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Nomenclature

Abbreviations

AEI Annual energy impact
AFI Annual financial impact
ASHP Airsource heat pump
BES Building energy simulation
COMETh BES tool developped by CSTB
CSTB Scientific and Technical Centre for Building
DEE Energy and Environment Department
DSSM Doctoral Studies & Services Manager
EHPA European Heat pump association
EPBD Energy Performance of Buildings Directive
EPC Energy Performance Certificate
EU European Union
FDD Fault detection and diagnostic
GHG Green house gas
HVAC Heating, ventilation, and air conditioning
NEEAP The National Energy Efficiency Action Plan
NF French standard
NF EN European standard
NF EN ISO International standard
NZEB Nearly Zero-energy Buildings
PV Photovoltaic
RT French building thermal code
TXV Thermostatic expansion valve
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Symbols Description Unit

A Area m2

Cnn Correction coefficient in RT2012 calculation
Cep Primary energy consumption per year and per square

meter of building
kWhEP/(m2.yr)

COP Coefficient of performance
D Hydraulic diameter m
EER Energy efficiency ratio
F Fault ratio %
K Global exchange coefficient of the heat exchanger W/(m2.K)
LMTD Logarithmic mean temperature oC
PLF Partial load factor
PLR Part load ratio
Q Heat transfer rate W
ℜ Global thermal resistance m2.K/W
S Heat exchanger surface m2

T Temperature K
W Compressor power W

Symbols Description Unit

cp Specific heat at constant pressure J/K
e Thickness m
hc Convection heat transfer coefficient W/(m2.K)
h Specific enthalpy kJ/kg
qmr Mass flow rate kg/s
qv Volumetric flow rate m3/h
t Fouling time month
ρ Density kg/m3

ηCPs Compressor isentropic efficiency
λ Thermal conductivity W/(m.K)

Subscripts Description

a air
aux auxiliary components
CD condenser
CP compressor
EX expansion valve
EV evaporator
ext exterior
i inlet
ini initial
int interior
n norminal
o outlet
r refrigerant
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Abstract

France building thermal code RT and energy performance labels, have been developed
to improve the intrinsic performance of buildings and energy systems. However, the regula-
tions define a conventional performance, which is not intended to predict actual consump-
tion, which could be changed if we take into account the system faults.

In this research, we focus on the building operation, and the fault appearance in energy
systems. Indeed, systems sometimes operate with a lower efficiency than that measured
under nominal laboratory conditions. The causes are numerous and can be due to (1) the
design, (2) the installation or the maintenance process, and (3) fault occurrence during the
building operation. These can reduce the performance of the overall system to a large extent.

Among the three fault types mentioned above, operating faults (3) are more difficult to
control because they occur randomly during normal use. They are not taken into account in
the design process. Besides, the current tools for building energy simulation do not consider
these operating faults. We propose to develop a method to model these operating faults and
to associate them with a building simulation model. This coupling potentially supports to
describe how the system works, to get the system performance in practice, and to assess the
building energy consumption during the operation.

In the building sector, heating takes a share of approximately 70% of the energy needs.
Among heating systems, the heat pump gives an efficient and sustainable solution for both
heating and cooling. Moreover, aerothermal heat pumps have spread rapidly in recent years
and now dominate residential sales in France, accounting for nearly 97.5% of the market
in 2018. We therefore decided to choose the air-to-air heat pumps to study this subject.
We focus on, three operating faults: refrigerant leakage, condenser fouling, and evaporator
fouling. They are the most frequent faults, and evolve undetectably over time until they
start to create energy problems.

In order to solve the question about the fault integration into building energy simula-
tion, the study proposes a method composed of two parts. In the first place, we developed
physical models of a heat pump in order to predict the coefficient of performance of the heat
pump, as a function of the use intensity, and operating fault. We built an operating fault
database, based on an experimental model of heat pump, and physical equations, in order
to perform simulations. Then, a Petri net model – the mathematical and graphical modeling,
was proposed to determine a priori structure of fault evolution. It describes any evolution
of operating fault from a fault-free state to a state with a specific fault level. When operating
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fault occurs and evolves to a higher level, the Petri net applies this new fault level in the
heat pump model and results in the heat pump performance, particularly COP and EER in
this research. This model can regulate a singly imposed fault or with some faults together.

In the second step, we apply a notion of uncertainty of fault database to take into ac-
count different working cases and generalize the fault occurrence model. We coupled it
with the dynamic energy simulation tool COMETh - a building simulation model devel-
oped by CSTB, to simulate the annual energy consumption. This allows us to determine the
global uncertainty on energy consumption and to show a propagation on the system per-
formances. As many operating faults occurs during the heat pump life cycle, we use Petri
net model to regulate the occurrence of various operating faults. It shows the occurrence
order of each fault, which helps us combine all operating faults together and analyze their
impacts. This method allows to analyze fault impacts on the performance of a machine and
on the whole energy consumption of the building.

For research purposes, the method was applied to a residential building in Paris, respect-
ing the intrinsic performances of the RT2012 requirements. We analyzed the impact of these
three heat pump operating faults in a case study over 15 years. In a first approach, the oper-
ating fault is imposed separately. A refrigerant leakage of about 30% can result in an average
32% increase in heating consumption and a 5% rise in cooling capacity. For interior and ex-
terior fouling, a 30% reduction in airflow increased the average heating consumption by
15% and 10%, respectively. Then, as operating faults occur cumulatively, we model all three
operating faults together. The building consumption remarkably increased from the third
year, in which the primary energy consumption of the building exceeds 60kWh/m2/year.
If there is no maintenance intervention, the operating faults impact more and more on the
primary energy consumption. At the 15th year, the building energy consumption Cep can
increase approximately 120 kWh/m2/year, double the standard value. The results under-
line the possibility of the proposed methodology. By using the Petri net model, three models
as the heat pump model, the fault model and the building model are coupled to analyze the
impact of operating faults on the annual building energy consumption.
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Résumé

La règlementation thermique des bâtiments en France (RT) et les labels de performance
énergétique, ont été développés pour améliorer la performance intrinsèque des bâtiments
et des systèmes énergétiques. Toutefois, la réglementation définit une performance con-
ventionnelle, qui n’a pas vocation à prédire la consommation réelle, laquelle pourrait être
modifiée si l’on tient compte des défauts de fonctionnement du système.

Dans cette recherche, nous nous concentrons sur le fonctionnement du système, auquel
nous associons une notion d’apparition de défauts. En effet, les systèmes fonctionnent par-
fois avec une efficacité inférieure à celle mesurée dans des conditions nominales de labora-
toire. Les causes sont nombreuses et peuvent survenir (1) lors de la conception, (2) lors du
processus d’installation ou de maintenance, et (3) lors de l’utilisation des systèmes. Ceux-ci
peuvent réduire dans une large mesure les performances de l’ensemble du système.

Parmi les trois types de défauts mentionnés ci-dessus, les défauts de fonctionnement (3)
sont plus difficiles à contrôler car ils se produisent de manière aléatoire lors d’une utilisa-
tion normale. Ils ne sont pas pris en compte dans le processus de conception. Par ailleurs,
les outils actuels de simulation énergétique des bâtiments ne prennent pas en compte les
défauts de fonctionnement. Nous proposons de développer une méthode pour modéliser
les défauts de fonctionnement et les associer à un modèle de simulation de bâtiment. Ce
couplage permet de décrire le fonctionnement du système, d’obtenir les performances du
système dans la pratique et d’évaluer la consommation d’énergie du bâtiment pendant son
fonctionnement.

Dans le secteur du bâtiment, le chauffage représente environ 70% des besoins en én-
ergie. Parmi les systèmes de chauffage, la pompe à chaleur constitue une solution effi-
cace et durable pour le chauffage et la climatisation. Par ailleurs, les pompes à chaleur
aérothermiques se sont rapidement répandues ces dernières années et dominent désormais
les ventes résidentielles en France, représentant près de 97.5% du marché en 2018. Nous
avons donc décidé de choisir les pompes à chaleur air-air pour étudier ce sujet. Trois défauts
de fonctionnement sont considérés dans cette étude : les fuites de réfrigérant, l’encrassement
du condenseur et l’encrassement de l’évaporateur. Ces défauts sont les plus fréquents et
évoluent de manière indétectable dans le temps jusqu’à ce qu’ils commencent à créer de
graves problèmes de confort et engendrent l’augmentation de la consommation énergétique.

Afin de résoudre la question de l’intégration des défauts dans la simulation énergé-
tique des bâtiments, l’étude propose une méthode composée de deux parties. En premier
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lieu, nous avons développé des modèles physiques d’une pompe à chaleur afin de prédire
le coefficient de performance COP/EER de la pompe à chaleur, en fonction de l’intensité
d’utilisation et des défauts de fonctionnement à un niveau donné. Pour le faire, nous avons
construit une base de données de défauts pendant la phase d’utilisation, utilisé un modèle
expérimental de pompe à chaleur et des équations physiques.

Ensuite, un modèle de réseau de Petri - la modélisation mathématique et graphique, a
été proposé pour déterminer a priori la structure de l’évolution des défauts. Il décrit toute
évolution d’un défaut de fonctionnement d’un état sans défaut à un état avec un niveau
de défaut spécifique. Lorsque le défaut de fonctionnement se produit et évolue vers un
niveau plus élevé, le réseau de Petri applique ce nouveau niveau de défaut dans le modèle
de pompe à chaleur. La performance de la pompe à chaleur, en particulier le COP et l’EER,
évolue en conséquence. Ce modèle fonctionne avec un défaut seul ou avec plusieurs défauts
combinés.

Dans un deuxième temps, nous appliquons une notion d’incertitude dans la base de don-
nées des défauts pour prendre en compte différents cas de fonctionnement et généraliser le
modèle d’occurrence des défauts. Nous l’avons couplé à l’outil de simulation énergétique
dynamique COMETh - un modèle de simulation de bâtiment développé par le CSTB, pour
simuler la consommation énergétique annuelle. Cela nous permet de déterminer l’incertitude
globale sur la consommation d’énergie et de montrer une propagation sur les performances
du système. Comme de nombreux défauts de fonctionnement se produisent pendant le cy-
cle de vie de la pompe à chaleur, nous utilisons notre modèle de réseau de Petri pour réguler
l’apparition de divers défauts de fonctionnement. Il montre l’ordre d’apparition de chaque
défaut, ce qui nous aide à combiner tous les défauts de fonctionnement et à analyser leurs
impacts. Cette méthode permet d’analyser l’impact des défauts sur les performances d’une
machine et sur la consommation énergétique globale du bâtiment.

La méthode a été appliquée à un bâtiment résidentiel à Paris, en respectant les perfor-
mances intrinsèques des exigences de la RT2012. Nous avons analysé l’impact de ces trois
défauts définis pour l’étude sur une période de 15 ans. Dans une première approche, le
défaut de fonctionnement est imposé séparément. Une fuite de réfrigérant de 30% peut en-
traîner une augmentation moyenne de 32% de la consommation de chauffage et de 5% de
la capacité de refroidissement. Pour l’encrassement intérieur et extérieur, une réduction de
30% du débit d’air peut augmenter la consommation moyenne de chauffage de 15% et 10%,
respectivement. Ensuite, comme les défauts de fonctionnement se produisent de manière
cumulative, nous modélisons les trois défauts de fonctionnement ensemble. La consomma-
tion du bâtiment peut augmenter remarquablement à partir de la troisième année, au cours
de laquelle la consommation d’énergie primaire du bâtiment dépasse 60kWh/m2/an. En
l’absence d’intervention de maintenance, les défauts de fonctionnement ont un impact de
plus en plus important sur la consommation d’énergie primaire. A la 15ème année, le Cep
peut augmenter d’environ 120 kWh/m2/an, soit le double de la valeur standard.

Les résultats soulignent la possibilité de la méthodologie proposée. En utilisant le mod-
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èle de réseau de Petri, trois modèles tels que le modèle de pompe à chaleur, le modèle de
défaut et le modèle de bâtiment sont couplés pour analyser l’impact des défauts de fonc-
tionnement sur la consommation énergétique annuelle du bâtiment.
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Chapter 1

Introduction

1.1 Building faults

It is reasonable to expect that the buildings are constructed and used in a manner that
is stable, safe, and fit for purpose during longer lifetimes ranging from 50 to 100 years.
Unfortunately, buildings appear to have the defects. According to the British Standard BS
3811:1964 [BSI, 1993] about the glossary of maintenance management terms, building faults
are defined as the deterioration of building features and services to unsatisfactory quality
levels of user requirements. They can result from design error by the architect, lack of ad-
herence to the design by the technician, system malfunction, or any combination of them.
Common types of building faults are related to the building envelopes and HVAC systems
(heating, ventilation, and air conditioning), such as structural faults, inadequate insulation
or soundproofing, faulty electrical wiring and/or lighting, insufficient or defective drainage
systems, insufficient or incorrect ventilation, cooling or heating systems, etc. Based on the
United States Commercial Buildings Energy Consumption Survey (CBECS), Kim et al. [2018]
identified a total of 47 building faults, and identified the most important ones reported in
Table 1.1.

Table 1.1 shows the significant impacts of the studied faults on the annual energy impact
(AEI) and the annual financial impact (AFI) during its operation. The excessive infiltration
through the building envelope has the most significant impact with the highest prevalence,
AEI and AFI. Air-duct leakage has the second-largest energy impact, which causes higher
energy use for both heating and cooling. As incorrect HVAC on/off modes, inappropriate
setpoints/thermostat schedules, and zone temperature sensor bias, three other building op-
erating faults are also among the 20 top faults in terms of energy and financial impact. In
addition, seven out of the 20 top-priority faults occur in vapor compression systems, such as
air-conditioning, heat pumps, and refrigeration equipment, which account for an essential
part in substantial energy and financial impacts. In this thesis, faults in vapor compression
systems have been studied.
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Table 1.1: List of 20 top-priority faults in buildings Kim et al. [2018]

Other authors also shared the same results and have highlighted energy waste caused
by HVAC faults. Norford et al. [1994] showed that up to 12% of excess energy consumption
could come from HVAC equipment, which does not operate as specified. Roth et al. [2004]
and Katipamula and Brambley [2005] found that degraded equipment wastes an estimated
15% to 30% of heating and cooling energy in commercial buildings. Based on those stud-
ies, we can assume that the energy consumption in the building will constantly increase if
we do not face this challenge. This raised a high demand for studying about HVAC faults
to meet the requirement of energy consumption in buildings; for example, the primary en-
ergy consumption of the new residential building in the French H2b zone cannot excess 50
kWh/m2/year [CSTB, 2012].

1.2 Heating and cooling systems, heat pumps

According to the anual report of IEA [2019] about the energy demand in residential build-
ings, among the energy demand of building, heating and cooling demands account for im-
portant part. Fig.1.1 shows the share of residential energy consumption by end use in IEA
countries in 2017.

2



Figure 1.1: Share of residential energy consumption by end use in IEA countries in 2017
[IEA, 2019]

Over half (52%) of residential building energy consumption is accounted essentially from
heating and cooling, followed by the appliances by 21% and domestic hot water by 18%. We
focus, therefore, on the fault of heating systems in this research. Among heating systems,
heat pumps provide an efficient and sustainable solution for heating and cooling compared
to other heating systems. Replacing the oil, gas boiler, and pure electrical heater, the heat
pump system has cut the global CO2 emissions considerably. According to European Heat
Pump Association (EHPA), based on 11.8 million heat pumps installed in Europe from 2005
to 2018, a reduction of 32.8 Mton of CO2 emissions is estimated [Nowak, 2019]. About 75%
of the energy used in heat pumps is renewable, whereas 25% of the energy is generated by
electricity. If the electricity is generated by renewables (PV, wind, hydro), the heat pump is
100% renewable and CO2-neutral. Electrically driven heat pumps are considered key in the
energy transition.

Additionally, Bettgenhauser et al. [2013] predicted that the CO2 equivalent emissions
would be reduced by 40% if 50% of all new buildings and 30% of retrofitted buildings are
equipped with heat pumps in 2030. Furthermore, regarding energy efficiency, a heat pump
transfers the heat from the environment (air, water, or ground) to provide heat for space
heating/cooling and water heating. For each kW of electricity consumed by a heat pump,
about 3kW (or higher) of thermal energy is generated, for example. This corresponds to
a 300% efficiency, which is higher than direct electric heating, condensing gas/oil boiler,
and conventional gas/oil boiler of 100% efficiency, 90-96% efficiency and 70-80% efficiency,
respectively. With its efficiency, heat pumps are encouraged to use in buildings and other
sectors. Indeed, recent years have shown strong growth in the international heat pump mar-
ket. The EU market is expanding quickly, with around 1.3 million households purchasing a
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heat pump in 2018 (12% annual average growth since 2015). Indeed, France has a leading
position in heat pump sales for years in Europe, followed by Italy and Spain [IEA, 2019].
They are responsible for nearly half of all sales in the European Union. Concerning the resi-
dential sector, almost 20 million households purchased heat pumps in 2019, accounting for
5% of global building heating demand. It is predictably increased to 22.1% in 2030 [Abergel,
2020].

Besides, among three types of heat pumps, based on the energy sources as air source,
water source, and ground source, the air source heat pumps (ASHP) are found commonly
in Europe. Fig.1.2 shows the share of heat pump sales in Europe in 2013. The heat pump
types are explained in Annexes B.

Figure 1.2: Split of sales by product category in EU-21, 2013 [EHPA, 2014]

As we can see from Fig.1.2, the ASHP accounted for approximately 70% of total heat
pump sales in Europe in 2013, of which 51% is the air-to-air heat pumps. They have be-
come more widespread in recent years, for example the heat pump sales in France which is
presented in Fig.1.3.

Figure 1.3: Sales of aerothermal heat pumps and water heaters in France [Deboyser, 2020]
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As can be seen from Fig.1.3, air-to-air heat pumps have dominated French heat pump
sales. 650,000 air-to-air heat pump units sold in 2019 represent around 80% of heat pump
sales in the French market. On the one hand, intended to replace older boilers quickly, "Coup
de Pouce Chauffage", implemented by the French government in January 2019, has strongly
pushed the heat pump market. On the other hand, air-to-air heat pumps are cheaper and
easier to install than others. With the majority of air-to-air heat pump sales of the global sales
in residential buildings, we will focus primarily on air-to-air heat pumps in this research.

1.3 Importance of heat pump faults

The faults of heat pumps have been studied extensively since then. According to a sur-
vey from Madani and Roccatello [2014] in several heat pump manufacturers, 37000 heat
pump fault reports during the warranty period are collected and treated. They are related
to the most recent heat pump models during the period from 2010 to 2012. These faults are
categorized by different fault types related to heat pump units as faulty components or heat-
ing systems as control, electronics, and temperature sensors. For example, Fig.1.4 shows the
share of air-to-air heat pump faults.

Figure 1.4: The share of different faults in air-to-air heat pumps reported from manufacturers
[Madani and Roccatello, 2014]

As can be seen from Fig.1.4, faults such as refrigerant leakage, fan, compressor, valve are
related to the heat pump unit; others are related to the heating system as control, electronics,
sensors (92%, which are presented in Fig.1.4), and others (8%). These faults can be results
along the building lifecycle, which can come from the design process, installation, operation,
and maintenance. Those lead to significant degradation of heat pump performance.
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Many approaches are proposed to study the heat pump faults with different concerns.
First of all, some research learned about heat pump faults to improve the heat pump design.
The frequent problems are no heat balance, bad dimension of the pipe diameters, heat ex-
changer surfaces, wrong material choices, etc. As a result, an undersized heat pump will not
supply an adequate energy requirement. In contrast, if a heat pump is too large, the system
will use more energy than necessary, increasing running costs and losing efficiency. The Eu-
ropean standard NF-EN 14511 is released regarding the heat pump design, which contains
specific requirements for nominal and application conditions. The heat pump can be well-
designed according to the building type, energy use, and energy demand. Besides, new heat
pump designs with high technology have been studied and applied for years, for example,
optimized heat exchanger design [Kim et al., 2020], variable speed capacity in compressors
[Madani et al., 2011], oil free compressor technologies [Schiffmann and Favrat, 2009], special
expansion solutions [Elbel and Hrnjak, 2008; Mader et al., 2010], different cycle layouts [El-
bel and Hrnjak, 2004], improved refrigerant flow [Devotta, 1995; Maddah et al., 2020; Xiao
et al., 2020].

Secondly, some authors have studied the heat pump faults during the installation and
maintenance phase to minimize the installation errors, reduce significant damages, and
avoid the overall heat pump performance deterioration. Davis and Robison [2008] moni-
tored seven new high-efficiency residential heat pumps. They diagnosed several installa-
tion errors, including a malfunctioning TXV, no heat pump thermostat installed, incorrect
indoor unit installed, and incorrect control wiring preventing proper system staging. The
authors reported that once the problems were repaired, the systems performed at the ex-
pected levels. Another example, Mowris et al. [2004], reported on field measurements of
refrigerant charge and airflow. Over three years, 4168 new and existing split heat pumps
were tested. The measurements showed that 72% of the tested units had improper refriger-
ant charge, and 44% had improper airflow. Approximately a 20% efficiency gain was mea-
sured after refrigerant charge and airflow were corrected. Besides, Hourahan and Baxter
[2015] researched the impact of installation faults on heat pump performance in residen-
tial. Faults have a significant increase in energy use. Concerning the refrigerant, the energy
use increases 20% at the 30% undercharge. It also increases around 10% to 16% at the 30%
overcharge of refrigerant, regardless of the climate and building type. As can be seen from
these examples, installation and maintenance play an important role in heat pump perfor-
mance. To ensure the heat pump efficiency, it requires a proper installation from the indoor
unit, outdoor unit, the piping connection between two units, the security functions, defrost
system, the leak/pressure test, temperature set point, the refrigerant charge, fan rotation
direction of the heat exchanger, sealing and filling of the refrigerant circuit, the lubrication,
the electric connection, and voltage supply [AQC, 2019]. Besides, the maintenance should
be inspected annually about the tightness of the refrigeration circuit, the bubble control at
the sight glass, the cleanliness of the aeraulic circuits, heat exchangers and air filters, and
the setpoint values. The best service time is at the end of the cooling season before start-
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ing the next heating season. Overall, technician competence is essential in installation and
maintenance to maintain the initial heat pump performance.

Last but not least, many studies have been concerned about heat pump controls to detect
performance degradation during operation, support the maintenance process, and improve
the heat pump performance and efficiency. Fault detection and diagnostic (FDD) meth-
ods are studied and developed rapidly in recent years. [Kim and Kim, 2005] developed a
rule-based FDD model to detect compressor fault, evaporator fault, refrigerant leak, and
condenser fault in constant speed and variable speed vapor compression systems. Kim et
al. [2008] adopted eight fault detection methods to detect compressor fault, fluid flow rate
fault, refrigerant fault, and liquid line fault in a residential heat pump. [Choi et al., 2012] de-
veloped an algorithm to determine the refrigerant charge amount of a heat pump using the
degree of subcooling. Gasche et al. [2012] developed a non-isothermal two-phase algorithm
to detect refrigerant leakage in a compressor. Those FDD algorithms were used to ensure
heat pumps perform as designed throughout their lifetime.

As can be seen from the above analysis, numerous research about the new designs, devel-
oped equipment, optimization, model predictive controller, etc., have been studied in order
to improve heat pump performance, its energy efficiency and to meet the building energy
demand and occupant’s comfort. A careful reader may observe that each paper presented
in the previous paragraph typically focused most on the method of how to improve the heat
pump performance. Few studies systematically evaluated the impact of faults on heat pump
measurements over a wide range of operating conditions. In the author’s opinion, there is
still a lack of a global view on heat pump performance in practice during its operation.

As the heat pump is well-designed and the entire installation is valid, the heat pump per-
formance is still not guaranteed. It depends as well on the environmental conditions, energy
demand, etc. During its operation, many operating faults can occur. It could be soft faults
and hard faults. Soft faults progress undetectably overtime during system operation until
they are significant, which leads to a premature failure of components, a loss in comfort, or
excessive energy consumption. They could be, for example, dirty filters, dirty coils, refriger-
ant leakage, etc. These faults result in degraded heat pump performance, energy waste, and
shortening equipment life.

In contrast, hard faults happen accidentally without any warning. They can be compres-
sor failure, power supply, wires, and electrical faults. They will stop the machine from work-
ing; consequently, heat pump performance cannot be evaluated in these cases. The occur-
rence of operating faults may affect one or more components of the equipment. This would
damage the whole system. Yoon et al. [2011] evaluated an air-to-air heat pump equipped
with a thermostatic expansion valve (TXV) under different singly imposed operating faults
in environmental chambers. Observations were made during heating and cooling mode.
They identified sensitive and insensitive features related to each fault under the heating or
cooling mode. The authors concluded that evaporator fouling and condenser fouling caused
the most significant performance degradation. Du et al. [2016] has studied a split residential
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heat pump in the cooling mode under controlled laboratory conditions. They used different
types of expansion valves, compressors, and refrigerants to evaluate some common faults.
Their analysis showed that the fault intensities above 15% lead to a considerable decrease in
the COP value. The author also cited other publications as Kim et al. [2009] and Cho et al.
[2014], which reported similar results. Few studies mentioned the impact of the heat pump
operating faults on the residential building, increasing heating and cooling consumption
and leading to inadequate thermal comfort for users. Hence, it would be essential to ana-
lyze the heat pump operating faults and their impacts on heating and cooling consumption
in the building. With this result, we can better evaluate the building energy performance un-
der the operating fault impacts. Then, we can compare it to the threshold of building energy
consumption from French building thermal regulation RT2012, limiting the primary energy
consumption of the new residential building in France H2b zone to about 50 kWh/m2/year.

Comparing to other fault types, for example, design faults, installation, and maintenance
faults, the operating faults are more difficult to control. They randomly appear during nor-
mal operations, progress undetectably over time, and affect heat pump performance. How-
ever, they have not been considered yet in the design process. Most building simulation
tools such as EnergyPlus, TRNSYS, eQuest, COMETh, Buildings, etc., cannot assess de-
graded performance because of operating faults. These current simulation tools assume
that HVAC equipment, particularly heat pumps, performs as rated. Therefore, there is still a
need to develop a method to model those faults in design and associate them with a building
simulation model. With this approach, we describe the operation of HVAC systems, estimate
the system performance and evaluate the causes and consequences of faults in lower levels
during the building’s lifecycle, for example, from the component level to the system and the
entire building.

1.4 Objectives

Despite the huge contribution of heat pump systems in saving energy and cutting global
emissions, there is still a potential to improve heat pump efficiency and reliability during
its life cycle, particularly during its operation. This research potentially supports assess-
ing the building performance under the heat pump operating faults for new and existing
buildings. As can be seen from Table.1.1, among seven out of the 20 top-priority faults that
occur in vapor compression systems such as heat pump, nonstandard charging, condenser,
and evaporator fouling are the most prominent faults, which have a significant impact on
energy consumption. Besides, based on the field data about the service frequency, Breuker
and Braun [1998] noted that refrigerant leakage occurs most frequently, followed by the
condenser, air handling, evaporator, and compressor faults. Hence, three faults, refrigerant
leakage, condenser, and evaporator fouling, which evolve undetectably over time until they
start to create serious comfort problems, are considered in this study. To integrate these op-
erating faults into the design process, we propose a methodology that allows us to describe
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the evolution of each operating fault and helps us to analyze their impacts on heat pump
performance. Operating faults will occur based on the experimental results. We apply a
probability notion to take into account different working cases and generalize the fault oc-
currence model. Then, these various fault occurrence will be regulated by a Petri net. This
method drives the occurrence order of each fault, and the combination along the building
lifecycle. When operating fault occurs or evolves to a higher level, the Petri net applies
this new fault level in the heat pump model, which modified the heat pump performance.
Then, Petri net will transfer these new values to a building energy simulation, particularly
COMETh, to calculate the annual energy consumption. This method should be developed
and tested for a selection of competing technologies. In order to cover all aspects with the
above objectives, this dissertation is divided into three chapters, which are described as fol-
lows.

Chapter 2 - State of art: This chapter will carry out the state-of-the-art of heat pump
systems with their technology. Then, operating faults will be analyzed to show their causes
and their consequences with different heat pump models. As mentioned before, operating
faults will develop in times; therefore, the fault occurrence models are presented. This part
introduces the currently available fault modeling methods, particularly the Petri net model,
which shows most of the advantages for the study requirements.

Chapter 3 - Operating fault impact on heat pump performance: This chapter presents
two approaches for heat pump modeling, integrating the operating faults: a refrigerant cycle
model, and an empirical model from experience. We fix separately each operating fault into
this refrigerant cycle model with different fault levels in different temperature conditions.
The results are compared to the experimental results, and we analyze their impacts on heat
pump performance. Since many operating faults can occur at the same time during heat
pump life cycle, we then, combine different operating faults with different fault ratios in
order to approach the heat pump performance in reality. Finally, the impact of different
fault combinations on heat pump performance are analyzed.

Chapter 4 - Dynamic evolution of coupled building and heat pump simulation tak-
ing into account operating faults: This chapter presents heat pump modeling in building
energy simulation COMETh, integrating the operating faults. A case study of a residential
building in Paris is presented. Different scenarios of operating faults are presented. First
of all, a single fault with its evolution during the building simulations is simulated. Ad-
ditionally, the impact of two and three simultaneous operating faults on the heat pump is
considered to study. The Petri net is used in this dynamic fault modeling in order to regu-
late the fault occurrence in time. It allows finding the variations of the energy consumptions
according to the operating faults in the exploitation phase. By analyzing the results, we can
evaluate the building energy consumption according to the French building thermal regu-
lation RT2012. We can conclude the system performance and the impact of the operating
faults during a life cycle of a heat pump, 15 years in our study.

The results bring observations and generate new issues to be examined. In the Conclu-
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sions and perspectives, we will draw the highlight of thesis works and present a future
outlooks. The latest issues and new hypotheses create the necessity for a new conceptual
model and a new investigation.
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Chapter 2

State of the art

This chapter will carry out the state-of-the-art of heat pump systems with their technol-
ogy. Then, operating faults will be analyzed to show their causes and their consequences
with different heat pump models. As mentioned before, operating faults will develop in
times; therefore, the fault occurrence models are presented. This part introduces the cur-
rently available fault modeling methods, particularly the Petri net model, which shows most
of the advantages for the study requirements.

2.1 Description of heat pump technology

In order to identify the heat pump operating faults, this section gives an overview of the
theoritical heat pump operation.

2.1.1 Heat pump components

The first functioning heat pump was built in 1856 and was developed in the 1930s. It
has remained the basic design for nearly a century. In this part, we will focus on the vapor
compression heat pump cycle, which is presented in Fig.2.1.

Fig.2.1 shows heat pump cycle diagram, which contains four principal components: the
evaporator, the compressor, the condenser, and the expansion valve. Additionally, other
parts are mentioned as the suction accumulator, the pressure switch, the reversing valve,
oil separator, check valve, dehydrator, and sight glass, which allow the system to operate
efficiently.

Heat exchangers

The heat exchanger consists of an evaporator and a condenser. The primary function
of the evaporator is to increase the temperature of the liquid refrigerant and change it into
the gas state. In contrast, the condenser delivers heat for space heating and transforms the
refrigerant from gas to a liquid state. In a reversible air-to-air heat pump, the heat exchanger
is a tubular one. It is usually made of copper pipes whose length cannot be changed. Also,
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Figure 2.1: Simplified heat pump diagram

it is equipped with a coaxial lamella design matched to the heat source, with the ventilator
ensuring air input. Its design makes sure that heat energy must be led directly into the
exchangers.

Compressor

The compressor is the heart of the heat pump. Its task is to suck the fluid refrigerant,
secondly compress it to high temperature and high pressure, and lastly deliver it to the con-
denser where the heat is released. Fig.2.2 shows different types of compressor, which are
used for heat pump, for example, reciprocating, scroll, rotary screw and centrifugal com-
pressor.

Figure 2.2: Usage scopes of various compressor types [Gużda and Szmolke, 2016]

For the residential applications, the scroll or reciprocating compressors are the most com-
monly found in domestic heat pumps. Based on the compressor speed, heat pump is di-
vided into inverter system and fixed speed system. A fixed speed system is a system where
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a compressor in the outdoor unit operates at a constant speed. In contrast, an inverter sys-
tem varies motor speed in order to maintain a constant demanding temperature. Inverter
systems are more commonly installed nowadays as they are approximately 30-45% more ef-
ficient than fixed speed systems [Staffell et al., 2012]. They achieve the set temperature more
quickly than fixed speed systems.

Expansion valve

The expansion valve creates a strong pressure drop, so it lowers the pressure and the
temperature of refrigerant. Then, the refrigerant state becomes partially a vaporized. There
are various designs of expansion valves, for example the fixed orifice expansion valve, the
thermostatic expansion valve (TXV - Fig.2.3), and the electronic expansion valve (EEV). If
conditions never change as the load on the system is constant and the ambient temperature
remains steady, a fixed orifice expansion valve is ideal. However, static conditions are not
realistic in real condition, and we do not consider fixed orifice expansion valve in this study.

(a) Components (b) Forces

Figure 2.3: Thermostatic expansion valve [Danfoss, 2017]

Fig.2.3a presents a contruction of TXV, which contains a diaphragm, a power element,
a setting string and an orifice. There are three different forces in a TXV, as bulb pressure,
spring pressure, and evaporator pressure, which is showed in the Fig.2.3b. Bulb pressure
(P1) comes from the bulb that is mounted at the outlet of the evaporator. The bulb senses the
suction temperature. If the suction temperature increases, the bulb drives the diaphragm
down. Spring pressure (P2) is constant and pushes up against the diaphragm. Evaporator
pressure (P3) comes from the evaporator load on the system. It pushes the diaphragm up
when the suction pressure increases. This varies according to different operating conditions,
such as room temperature changes. Based on the balance between these three pressures, the
valve will open or close to precisely control the flow of liquid refrigerant into the evaporator.

Reversing valve

The reversing valve controls the direction of flow of the refrigerant in the heat pump. It
changes the heat pump from heating to cooling mode or vice versa. Fig.2.4 shows how the
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reversing valve works in both modes.

Figure 2.4: A reversing valve

As can be seen in Fig.2.4, a reversing valve has two switch positions. There is no inter-
mediate position. It has four pipe connections, three of them on one side and the fourth
on the opposite side. The middle one of the three connectors is permanently on the suction
side, and the single connector on the opposite side is permanently on the high-pressure side.
Since the remaining two may be on either the suction or the high-pressure side, depending
on how the unit is currently switched. A reversing valve also possesses a solenoid pilot
valve with a coil that can be powered to change the direction of the flow of the refrigerant.

Other components

To allow the system to operate efficiently, other parts such as the suction accumulator, the
pressure switch, oil separator, check valve, dehydrator, and sight glass will be mentioned
following.

• Accumulators are necessary for the heat pump to protect the compressor from liquid
slugging.

• Pressure switches control the pressure on the low and high-pressure sides in the re-
frigerant circulation. When the refrigerant pressure has been reached on its limit, they
will close an electrical contact.

• The oil loop ensures the lubrication of the compressor’s moving mechanical parts. A
small amount of oil leaves the compressor with the refrigerant gas. The oil separa-
tor removes oil from the compressor’s discharge refrigerant and then returns it to its
crankcase. This helps to avoid oil circulation throughout the system.
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• A check valve located close to the compressor outlet ensures the refrigerant flow is not
inverted when the compressor turns off. It avoids liquid from the condenser in the
compressor.

• A dehydrator located on the liquid line before the TXV, removes moisture, acid, sludge,
and particles from the circulation. It can therefore prevent possible ice formation at the
expansion valve. If there are still impurities on the liquid line, the sight glass, which is
located close to the dehydrator, will light up to show a risk for circulation.

2.1.2 Refrigerant and regulation evolution

The refrigerant is a chemical compound, which is responsible for the heat exchange from
the evaporator to the condenser. It absorbs heat from the evaporator and releases it to the
condenser while changing from a liquid state to a gas state and back. The choice of the re-
frigerant has a great impact on the efficiency of the heat pump system, which depends on
several criteria, such as thermodynamic properties (pressure, critical temperature), energy
efficiency, and environmental impact.Firstly, for some refrigerants at high temperatures, its
pressures become too high, which can stop the heat pump work. Low pressure has another
disadvantage that the volume needs to be increased. Secondly, above a certain temperature,
a refrigerant reaches its supercritical area where the fluid and gaseous phase of the refriger-
ant can not be distinquished. Last but not least, in case of leakage, most refrigerants impact
strongly to the greenhouse effect.

Over the last decades, researchers investigated the various refrigerants in heat pump
uses to improve the performance of heat pump thermodynamic cycles and reduce their neg-
ative impacts on the environment, particularly from refrigerant leakage. At the beginning of
the twentieth century, the refrigeration industry was restricted to ammonia, carbon dioxide,
sulfur dioxide, and water for domestic appliances. Then, the introduction of R12 by Thomas
Midgley in 1930 about non-flammable and non-toxic refrigerants kicked off the vast use of
CFCs and, later on, HCFCs. In 1973, Sherwood Rowland and Mario Molina presented that
CFCs would deplete the ozone layer. This led to the international agreement to phase out the
use of CFCs in the Montreal Protocol 1987. Also, later on in the amendments, they include
the reduction of HCFCs in heat pump applications. Last but not least, HFC is introduced to
the market. Different refrigerant types are showed below.

• Natural refrigerant: Inorganic refrigerant such as CO2, SF6, air, water or nitrogen com-
pounds such as Ammonia NH3. Generally they have negligible global environment
drawbacks, but some of them are flammable or toxic.

• CFC (Chlorofluorocarbons): All hydrogen atoms in the molecule are replaced with
chlorine and fluorine in various ratios. High chemical stability has proved to be a great
disadvantage on the ozone layer. They are prohibited for heat pumps, for exemple R11,
R12, R113, R502 and others.
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• HCFC (Hydrochlorofluorocarbones): Not all hydrogen atoms are replaced which causes
reduced risk of ozone layer. However, these refrigerants are not used at present, as R21,
R22.

• HFC (hydrofluorocarbones): The refrigerant contains only fluorine. They do not pose
a risk for ozone layer, but they contribute to global warming, for example, R134A,
R407C and R410A, R32.

Carl and Marianne [1992] showed that the refrigerants R123 and R134A can replace many
CFC refrigerants. Devotta [1995] shared the same results, which showed that the refrigerant
R134A is a good replacement fluid. Other authors [Wang, 2014; Fang et al., 2017; Yang and
Nalbandian, 2018] compared refrigerants R134A and R1234yf. The results showed that a
heat pump optimized with R1234yf might have lower performance than a heat pump opti-
mized with R134A because the thermal conductivity of R134A is higher than that of R1234yf.

Besides, R410A offers excellent performance with no influence on ozone depletion and
has been a dominant refrigerant in most domestic heat pumps. However, R410A has a sig-
nificant impact on the climate due to its high GWP. Thus, the heat pump industry has been
focusing on the development of R410A substitutes. R32 represents a promising substitute
for residential and light commercial air conditioning and heat pump systems, among valu-
able alternatives. Its GWP is around 675 (32% of that of R410A) [Fizel, 2019] and has a zero
ozone depletion potential (ODP). Its saturation curve is very close to that of R410A, allowing
the use of most of the components, being the sizing very close, especially for the compressor.
The heat pump coefficient of performance using R32 was increased up to 10% concerning
the R410A case when operating under the same conditions [Xu et al., 2013]. The potential
reduction of the environmental impact is related to the lower GWP and the performance
improvement compared to the other options. That is a reason why R32 is used these days
popularly in heat pump applications. According to AFPAC [2020], 60% of the air-to-air heat
pumps on the market use R32, against 25% in 2018.

Along with those scientific works and high heat pump sales in the market, public au-
thorities have released different policies about refrigerant uses in residential, for example,
the F-Gas. It highlighted three aspects as follows.

• The reduction of direct emissions: by controlling the installation as well as carrying
out periodic inspections according to the quantity of fluid used

• The restricted use of certain high global warming potential (GWP) refrigerants in cer-
tain types of installations: for example, restriction of R410A in installations containing
less than 3 kg of fluid as from 1st January 2025

• The limit of the number of TEqCO2 sold on the market: by promoting the use of low-
GWP HFCs, such as R32 for small and medium power installations, or HFOs for cen-
tralized installations of higher power

16



2.1.3 Heat transfer mechanism

In this part, we describe and analyze the heat transfer process of a reversible air-to-air
heat pump, which is shown in Fig.2.5. It shows the refrigerant working cycle in heating
mode (Fig.2.5a) and cooling mode (Fig.2.5b).

(a) Heating mode (b) Cooling mode

Figure 2.5: A reversible air-to-air heat pump diagram in different working modes

The heating cycle

During the heating mode (Fig.2.5a), heat is taken from outdoor air and released indoor.
First, the liquid refrigerant passes through the expansion device, changing to a low-pressure
liquid/vapor mixture. It then goes to the outdoor coil, which acts as the evaporator coil.
Since the refrigerant temperature in the evaporator is less than the atmospheric tempera-
ture, it tends to absorb the heat from the air loop and evaporate progressively, becoming a
low-temperature vapor. This vapor passes through the reversing valve to the accumulator,
which collects any remaining liquid before the vapor enters the compressor. The vapor is
then compressed to high pressure and high temperature. Finally, the reversing valve sends
the gas, which is now hot, to the indoor coil, which acts as the condenser. The high temper-
ature allows the condenser coil to deliver the heat to the air loop, causing the refrigerant to
condense into a liquid. This liquid returns to the expansion device, and the cycle is repeated.

If the outdoor temperature falls to near or below freezing when the heat pump is oper-
ating in the heating mode, moisture in the air passing over the outside coil will condense
and freeze on it. This frost build-up decreases the efficiency of the coil. It reduces the heat
transfer to the refrigerant. So that the frost must be removed, to do this, the heat pump will
switch into the cooling mode by switching the reversing valve. This sends hot gas to the
outdoor coil to melt the frost. At the same time, the outdoor fan, which usually blows cold
air over the coil, is shut off.

The cooling cycle

During the cooling mode (Fig.2.5b), the process is similar to the heating mode. However,
the unit takes heat out of the indoor air and rejects it outdoor. Also, the heat pump dehu-
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midifies the indoor air. Moisture in the air passing over the indoor coil condenses on the
coil’s surface and is collected at the bottom of the coil.

From the above analysis, we can see that heat pumps operate on the principle of heat
transfer. It tends to move from a location with a higher temperature to a location with a
lower temperature. In the next part, we will discuss how to model an air-to-air heat pump
in different approaches as the mathematical models, experimental models, etc.

2.2 Heat pump models without faults

The above analysis clearly shows the heat pump structure with its components, func-
tions, and operation. This part deals with calculation method for heat pump performance,
which is characterised by the coefficient of performance (COP) and energy efficiency ratio
(EER). These two parameters show heat pump’s efficiency in heating and cooling mode, re-
spectively. They are determined by dividing the heating/cooling capacity of the heat pump
by the electrical energy needed to run the heat pump at a specific temperature. The higher
the COP/EER is, the more efficient the heat pump is. The calculation of heat pump perfor-
mance will be presented in different modeling approaches under the nominal conditions.

Among the heat pump models found in the literature, there are two main paths for heat
pump simulations. The first approach is using experimental data (empirical models). The
models are obtained by calculating the heat pump performance in terms of capacity, power
input and coefficient of performance to the operating conditions. Based on the experiment
reference, the performance can then be interpolated during numerical simulations, or used
to produce an equation-fit of the heat pump performance. The second approach, the refrig-
erant cycle model, uses the fundamental laws of energy - mass balance, with varying detail
degree of each heat pump component and inputs collected from the manufacturer’s data.
These two models are presented as following.

2.2.1 Refrigerant cycle model

This part describes the principles and the equations of the heat transfer in an air-to-air
heat pump. The starting point of heat-pump simulation is to describe the operation of a heat
pump in terms of mathematical relationships. This is achieved by the modelling of the indi-
vidual components of the heat-pump system, namely the compressor, condenser, expansion
valve and evaporator. The model incorporates mass, momentum and heat-balance equa-
tions, thermodynamic and thermo-physical property relationships and heat or work transfer
relationships, from where a set of mathematical equations can be derived and solved. All
main influencing parameters are explained. The component sub-models, each describing
the steady-state performance of the evaporator, condenser, and compressor, which is shown
in a diagram of the heat pump in Fig.2.6. It shows the temperature evolution of refrigerant
and air in evaporator and condenser.

This refrigerant cycle model is defined as a series of mathematical relationships to obtain
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the time-independent operating cycle for specified constant operation conditions. We call
it the steady-state heat-pump model as well. The data input of heat pump dimension, the
energy demand and the temperature working conditions are supplied.

• K: Thermal exchange coefficient of heat exchanger [W/m2K]

• S: Heat exchanger surface [m2]

• Qint: Sensible supplied energy in the building zone [W]

• Tint, Text: Indoor and outdoor air temperatures [K]

• ∆TEVa-r, ∆TCDa-r: The temperature difference between the outlet air temperature (a) of
the evaporator (EV) or condenser (CD), and the refrigerant temperature (r) respectively
[K]. These two pinch temperatures are assumed as 5oC [Underwood, 2016]
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There are two way to define the overall heat transfer rate Q across a given heat exchanger.
On the one side, by using LMTD - logarithmic mean temperature difference from the refrig-
erant side and based on the heat pump design information as the thermal exchange coeffi-
cient K and heat exchanger surface S, the heat transfer rate Q is calculated as follows.

QEV = KEVSEV LMTDEV

QCD = KCDSCDLMTDCD
(2.1)

LMTD is an indicator of the average temperature difference between the hot and cold fluids
in a heat exchanger.

LMTDEV =
∆T1,EV − ∆T2,EV

ln(∆T1,EV)− ln(∆T2,EV)

LMTDCD =
∆T1,CD − ∆T2,CD

ln(∆T1,CD)− ln(∆T2,CD)

(2.2)

where

• ∆T1,EV , ∆T1,CD: the temperature difference between hot and cold fluids at one end of
the evaporator and the condenser, respectively

• ∆T2,EV , ∆T2,CD: the temperature difference between hot and cold fluids at the other
end of the evaporator and the condenser, respectively

On the other side, the energy demand Q can be calculated from the air side of heat ex-
changer as following. These equations are used in case of air condensation. In other cases,
the enthalpy diagram is recommended.

QEV = 0.34qv,EV∆TEVa

QCD = 0.34qv,CD∆TCDa

(2.3)

where

• ∆TEVa, ∆TCDa: The air temperature drop (a) across the evaporator (EV) and the air
temperature rise (a) across the condenser (CD) [K]

• qv,EV , qv,CD: The air flow rate acrossing the evaporator (EV) and the condenser (CD)
respectively [m3/h]

Based on the thermo-physical property relationships from Fig.2.6, the evaporating and
condensing temperatures in the cooling mode are calculated:

TEV = Tint − (∆TEVa + ∆TEVa-r) (2.4)

TCD = Text + (∆TCD + ∆TCDa-r) (2.5)
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With these two evaporating (TEV) and condensing temperatures (TCD), the refrigerant
characteristics (temperature T, pressure p, specific enthalpy h, specific entropy s, vapor qual-
ity x) through four principal components are defined by the enthalpy diagram. It allows us
to trace the refrigerating cycle of a heat pump and then determine the state of the fluid.
Throughout this explanation, the refrigerant R-410A is used as an example, presented in
Fig.2.7.

Figure 2.7: Enthalpy diagram of the refrigerant R410A

The diagram is bounded on the x-axis by the enthalpy scale and the y-axis by the pres-
sure. The blue line designates the critical point at which the refrigerant changes phase. It
divides the graph into the different states of the refrigerant R410A. The left curve indicates
the saturated liquid line, and the right curve indicates the saturated vapor line. The region
between the two curves describes refrigerant states containing a mixture of both liquid and
vapor. The critical point is that no additional pressure will change the vapor into a liquid at
any point above.

The brown diagram shows a thermal cycle of a heat pump. The points EV, CP, CD, and
EX represent the heat pump components, such as the evaporator, compressor, condenser,
and expansion valve, respectively. The enthalpy diagram is drawn following the heat trans-
fer process presented in the last part.

The fluid evaporates from point EV to EV1, transformed from the partial liquid-vapor
mixture to the low-pressure, fully saturated vapor refrigerant vapor. Its amount of heat in-
creases. The evaporation is performed at constant pressure and temperature, thus follows
the isobars. As the evaporator transfers heat to the refrigerant, there is no gain in tempera-
ture since all the heat is used to convert the remaining liquid to a gas. In an ideal evaporator,
there is just enough heat transfer to convert all the liquid to gas. Thus, the output EV1 of
an ideal evaporator is 100% vapor at the same entering temperature. If additional heat were
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added to the 100% vapor refrigerant, the heat would increase the temperature. The refriger-
ant moves from point EV1 to point EV2, where the resulting refrigerant is superheated. Then,
the fluid is transferred to the compressor. A pressure drop (from EV2 to CP) is presented as
the heat losses in refrigerant pipes.

The compressor is characterized by refrigerant suction (pEV) and discharge (pCD) condi-
tions. The incoming temperature of the compressor, determined by the leaving temperature
of the evaporator, is used as the starting point of the compressor, as shown by point CP in
Fig.2.7. The compressor then increases the pressure of the refrigerant up to the discharge
pressure. Compression occurs at constant entropy, also known as isentropic compression.
Therefore, the intersection of the constant entropy line and the discharge pressure line will
identify the final condition of the refrigerant gas leaving the compressor, as shown by point
CP’ in Fig.2.7. For non-isotropic compression, the high-pressure vapor must be brought to
a saturated condition (point CD), where its enthalpy is calculated in function of compressor
isotropic efficiency ηCPs as following.

ηCPs =
hCD − hCP

hCD’ − hCP
(2.6)

Compressor isentropic efficiency ηCPs varies with the compressor’s type and size. A sug-
gested value is proposed for the split residential heat pump ηCPs = 0.8 [Campbell, 1992]. It
applies to reciprocating, scroll and rotary compressors which are the main types of compres-
sor currently used in vapor compression heat pumps of small to medium capacity. Then, the
fluid is transferred to the condenser.

The refrigerant entering the condenser is now a hot, high-pressure refrigerant gas, corre-
sponding to the compressor discharge pressure. The condenser proceeds from right to left in
the following three steps. The superheated gas cools down to saturation temperature (from
CD to CD1). Cooling takes place as heat flows from the hot refrigerant gas to the condenser
cooling medium.

Next, the 100% saturated vapor at CD1 is converted to 100% saturated liquid at CD2,
which is transformed from the high-pressure vapor to high-pressure liquid. The conden-
sation is performed at constant pressure and temperature, thus follows the isobars. This
is the phase in which the fluid transfers the calories to the medium, which is presented as
its enthalpy decreases. In an ideal condenser, no sub-cooling occurs. CD2 is the end of the
condenser. However, once the refrigerant is a fully saturated liquid, any additional heat loss
results in a decrease in temperature. The 100% saturated liquid is sub-cooled from CD2 to
EX. Then, the fluid is transferred to the expansion valve (point EX).

The expansion device is the counterpart of the compressor. Similarly, the expansion de-
vice is characterized by the suction (pEV) and discharge (pCD) pressures. The condenser
output conditions determine the input condition of the expansion device. The expansion de-
vice expands the high-pressure refrigerant gas adiabatically to a low-pressure liquid-vapor
refrigerant mixture by a sudden pressure drop through an orifice. Adiabatic expansion in-
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dicates that there is no change in enthalpy and is characterized by a downward vertical
line. The expansion valve reduces the refrigerant temperature and pressure to the evaporat-
ing temperature (point EV). The refrigerant quality has increased at the evaporator inlet. A
mixture of saturated liquid and vapor goes through the evaporator.

After the characteristics of enthalpy diagrams are defined, the refrigerant mass flow rate
qmr and the compressor power W are calculated as follows.

• The mass flow rate of refrigerant is calculated from the sensible supplied energy enter-
ing into an evaporator:

qmr =
Qint

hCP − hEX
(2.7)

• Thermal power delivered by the compressor into a refrigerant:

W = qmr(hCD − hCP) (2.8)

• The coefficient of performance COP, energy efficient ratio EER are as the ratio be-
tween the supplied energy, and the electrical power absorbed by the appliance, which
includes all the auxiliaries:

COP/EER =
Qint

W + Waux
(2.9)

Several factors affect the efficiency of a heat pump, in which auxiliary equipment is
one of the most critical factors. In this study, its power is estimated at approximately
10% of energy demand [Underwood, 2016].

The amount of detail used in the model would be dependent on the simulation accuracy
required. If broad trends were required, then a relatively simple model could be employed.
Alternatively, if the simulation were to be used during the design of heat pump systems,
where the effects of varying many design parameters are required accurately, a highly de-
tailed simulation would be needed.

2.2.2 Empirical models

Empirical heat pump models are created based on the standard NF EN ISO/CEI 17025.
This standard is mainly dedicated to testing or calibration activities and stipulates organi-
zational quality and control requirements to guarantee the validity of the delivered results.

Full load

The heat pump performance coefficients as COP (heating mode) and EER (cooling mode)
are calculated according to an introduction of a matrix. The matrix is built based on a
’core value’ at full load, which corresponds to the nominal conditions according to NF EN
ISO/CEI 17025 standard, and the efficiency coefficient Cnn, which is taken by default or
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interpolated from test results. They are adapted to the operating conditions based on the
approach presented in Annex D of EN 15316-4-2:2017.

Heating mode
In heating mode, the matrix of the coefficient of performance COP of the air-to-air heat

pump is presented in Table 2.1. The matrix depends on the outlet temperature of the con-
denser fluid and the inlet temperature of the evaporator fluid. We consider as the nominal
indoor Tint and outdoor Text temperature, respectively.

Table 2.1: The COP matrix of air-to-air heat pump in heating mode

Text
-15 -7 2 7 20

Priority 5 2 3 1 4

Tint

5 5
10 4
15 2
20 1 COPn
25 3

Table 2.1 shows a core value (COPn) in heating mode. It corresponds to outdoor temper-
ature Text= 7oC and indoor temperature Tint = 20oC. It must be supplied from the manufac-
turers or measured by experiment. Other COP values in the matrix are provided in priority
order, from 1-1, 2-2 until 5-5, for example:

• First priority (1-1): Text= 7oC and Tint = 20oC

• Second priority (2-2): Text= -7oC and Tint = 15oC

• Third priority (3-3): Text= 2oC and Tint = 25oC

• Fourth priority (4-4): Text= 20oC and Tint = 10oC

• Fifth priority (5-5): Text= -15oC and Tint = 5oC

If these above points are not supplied, they can be calculated by default as follows. The
matrix is fulfilled by multiplying the core value of COP with a correction coefficient of power
at full load. The correction coefficients are presented in Table 2.2 under the condition that
the nominal power of a residential air-to-air heat pump is lower 100kW [CSTB, 2012].

Table 2.2: The correction coefficient of COP at full load of heat pump in heating mode

Priority Between the indoor temperature Between the outdoor temperature
2 CnnCOP(15,20) = 1.1 CnnCOP(-7,7) = 0.5
3 CnnCOP(25,20) = 0.9 CnnCOP(2,7) = 0.8
4 CnnCOP(10,20) = 1.2 CnnCOP(20,7) = 1.25
5 CnnCOP(5,20) = 1.3 CnnCOP(-15,-7) = 0.8

Each coeficient in Table 2.2 corresponds to the temperature conditions. For example,
CnnCOP(15,20)=1.1 is the coefficient correction at interior temperior Tint=15 comparing to
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the one at Tint=20. By multiplying this coefficient Cnn to the ‘core value’, we can calculate
the values of heat pump performance COP at full load for other operating conditions.

COP(Tint, Text,core) = CnnCOP(Tint, Tint,core)COP(Tint,core, Text,core) (2.10)

COP(Tint,core, Text) = CnnCOP(Text, Text,core)COP(Tint,core, Text,core) (2.11)

An example of COP calculation at indoor temperature Tint=15°C and outdoor temperature
Text = 7°C, while the core value COP at Tint=20°C, Text = 7°C is known, is shown as below.

COP(15, 7) = CnnCOP(15, 20)xCOP(20, 7) = 1.1COPn (2.12)

Applying the Eq.2.10 and Eq.2.11, the COP matrix of air-to-air heat pump in heating
mode is presented in the Table 2.3.

Table 2.3: The COP matrix of air-to-air heat pump in heating mode

Text
-15 -7 2 7 20

Priority 5 2 3 1 4

Tint

5 5 0.52COPn 0.65COPn 1.04COPn 1.3COPn 1.625COPn
10 4 0.48COPn 0.6COPn 0.96COPn 1.2COPn 1.5COPn
15 2 0.44COPn 0.55COPn 0.88COPn 1.1COPn 1.375COPn
20 1 0.4COPn 0.5COPn 0.8COPn COPn 1.25COPn
25 3 0.36COPn 0.45COPn 0.72COPn 0.9COPn 1.125COPn

Table 2.3 shows the matrix of heat pump performance at specific operating conditions.
If the heat pump operates at other temperature conditions, the heat pump performance is
interpolated.

Cooling mode

When the heat pump works in cooling mode, the EER matrix will be used for the build-
ing simulation. The manufacturers must supply at least a core value corresponding to out-
door temperature Text= 35oC and indoor temperature Tint = 27oC. The other values of the
matrix are fulfilled by multiplying the core value with a correction coefficient of power at
full load. The correction coefficients of EER is presented in the Table 2.4.

Table 2.4: The EER matrix of air-to-air heat pump in cooling mode

Text
5 15 25 35 45

Priority 4 3 2 1 5

Tint

22 2 1.44EERn 1.26EERn 1.08EERn 0.9EERn 0.72EERn
27 1 1.6EERn 1.4EERn 1.2EERn EERn 0.8EERn
32 3 1.72EERn 1.505EERn 1.29EERn 1.075EERn 0.86EERn
37 4 1.84EERn 1.61EERn 1.38EERn 1.15EERn 0.92EERn
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These two COP and EER matrices are filled once at the beginning of the hourly calcula-
tion. At each time step during the annual calculation, heat pump performance at operating
points are interpolated based on these two matrices, which corresponds to the indoor Tint

and outdoor Text temperatures. Other building simulation tools, such as EnergyPlus, TRN-
SYS, eQuest, Buildings, etc., use the same principle of coefficient correction to characterize
the heat pump performance. For example, EnergyPlus uses the energy input ratio correction
factor in the function of temperature (EIRFT). This is an equation-fit model that resembles a
black box with no heat transfer equations.

This approach hypothesizes that the thermodynamic quality of the process stays con-
stant over the whole operating range. The thermodynamic quality of a process is expressed
by the efficiency coefficient Cnn which is the ratio between the real COP of the process and
an ideal Carnot COP. However, in real processes, the efficiency does not stay constant over
the entire operating range. Therefore, the extrapolation of test values provides the best re-
sults only near the test points. If more test points are available, closer is the performance to
the real results of the heat pump. If only one test value (‘core value’) is available, the COP
and EER matrix are built from this unique reference value corresponding to nominal con-
ditions of the source temperatures of heat pump types. If additional test data are available,
the default coefficients can be replaced by heat pump-specific coefficients. Concerning the
simulation process, these matrices are filled once at the beginning of the calculation. During
the calculation, at each time step, the coefficient of performance COP and EER at the actual
temperatures are obtained by the linear interpolation method.

Part load

In dynamic conditions, the load, in reality, is mostly at a substantially lower level than
the design load. If the heat pump always cycles with the design load, this behavior leads to
losses during the stand-by and start-up phases of the equipment, thus reducing its energy
performance. French thermal regulation RT2012, therefore, considers the part-load calcula-
tion of the heat pump, which is presented as follows.

To take into account part-load operating, the full load performance is corrected. Com-
monly, the coefficient of performance (COP and EER) is estimated at part load using a cor-
rection parameter PLF, partial load factor, which represents the ratio between the COP at
partial load and the COP at full load:

PLF =
COP
COPn

(2.13)

The heat pump’s performance is written in the NF-EN 14825 standard, which is de-
scribed as following. The NF-EN 14825 standard allows using the equation with a default
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value of the energy efficiency Cc=0.9.

PLF =
COP
COPn

= PLFmin

PLR
PLRmin( PLR

PLRmin
− 1

)
Cc + 1

(2.14)

where:

• PLR: the part load ratio. It is the ratio between the thermal power used and the thermal
power at full load.

PLR =
Qc

Qc,n
(2.15)

• Qc, Qc,n: the thermal power supplied and the thermal power supplied defined for
heating and cooling nominal conditions.

• PLRmin: The minimum thermal load rate. Below the minimum load rate, the heat
pump operates on On/Off state.

The performance of heat pumps at part-load conditions is not given in manufacturers’ cat-
alogs. The full-load characteristics with manufacturer’s data are used for a single operating
point, the part-load characteristics being the default values.

The heat pump is divided into an inverter system and fixed speed system based on the
compressor speed. A fixed speed system is a system where a compressor in the outdoor
unit operates constantly. In contrast, an inverter system varies motor speed to maintain a
constant demanding temperature.

• In the case that heat pump operates on On/Off state where a compressor in the outdoor
unit operates at a constant speed. We have PLFmin = 100% and PLRmin = 100%. The
equation of PLR is as follows.

PLF =
COP
COPn

=
PLR

(PLR − 1)Cc + 1
(2.16)

• In contrast, for an inverter heat pump, it varies motor speed in order to maintain a
constant demanding temperature. By default, values obtained from tests, PLRmin is
taken equal to 40% and PLRmin to 100%

PLF =
COP
COPn

=
PLR

(PLR − 0.4)Cc + 0.4
(2.17)
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Figure 2.8: Representation of part-load behavior in different types of heat pump

Fig.2.8 shows the part-load behavior of the heat pump with two different modes of com-
pressor: inverter and On/Off. As can be seen, the partial load factor PLF of the inverter
heat pump has consistently higher performance than one of the on/off the heat pump. They
change the rotational speed of the compressor by a frequency inverter to reduce the effi-
ciency losses caused by the short cycling. This kind of regulation affects the achieved COP
of the heat pump. It also reduces the range of the on/off regulation but does not eliminate it.
Below the minimum power, for example, PLR = 40%, the heat pump operates on an on/Off
state.

2.3 Heat pump opearting faults

We analyzed the heat pump components and their operation in nominal working con-
ditions in the last two parts, with some heat pump models to characterize its behaviors. If
an operating fault occurs, it will deviate the system with its specified behavior and conse-
quently impact the system performance. In this part, we consider analyzing their causes,
consequences, fault evolution in time, following by the fault model.

As can be seen from the top 20 priority faults in buildings Kim et al. [2018], vapor com-
pression system faults play an essential part. Among seven out of 20 faults, refrigerant
leakage, condenser, and evaporator fouling are the most prominent faults, significantly im-
pacting energy consumption. Downey and Proctor [2002] shared the same findings based on
collected data from over 13,000 air conditioners in residential and commercial installations.
They mentioned that 65% of the residential units in this survey needed additional refrig-
erant and/or indoor airflow correction. Besides, based on the field data about the service
frequency, Breuker and Braun [1998] noted that refrigerant leakage occurs most frequently,
followed by the condenser, air handling, evaporator, and compressor faults. Hence, three
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faults, refrigerant leakage, condenser, and evaporator fouling, are considered in this study.

2.3.1 Fault definition

As mentioned in the last chapter, we consider only the operating faults in this research.
These faults progress undetectably overtime during system operation. Until they are signif-
icant, they lead to a premature failure of components, a loss in comfort, or excessive energy
consumption. In this part, the fault level F (%) for each fault will be defined, in which 0%
represents no-fault, and 100% represents maximum fault level.

Concerning the compressor faults, faults can arise from various reasons such as gas leak-
age, improper lubrication, motor failure, etc. They lead to leakage in the compressor. The
severity of the compressor leak Fcpl is then defined as the reduction of refrigerant mass flow
rate compared to a no-fault condition, with 0% indicating the correct mass flow rate and
100% indicating no mass flow rate.

Fcpl = 1 − qm

qm0

(2.18)

Regarding the liquid line restriction fault, its cause comes from the moisture because of a
degradation of tube joinery. Accumulation of these substances will block the filter, dryer and
unduly increase the refrigerant flow restriction. The liquid line restriction fault level Fll was
the percentage change in the liquid line pressure drop concerning the pressure differential
between the condenser exit and the evaporator inlet at the no-fault condition.

Fll = 1 − ∆P
∆P0

(2.19)

About the fouling in heat exchangers, the cause can be found from the defective fan mo-
tor, loose fan belt, and particularly the duct contamination. From the interior side, house-
hold articles, like textile goods and carpets, produce chemically reactive dust, and kitchens
and baths also generate chemical vapor. If air filters are not maintained in good condition,
these particles can flow into the ductwork and stick on the fan coil unit and duct walls.
These problems will restrict the airflow to the heat exchanger. Therefore, the fault level of
the interior fouling heat exchanger is defined as the percent change in air mass flow rate con-
cerning the reference mass flow rate measured at no-fault conditions, with 0% indicating no
fouling, 100% indicating heat exchanger fouled completely.

Ffi = 1 − qv

qv0

(2.20)

In contrast, the heat exchanger is easily contaminated by dirt or debris from the exterior
side and sometimes is surrounded by overgrown weeds or fallen leaves. These problems
will reduce the exchange surface of heat exchanger. Therefore, the fault level of the exterior
fouling heat exchanger is defined as the percent change in exchange surface concerning the
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reference exchange surface measured at no-fault conditions, with 0% indicating no fouling,
100% indicating heat exchanger fouled completely.

Ffe = 1 − S
S0

(2.21)

Last but not least, about the refrigerant leakage, the no-fault refrigerant charge was set
in the cooling mode at the AHRI 210/240 Standard A-test condition (AHRI, 2008). The re-
frigerant undercharges fault was implemented by removing the refrigerant from a correctly
charged system. The fault level was defined as the ratio of the refrigerant mass by which the
system was undercharged to the no-fault refrigerant charge, with 0% indicating the correct
charge, 100% indicating no refrigerant charge.

Frl = 1 − M
M0

(2.22)

Fouling on heat exchanger

Causes
During operation, fouling is a phenomenon that there is the deposition of any undesired

material on heat transfer surfaces, which is presented in Fig.2.9. The Fig.2.9 shows the pres-
ence of fouling of a heat exchanger in two different environment (interior and exterior).

Figure 2.9: Fouling in a heat exchanger
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Different types of fouling have been identified, which are listed as follows. They can
occur individually but often occur simultaneously.

• Scaling/Crystallization Fouling: Scaling is the most common type of fouling. It is
commonly associated with inverse solubility salts such as calcium carbonate (CaCO3)
found in water. In case that the temperature increases, reverse solubility salts become
less solute and thus deposit on the heat exchanger surface. It is difficult to remove
mechanically. The chemical cleaning may be required.

• Particulate/Sedimentation Fouling: Sedimentation occurs when particles (e.g. dirt,
sand or rust) in the solution settle and deposit on the heat transfer surface. Like scale,
these deposits may be difficult to remove mechanically depending on their nature.

• Corrosion Fouling: Results from a chemical reaction which involves the heat exchanger
surface material. Metal oxides which are corrosion products, exhibit a low thermal
conductivity may affect heat exchanger performance.

• Chemical Fouling: Fouling from chemical reactions in the fluid stream which result
in the deposition of material on the heat exchanger surface. This type of fouling is
common for chemically sensitive materials when the fluid is heated to temperatures
near its degradation temperature.

• Freezing Fouling: Occurs when a portion of the hot stream is cooled to near the freez-
ing point. An example in refineries is when paraffin solidifies from a cooled petroleum
product.

• Biological Fouling: Occurs when biological organisms grow on heat transfer surfaces.
It is a common fouling mechanism where untreated water is used as the coolant. When
these microbes taking several millimeters deep may grow across the surface within
hours, impeding circulation near the surface wall and impacting heat transfer.

Consequences
The presence of a deposit on the surfaces of a heat exchanger give rise a problem about

the efficiency of heat exchanger. The surface of the deposit is rough compared to the original
metal surface, which is considered as a layer. The surface of the deposit increases thermal
resistance ℜ across the heat exchanger, which reduces the efficiency of the heat exchanger.
This can be explained by Eq.2.23. It significantly impacts the thermal and mechanical per-
formance of heat exchangers. Furthermore, the rough surface will reduce also the flow area.
Reduced heat transfer under fouled conditions consequently contributes to poor heat pump
performance. It cannot produce as many as demanded energy. In case that we would like to
maintain the energy demand, the system has to work more to meet the requirements.
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where

• K: Global exchange coefficient of the heat exchanger [W/m2K]

• ℜ: Global thermal resistance [m2K/W]

• h: Heat transfer coefficient [W/m2K]

• D: Hydraulic diameter [m]

• e: Thickness [m]

• λ: Thermal conductivity [W/mK]

Fouling of the heat exchanger reduces its heat transfer parameter. In consequence, the
heat exchanger is partially blocked, and only some airflow across the heat exchanger. Fig.2.10
shows clearly the relation between the fouling and airflow rate in the heat exchanger. The
more fouling heat exchangers are, the more decrease the airflow is. Besides, the air source
mass flow is decreased because of a sudden fault as a malfunction of the circulation pump
on the heat source side or of the air fan.
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Figure 2.10: The impact of the fouling on the airflow in heat exchanger
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Experiments
A significant number of laboratory tests were taken by Kim et al. [2006], Payne et al.

[2017] and Cho et al. [2014] to characterize heat pump performance degradation due to
faults. The goal of the experiment was to develop the correlations that characterize the heat
pump performance operating with the operating faults. They used the same heat pump
and test apparatus. Fig.2.11 shows the outdoor section, while Fig.2.12 presents its graphical
representation and its dimensions.

Figure 2.11: Side view of the outdoor section with the flow guide

The studied system was an R410A split residential heat pump of an 8.8 kW nominal
cooling capacity, Seasonal Energy Efficiency Ratio (SEER) of 13, and Heating Seasonal Per-
formance Factor (HSPF) of 7.8. The system comprised the indoor fan-coil section, outdoor
section with a compressor and four-way valve, a thermostatic expansion valve (TXV), and
connecting tubing. Both the interior and exterior heat exchangers were of the finned-tube
type. The system was installed in NIST’s environmental chambers and charged with refrig-
erant (4,65 kg of R410A) in the cooling mode according to the manufacturer’s specifications.
The coil had 81 cm x 175 cm of finned area, with 7 fins cm−1 of a wavy-lanced type fins.

Fig.2.13 shows the side view of the indoor coil assembly. It comprised two identical slabs
and was designed for airflow from the bottom to the top. The two slabs were configured in
an A-shape at an angle of 60°. Each slab of the coil had 48.5 cm x 43 cm of finned area with
5 fins cm-1 of the wavy-lanced type. Each slab had two inlets from the TXV and two outlets
connected to the suction manifold.

Fig.2.14 shows the configuration and outside dimensions of the indoor fan-coil unit. Fin
thickness for both the indoor and outdoor coils was 0.12 mm. The indoor blower and sys-
tem functions were controlled through normal thermostat low voltage wiring, powered by
the air handlers low voltage transformer, connected to single-pole single-throw manually
activated switches.

At the beginning, a residential heat pump was tested in both heating and cooling mode at
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Figure 2.12: Outdoor section dimensions

several indoor and outdoor conditions with no faults. No-fault tests were performed twice
to check experimental repeatability, and steady values are the average of these test results.
Then, no-fault performance of the system will be used as a reference model of various sys-
tem features as a function of the independent variables of indoor and outdoor temperature.
Before imposing the single fault on the experiment, a constant indoor and outdoor temper-
ature. As presented in the last part, the fault level is defined by the percent change from the
reference case.

For the study of the no-fault, the airflow rate through the coil was 1700 m3/h during stan-
dard cooling tests. With the same fan speed, heating airflow rate varied from 1650 m3/h to
1675 m3/h. Cho et al. [2014] reduced the speed of the nozzle chamber fan at the end of duct-
work. By measuring the necessary inputs and outputs of the system under an elementary
fault, heat pump performance as COP, EER are presented in a dimensionless, normalized
format. They are obtained by dividing the value obtained for the heat pump operating un-
der a selected fault to their value obtained for the heat pump operating fault free. Cho et al.
[2014] fit a mathematical function to approximate the operation of a heat pump. An equation
of heat pump performance is proposed as following.
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Figure 2.13: Side view of the indoor coil in an up flow configuration

Figure 2.14: Side view of the indoor coil in an up flow configuration

Y =
Xfault

Xno-fault
= 1 + (a1 + a2Tint + a3Text + a4F)F (2.24)

This Eq.2.24 correlates the dimensionless parameters in both heating and cooling mode
as a function of the indoor dry-bulb temperature (Tint), outdoor dry-bulb temperature (Text),
and fault level (F) with a1, a2, a3, and a4 are correlation coefficients, Xfault and Xno-fault are
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performance parameters for a faulty and fault-free heat pump, and Y is a dimensionless
parameter representing the ratio of the faulty performance from that of the fault-free heat
pump. Table 2.5 shows correlation coefficients for fouling fault of interior heat exchanger.

Table 2.5: Correlations for non-dimensional performance parameters for interior fouling
[Cho et al., 2014]

Fault name
Performance
parametre Y

Y = Xfault
Xno-fault

= 1 + (a1 + a2Tint + a3Text + a4F)F
a1 a2 a3 a4

Fouling inte-
rior heat ex-
changer (fi)

Qtot 1.85x10−1 1.77x10−3 -6.4x10−4 -2.77x10−1

Wtot 1.35x10−2 2.95x10−3 -3.66x10−4 -5.88x10−2

EER YEER = YQtot / YWtot

COP 4.65 -2.12x10−1 1.5x10−2 -6.44x10−1

Concerning the fouling in the exterior heat exchanger, Cho et al. [2014] simulated fouling
of the outdoor heat exchanger by blocking the bottom part of its finned area with paper
strips. Figure 2.15 shows the outdoor coil with a blockage or fault level of 35% as an example.

Figure 2.15: Outdoor unit with lower finned area blocked (35% of the entire finned area
blocked)

Using the same principles in order to characterize and normalize heat pump perfor-
mance, the system was measured the necessary inputs and outputs under two conditions
of no fault and an elementary fault. Then, the authors fit a mathematical function to approx-
imate the operation of a heat pump with correlation coefficients a1, a2, a3, and a4 as from the
Eq.2.24. Table 2.6 shows correlation coefficients for fouling fault of exterior heat exchanger.
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Table 2.6: Correlations for non-dimensional performance parameters for exterior fouling
[Cho et al., 2014]

Fault name
Performance
parametre Y

Y = Xfault
Xno-fault

= 1 + (a1 + a2Tint + a3Text + a4F)F
a1 a2 a3 a4

Fouling exte-
rior heat ex-
changer (fe)

Qtot -2.39x10−1 8.95x10−3 1.44x10−3 -6.43x10−1

Wtot 1.29x10−1 -5.58x10−3 5.82x10−3 1.15
EER YEER = YQtot / YWtot

COP -16.5 7.92x10−1 -1.59x10−2 -1.18

Fault evolution
Fouling is a complex phenomenon due to involvement of many variables, for example

composition of the fluids, operating conditions in the heat exchanger, type and character-
istics of the heat exchanger, location of fouling, and presence of microorganisms. The pro-
cesses occur simultaneously and depend on the operating conditions. Swan et al. [2018]
conducted an experience of different types of heat exchangers, fin, shell and tube. They
evaluated heat transfer coefficient and determine the fouling factor to verify if the fans and
heat exchange tubes were operating as designed.

In order to estimate the fouling factor and airflow rate during the heat exchanger life
cycle, the authors used an ASPEN exchanger design and rating program for heat exchanger
design and evaluation [Inc, 2003]. ASPEN’s heat exchanger program was used with the
input of the exchanger configuration (tubes, fins, rows), the measured duty (average of the
process side duty and the air side duty), and the measured process and air temperatures, as
well as the process composition. The ASPEN heat exchanger program used the temperatures
and exchanger configuration to calculate the area and the corrected log mean temperature
difference. The percent of airside flow was determined by comparing the airside data and
design data for the exchangers. The daily average data were collected for a three-year period
using a process information (data logger) system. The heat transfer coefficient are calculated
at every timestep, then, the airflow and fouling factor are determined from ASPEN program,
for 25 years.

From the experiment of Swan et al. [2018], the exchangers were found to have lower air
flow than originally designed. The evolution of airflow going through the heat exchanger is
in time function. As defined in the last section, the fault level of the fouling coil is a function
of airflow (Eq.2.20). This fouling fault evolution is presented in Fig.2.16, which was verified
from the experimentation during the first three years, and simulated for the total period of
25 years [Swan et al., 2018].
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Figure 2.16: Fouling coil evolution

Depending on the working conditions and energy demand, the heat pump works more
or less than the one in design conditions. This leads to a variation of degradation level
of equipment, which impacts fault occurrence time. An operating fault happens earlier or
later as the heat pump works less or more respectively. In this part, an uncertain element
of occurrence time is considered. In order to define the dispersion of fouling time of a heat
exchanger coil, we based on the experimental results from Siegel et al. [2002]. They did the
experiments and simulations to determine coil fouling rate and fouling time. It depends on
filter efficiency, indoor dust concentration, coil efficiency, filter bypass, duct penetration, etc.
The results are shown in Fig.2.17.
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Figure 2.17: Fouling coil evolution

Siegel et al. [2002] considered that the fouling time is the time taken for the pressure drop
of the coil to be doubled at a constant flow. The graph shows the fouling time ratio of the heat
exchanger coil, which is relative to the base case. Error bars indicate one geometric standard
deviation from the mean by varying the all other parameters in the simulation. The fouling
time for the base case (MERV-2 filter, urban outdoor concentration, cycling air conditioner,
dirty indoor environment, typical coil (4.7 fins/cm or 12 FPI), 10% filter bypass, typical duct
penetration) was 7.6 years. Based on this result, the fouling time of a heat exchanger coil
varies in a range with a dispersion. Table 2.7 shows the pressure drop and flow of a clean
and fouled coil that has deposited enough mass to double the pressure drop at constant flow.

Table 2.7: Flow reduction and pressure drop for different dan curves

Fan curve source Pressure drop (Pa) Flow reductionClean Fouled
ACCA(1995) 54.0 83.4 5.4%

Parker et al. (1997) 36.1 49.9 5.8%
Siegel et al. [2002] 32.8 41.8 6.5%

As can be seen in Table 2.7, the fractional flow reductions varies between 5.4 – 6.5% for
different fan curves between two states of heat exchanger coil: clean and fouled. We take an
average value of these three flow reductions to find the fouling time of the heat exchanger
coil in our case. The heat exchange coil is fouled if the flow reduction is at 6%, or fouling
ratio F = 6%. According to the fault evolution (Fig.2.16), the fouling time is 6.5 (years) at
F = 6%. Furthermore, based on the experience of Siegel et al. [2002], from Fig.2.17, if the
fouling time is 6.5 years, the dispersion of fouling time is 2.5 years, which can be described
in Fig.2.18.
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Figure 2.18: The dispersion for fouling time t̄ = 6.5 years

According to the normal distribution, the parameter fouling time t̄ is the mean of the
distribution, while the parameter dispersion σt is its standard deviation. It represents real-
valued random variables whose distributions are not known. For the normal distribution,
the values less than one standard deviation away from the mean account for 68.27% of the
set; while two standard deviations from the mean account for 95.45%; and three standard
deviations account for 99.73%. In our study, we used value of one standard deviation away
from the mean to calculate the fouling time. Based on this, the dispersion can be estimated
in the function of fouling time as follows. For further study, we can take three standard
deviations away from the mean to have a global view of fouling time.

σt =
5

13
t (2.25)

where

• σt: dispersion of fouling time t

• t: fouling time

Refrigerant leakage

Refrigerant does not dissipate during normal operation of the heat pump. It remains at
the same level of charge, even it changes between liquid and gas states. However, leaks can
sometimes develop in heat pumps from corrosion, loose connections, or damage, resulting
in a loss of refrigerant. There are 2 types of leakage:

• Permeation leakage is a leak that occurs through a porous wall

• Interfacial leakage is a leak due to a passage (a crack, a scratch, a foreign body creating
a passage, under-tightening of 2 assembled components, etc.)

Causes
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In general, permeation leakage is neglected in comparison to interfacial leakage, because
the migration of a fluid is often much slower. There are two mains causes of refrigerant
interfacial leakage [Eric et al., 2015].

• Heat stresses (evaporator defrosting period) are the cause of major fatigue and in-
creased risk of leakage at evaporator return bends

• Mechanical stresses are high in refrigerating plants. Liquid hammering or repeated
vibration may cause pipe ruptures leading to severe leakage

Consequences

The heat pump performance is influenced by the amount of refrigerant in the system.
On the one hand, a rapid leak is easy to detect because it degrades the system performance
abruptly. On the other hand, a slow leak is typically difficult to detect, because of the slow
and gradual change in performance. Using the same principles in order to characterize and
normalize heat pump performance, the authors fit a mathematical function to approximate
the operation of a heat pump with correlation coefficients a1, a2, a3, and a4 as from the
Eq.2.24. Table 2.8 shows correlation coefficients for fouling fault of refrigerant leakage.

Table 2.8: Correlations for non-dimensional performance parameters for refrigerant leakage
[Cho et al., 2014]

Fault name
Performance
parametre Y

Y = Xfault
Xno-fault

= 1 + (a1 + a2Tint + a3Text + a4F)F
a1 a2 a3 a4

Refrigerant
leakage (rl)

Qtot -5.45x10−1 4.94x10−2 -6.98x10−3 -1.78x10−1

Wtot -2.54x10−1 1.12x10−2 2.06x10−3 5.74x10−3

EER YEER = YQtot / YWtot

COP -18.6 8.79x10−1 -1.56x10−2 -2.22

Fault evolution

As the analyse in the last section, refrigerant leakage involves a large number of vari-
ables, for example composition of the fluids, operating conditions, type and characteristics
of tube. The processes occur simultaneously and depend on the operating conditions. The
leakage rate gives information on the refrigerant losses per year. Based on information as-
sembled from Air Conditioning and Refrigeration Technical Institute (ARI) member com-
panies, the maximum residential heat pump annual leak rates of 4% of the charge for 1996
equipment and 2% per year for equipment available in 2005 can be used for the calculations
[Andreas et al., 2011]. Therefore in this study, we make an assumption that heat pump av-
erage annual leak rate is 2%, which developpes linearly throughout the year. Additionally,
according to the report of Armines ERIE [2013] about the Inventory of Refrigerant Emissions
from France and overseas territories in 2012, the residential heat pump emission rate varies
between 2% and 5%. Therefore, we apply ±2% for the dispersion σr of refrigerant leak rate
in a residential heat pump in our research.
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As the result are nominalized, the result can be applied for every split residential heat
pump, which uses the refrigerant R410A, the unit contained the indoor fan-coil section,
outdoor section with a scroll compressor, and a thermostatic expansion valve (TXV).

2.3.2 Petri nets, fault occurrence model

As can be seen from the literature, operating faults have been studied for a while. Many
researches have studied about the operating faults and analyzed their impacts on heat pump
performance under some operating conditions, in which the evolution of operating faults
during heat pump life cycle have not been taken into account. To the author’s opinion,
there is still a lack of a global view on heat pump performance in practice. In this study,
we try to model the evolution of each fault, analyze its impact on heat pump performance
and building energy consumption in every transition under the graphical and mathematical
form. In order to resolve this problem, Petri net is proposed in this study. Petri net was
introduced in 1962 by Carl Adam Petri to define a theoretical framework for studying con-
currency problems. It has been developed in different areas and systems. They use the flow
charts to described graphically parallel or concurrent activities. Additionally, a system of
equations is established in order to characterize the evolution of different activities, meeting
the requirement of different applications.

Before showing the Petri net in different applications, we will analyze the structure and
funciton of Petri nets. Petri net, as a fault occurrence model, is established based on the
observed outputs, to define the system states. Observation and real system must clearly
have the same initial state.

Structure

Based on the observed outputs, a Petri net of the system is built by firstly using a con-
ceptual model of Production Flow Schema (PFS) technique [Miyagi & al, 1997]. The aim is
to identify the link between different activities, which represent modifications on the flow of
items. Then the model is reformed as a bipartite directed graph with three types of objects:
places represented by circles, transitions represented by rectangles and directed arcs repre-
senting the connection between them. At this step, the model has no dynamic. An example
of interior fouling fault modelled by Petri net is illustrated in Fig.2.19.

P0
T

1i P1i
T

2i P2i Pni
...

Figure 2.19: Interior fouling evolution modelled by Petri net

• Place (P): This Petri net composes a set of places P = {P0,P1i, P2i, ..., Pni} from P0 to Pni,
which characterise the heat pump performance COP. The index of a place corresponds
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to fault occurence order. For example, the place P0 represents the fault original state,
which is clean. The place P1i shows the first fouling state.

• Transition (T): This Petri net composes a set of transitions T = {T1i, T2i, ..., Tni} from T1i

to Tni, represent the COP diminuation conditions in heat pump. The index of a tran-
sition corresponds to fault occurence order. For example, the transition T1i represents
the first fault level, which causes the first fouling.

• Directed arc (−→) represents the connection from places to transitions and from tran-
sitions to places.

• Token (•) describes the dynamic behavior of a Petri net in terms of state changes. By
default, Petri net has one token and the initial marking is at first place P0. The presence
or absence of a token in a place indicates the actual state of fouling. For example, if the
token is located in the initial place P0, it represents the proper state of evaporator. In
contrast, when the token is located in the place P1i, it represents the first fouling state.

Firing process

The execution of a Petri net is controlled by the number and distribution of tokens in the
Petri net. By changing the distribution of tokens in different places, which represents the
occurrence or the evolution of faults, the Petri nets define a new fault state of the system.
We now introduce the firing process throughout the enabling rules and firing rules of a
transition to study the dynamic behavior of the system.

• Enabling rule: A transition (T) is enabled if each input place (P) of (T) contains at least
the number of tokens equal to the weight of the directed arc connecting (P) to (T).

• Firing rule: Only enabled transition can fire. The firing of an enabled transition (T)
removes the input place (P) the number of tokens equal to the weight of the directed
arc connecting (P) to (T). Then, it deposits in output place (P) the number of tokens
equal to the weight of the directed arc connecting (T) to (P).

We base on the first part of Fig.2.19. Initially, the place P0 has one token. The weight
of directed arcs in this Petri nets is one. When transition conditions of T1i are validated,
transition T1i is enabled. As mentioned before, the weight of directed arcs is one, which
is equal to the number of token in this Petri, therefore the transition T1i can be operated
immediately. Consequently, the token from the input place P0 is taken and then distributed
to output place P1i., which means the heat pump state is changed. As soon as the token is
placed in the place P1i, the equation systems in this place will be activated and finally, the
evaporator fouling is characterized.

43



Petri net examples

Due to their flexibility, the Petri net models are developed and applied in many engineer-
ing fields as railway tracks (Andrews 2013), bridges (Le and Andrews 2016), wind turbines
(Leigh and Dunnett 2016), and building facades (Ferreira et al. 2018). In this part, we will
show two applications among them.

In the building section, Petri net model is proposed to use, for example its application on
a facade deterioration is illustrated in Fig.2.18.
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T

1
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Figure 2.20: Petri net about the deterioration of building façade [Ferreira et al., 2017]

This Petri net describes a sequence of possible degradation of a building façade during
its life cycle. This Petri net model uses places and transitions to describe the degradation
procedure. It is composed of five places P1 to P5 representing one state that characterize
the degradation condition of external render façades. P1 means there is no visible degrada-
tion and P5 indicates the presence of extensive damage in the render façade. The transitions
T1 to T4 represent the time interval required for the façades to progress to a more deteri-
orated state. Also, the token is used to show the movement through the building façade.
This degradation process is delivered in classic mathematical notation, which is shown in
Eq.2.26. It expresses the global degradation of façade coatings through the ratio between the
degraded area weighted as a function of its condition and a reference area, equivalent to the
whole and having the maximum degradation level possible.

Fw =
∑(Anknka,n)

Ak
(2.26)

where

• Fw: the degradation severity of the coating, expressed as a percentage

• kn: the multiplying factor of anomaly n, as a function of their degradation level

• ka,n: a weighting factor corresponding to the relative weight of the anomaly detected;
ka,n = 1 by default

• An: the area of coating affected by an anomaly n

• A: the façade area

• k: the multiplying factor corresponding to the highest degradation level of a coating of
area A
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In this study, the proposed Petri net model evaluates the performance of rendered façades
over time. Their performances are evaluated based on a discrete qualitative scale composed
of five condition levels, established according to the physical and visual degradation of these
elements. In this study, the author modelled deterioration considering that the transition
times between these condition states can be modelled as a random variable with different
distributions. For that purpose, a Stochastic Petri Nets model is used, as a formal frame-
work to describe this problem. Based on this example of Petri net for one element, we can
apply this type of Petri net for one operating fault modelling. According to the measures
and experiences of the fault evolution in time from literature, we can model the degradation
performance of heat pump under the operating fault, considering that the transition times
between these states are fault evolution time.

However, as mentioned before, there are many operating faults can happen at the same
time in reality. Can the Petri net model the numerous elements? An example of Petri net
about the degradation of driven train of a wind turbine is illustrated in Fig.2.21, which
shows the model of 3 sub-components as bearing, gearbox and shaft.

Figure 2.21: Petri net example about the degradation of the drivetrain components of a wind
turbine [Le & Andrews, 2016]
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Fig.2.21 illustrates the PN modelling the condition degradation of the drivetrain compo-
nents, as bearing, gearbox and shaft. Their states are represented by places P1 to P12. The
degradation processes between these states are represented by transitions T1 to T9, which
contain the transition times between the condition states. As damage accumulates, the char-
acteristic of each component has an increasing failure rate over time. Concerning the lubri-
cation process, it has a significant effect on the degradation process of the whole drivetrain
system and therefore it is taken into account in the modelling. While places P13 and P14 rep-
resent the good and the degraded state of drivetrain lubrication oil, transition T10 represents
the degradation process between these two states. As the lubrication condition degrades –
P14 is marked, this has effects on all other components, therefore the transition times gov-
erned by transitions T1−9 are modified. For other wind turbine subsystems and their compo-
nents, the PNs modules modelling the degradation processes follow similar structure. This
paper presents an asset model for offshore wind turbine reliability accounting for the degra-
dation process. The model was developed based on the Petri net which effectively captures
the nature of the dynamic processes. The versatility of the method allows the details of the
degradation to be incorporated in the model. In particular, in drivetrain system, there are
dependent deterioration processes between different components for example the lubrica-
tion conditions and other components. The model outputs indicate the performance of the
wind turbine components.

As can be seen from these two above examples, Petri nets are applied to model the system
operation under the impact of component degradations or operating faults. These examples
show how Petri nets combine a well-defined mathematical theory with a graphical represen-
tation of the dynamic behavior of systems. The theoretic aspect of Petri nets allows precise
modelling and analysis of system behavior, while the graphical representation of Petri nets
enable visualization of the modelled system state changes. This combination is the main
reason for the great success of Petri nets. Why do we not apply this Petri net approach to
model an energy system in the building, such as a heat pump in our research, integrating
the operating faults during its life cycle? Using this approach will help us to describe the
fault evolution during heat pump’s life cycle, analyzes its impact on system performance
and building energy consumption.

Conclusion

In this chapter, we carry out the state of the art of the heat pump system with its tech-
nology. In order to characterize its behavior in nominal conditions, the refrigerant cycle
models and empirical models are presented. Besides, we concern most on the operating
faults, which can happen randomly during heat pump’s lifecycle, reduce system efficiency
and its performance. Their causes and consequences are therefore analyzed in detail. Fur-
thermore, their evolution in time are also taken into account because of their dependence
on the working environment, energy demand, etc. With a complexity operation of a heat
pump, the issues of taking into account the operating faults during its lifecycle are impor-
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tant. In order to model and analyze the impact of heat pump operating faults not only on
heat pump performance, but also the building energy consumption, Petri nets are applied
in this study.
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Chapter 3

Operating fault impact on heat pump
performance

This chapter presents two approaches for heat pump modeling, integrating the operating
faults: a refrigerant cycle model, and an empirical model from experience. Before consider-
ing the operating faults, we show how to use the refrigerant cycle model, which is presented
in chapter 2, in order to model an air-to-air heat pump in nominal conditions without oper-
ating fault. In order to validate the refrigerant cycle model, and make sure of its accuracy,
we then compare the simulation results, such as the heat pump performance COP and EER
of this refrigerant cycle model to the results from the standard NF EN ISO/CEI 17025 model.

Then, in order to analyze the impact of operating faults on heat pump performance, we
impose separately each operating fault into this refrigerant cycle model. in order to show
how this model works with operating faults, we conduct several calculations with different
fault levels F, different temperature conditions. In order to show the utilization capacity of
the refrigerant cycle model, the simulation results with the operating faults, such as heat
pump performance COP and EER are compared to experimental results. The extended ex-
periment study of heat pump faults from Cho, 2014 (section 2.3) are used in this chapter as
a reference, and the empirical equations will be used further in chapter 4.

Since many operating faults can occur at the same time during heat pump life cycle, we
then, combine different operating faults with different fault ratios in order to approach the
heat pump performance in reality. In order to analyze the impact of fault combinations on
heat pump performance, we simulate the accumulated operating faults based on the heat
pump empirical model.

3.1 Heat pump calculation without faults

In order to compare the heat pump refrigerant cycle model to two empirical models from
NF EN ISO/CEI 17025 model (without fault, presented in section 2.2.2) and Cho et al. [2014]
(with faults, presented in section 2.2.2), we use the same heat pump type as a reference study
from the experiment of Cho et al. [2014]. The reference system was an R410A split residential
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heat pump of an 8.8 kW nominal cooling capacity, Seasonal Energy Efficiency Ratio (SEER)
of 13, and Heating Seasonal Performance Factor (HSPF) of 7.8 (ARI 2006).

3.1.1 Refrigerant cycle model

To model the heat pump without operating fault, we use the refrigerant cycle model,
which is presented in section 2.2.2. As mentioned before, we concern about the broad trends
of heat pump performance, therefore a relatively simple model could be employed. In this
part, we simplify the heat pump calculation with the following assumptions:

• Heat transfer between the heat exchangers and surroundings is neglected in a simpli-
fied approach;

• The superheating and subcooling are neglect in a simplified approach;

• The heat losses in refrigerant pipes are minor (pipes are insulated);

• Pressure drops in the refrigerant pipes between main components are negligible;

• There is no transfer of heat during the compressor works.

With the above assumptions, the enthalpy diagram for the simplified calculation (green
line) is presented in Fig.3.1.

CP

CD
EX

EV

pCD

pEV

Enthalpy (kJ/kg) 

Pressure (bar) 

hCP hCDhEX = hEV

Figure 3.1: Enthalpy diagram for the simplified calculation

Fig.3.1 shows the two thermodynamic cycle representation in enthalpy diagram, one
realistic (brown line, which is presented in last chapter), and the proposed simplified cycle
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(green line) with the above assumptions. The heat pump is assumed as an ideal heat pump
without heat loss. Based on the refrigerant cycle model presented in section 2.2.2, a block-
diagram of heat pump model with the simplified approach is presented Fig.3.2. It shows the
heat pump calculation process without operating fault.

Figure 3.2: Heat pump calculation with the refrigerant cycle model – no operating fault

A heat pump calculation in cooling mode is illustrated following. As presented in sec-
tion 2.2.2, Fig.3.2 shows input data from the manufacturers about the heat pump dimen-
sion KS, the energy demand for cooling Qint, indoor air temperature Tint, and outdoor air
temperature Tout and working conditions. These temperatures are taken hourly from the
weather data and the setpoint temperatures. In this calculation, the interior air tempera-
ture Tint = 27°C and exterior air temperature Text =35°C are taken as a operating condition.
By using these operating conditions, which are also the nominal conditions of heat pump
empirical model in cooling mode (NF-EN ISO/CEI 17025), we can compare the heat pump
performance between these two models. In cooling mode, the interior heat exchanger is the
evaporator, and the exterior heat exchanger is the condenser.

As presented in section 2.2.2, based on the heat pump design information, we calcu-
late the air temperature drop ∆TEVa across the evaporator (EV) and the air temperature rise
∆TCDa across the condenser (CD). Based on Eq.2.4 about the evaporation and condensation
process, the evaporating (TEV) and condensing (TCD) temperatures in the cooling mode are
calculated. With these two evaporating (TEV) and condensing temperatures (TCD), as pre-
sented in section 2.2.2, the refrigerant characteristics (temperature T, pressure p, specific
enthalpy h, specific entropy s, vapor quality x) through four principal components are de-
fined. It is based on an enthalpy diagram with a particular refrigerant, for example, R410A,
in our research. This process is calculated by Python with the library PropsSI from Cool-
Prop. As the enthalpy hCP, hCD, and hEX are defined, the mass flow rate of refrigerant is
calculated from the sensible supplied energy Qint entering into an interior heat exchanger
(Eq.2.7). Finally, the compressor power and the Energy Efficiency Ratio EER are calculated
by Eq.2.9.

51



Concerning the heat pump calculation in heating mode, using the same principle of cal-
culation process from Fig.3.2, the heat pump calculation at the interior air temperature Tint =
20°C and exterior air temperature Text =7°C is conducted. Table 3.1 briefly shows the results
of heat pump calculation in both heating and cooling modes.

Table 3.1: Enthalpies and heat pump performance in heating and cooling nominal conditions

Mode Qint Tint Text TEV TCD hEX hCP hCD qmr W COP
(kW) (°C) (°C) (K) (K) (kJ/kg) (kJ/kg) (kJ/kg) (kg/s) (kW) EER

Heating 9.9 20 7 270.15 303.15 248.4 420.4 446.5 0.050 1.303 4.53
Cooling 8.8 27 35 290.15 318.15 275.8 425.4 444.2 0.059 1.106 4.43

3.1.2 Benchmark of the refrigerant cycle model with a standard model

Using the simplified refrigerant cycle model, we conduct the heat pump calculation and
compare its performance to the results from the standard NF-EN ISO/CEI 17025 model, pre-
sented in chapter 2. By applying the same calculation process of the refrigerant cycle model,
the heat pump performance COP and EER are calculated in different temperature conditions
and presented in the following figures. These two below figures show the performance of
the heat pump in heating mode (Fig.3.3) and cooling mode (Fig.3.4) by using two different
models: the empirical model from NF-EN ISO/CEI 17025 model and the refrigerant cycle
model.

Figure 3.3: Comparison of COP and correction coefficient Cnn between the two heat pump
models in heating mode, with constant interior temperature Tint =20°C (left) and exterior
temperature Text =7°C (right)
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Figure 3.4: Comparison of COP and correction coefficient Cnn between the two heat pump
models in cooling mode, with Tint =27°C (left) and exterior temperature Text =35°C (right)

These two figures, show an agreement results of heat pump performance between the
refrigerant cycle model and empirical model NF-EN ISO/CEI 17025. As the operation con-
ditions is far from the nominal conditions, where the ‘core value’ is supplied by manufac-
turers, the difference between two models increase, for example its variation is from 1.2%
to 4% in cooling mode and 4.5% to 10% in heating mode. This variation comes from the
assumptions of heat pump calculation about the heat transfer and heat loss, the system is
assumed to be an ideal system. However, as can be seen from these two figures, the simpli-
fied refrigerant cycle model can estimate the heat pump performance, with the maximum
difference of 10%, comparing to the empirical model NF-EN ISO/CEI 17025. We can use this
simplified model to model the air-to-air residential heat pump and show the performance
trends in different working conditions.

With the objective of this study about studying the heat pump performance evolution
with different types of operating faults in time, the simplified refrigerant cycle model is
proposed. This approach has generalization capabilities, enabling the analysis of different
heat pump types and a wide range of operating conditions. Furthermore, as showed in
section 2.2.2, there are some parameters from the equation system of heat pump calculation
that we can modify. It is presented as an operating fault. Therefore, this simplified model
can be used to study also the impact of operating heat pump operating faults. The system
of equations helps us to assess the impact of operating on the physics parameters, leading
to the degradation of heat pump performance. The heat pump calculation process with the
operating fault is presented in section 3.2.

3.2 Heat pump calculation with faults

3.2.1 Refrigerant cycle model

Based on the refrigerant cycle model in section 2.2.2, in this part, we will take into account
the operating fault to characterize the impact of operating faults on heat pump performance.
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The operating fault of interior fouling is taken as an example. In case that there is an operat-
ing fault during the heat pump life cycle, some parameters are modified, which leads to the
recalculation of heat pump performance. A heat pump calculation process with a fouling
fault is presented following as an example.

Figure 3.5: Heat pump calculation with the refrigerant cycle model – with a fouling fault

The calculation process with the fouling fault is showed in Fig.3.5. As presented in Eq.2.3
about the heat exchanger from the refrigerant side as well as the air side, the sensible sup-
plied energy entering into an evaporator is a function of airflow rate qv. In the case of evap-
orator fouling at the fault ratio F(%), the airflow qv decreases, as analyzed in chapter 2. As
the airflow rate decreases, following the heat exchange equation Eq.2.3, the sensible energy
demand Qint decreases, which leads to the increase of discomfort for user. In order to meet
the thermal requirements, we assume that the heat pump still works to supply the same sen-
sible energy demand when an operating fault happens. While the sensible energy demand,
Qint is supposedly maintained, the air temperature drop across the evaporator ∆TCDar is,
therefore, higher than the one without fault. Because of the increase of air temperature drop
across the evaporator ∆TCDar , regarding Eq.2.4 about the evaporation temperature and con-
densation temperature, the evaporation temperature goes down, and the condensation tem-
perature goes up, respectively. As presented in many experiment results [Mehrabi and Yuill,
2018] about the fouling faults, when the evaporator fouling increases, the condensation tem-
perature is approximately constant, and vice versa, when the condenser fouling increases,
the evaporation temperature is approximately constant. We take this observation as an as-
sumption for this calculation. Based on the enthalpy diagram of refrigerant R410A, which
is shown in Fig.3.6, as the evaporation temperature goes down, the enthalpy hCP decreases.
Consequently, the enthalpy hCD is redefined.
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Figure 3.6: The simplified enthalpy diagram of the interior fouling F = 0% and F = 30% on
an air-to-air heat pump in cooling mode

Fig.3.6 shows the enthalpy diagram of the heat pump in two operating conditions: with-
out fault, F = 0% (green line), and with interior fouling F = 30% (blue line) in cooling mode.
The enthalpy hCD at the condenser inlet increases from the clean to the 30% evaporator
fouled conditions. Then, the compressor consumption increases, which is quantified from
our model equations Eq.2.7 to Eq.2.8. As the compressor power increases, the heat pump
performance EER decreases, following Eq.2.9. Using the same calculation principle for heat-
ing mode, we can analyze the impact of fouling fault on heat pump performance COP. An
example of calculation at fault ratio F=30% is described following in both heating and cool-
ing mode. As the energy demand Qint is supposedly maintained, the airflow qv decreases
by 30%, which leads to the increase of the air temperature drop across the evaporator ∆TCDar

by 30%. The heat pump calculation integrating an operating fault using the refrigerant cycle
model in both heating mode (Qint = 9.9kW, interior air temperature Tint = 20°C and exterior
air temperature Text =7°C) and cooling mode (Qint = 8.8kW, interior air temperature Tint =
27°C and exterior air temperature Text =35°C) is presented in the table below.

As presented in Table 3.2, since the interior fouling fault happens, some of parameters
are modified. We take a case study of interior fouling with fault ratio F = 30% as an example.
In heating mode, the interior exchanger is condenser. When condenser is fouled, the con-
densation temperature increases by 0.6%, which leads to the increase of enthalpy at point
CD and point EX and the increase in compressor power by 7.1%. In consequent, the COP
value is decrease of 4%. In contrast, in cooling mode, the interior exchanger is evaporator.
When evaporator is fouled, the evaporation temperature decreases by 7.4%, which leads
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Table 3.2: Heat pump performance with the interior fouling fault F=30% and its comparison
to the experience case F=0%

Mode TEV TCD hEX hCP hCD qmr W COP
(K) (K) (kJ/kg) (kJ/kg) (kJ/kg) (kg/s) (kW) EER

Heating 270.15 305.15 252.1 420.4 448.1 0.05 1.396 4.35
Comparison - ↑ 0.6% ↑ 1.5% - ↑ 0.3% - ↑ 7.1% ↓ 4%
Cooling 288 318.15 275.8 425.04 445.57 0.06 1.211 4.21
Comparison ↓ 7.4% - - ↓ 0.1% ↑ 0.3% - ↑ 9.5% ↓ 5%

to the decrease of enthalpy at point CP and the increase in compressor power by 9.5%. In
consequent, the EER value is decrease of 5%. In general, as the interior is fouled, the evapo-
ration and the condensation temperature is impacted, which increases the distance between
enthalpy of CP and CD, and increase the compressor power. Since the compressor power
increases, the heat pump performance decreases.

3.2.2 Benchmark of the refrigerant cycle model with the empirical model

In order to show the modeling of the refrigerant cycle model, and make sure of its accu-
racy, we compare the heat pump performance COP and EER between the refrigerant cycle
model from previous section, and the heat pump empirical model of Cho et al. [2014]. We
conducted different simulations for the air-to-air heat pump in different working conditions.
The working conditions are presented in Table 3.3.

Table 3.3: Working conditions for heat pump calculation

Mode Heating Cooling
1 2 3 4 5 6

Tint(
oC) 21.11 21.13 21.1 21.1 26.7 26.7

Text(oC) -8.35 3.10 27.8 37.8 27.8 37.8

The simulation results of two models: the refrigerant cycle model (red line) and the heat
pump empirical model of Cho et al. [2014] (blue line) with the fault ratio F varies between
0 and 30%, are shown in Fig.3.7. They show the normalized parameters COP/COP0 and
EER/ERR0 at a reduced indoor airflow, which presents the fouling fault in the interior heat
exchanger.

When the heat pump works at the nominal conditions without fault, the fault ratio F
= 0%, the ratio COP/COP0 and EER/ERR0 are 1 for both models. As the fault ratio F in-
creases, the difference of heat pump performance between two models increases, for exam-
ple its variation is until 4.45% for heating mode and 1.37% for cooling mode when the fault
increases from 0 to 30%. This variation comes from the assumptions of heat pump calcula-
tion about the heat transfer and heat loss, the system is assumed to be an ideal system. At
the fault ratio F= 30% as the maximum fault range in reality, the heat pump performance
calculated by the refrigerant cycle model are within an uncertainty of 4.45%, comparing to
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(a) Heating Tint= 21.1°C and Text= -8.35°C (b) Cooling Tint= 26.7°C and Text= 27.8°C

Figure 3.7: Comparison the fault impact of interior fouling heat exchanger on heat pump
performance between the refrigerant cycle model and empirical model in two modes

the experience model of Cho et al. [2014]. The simplified refrigerant cycle model can esti-
mate the heat pump performance with the fouling fault, with the maximum difference of
4.45%, comparing to the empirical model from the experience of Cho et al. [2014]. We can
use this simplified model to model the air-to-air residential heat pump, when there is an
operating fault and show the performance trends in different working conditions. Fig.3.7
shows an agreement results of heat pump performance between the refrigerant cycle model
and empirical model from the experience - Cho et al. [2014].

The simplified refrigerant cycle model is proposed to study the operating faults in dif-
ferent operating conditions. It shows the abilities to describe the heat pump performance as
close to the one from an actual heat pump. As can be seen, the refrigerant cycle model is
developed by understanding the process of physics and underlying principles. To build the
physics-based models and determine their parameters, detailed knowledge of the system
and its operation processes is necessary. Thess physical processes are described at as low
level as possible. In order to analyze the operating faults, this type of model requires a spe-
cific analysis of impacts on thermodynamic diagram with an extensive equation system. It
is necessary where we need a model with a high level of detail in the physical processes. In
contrast, the experimental approach is quite simple in terms of the equation. It measures the
inputs and outputs of the heat pump under different conditions and establishes a relation-
ship. We can use it to analyze the impact of operating faults in different operating conditions
as well as different fault ratios. The advantages and disadvantages of each model are briefly
presented in Table 3.4.

Table 3.4: Comparison of refrigerant cycle model and experimental model

Refrigerant cycle model Experimental model
Require system knowledge *** No
Physical phenomenal representation *** No
Possible generalization *** *
Fault modelling precision * ***
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With the objective of thesis about the studying the impact of operating faults, we chose
the simplified refrigerant cycle model in order to calculate the nominal heat pump perfor-
mance COPn and EERn. As the fault happens, the experience model of Cho et al. [2014] is
used to calculate the heat pump performance in consideration of different fault ratios F. The
model application in the calculation process is presented in Fig.3.8.

Figure 3.8: Model application

3.3 Combination of operating faults

The last section studied about the single fault and its impact on heat pump performance.
However, in the reality, many operating faults can occur at the same time during heat pump
life cycle, the impact of these fault combinations should be studied further. We then, focus
in this part on the impact of different fault combinations on heat pump performance.

As presented in last section, the heat pump performance under an operating fault is a
function of interior air temperature Tint, exterior air temperature Text, fault ratio F1 and the
norminal heat pump performance COPn and EERn. It can be expressed as the Eq.3.1 for the
first operating fault.

COP1 = f (Tint, Text, F1, COPn)

EER1 = f (Tint, Text, F1, EERn)
(3.1)

As there is a second operating fault or more, the heat pump performance will be calcu-
lated, based on the interior air temperature Tint, exterior air temperature Text, fault ratio F2

and the last heat pump performance, for example in this case the value of COP1 and EER1.
It can be expressed as the Eq.3.2 as follows. These calculations are presented in Fig.3.9

COP2 = f (Tint, Text, F2, COP1)

EER2 = f (Tint, Text, F2, EER1)
(3.2)
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Figure 3.9: Calculation process for fault combination

An example calculation in cooling mode is made in order to analyse the impact of fault
apperance order on the heat pump performance, at the same operation conditions - the
interior air temperature Tint = 27°C and exterior air temperature Text =35°C. Two considered
operation faults with fault ratio F = 10%, are interior fouling and refrigerant leakage, which
is shown in Fig.3.10.

Figure 3.10: Impact of fault apperance order on heat pump performance

There are two scenarios of fault apperance:

• Red line: Interior fouling is imposed before the refrigerant leakage

• Green line: Interior fouling is imposed after the refrigerant leakage

The heat pump performance in cooling mode (EER) is calculated when the fault appears.
As can be seen from Fig.3.10, the EER value is the same for two cases. We can conclude
that the fault apperance does not impact on the heat pump performance. Therefore, the
operating fault combination is a set with no repetition. Based on the combination theory,
the possible combinations by selecting objects from a set with no repetition is expressed as
following:
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• Interior fouling

• Exterior fouling

• Refrigerant leakage

• Interior fouling and exterior fouling

• Interior fouling and refrigerant leakage

• Exterior fouling and refrigerant leakage

• Interior fouling, exterior fouling, and refrigerant leakage

We applied the above calculation process for three operating faults with fault ratios F
(%) from 0 to 30%. The simulation is calculated in different conditions for both heating and
cooling modes. The heat pump performance in different fault combinations is shown in the
following figures.

Figure 3.11: Heat pump performance of combination Int-Ext: Interior fouling and exterior
fouling

Figure 3.12: Heat pump performance of combination Int-Rleak: Interior fouling and refrig-
erant leakage
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Figure 3.13: Heat pump performance of combination Ext-Rleak: Exterior fouling and refrig-
erant leakage

Figure 3.14: Heat pump performance of combination Int-Ext-Rleak: Interior fouling, exterior
fouling and refrigerant leakage
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These figures shows the impact of operating faults on heat pump performance COP and
EER in heating (red graph) and cooling (blue graph) respectively. As the color is plus dark,
the heat pump performance is better. Simulations were performed for 4 fault combination
sets, with different operating conditions. Because of similarity between the obtained results,
we show only four diagrams in the nominal working conditions, for example in heating
mode (interior air temperature Tint = 20°C and exterior air temperature Text =7°C) and cool-
ing mode (interior air temperature Tint = 27°C and exterior air temperature Text =35°C).

Fig.3.11 shows the accumulate impact of the interior and exterior fouling on heat pump
performance. In heating mode, the interior fouling has more impact on the COP value than
the exterior fouling. For example, for the first decrease of COP value between 4.35 and 4.5,
the interior fouling fault Fi is 2.4%, while the exterior fouling fault Fi is 6.3%, and so on.
When the fouling fault has a fault ratio which is higher a threshold, for example Fi =10.7%
and Fe is 17.5%, the distance between each layer of heat pump impact is nearly the same,
which represents that if the fouling fault increases from 4 to 8%, the heat pump performance
has the same decrease. Besides, in cooling mode, for the first 10% of fouling fault, the interior
fouling has more impact on EER value, comparing to the exterior fouling. For example, at
the first impact on heat pump performance where EER value varies between 4.4 and 4.5, the
interior fouling fault Fi is only 4.9% while Fe reaches to 10.7%. However, from over fault
ratio F = 17.3%, the exterior fouling shows the greater impact than the interior fouling on
EER value. For example, Fe is from 17.3% to 20.9%, which create the same impact on EER
value when Fi is from 17.5% to 27%.

Fig.3.12 and Fig.3.13 shows the accumulate impact of the interior or the exterior fouling
and the refrigerant leakage fault on heat pump performance. As presented in section 2.2.2,
the refrigerant leakage fault has the important impact on heat pump performance, compar-
ing to the fouling fault. Indeed, in heating mode, for the first decrease of COP value between
4.25 and 4.5, interior fouling fault Fi is 2.4%, exterior fouling fault Fe is 6.3%, while the re-
frigerant leakage fault Fr is 2.1%, and so on. When the refrigerant leakage fault increases
around 4 to 5% increase in fault, it shares the same impact on COP value while the interior
fouling increases about 7-10%, and the exterior fouling increases about 10-20%. Besides, in
cooling mode, at the first impact on heat pump performance where EER value varies be-
tween 4.35 and 4.5, the interior fouling fault Fr is only 4.8% while Fi, Fe reaches to 11.1% and
14.3% respectively. Furthermore, the impact of these two fault combinations is higher than
the first combination of two fouling faults. Indeed, the color of impact diagram is brighter,
which means the heat pump performance has more degradation.

Fig.3.14 shows the accumulate impact of three operating faults on heat pump perfor-
mance. As fault increases, the impact on heat pump performance is important. Comparing
to the last three combinations, more faults occur, more impacts on heat pump performance
in both COP and EER.

In conclusion, the refrigerant cycle model is used in this chapter to analyze the impact of
operating faults on the heat pump performance. In the nominal conditions without fault, the
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simulation results of the refrigerant cycle model show a good estimation of the heat pump
performance, with the maximum difference of 10%, comparing to the empirical model NF-
EN ISO/CEI 17025. This approach has generalization capabilities, enabling the analysis of
different heat pump types and a wide range of operating conditions. We can use this refrig-
erant cycle model to simulate and analyze the air-to-air residential heat pump performance
trends in different operating conditions without fault. As the simplified refrigerant cycle
models is developed based on the equation system of heat pump calculation, we can mod-
ify some parameters, which describes an operating fault. Therefore, this simplified model
can be used to study also the impact of operating heat pump operating faults. The system
of equations helps us to assess the impact of operating on the physics parameters, leading
to the degradation of heat pump performance. This simplified model shows a good estima-
tion of the heat pump performance for the fouling fault, with the maximum difference of 5%,
comparing to the experience results. We can use this simplified model to model the air-to-air
residential heat pump, when there is an operating fault and to show the performance trends
in different working conditions. At this stage, we only study this model with a fouling fault.
In the future research, the next step is conducting a further study and a validation for the
rest of the operating faults.

As the refrigerant cycle model is developed by understanding the process of physics
and underlying principles. To build the physics-based models and determine their param-
eters, detailed knowledge of the system and its operation processes is necessary. In order
to analyze the operating faults, this type of model require a specific analysis of impacts on
thermodynamic diagram with an extensive equation system. It is necessary where we need
a model with a high level of detail in the physical processes. In contrast, the experimental
approach is quite simple in terms of the equation. We use it to analyze the impact of operat-
ing faults in different operating conditions as well as different fault ratios. With the objective
of thesis about the studying the impact of operating faults with different fault ratios F on the
heat pump performance trends, we chose the empirical model of Cho, 2014 instead of using
the simplified refrigerant cycle model. This model is then combined with the refrigerant
cycle model, if there is no information about the heat pump performance from the manu-
facturers. It is then integrated into the building model, to analyze hourly the evolution of
operating faults and their impact on building energy consumption. It will be described in
next chapter.
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Chapter 4

Dynamic evolution of coupled building
and heat pump simulation taking into
account operating faults

This chapter presents heat pump modeling in building energy simulation COMETh , in-
tegrating the operating faults. It is a software developed by CSTB, is used in this research. It
is a dynamic energy simulation with hourly time steps. It enables the calculation of envelope
requirements and energy consumption for heating, cooling, domestic hot water, lighting,
and auxiliaries such as pumps and fans. The simulation process in COMETh is described
after we model the case study - a residential building in Paris with the building envelope
and HVAC systems. Based on these information, we perform a dynamic energy simulation
and analyze the energy consumption in a typical day and typical year. These results with-
out operating fault are considered as the reference results, which helps us to characterize the
impact of operating faults on the building consumption in the next step.

In order to analyze the impact of operating faults of the air-to-air heat pump on building
energy consumption, we impose separately each operating fault into this model. As pre-
sented in last chapter about the operating fault impact on the heat pump performance, we
used and added these new values COP and EER to the heat pump performance matrix in
COMETh. At the beginning, the operating fault ratio is fixed. We then compare the heat-
ing and cooling energy consumption Cep of the building with the reference results without
operating faults in order to see the fault impact on building energy consumption. Then,
as operating faults occur at any time and develop throughout the building life cycle, the
operating faults with a dynamic fault ratio is presented. The dynamic fault ratio is calcu-
lated based on the statistic of fault evolution from the experiments, presented in section 2.3.
Additionally, the Petri net is applied in this dynamic fault modeling in order to regulate
the fault occurrence in time. The simulation process integrating the Petri net is described.
Based on that, we conduct a one-year simulation of three operating faults with their fault
evolution. The impact of operating faults on heat pump performance and building energy
consumption at every time step during 15 years are presented and analyzed.
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4.1 Coupled building and heat pump models – static fault

ratio

4.1.1 The simulation process without fault illustrated for the reference

case study

Description of the case study

The case study is about a 112m2 residential three-bedroom building for four people lo-
cated in Paris. The surrounding residential neighborhood contain mature trees and no other
buildings. The plan of the building is shown in Fig.4.1, and its characteristics are presented
in Table 4.1.

Figure 4.1: The reference residential building plan

Table 4.1: Building characteristics

Description Parameter Unit
Dimensions: Length/Width/Height 12.9/8.7/2.8 m
Roof (200 mm insulation + 25mm brick) U-value 0.24 W/(m2.K)
Ground floor (240 mm concrete + 20mm insulation) U-value 0.24 W/(m2.K)
Exterior wall (300 mm concrete + 12.5 mm exterior insulation) 0.35 W/(m2.K)
Interior wall (20mm brick) U-value 1.13 W/(m2.K)
Door U-value 2.5 W/(m2.K)
Window (double glazing) U-value 1.5 W/(m2.K)
Permeability 0.6 m3/(h.m2)
Thermal bridge between 2 verticals facades 0.2 W/(m.K)
Thermal bridge between facades and ceiling 0.72 W/(m.K)
Thermal bridge between facades and floor 0.646 W/(m.K)
Thermal bridge between wall and window 0.51 W/(m.K)
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The thermal transmittance of exterior wall U-value is 0.35 W/(m2.K), of floor/roof U-
value is 0.35 W/(m2.K) which follow the regulatory level, depending on the climate zone.
For example, the thermal transmittance of exterior wall and floor/roof in Paris (H1A re-
gion) must be less than or equal to the regulatory level of 0.5 W/(m2.K) and 0.37 W/(m2.K)
respectively. The lower the U-values, the lower the affection of outdoor conditions to space
heating or cooling. Besides, in order to avoid the heat loss throughout the windows and
doors, they must be insulated so that the thermal transmittance U-value must be less than
or equal to the given maximum level of 1.9 and 2 W/(m2.K). The building airtightness of the
envelope and driving forces, such as wind, inside/outside temperature differences, and air
pressure differences resulting from mechanical ventilation is 0.6 m3/(h.m2).

Figure 4.2: Daily exterior temperature in the conventional weather data for H1A region

The studied building is located in Paris (H1A region), which experiences mostly mild
weather across four distinct seasons. We chose the conventional weather data from the
French thermal regulation RT2012, which is presented in Fig.4.2. The black line shows the
daily average exterior temperature, and the grey area shows its daily variation. The maxi-
mum daily temperature is around 12.3°C in the winter, and 25.6°C in the summer. July is the
hottest month of the year with an average temperature of 19.4°C, and January is the coldest
month, with an average temperature of 3.3°C.

When the building is occupied, the heating and cooling setpoints are given from the
RT2012 standard, respectively 19°C and 26°C. Additionally, these setpoint temperatures are
16°C and 30°C when the building is unoccupied. Between both temperatures, the building
is in free floating conditions. The occupation profile is referred to the residential occupancy
RT2012, in which the building is occupied from 17:00 to 9:00 of the following day during the
week and whole weekend. Based on the above information about the building structure,
the weather data and setpoint temperatures, an analysis of building energy demand is con-
ducted and shown below. Fig.4.3 shows that the studied building is heated from September
to April and cooled for the rest of the year, from June to September.
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Figure 4.3: Sensible energy demand of the studied building (kWh/m²/day) for heating (red)
and cooling (blue)

As presented in Fig.4.3, the maximum heating and cooling demand per day are respec-
tively 0.62 kWh/m2 (January 26) and 0.56 kWh/m2 (July 1). The peak-power demand of the
building for the heating season and the cooling season is 4637 W (interior air temperature
Tai= 19°C and exterior air temperature Tae = -0.7°C), and 5859 W (interior air temperature
Tai = 28°C and exterior air temperature Tae = 30°C), respectively. Regarding the heating
and cooling system, a reversible heat pump air-to-air FVA71A with the refrigerant R-410A
is used. Its dimension Height x Length x Width are 1800 x 600 x 270 mm. Its performance
are supplied from the manufacturers, for example COP=3.64 and EER = 3.37 , and compres-
sor power W = 2.06 kW and 2.02 kW (Daikin, 2019) at the nominal temperatures Tint=20°C
and Text = 7°C, and Tint=27°C and Text = 35°C, respectively. Concerning the domestic hot
water, the individual boiler is equipped. The average domestic hot water demand is as-
sumed as 28 l/person/day at 60°C. Concerning the ventilation, the natural ventilation by
opening the window is concerned generally. However, in order to eliminate odors and re-
move the moisture, mostly in kitchen and bathroom, the minimum ventilation requirements
for dwellings consisting of one living room, one kitchen, three bedrooms, one restroom and
one bathroom, the specific volume airflow in the nominal condition and at peak point are
Qv,base = 90 (m3/h) and Qv,peak = 165 (m3/h), respectively. Based on the current building en-
velopes and HVAC systems features described above, there is still a lack of information for
a whole building simulation. Some of the parameters were assumed as follows, for example
the lighting is assumed as 1.4W/m2, the internal heat gain is 10 W/m2.

Simulation process

The above information about the building construction records, local climate data, oc-
cupancy, internal load, HVAC, and lighting equipment in the last section are considered as
the input data in COMETh . They are presented in different blocks in Fig.4.4 as envelope,
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weather data, scenario and energy systems respectively. Fig.4.4 generally shows the input
and output for a dynamic building simulation in COMETh.

Figure 4.4: Simulation process in COMETh

Concerning the energy system, we focus on the heat pump model. The heat pump simu-
lation in COMETh uses the empirical model from standard EN 15316, presented in chapter
2. As the outdoor temperature Text from weather data and the interior temperature Tint from
COMETh evolve in times, the heat pump performance COP(t), EER(t) are therefore calcu-
lated at every time step. With all input data and the performance of HVAC systems, we
perform a building performance analysis. Among three performance indicators, for exam-
ple, the annual overall primary energy consumption Cep, the energy demand related to the
building envelope, and the summer comfort [CSTB, 2012], we focus only on the first indi-
cator in this study . The reference case as the building simulation without operating fault
of the heat pump is presented below to show an energy consumption analysis in COMETh
during one typical day and one year.

Results of the reference case study

As presented in Fig.4.3 about the energy demand in the studied building in Paris, Jan-
uary 26 and July 1 are two days with the highest energy demand for heating and cooling,
respectively. Fig.4.5 shows the energy demand and energy consumption evolution during
highest heating demand day (January 26) and highest cooling demand day (July 1) in Paris.

As presented in last chapter, the heating/cooling demands of the building, which is pre-
sented as the solid line (red for heating and blue for cooling), are calculated based on the
building physics characteristics, the occupant scenario (black line) and the weather data as
the exterior temperature, the solar heat gain (yellow line) . Concerning the heating/cooling
consumption, the heat pump operates adapting to the setpoint temperatures (green line) in
order to reach occupant thermal comfort in the building. The energy consumption, such
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(a) Highest heating demand day (January 26)

(b) Highest cooling demand day July 01

Figure 4.5: Energy demand, energy consumption of the studied building

as heating and cooling load quantities, is resulted, which is presented in the red and blue
dash-dot line, respectively, in Fig.4.5.

Regarding the highest heating demand day (January 26, Fig.4.5a), the heating setpoint
is 16°C from 9 am to 5 pm (no occupancy), and 19°C for the rest of the day (occupancy
period). Because of thermal losses through building envelopes, the heat pump has to work
more in order to reach the demand temperatures. Or, it has to work before to ensure the
demand temperature for occupants. Based on the heat pump design standard NBN EN
12831:2003, as the building insulation is average (U = 0.35 W/m2K), the expected drop in
interior temperature is 2°C, so the dwell time tolerated of heat pump to reach the occupant
comfort can be chosen as 2 hours. It means, the heat pump will start 2 hours before the
arrival of occupants. Or, the heating setpoint is set at 19°C at 3 pm. During the period from
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9 am to 3 pm, the building is unoccupied, the heating setpoint is 16°C. As the interior air
temperature is still over 16°C, heat pump does not work. During the day, the solar heat gain
(yellow line) increases thanks to the increase of the incident solar irradiance. In the midday,
the total solar heat gain decreases, from which the interior air temperature is lower at 16°C.
The heat pump therefore starts to work in order to maintain the interior air temperature is at
least 16°C. This leads to a small peak of energy demand and energy consumption at midday.

Regarding the highest cooling demand day (July 1, Fig.4.5b) which is the weekend, ac-
cording to the occupation profile, the cooling setpoint is therefore 26°C for the whole day.
From 5 am, sun rises and the total solar heat gain (yellow line) starts increase up to 0.92
kW/m2, which leads to the increase of the air interior temperature. Before 7 am, since the
interior air temperature is still below 26°C , for example, it varies between 23°C and 26°C
during the night, the building has therefore no cooling demand. As soon as the air interior
temperature is over 26°C because of the increase of the total solar heat gain, the heat pump
begins cooling the building and maintain the air interior temperature at the 26°C cooling
setpoint. For example, at 7 am, the air interior temperature increases up to 26.36°C, the heat
pump starts working until midnight to reach the thermal comfort for occupants. As the solar
heat gain decreases, the cooling demand decreases, which leads to the decrease of cooling
consumption. Fig.4.6 shows the energy consumption of the building in Paris throughout the
conventional year.

Figure 4.6: Energy consumption of building in Paris throughout the typical year

71



Heat pump works in heating mode from October to April and in cooling mode for the
rest of the year, from June to September. As can be seen in the typical year analysis Fig.4.6,
the building occupancy is clearly visible from the heating and cooling consumption during
week days, which corresponds to the occupancy scenario from evening (17:00) till the early
morning (9:00). Weekends are also clearly identified as the heating or cooling setpoint is set
for a full day occupancy. However, we can also notice heating and cooling consumption
sometimes during unoccupied periods between 9 am and 3 pm. This energy consumption
corresponds to high heating or cooling loads, when the minimum or maximum setpoints are
exceeded. This is more often the case during summertime, due to the high solar gains during
the daytime unoccupied periods. Also, we can notice there are two periods, for example, the
first week of August (during summer) and two middle weeks of December (during winter),
the building is not cooled and heated. This corresponds to the occupation profile, which
is the vacation week. The heating and cooling consumptions are one part of building en-
ergy consumption, which covers also the lighting, ventilation, hot water production, and
auxiliaries (pumps and fans). Fig.4.7 shows the energy consumption share of the studied
building in two seasons, winter (October to April) and summer (June to September).

Figure 4.7: Share of energy consumption in the case study in two seasons

The heating and cooling consumption accounts for nearly 70% of the total energy con-
sumption in the studied building during the winter and the summer, respectively. If there
is any change in heating and cooling consumption, the energy consumption in building will
be impacted considerably. In fact, COMETh conducts a building analysis for one year and
it considers that HVAC systems are ideal. They always work in a good state during their
life cycle, for example, 15 years – the average lifespan of a heat pump. However, in real-
ity, during its lifecycle, the heat pump operates differently because of operating faults, the
change of working environment, the energy consumption, therefore, evolves differently. In
its current form, COMETh does not take into account the operating faults. In the next part,
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we show how to model an operating fault in COMETh.

4.1.2 The simulation process with a static fault ratio

In order to integrate the operating faults in COMETh, we initially impose the operating
fault with a static fault ratio in the heat pump model, which is presented in the top right box
of Fig.4.8.

Figure 4.8: Integration of fault in COMETh

The simulation process in COMETh in Fig.4.8 is nearly the same as the one in the sim-
ulation without fault. There is only one difference in the nominal performance of the heat
pump. COP/EERnominal is modified when an operation fault appears. As discussed in the
chapter 3, the refrigerant cycle model recalculates the heat pump performance when there is
an operating fault with a static fault ratio F (%). Using the same simulation process as before,
we conduct an energy consumption analysis during one typical day in summer and winter
with an operating fault. We analyze different scenarios of operating faults. For example,
three fault ratios F of 10% - 20% and 30% are imposed on the simulation. Then, we conduct
a simulation by combining three studied faults, with different fault ratios F. This simulation
helps us to analyze the impact of fault individually and collectively on the building energy
consumption. Finally, a one-year simulation with operating fault in COMETh is conducted.

Impact of fault on energy consumption during 1 hottest and coldest day

Three operating faults as interior fouling, exterior fouling, and refrigerant leakage, are in-
tentionally introduced into the refrigerant cycle model. Based on the reference case without
fault, each operating fault with three different fault ratios F is added and simulated indi-
vidually. Heat pump performances COP and EER under the fault operations are compared
with those in the normal operation. From this comparison, we can discover the evolution of
some parameters. The simulation results of three studied faults are presented in Fig.4.9.
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Figure 4.9: Impact of operating faults on building energy consumption during one hottest
and coldest day in Paris

Fig.4.9 shows the impact of three operating faults on the energy consumption during
one hottest and coldest day under different fault levels F from no-fault (continuous line) to
10% (long dash line), 20% (dot-dash line), and 30% (dash line). Obviously, in order to reach
the setpoint temperature, the building energy consumption increases with the increase of
the fault level. However, the heat pump has more severe effects in winter than in summer.
As presented in the last chapter, as the COP is more affected than EER at the same fault
ratio F (%), the heating load increases more than the cooling load. The evolution of energy
consumption is not linear with the increase of fault level of each 10%. Regarding the in-
terior fouling, the heating load increases 3.79%, 5.40%, and 7.33%, respectively, when the
fault increases from 0 to 10%, 10% to 20%, and 20% to 30%. As the fault ratio increases,
the component is impacted physically, which leads to the degradation of its performance
quickly.

Among three faults, refrigerant leakage shows the most critical impact on the energy
consumption of the building. On the one hand, concerning the heating consumption in-
crease during one day at the same fault level of 30%, the impact of exterior fouling, interior
fouling, and refrigerant leakage is respectively 12.60%, 17.41%, and 37.87%. On the other
hand, at the same fault level of 30%, refrigerant leakage increase by 16.40% the cooling con-
sumption, followed by 12.36% from exterior fouling and 5.92% from interior fouling. The
refrigerant plays an essential role of refrigerant in circulation. As the fault level increases,
which means there is a lack of refrigerant in the circulation, it results in improper operat-
ing refrigerant pressures, particularly too low, loss of cooling capability, overheating of the
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compressor motor, as presented in chapter 2. Additionally, it also impacts the efficiency of
other components, which leads to the excessive degradation of heat pump general perfor-
mance and energy consumption of the building. Concerning the heat exchangers, as we can
see from Fig.4.9, the impact of the condenser is more critical than the one of the evaporator.
When the coil fouls by 30%, heating and cooling load increases respectively by 7.33% and
12.36% if the coil is the condenser and by 6.85% and 5.92% if the coil is the evaporator. The
fault impacts on building energy consumption during one typical day are presented. We
now take a look on their impact during one typical year, which is shown in Fig.4.10.

Figure 4.10: Building energy consumption difference between two cases F=0% and F=30%
for three operating faults during one year

Among three operating faults, the refrigerant leakage always has the greater impact on
the building energy consumption than the fouling faults, which leads to the greater differ-
ence between two cases: fault ratio F = 0% and F = 30%. In conclusion, singly operating
faults are imposed in the heat pump model. According to the results of this study, a refrig-
erant leakage of about 30% can result in an average 32% increase in heating consumption
and 5% rise in cooling capacity. For interior and exterior fouling, a 30% reduction in airflow
increased the average heating consumption by 15% and 10%, respectively. They make heat
pump parameters deviate from the design values, which contribute to the decrease of heat
pump performance and increase energy consumption.

Fault combination during 1 summer and winter day

Based on the above analysis of three separate studied operating faults, we now study the
impact of these three faults if they occur simultaneously. We combine these three faults with
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an imposed fault ratio F from 0 to 30%. For three operating faults, there are four combina-
tions as following:

• Combination Int-Ext: Interior fouling and exterior fouling

• Combination In-Rleak: Interior fouling and refrigerant leakage

• Combination Ext-Rleak: Exterior fouling and refrigerant leakage

• Combination Int-Ext-Rleak: Interior fouling, exterior fouling and refrigerant leakage

We simulate the study case with different scenarios of operating fault during the coldest
day in winter (January 26) and the hottest day in summer (July 01) in Paris. The results are
presented in Fig. 4.10.

Figure 4.11: Impact of different combinations of three studied operating faults (F=30%) on
building energy consumption during one hottest and coldest day in Paris

Fig.4.11 shows the impact of three separate operating faults and four fault combinations
on heating and cooling consumption during one hottest and coldest day in Paris. As ex-
pected, the collective impact of simultaneous faults on energy consumption varies and de-
pends on the faults considered. In most cases, the collective effect can be described as ex-
ceeding additive. Indeed, it is approximately a little higher than the sum of each fault effect.
For example, concerning the first fault combination of interior fouling and exterior fouling,
the heating and cooling increases by 32% and 19% respectively, which is higher than the
sum of each fault impact 17% (interior fouling) + 13% (exterior fouling) =30% and 6% (inte-
rior fouling) +12% (exterior fouling) = 18%. This can be explained by the fact that operating
faults from one component can affect the efficiency of other components.

4.2 Integration of fault evolution with Petri net model

In order to integrate the dynamic fault ratio in COMETh, Petri net is used. We consider
the fault evolution during the heat pump life cycle, around 15 years, and applied it in the
Petri net model. It is shown in the top right box of Fig.4.12.
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Figure 4.12: Simulation process in COMETh with the integration of Petri net

Fig.4.12 shows the simulation process with the integration of the dynamic fault ratio.
This simulation process is nearly the same as the one in the simulation without fault and
with a static fault ratio. One difference in this process is that the operating fault evolves
in time, regulated by the Petri net. Based on the operation time of the heat pump and the
characteristics of Petri net’s components, particularly places and transitions, Petri net has
different ways to model an operating fault, integrated the fault occurrence time. In this
study, three relations of places and transitions are described below.

Firstly, as the heat pump works, the fault develops in time. The relation between time
and fault evolution is presented in the Petri net model as below. The place characterizes the
fault ratio in function of time, while the transition shows transition conditions (∆t > ∆t0)
from one fault ratio to one higher fault ratio.

Figure 4.13: Petri net shows the relation between fault evolution and time

In this case, ∆t0 is defined as 0, one month, every two months, and one year. If the
time step ∆t0 is too small (as 0, one month, every two months), the fault does not develop
much, as presented in the experiments in section 2.3.1. The impact on the heat pump perfor-
mance is less remarkable, and the building energy consumption is therefore not recognized.
Besides, with this type of transition condition, the size of the Petri net will be bigger. In
contrast, if time step ∆t0 is one year, the impact on heat pump performance and the energy
consumption can be distinguished. However, this transition condition leads to a fault oc-
currence problem. Operating faults happen at any time during the building life cycle. The
fault ratio cannot be updated at the right occurrence time. The heat pump performance and
the energy consumption are therefore wrong evaluated.

Secondly, as the heat pump works, the fault develops in time, resulting in the degra-
dation of heat pump performance. The relation between fault evolution and heat pump
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performance is presented in the Petri net model as below. The place characterizes the heat
pump performance (in this example, we consider the COP value) in the function of fault
ratio, while the transition presents a transition condition (∆F > ∆F0) from one COP value to
one degraded COP value.

Figure 4.14: Petri net shows the relation between heat pump performance and fault evolu-
tion in time

In this example, ∆F0 is defined as 1%, 2%, till 10%. If the fault ratio is considered every
1-2%, the heat pump performance does not develop much, as shown in section 2.3.2. There-
fore, the building energy consumption is not recognized, and the size of the Petri net can
be huge. In contrast, if the fault ratio is considered every 5-10%, the impact on heat pump
performance and the energy consumption can be distinguished. However, this transition
condition also leads to an evaluation problem of simulation results.

Last but not least, as the heat pump works, the fault develops in time, the heat pump per-
formance degrades, the building energy consumption will increase in time, while maintain
the setpoint temperature. The relation between heat pump performance and the building
energy consumption is presented in the Petri net model below. The place characterizes the
building energy consumption in the function of heat pump performance, while the transi-
tion presents a transition condition as ∆COP > ∆COP0.

Figure 4.15: Petri net shows the relation between energy consumption of building and heat
pump performance in time

In this example, ∆COP0 is defined as 1%. Considering the disadvantages of these two
above transition conditions, we chose the difference of 1% of heat pump performance for
this Petri net model. With this transition condition, we found that the energy consumption
in the building can be distinguished, which resolves the disadvantage of these two above
transition conditions. It helps us to see the relation between the theoretical occurrence time
of the fault, fault ratio, heat pump performance, and energy consumption of the building.
Based on the heat pump model, the fault ratio is calculated as the heat pump performance
difference of 1%. Then, the occurrence time of fault can be defined using the relation of fault
and occurrence time in experiments in section 2.3.1. We use the calculated value of fault
occurrence time ∆tref as a transition condition, which is more explicit. An example of the
simulation process regulated by Petri net is presented in Fig.4.16 as following.
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Figure 4.16: Petri net coupling with refrigerant cycle model and COMETh simulation

Fig.4.16 shows the Petri net model, which regulates the occurrence time of the operating
fault. It is then integrated into the simulation process in COMETh in Fig.4.16. At the initial
state t0 = 0, the heat pump has no-fault F = 0%, the nominal performance of the heat pump
is COP0 and EER0, and the building consumption is Cep0. The transition of Petri net as
theoretical occurrence time tref is calculated before in chapter 2. In the beginning, the place
P0 has one token. As soon as the heat pump works, the fault evolves in function of time.
However, as presented before, we consider the fault only when the difference COP is 1%
or the occurrence time ∆tref is reached out. At this step, the values of heat pump COP(t),
EER(t) are calculated based on the nominal values COP0 and EER0. When the occurrence
time tref is reached, the transition condition is validated, and transition T1i is enabled.

Consequently, the token from the input place P0 is taken and then distributed to output
place P1i. At this moment ti, the fault ratio Fi is taken into account to calculate the heat pump
performance COPi and EERi and energy consumption of the building Cep in the next state.
From t0 to ti, there is no fault, and the heat pump works normally. After ti, the heat pump
works under the fault condition Fi. These all simulations are coded with Python scripting
language on the pyCOMETh platform. Using the same simulation process integrating fault
with a defined fault ratio F(%), we calculate the heat pump performance at the nominal
conditions, then the one-year simulation in COMETh is conducted.
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4.2.1 Impact of an elementary operating fault

Three studied operating faults with a dynamic fault ratio F (%) are imposed individually
in the building simulation. The dynamic fault ratio F (%) is defined based on the fault
evolution, which the Petri net model regulates. A 15-year simulation of building energy
consumption in COMETh is then conducted and analyzed.

Interior fouling

We assumed that there is only one interior fouling fault that can happen during 15 years.
The Petri net regulates the occurrence time of interior fouling as follows.

Figure 4.17: Petri net modelling for interior fouling during 15 years

Fig.4.17 shows the evolution of interior fouling fault during 15 years. The transition
conditions are the occurrence time of the fault, which theoretically decreases the COP value
by 1%. The number in each place and transition represents the status order of each fault.
For example, T1i represents the condition, which occurs before the T2i. The fault occurrence
time varies based on the dispersion of each fault, which is described in section 2.3.1. For
example, as described in Fig.4.17, the interior heat exchanger can be fouled at 3.14±1.21
years, which covers 68% all cases. Following the regulation process of the Petri net in the
building simulation in Fig.4.16, a 15-year building simulation with the interior fouling is
conducted, which is resulted in Fig.4.18.
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Figure 4.18: Impact of interior fouling on energy consumption during 15 years

Fig.4.18 shows the impact of interior fouling on energy consumption during 15 years.
The upper figure shows the interior fouling fault ratio evolution with its range, while the
two lower figures describe operating fault impacts on heating and cooling consumption
in buildings. The Petri net model regulates the operating fault occurrence. As the fault
ratio is changed, the heating and cooling energy of the building is recalculated from that
moment. However, the Cep of heating and cooling is only calculated at the end of each
year. Therefore, in Fig.4.18, we can only see the impact on heating and cooling consumption
at the end of every year. Regarding to the normal distribution of fault evolution, the time
dispersion σ = 2.5 years away from the fouling time t = 6.5 years, which represents 68.27%
of the set. Fault can occur any time, between 4 years (as soon as possible) and 8 years
(as late as possible), with different probabilities. In case that the fault happens at early as
possible, for example 4 years, the probability is low. As the time evolues, the fault occur with
higher probability. At the 15th year, in case that the interior fouling fault occurs as early as
possible (lower probability), the energy building consumption in heating and cooling under
the interior fouling is 14%-5% more than the reference case without fault.

The fault regulation of the Petri net model on the exterior fouling and the refrigerant
leakage and their impact on building consumption are presented from Fig.4.19 to Fig.4.22.
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Exterior fouling

Figure 4.19: Petri net modelling for exterior fouling during 15 years

Figure 4.20: Impact of exterior fouling on energy consumption during 15 years
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Refrigerant leakage

Figure 4.21: Petri net modelling for refrigerant leakage during 15 years

Figure 4.22: Impact of refrigerant leakage on energy consumption during 15 years
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Fig.4.18, Fig.4.20, and Fig.4.22 present the impact of three operating faults on building
energy consumption. There is a significant difference impact between the three faults. For
example, at the same fault level, F = 10%, the impact on heating and cooling consumption
compared to the reference case of interior fouling, exterior fouling, and refrigerant leakage is
4%-2%, 2%-1.5%, and 10%-8%, respectively. At the 15th year, the energy building consump-
tion in heating and cooling under the exterior fouling is 10%-9% more than the reference
case without fault, followed by 14%-5% of the interior fouling, 80%-25% of the refrigerant
leakage.

Besides, the air-to-air heat pump in our research has a more severe effect during long
operations in winter. Mainly, if the operating fault is not prepared on time, the fault lasts
longer, the impact on building energy consumption is more important.
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4.2.2 Impact of fault combination

From the above analysis of three separate studied operating faults, we now examine the
impacts of these three faults during 15 year-simulation. We consider if two or more faults
occur during the heat pump life cycle. In this part, we can see all occurrence time abilities of
operating faults regulated by the Petri net model.

Interior fouling and exterior fouling

We consider only two operating faults of the heat pump, which can happen during 15
years. For example, we take two operating faults of the heat exchanger: interior fouling
and exterior fouling. The Petri net model regulates the occurrence time of these two faults,
which is shown in Fig.4.23.

Figure 4.23: Petri net modelling for interior and exterior fouling during 15 years
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Fig.4.23 shows the fault occurrence regulation of Petri net for interior fouling (i, upper
line) and exterior fouling (e, lower line). Petri net takes into account the operating time t and
shows the occurrence order of each operating fault. For example, as described in Fig.4.17, the
interior heat exchanger is fouled at t > 3.14 years before the exterior heat exchanger is fouled
at t > 8.81 years. At each state change of an operating fault, the fault ratio is recalculated and
used for building energy simulation.

As discussed in section 2.3.1, the occurrence time of fault is varied, which is characterized
by the dispersion of each type of fault. The operating fault can occur earlier or later than the
fault experiment occurrence time, which means the occurrence time can be less or more than
the average value. With the above example of two operating faults as interior fouling and
exterior fouling, the Petri net model can show different scenarios of fault occurrence order,
which is presented as follows.

Figure 4.24: General Petri net graph of both fouling faults in heat exchanger of an air-to-air
heat pump

Fig.4.24 shows the general Petri net graph regulating the occurrence time of fouling faults
in heat exchangers, with two fault states P1 and P2. Each color represents one scenario of
fouling evolution and their combinations. Indeed, Fig.4.25 shows different scenarios of fault
occurrence order of both fouling faults.

The Petri net in Fig.4.25 shows six possible fault occurrence orders for two operating
faults with two fault states. With the multiple fault states during the heat pump operation,
the Petri net is a good way to control its dynamic. With the average occurrence time t and its
dispersion (section 2.3.1), we conduct a 15-year simulation in order to see how the Petri net
model regulate the occurrence time of operating faults. The simulation results are shown in
Fig.4.26.
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Figure 4.25: Detail Petri net graph of both fouling faults in heat exchanger of an air-to-air
heat pump
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Figure 4.26: Impact of interior and exterior fouling faults on energy consumption during 15
years

Fig.4.26 shows the impact of the fault combination (interior fouling and exterior foul-
ing) on heating and cooling consumption in buildings, corresponding to fault levels during
15 years. The first two upper figures show the dynamic fault ratio evolution with their
dispersion, while the two lower figures describe the impact of fault on primary energy con-
sumption. Concerning the fault evolution in the first two upper figure, there are difference
scenarios of fault occurrence order of two operating faults. We take two extreme examples.
The first one is when the faults occur as early as they can (Fig.4.27), while the second one
occur as late as they can(Fig.4.28). These two cases with Petri net model are shown as below.

Figure 4.27: Petri net regulation for the earliest occurrence time of two faults combination
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Figure 4.28: Petri net regulation for the latest occurrence time of two faults combination

At each state change of an interior fouling, the fault ratio F (%) is recalculated, which
is then used for building energy simulation, which leads to the increase of the energy con-
sumption. The simulation results of other fault combinations are presented in the Fig.4.28
to Fig.4.31.

Regarding to the normal distribution of fault evolution, we consider that the probability
of the fault occurenence in two cases: fault combination and single fault is the same. As
can be seen from Fig.4.26, at the 15th year, the energy building consumption in heating and
cooling is 22%-8% more than the reference case without fault. However, the probability of
this result is lower than the single fault occurence case, which is presented in Fig.4.18 and
Fig.4.20.

Interior fouling and refrigerant leakage
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Figure 4.29: Impact of interior fouling and refrigerant leakage faults on energy consumption
during 15 years

Exterior fouling and refrigerant leakage

Interior fouling, exterior fouling and refrigerant leakage

Suppose we consider three operating faults with two fault states during the heat pump
life cycle, such as the interior and exterior fouling and refrigerant leakage. In that case, the
Petri net model shows 54 scenarios of fault occurrence order. One scenario of Petri net regu-
lation is presented in Fig.4.28. With the average occurrence time t and its dispersion (section
2.3.1), we conduct a 15-year simulation in order to see how the Petri net model regulate the
occurrence time of operating faults. The simulation results are shown in Fig.4.31.
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Figure 4.30: Impact of exterior fouling and refrigerant leakage faults on energy consumption
during 15 years

Figure 4.31: Petri net example for a three operating faults combination of an air-to-air heat
pump

Four figures from Fig.4.26, Fig.4.29, Fig.4.30, and Fig.4.32 show the impact of four oper-
ating fault combinations on heating and cooling consumption during 15 years in Paris. As
expected, the collective impact of simultaneous faults on energy consumption varies and
depends on the faults considered. For the first combination of two fouling faults in heat
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Figure 4.32: Impact of interior fouling, exterior fouling and refrigerant leakage faults on
energy consumption during 15 years

exchangers, the collective effect can be described as exceeding additive in heating consump-
tion and less additive in cooling consumption. At the 15th year, the heating increases by
27.8% which is higher than the sum of each fault impact 15.1% (interior fouling) + 10.8%
(exterior fouling) =25.9%, while the cooling increases by 7.8%, which is lower than the sum
of each fault impact 5.2% (interior fouling) + 10.7% (exterior fouling) =15.9%. However,
when there is a refrigerant leakage, the consumption trend is inverse. The collective ef-
fect can be described as being less additive in heating consumption and exceed additive in
cooling consumption. For example, in the second fault combination of interior fouling and
refrigerant leakage, in the 15th year, the heating increases by 98.6%, which is lower than the
sum of each fault impact 15.1% (interior fouling) + 101,8% (refrigerant leakage) =116.9%,
while the cooling increases by 122.6%, which is too higher than the sum of each fault impact
5.2% (interior fouling) + 24.9% (exterior fouling) =30.1%.

Particularly, Fig.4.32 shows the relative consumption of the building, which covers the
consumption of heating, cooling, lighting, hot water production, and auxiliaries (pumps and
fans). The building is located in Paris, which respects the thermal regulation RT2012 for the
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building’s primary energy consumption, 60kWh/m2/year. As can be seen from Fig.4.32, the
building consumption increases as soon as the faults occur. From the 3rd year, the building
consumption remarkably increased, in which the primary energy consumption of the build-
ing exceeds 60kWh/m2/year. If there is no maintenance intervention, the operating faults
impact more and more on the primary energy consumption. For example, in the 15th year,
the Cep can increase approximately 120 kWh/m2/year, double the standard value.

In this study, only three operating faults are considered. Their impacts on the building
energy consumption are essential. These results show us a hypothesis that if there are more
operating faults of HVAC systems, the more the building energy consumption. It should be
taken into account the maintenance process to reduce the fault ratio during its life cycle.
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Conclusions et perspectives

“The most important thing is you go on the stage
and that you will be you and you have fun.”

SIMON REINHARD

Conclusion

The overall objective of this work was to develop and demonstrate a methodology, which
considers the operating faults during the life cycle of the residential air-to-air heat pump.
The goal was to analyze the impact of these operating faults on the heat pump performance
and the building energy consumption.

The approach for fault modeling realized begins with the model of the faults in the indi-
vidual components, and ends up with the consequence of the fault to the whole system. The
proposed method about the study of the impact of the operating faults, especially the foul-
ing of heat exchangers, refrigerant leakage of the split residential air-to-air heat pump by
using the refrigerant cycle model, white-box model. Once a fault appears and the cause of
the fault is determined, the impact of three operating faults on the heat pump performance
is presented. The more fouling the heat exchangers are and the more leakage of refrigerant
in the circulation, the more significant the decrease in COP/EER value and the greater the
increase in compressor power. The refrigerant cycle model shows a great capacity to model
different heat pumps, in wide ranges of operating conditions.

Few experimental research studied operating faults and analyzed their impacts on heat
pump performance over a wide range of operating conditions. There is still a lack of a in-
tergration of heat pump performance in design practice. The evolution of operating faults
during the heat pump life cycle is therefore taken into account. In this study, based on the
experiment results from the previous studies, we modeled the evolution of each operating
fault. As the operating faults occur randomly, later, or sooner, we used the Petri net model to
show every transition of operating faults under the graphical and mathematical form. The
flow chart describes graphically parallel or concurrent activities. An equation system is es-
tablished to, on the one hand, characterize the evolution of different activities. The graphic
representation of Petri net describes the problem intuitively, which contains all possible evo-
lutions and transitions of the fault throughout the heat pump life cycle: the interior fouling,
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exterior fouling, and refrigerant leakage. These three operating faults are illustrated in two
cases: separately and together. On the other hand, the Petri net model associates with the
heat pump model to characterize the heat pump performance with different evolutions.

The association of the Petri net model and heat pump model provides consistent inputs
to the building simulation, for example, heat pump performance evolution during the life
cycle of the heat pump. To analyze the impact of fault on the building level, the Petri net
model is associated with building energy simulation COMETh. The coupling of 3 computed
models operated by Petri net (the heat pump model, the fault models, and the building
model) can show the evolution of operating faults and quantify the operating fault’s impact
on the heat pump performance and the building energy consumption.

The impact of individual faults on performance, energy efficiency, and building energy
consumption was evaluated for the residential air-to-air heat pump under a wide range of
operating conditions. According to the results of this study, a refrigerant leakage of about
30% can result in an average 32% increase in heating consumption and a 5% rise in cooling
capacity. For interior and exterior fouling, a 30% reduction in airflow increased the average
heating consumption by 15% and 10%, respectively. As operating faults occur cumulatively,
the impact of faults on performance and building energy consumption is also presented.
When there are three operating faults with two states of faults, the Petri net model shows 54
scenarios of fault occurrence order. Based on the average occurrence time and its dispersion
from the experiments, only a few scenarios can happen. We analyzed the impact of these
three heat pump operating faults in a case study over 15 years. The building consumption
increases as soon as the faults occur. As expected, the collective impact of simultaneous
faults on energy consumption varies and depends on the faults considered. In most cases,
the collective effect can be described as additive; however, the effect can exceed this additive
value. Concerning the fault combination of three operating faults, the building consumption
remarkably increased from the third year, in which the primary energy consumption of the
building exceeds 60kWh/m2/year. If there is no maintenance intervention, the operating
faults impact more and more on the primary energy consumption. For example, in the 15th

year, the Cep can increase approximately 120 kWh/m2/year, double the standard value.

This study shows that the heat pump operation is also a great importance when it comes
to energy efficiency. Throughout this study, we can see that each operating fault can have
an impact not only on the heat pump performance but also on the building energy con-
sumption. The proposed methodology is about system modeling, which takes into account
the operating faults and their evolution during the execution phase. By simulating the heat
pump performance with different operating faults, which approaches the heat pump per-
formance in reality, the prospects for efficient energy use, the building energy consumption
during overall operation are discovered.
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Perspectives

The primary goal of this research is to detail a new methodology to evaluate the impact
of a heat pump operating faults on its performance and building energy consumption. It is
essential to mention the limitations of the current study, which should be addressed in future
research. Suggestions for future work can be divided into three groups. One is related to
the refrigerant cycle model of heat pump, another related to building simulation model, the
third is related to the maintenance process.

The amount of detail used in the refrigerant cycle model is dependent on the simulation
accuracy required. As the simulation is used during the heat pump design, we would like
to analyze accurately the impact of different design parameters. Therefore, a highly detailed
simulation would be required. It is suggested that more research and development can be
carried out to improve the capability of the refrigerant cycle model. These capabilities may
include different environmental conditions as humidity level, in which we can generalize
the refrigerant model for different types of climate.

This study evaluates only three heat pump operating faults, which frequently happen
during the building life cycle. Other operating faults, as compressor leakage, liquid line
restriction, presence of non-condensable gases fault, should be taken into account in future
research. With more operating faults, we can evaluate heat pump performance accurately
during its operation. At the building level, other HVAC systems should be taken into ac-
count. Using the same principle of the Petri net model on a heat pump for other HVAC
systems, we can have a whole picture about the impact of the HVAC systems operating
faults on the building energy consumption.

Concerning the proposed methodology about using the Petri net model in system de-
signs integrating operating faults, there is still much to be done to make it more applica-
ble. In this study, three common heat pump operating faults were identified and modeled
with the Petri net model. These fault models have been added to a development version
of COMETh to characterize the building energy consumption. Once the COMETh develop-
ment team has approved these models and implementation strategies, they will be part of
future official COMETh release versions. There is a strong need to develop libraries that will
guide and assist users in building their systems, choosing inputs, validating results.

Finally, the impact of operating faults should be analyzed in the economic situation, for
example, service cost. According to the economic benefits, it is also essential to set a rea-
sonable threshold by comparing the service cost with the economic impact of the operating
faults. From these analyses, we can have the right decision for the maintenance process,
such as verification, reparation, and replacement. Furthermore, we can consider the main-
tenance in the calculation process. The fault ratio of operating faults can be recalculated
during its life cycle, which approaches the heat pump performance. According to the new
European directive about the heat pump performance, it is required that the heat pump has
to be checked every two years to ensure the energy efficiency of systems, which maintain
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the building energy consumption as design.
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Appendix A

Heat pump types

Exhaust air

Exhaust-air heat pumps use aerothermal energy. Part of the energy used comes form a
re-use (via heat exchangers) of indoor air, part of it comes from outdoor air that is drawn into
the building. Initial analysis shows that 30% to 50% of the energy used comes from outdoor
air. In order to provide (yet again) a cautious estimate, the contribution from exhaust air
heat pumps is generally weighted with a factor of 0,3*.

Heat pumps using exhaust air as energy source use ambient energy, and such heat pumps
therefore supply renewable energy. But simultaneously such heat pumps recover the energy
in the exhaust air, which is not aerothermal energy according to the Directive ( 9 ). It is there-
fore only the aerothermal energy that is counted as renewable energy.

H-air/water

Reversible heat pumps connected to hydronic systems are always counted, as their pri-
mary use as heating system can be assumed.

H-ground/water

Reversible air-air W/heating

Firstly, reversible heat pumps in warm and to some extent average climates are often
installed with the purpose of cooling the indoor environment, although they are also used
to provide heating during the winter. As the cooling demand in the summer is higher than
the heating demand in the winter, the rated capacity reflects the cooling demand rather than
the need for heating. As the installed capacity is used as an indicator of heating demand,
it implies that the statistics of installed capacity will not reflect the capacity installed for
heating purposes. Moreover, reversible heat pumps are often installed in parallel to existing
heating systems, implying that these heat pumps are not always used for heating purposes.

The use of air/air heat pumps predominantly for heating is assumed for countries in cold
climates (Estonia, Denmark, Finland, Lithuania, Norway). The number of units reported
results from total sales adjusted by a correction factor (around 10Air/air units sold in the
average climate zone have not been counted, due to a lack of reliable information on their
use for heating or cooling. For countries in the warm climate zone (France, Italy, Portugal
and Spain) only a share of the total sales number has been included in the report. A study
of the Italian market comes to the conclusion that in 9.5
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As described earlier, a large number of reversible air-air heat pumps are installed in
Europe. In Scandinavian and Baltic climates, their use for heating is simply assumed on
the basis of the prevailing cold climate. For southern Europe a different approach has been
taken. It is based on a study done for the Italian market to determine the type of heating
systems used. This study has been used as guidance for the calculation of the share of
heating provided by heat pumps in the EHPA methodology. It has now been translated in
modified heating hours for the Mediterranean markets in the commission study.

Reversibe other

Reversible HP - air/water

Sanitary hot water

Sanitary hot water heat pumps are the fastest growing heat pump segment across Eu-
rope. This category is the only one showing double-digit growth. Sanitary hot water units
combine a heat pump and a hot water storage tank. They are either sold as stand alone units
with the heat pump and the tank in one casing or as systems combining a heat pump and a
separate tank.

Others

Hybrid HP

There is no clear definition of what a hybrid heat pump is, due to the manyfold ways to
integrate heat pumps with other technologies. In order to integrate this new class of systems
into our database, the national heat pump associations and EHPA agreed on the following
broad definition: A hybrid heat pump is the combination of a heat pump and a fossil fuel
based boiler that has a controller between both heaters and is designed to be sold together
under one commercial reference.

For a part of the housing stock, so-called ‘hybrid’ heat pumps have proven to be par-
ticularly suitable for heating. A hybrid heat pump comprises an ‘electric heat pump’ and
a ‘fossil fuel boiler’. The combination of the two systems has been around for a long time
(boiler back-up heat pump) but ‘hybrid heat pumps’, which recently came on to the mar-
ket, go further thanks to a high-tech control system that is implemented between the two
systems. The performance of these new-generation hybrid machines is optimal in every as-
pect: in terms of CO2 emissions, customer’s energy bills and balancing supply and demand
across the national grid. This last point, hardly known by the general public, is crucial as it
helps to secure the supply of electricity in the country and to retain a high-quality network.
The performance of these hybrid heat pumps remains high both in terms of energy (high
COP) and in terms of the environment (low CO2 emissions) thanks to the heat pump’s high
operating rate (> 70%)
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Industrial heat pumps

Larger heat pumps for commercial, industrial and district heating applications are in-
creasingly popular. They quite often use geothermal or hydrothermal energy. However also
here, air is an energy source used by a number of installations. Air, water and ground can
either carry renewable energy or waste heat from processes. In the later case, this type of
heat pump improves energy efficiency, but does not use a renewable source.

District heating

Heating capacity >500 kW, smaller central heat pumps forheating several buildings haveto
be included under point 1

VRF

Variable Refrigerant Flow / Variable Refrigerant Volume

107


	Acknowledgments
	Nomenclature
	Abstract
	Résumé
	Contents
	Introduction
	Building faults
	Heating and cooling systems, heat pumps
	Importance of heat pump faults
	Objectives

	State of the art
	Description of heat pump technology
	Heat pump components
	Refrigerant and regulation evolution 
	Heat transfer mechanism

	Heat pump models without faults
	Refrigerant cycle model
	Empirical models

	Heat pump opearting faults
	Fault definition
	Petri nets, fault occurrence model


	Operating fault impact on heat pump performance
	Heat pump calculation without faults
	Refrigerant cycle model
	Benchmark of the refrigerant cycle model with a standard model

	Heat pump calculation with faults
	Refrigerant cycle model
	Benchmark of the refrigerant cycle model with the empirical model

	Combination of operating faults

	Dynamic evolution of coupled building and heat pump simulation taking into account operating faults
	Coupled building and heat pump models – static fault ratio
	The simulation process without fault illustrated for the reference case study
	The simulation process with a static fault ratio

	Integration of fault evolution with Petri net model
	Impact of an elementary operating fault
	Impact of fault combination


	References
	Appendices
	Heat pump types

