildings

The variation of impact with building age and the envelope’s thermal
performance is analyzed in this section, and the results are shown in
Table 5. It was decided to display the most impactful faults with the
higher intensity to have an overview of the building age effect.

lower temperature of the leaking air inside the ducts (Fig. 11). However,
the most relevant aspect is the decreased supply flow rate, involving a
lower IAQ; this aspect will be discussed in the following paragraphs.
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Fig. 10. Impact of duct insulation thickness on heating system (a) and heating coil (b) consumptions. The ratios are related to a fault-free scenario (TEys = 2898

kWh/y, TExc = 208 kWh/y).
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Fig. 11. Impact of duct leakage flow rates on heating system (a) and heating coil (b) consumptions. The ratios are related to a fault-free scenario (TEys = 2898 kWh/

y, TEyc = 208 kWh/y).

Table 5

Impact of faults in buildings with different insulation levels. The Energy Ratio is
referred to the fault-free total thermal consumption: 3106 kWh/y for the recent,
5597 kWh/y for the medium and 10,403 kWh/y for the old building.

Component Fault Intensity TER ot
Scenario Scenario Scenario
A B C
ACF sensor Offset +4°C 27% 15% 8%
AHC sensor Offset —4°C 13% 7% 3%
Bypass Valve stuck  Fully-open 90% 50% 27%
valve
Bypass Valve Dp =04 30% 17% 10%
valve leakage
Ducts Thermal Insulation 48% 27% 14%
losses =5mm
CFHE Efficiency e=0.7 9% 5% 3%

drop

The reported results show that the impact of each fault is higher in
buildings with higher thermal performance in terms of the total thermal
energy ratio. The calculation of the consumption difference between the
simulation with and without faults gives similar results in the different-
age case studies: the faults affect the ventilation system operations,
which are independent of indoor environmental conditions. However,

the higher percentage of thermal energy ratio in recent buildings proves
that the better the building’s thermal performance, the more significant
the impact of the HVAC system fault becomes.

3.1.4. Impacts on thermal comfort and IAQ

In some of the simulated cases, it was observed that the presence of a
fault could affect the thermal comfort or IAQ aspects. The first case
happens when the faults are such severe that, due to the limit imposed
on the heating system and heating coil, the systems are not able to fulfill
the energy requirements of the building. This scenario results in unmet
thermal comfort hours.

In the case of the AHC sensor fault (Fig. 12), a general decrease in
thermal comfort can be observed with a positive offset. In the + 4 °C
intensity value, the hours when the T, is below 18.5 °C drop from 0.2%
(FF case) to 1.4%; similarly, considering the operative temperature
range between 18.5 and 19.0 °C, the share varies from 1.6% to 2.6%.
The negative offset scenario presents a higher average Top, €.g., hours in
the warmer temperature range change from 46.3% to 48.7%. Improved
comfort conditions, however, must be contextualized within a scenario
of growing consumption, as highlighted in Section 3.1.1.

Compared to AHC sensor offset, more significant degradation of in-
door thermal comfort is found for low insulation ducts, as shown in
Fig. 13. In the lower classes for thermal comfort, Top < 18.5 °C and
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Fig. 13. Variation of the hours in each operative temperature range in different insulation thickness scenarios.

18.5 °C < Typ < 19.0 °G, the share changes from the 0.2% and 1.6% of
the FF case study to the 6.6% and 7.3% of the ducts’ thermal losses
scenario.

On the other side, it was observed that, despite not having important
impacts on thermal and electrical energy consumption, leakage in the
ducts decreases the air supplied to the building, causing lower IAQ in the
indoor environment (Fig. 14). The simulation of the FF scenario shows
that 83% of the time, the ventilation system can guarantee good air
quality, reaching Class I according to the European Standard [24]. In the
worst-case scenario, with a leakage rate of 0.4, the share is lowered to
75% of the annual time; while 25% of the time, Class II is detected,
where the CO2 concentration is above 550 ppm.

3.2. Faults’ effect on the system’s behavior

Faults in HVAC systems affect each sub-component’s plant behavior
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and operations. In the following sections, the discussion of the results is
reported to investigate this aspect.

3.2.1. Sensors offset

The AHC sensor detects the air temperature at the heating coil outlet
and controls the water flow rate to reach the air supply temperature
setpoint (18 °C). The positive offset causes a higher detected air tem-
perature than the real one, leading to a decrease in the water flow rate
and, consequently, a lower temperature of the air supplied by the
ventilation system. The reduction of the thermal energy consumption of
the heating coil with an increasing positive offset (Fig. 8(b)) would
result in a lower indoor air temperature, but this is balanced by an in-
crease in heating system consumption (Fig. 8(a)). Therefore, the AHC
sensor positive offset does not increase the total energy consumption
(Fig. 4) but involves a different balance between the two systems. The
negative offset acts in reverse, increasing the water flow rate and the
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Fig. 14. Hours’ variation for each IAQ class based on CO, concentration above outside in different duct leakage scenarios.

thermal consumption of the heating coil (Fig. 8(b)). The heating system
decreases consumption (Fig. 8(a)); however, an increase in the total
thermal consumption can be observed (Fig. 4), involving a higher tem-
perature inside the building with the risk of overheating (Fig. 12).

The ACF sensor detects the air temperature after mixing the bypass
and the heat recovery path and controls the bypass flow to reach the
setpoint temperature value (18 °C). When a positive offset occurs, the
detected temperature is higher than the real one, and the control system
opens the bypass damper more than needed. The consequence is a lower
heat recovered, whose missing amount is supplied by the heating coil,
which shows an increase in consumption (Fig. 8(b)). The air supply
temperature does not change; hence a decrease in heating system con-
sumption does not occur (Fig. 8(a)), increasing the total thermal con-
sumption (Fig. 4). The negative offset involves a longer time for the
bypass damper to stay closed and a lower opening level. Higher supply
air and indoor temperature (in some time ranges) are found, but this
occurs when the heating coil remains off. Therefore, the savings in total
energy consumption are limited (Fig. 4). The changes in electrical con-
sumption are due to the different airflow rates crossing the heat recovery
unit, which causes higher pressure losses. For this reason, the electrical
consumption decreases when the amount of air in the bypass path in-
creases (positive offset) and increases in the opposite situation (negative
offset) (Fig. 4).

In this work, the external temperature sensor behavior does not
affect the system’s operation: it forces the full opening of the bypass
damper when outdoor conditions are favorable (Tey > 18 °C), which
generally already occurs with the control provided by ACF sensor,
dealing in neglecting impacts with the positive or negative offset of EXT
sensor (Figs. 4, 8).

3.2.2. Bypass faults

The leakage fault occurs when an undesired airflow ratio bypasses
the crossflow heat exchanger due to unsealed damper closing. The
electrical consumption decreases for a lower flow in the heat recovery
unit with increased leakage, but this involves a lower heat recovered and
an increasing need for integration provided by the heating coil, which is
reflected in an increase in total heat consumption of up to 30%, although
heating system consumption remains unchanged (Fig. 5(a), 9).
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The stuck fault differs from leakage as it corresponds to a situation
with a fixed damper position for the whole simulation time. Despite this
difference, the results are similar to those presented for leakage fault: the
thermal energy consumption increases as the stuck occurs at a higher
opening level because the heat recovery decreases. The heating coil
provides the whole amount of energy to reach the supply air tempera-
ture setpoint (Fig. 9). An opposite trend is shown by the electrical
consumption, which decreases with the opening of the bypass valve for
the lower pressure losses in the bypass path (Fig. 5(a)).

3.2.3. Ducts faults

The ducts’ leakage fault does not greatly impact total thermal con-
sumption. However, it is shown in Fig. 11 that the heating coil increases
the consumption due to the inlet leakage of air colder than that coming
from the heat recovery process. With the analyzed leakage rate, the
heating coil can provide the energy needed to keep the supply air set-
point temperature. This fault involves a lower airflow inside the ducts
and supplied to the room, which is the cause for the lower heating
system consumption (Fig. 11(a)): it is referred to the energy the system
should use to take the missing air from the supply (18 °C) to the indoor
(20 °C) temperature setpoint. The impact of a lower flow is also reflected
in the electrical consumption, which is lower than the simulation
without leakages (Fig. 5(b)), but it also entails a lower IAQ level inside
the building, as shown in Fig. 14.

As discussed in Section 3.1.2, the ducts’ thermal losses affect all the
air paths and components operations. The heating coil consumption
increases because of the lower air temperature entering the crossflow
heat exchanger caused by exhaust duct losses and the losses in the
supply path before the heat integration (Fig. 11(b)). However, the
supply temperature setpoint is not reached in this case for the thermal
losses in the duct’s track after the heating coil; an increase in thermal
consumption of the heating system is therefore observed (Fig. 11(a)).
For the high amount of losses, in the most critical hours of the year, the
systems can not provide the whole thermal energy needed to keep the
indoor temperature setpoint, an increase of unmet hours for thermal
comfort is found (Fig. 13).
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4. Conclusion

The present study investigated the presence of faults in a ventilation
system composed of a constant air volume (CAV) air handling unit
(AHU) installed in a Danish residential apartment. Annual simulations
were performed with Modelica to study the effect of single faults by
comparing the output (energy use, operative temperature, indoor COy
concentration) of a “fault-free” baseline model and “with-fault” models.
For the present case study, the following results were obtained:

e Poor bypass damper operations are the main causes of increased
thermal energy use, which can result in almost double the baseline
scenario (+90%, in case of fully open stuck). Ducts’ poor insulation
and sensors offset (especially AHC and ACF sensors) are also im-
pactful for thermal energy use.

Fans’ efficiency drop of up to 10% can lead to a relevant increase in
electrical energy use (up to + 40%).

Most of the analyzed faults cause imbalanced operations between the
systems in the building (e.g., ventilation and heating systems). When
the plant cannot compensate for these unbalances, thermal discom-
fort and low-IAQ hours occur (duct leakage and thermal losses faults,
AHC sensor offset).

The effect of the fault presence is higher in buildings with higher
thermal performance; therefore, more attention in the design and
maintenance phase is required in these cases.

The results obtained are useful for producers of these systems,
helping the design process and giving awareness of the impact that poor
operations (installation, improper design, inadequate maintenance) can
have on a system’s energy use. However, the results obtained are strictly
correlated to the choice of boundary conditions; this leads to the ne-
cessity of a wider application of this methodology to investigate the
effects of faults in different operative conditions. A more complex sce-
nario deals with the coexistence of more simultaneous faults, which has
not been studied in the present paper and could be an interesting further
application of this methodology.

The white-box modeling approach proposed in this work can be
considered a first step to studying the faults’ effect on the system in
depth. Starting from these results, a scalability approach can be devel-
oped considering inverse modeling for a detailed system; in this case,
grey-box or black box models can be interesting solutions that could be
implemented in FDD tools for more efficient detection of faults.
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