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ARTICLE INFO ABSTRACT

Handling Editor: Huihe Qiu The ongoing European regulations towards the decarbonization of energy intensive sectors such
as heating and cooling will lead to an increase of heat pump appliances. Apart from anomalies

g?::;rud:l;ps that can be detected in a preliminary phase after the start-up, soft faults such as refrigerant
Physics-based model leakage and heat exchanger fouling may cause a performance degradation in such systems that
Soft faults evolves in time and that must be detected before it becomes too big. From this perspective, in a
Seasonal performance degradation previous paper (Pelella et al. [1]) it has been demonstrated that, in cooling mode, a seasonal
Fault detection performance penalization up to 50% can be reached in case of a not-planned maintenance sce-
Diagnosis and evaluation nario, whereas wherever a timed or intelligent maintenance strategy is implemented based on
data-monitoring, this impact can be significantly reduced. Therefore, in order to extend the
analysis previously carried out to the heating cases, and to evaluate the consequent energetic
degradation of the system in case of soft faults occurring, depending on different climate con-
ditions and maintenance scenarios, this paper develops a physic-based model to simulate system
components and to describe the fault phenomenology on a residential 2.6 kW air-to-air heat
pump, operating in winter mode. The results show that in heating mode a 40% condenser fouling
and a 30% refrigerant leakage cause a performance degradation of respectively 16% and 12%,
whereas in case of evaporator fouling the performance penalization is only of 3.2%. Moreover,
the performance degradation is enhanced by the overlapping effect of simultaneous faults.
Finally, from seasonal simulations of the heat pump along an entire machine lifetime of 12 years,
it is found that none of the maintenance strategies analysed is able to significantly reduce the
number of scenarios penalized by faults, opening to the potential development of systems for the
automatic fault detection, diagnosis, and evaluation (FDDE).
Nomenclature
Roman
COP Coefficient of performance [—]
COPpepngiiz; COP degradation [%]
Dis Compressor displacement [m3]
fee Conversion factor for electricity production [kgCO2/kWh]
FI o evieac  Fault Intensity for condenser fouling, evaporator fouling and refrigerant leakage [%]
GWP Global Warming Potential [kgco2/Kgref]
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1. Introduction

Nowadays, the building sector contributes for almost 20% of the global energy consumption [2], whereas heating and cooling
represent approximately the 75% of the final energy consumption in residential buildings [3]. These energy intensive sectors have to
be decarbonized to achieve all the fixed goals of the COP26 conference [4] to limit the ambient temperature increase to +1.5 °C [5]
compared with the pre-industrial era. Therefore, for heating and cooling sectors, the achievement of these targets can only be obtained
with the spreading of heat pumps, that well fit in future scenarios where the renewable energy share will increase.

In order to further reduce the direct and indirect environmental impacts of these systems, several future opportunities are being
adopted. New refrigerants are being studied among blends [6-8] and natural fluids [9], to reduce the direct emissions related to
refrigerant leakage deriving mainly from pipe or joint failures and leaking seal/gland/core of the compressor pack and in high-pressure
lines [10]. Regarding the indirect contributions, instead, the presence of anomalies can reduce system performances. It is the case of
the so-called soft faults, such as heat exchanger fouling, refrigerant leakage, etc., which do not compromise the continuous operation of
machines, and for that reason they can remain unidentified for long periods of time, causing a degradation in performance [11].

Hence, self-fault detection, diagnosis and evaluation (FDDE) tools are being developed in order to limit the effect of faults on system
performance. Most of them take advantage of artificial intelligence and machine learning which are spreading in recent years in
refrigeration and heat pumps field [12] with several purposes of fault detection and diagnosis [13], energy performance prediction
[14], optimization and control [15].

Therefore, in order to identify the most influenced parameters by faults, several experimental works and numerical investigations
have been carried out. A 316 kW Centrifugal chiller has been investigated by Comstock and Braun [16], which analyse the influence of
condenser and evaporator improper secondary fluid flows and fouling, improper refrigerant charge, presence of non-condensable in
the refrigerant and others on 64 different measured variables of an experimental apparatus. Rooftop units have been studied exper-
imentally by Breuker and Braun [17] for refrigerant leakage and numerically by Kim et al. [18] for the soft faults of condenser fouling,
liquid line restriction, presence of non-condensable, refrigerant leakage and overcharge. Water heat pumps instead have been studied
by Grace et al. [19], which analysed the effect of the refrigerant charge amount on a 4 kW R404A water chiller, and by Bellanco et al.
[20], which studied evaporator fouling, refrigerant overcharge, compressor valve leakage and liquid line restriction on a 10 kW
propane water heat pump. Split systems have been treated for fin-and-tube heat exchanger fouling by Qureshi and Zubair [21] and by
Mehrabi and Yuill [22], whereas other soft faults related to improper secondary flow, liquid line restriction, improper refrigerant
charge and non-condensable in the refrigerant have been studied by Hu et al. [23]. Finally, Mehrabi and Yuill [24,25] analysed the
effect of several soft faults on different typology of systems, trying to give a generalization of the connections between faults and
symptoms for all the kinds of systems investigated.

Among the works analysed by the literature, only a few of them dealt with small capacity system for residential heating and cooling,
and only the works of Hu et al. [26] for split systems and Zhou et al. [27] for variable refrigerant volume (VRVs) systems analysed the
effect on the thermodynamic cycle of simultaneous occurring faults. All these aspects were deepened in Pelella et al. [1] in which we
analysed the effect of standalone and simultaneous occurring refrigerant leakage, condenser and evaporator fouling for an air-to-air
heat pump operating in cooling mode. In the aforementioned paper, the effect of faults on performance is quantified both on the
coefficient of performance (COP) value in nominal steady-state conditions, and on the seasonal coefficient of performance (SCOP)
along the entire machine lifetime. Considering not-planned maintenance strategies, SCOP penalizations over 50% are reached, caused
by the uncontrolled fault evolutions along the 12 years machine lifetime. The penalization are significantly reduced by adopting
time-based maintenance strategies (every 4, 2 and 1 year), and with intelligent FDDE strategies able to lead to a maintenance
intervention only if the COP penalization becomes significant, without any extra-maintenance costs.

However, our previous work has filled several gaps and demonstrated several aspects only related to the cooling mode, and only for
some cooling predominant climatic conditions. Therefore, the main target of this paper is to carry out the same investigation, but for
the heating mode, to understand if remarks are replicable also for this operating mode and considering heating predominant climate
conditions.
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Fig. 1. Schematic of the air-to-air heat pump modelled in this work, operating in heating mode.
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2. Components models

The system modelled is a reversible air-to-air heat pump for domestic heating and cooling. The machine is composed of two units,
one external and one internal. The external unit is composed of a scroll compressor, a 4-way valve able to switch between heating and
cooling modes, a fin-and-tube heat exchanger used as an evaporator in heating mode (condenser in cooling mode), a thermostatic
expansion valve for the heating mode, able to control evaporator superheating, and a liquid receiver. The internal unit instead is
composed of a fin-and-tube heat exchanger employed as a condenser in heating mode (evaporator in cooling mode) and a thermostatic
expansion valve for the cooling mode. In Fig. 1 a schematic of the machine operating in heating mode is provided. Both fin-and-tube
heat exchangers have been considered with plain fins. Other components such as 2 and 4-way valves are employed in order to
guarantee a correct reversion of the thermodynamic cycle between operating modes. The working fluid for the system investigated is
R32, which is commonly used for such small capacity air conditioning systems.

Sub-models for each of the components of the system analysed are then developed, as already done in our previous works [28-30].
Regarding fin-and-tube heat exchangers, they have been divided into several infinitesimal volumes, and for each of them the global
conductance is evaluated considering internal and external convective thermal resistances, and the conduction through the metal, as
follow:

dUA = ! (€]
" dReju + AR + dR. o

The first row of the heat exchanger is then integrated evaluating refrigerant and air temperatures and, once completed, another row
is added until all the heat exchanger rows are calculated. For the evaluation of each of the thermal resistances, both aspects related to
geometry and heat transfer characterization have been considered in the model. The geometric characterization aims to evaluate the
effective internal and external heat transfer surfaces, the number of tubes, of rows and tubes per row, and others, and it has been
carried out according to Shah and Sekulic [31]. Effective air mass flow rates are evaluated through the coupling between heat
exchanger fans and coils, considering typical characteristic curves of a tangential blower for the internal unit and an axial fan for the
external unit. Regarding the heat transfer characterization, conductive heat transfer coefficients have been evaluated through
well-known empirical correlations from the literature. For instance, for flow boiling and flow condensation, correlations of respec-
tively Gungor and Winterton [32] and Shah [33] have been employed, whereas the superheated vapor heat transfer coefficient has
been calculated with the correlation of Dittus and Boelter [34]. Regarding air instead, heat transfer coefficient and pressure drops are
evaluated with the Wang [35] correlations for plain fins, whereas the fin efficiency is calculated using the Schmidt [36] approximation.

Regarding the thermostatic expansion valve, the following expression to evaluate the valve mass flow rate depending on the
pressure drop across the valve has been used.

2 @ Vin_outis ® (Pin — Pour)
2 (2)
o K, — 1

Pouris

Myaive :5 *p,® K e

Vin—outis 1S the average specific volume along the isentropic, whereas pjn) o and p;, Jour AT€ Pressures and densities at the inlet and the
outlet. ¢ is the valve opening percentage, whereas K; and K, are calibration coefficients fitted on manufacturer data.

The presence of a liquid receiver causes that the thermostatic expansion valve is always fed with saturated liquid (x = 0), if the
refrigerant charge amount is enough to avoid that the liquid receiver becomes empty. The refrigerant charge amount requested by the
user depending on external boundary conditions has been evaluated considering the contributions of the two internal and external heat
exchangers, and of the liquid line after the condenser, neglecting the refrigerant charge in the suction and discharge lines of the
compressor. Therefore, the total amount is considered as the sum of the one-phase and two-phase contributions, evaluated for an
infinitesimal control volume as follows:

Myr = Mgy + My 3)
dmg, = p Sdz 4
dmy, =Slp, (1 —a) +pyaldz ®)

For the two-phase contribution, the volumetric void fraction « has been evaluated with the Rouhani and Axelsson [37] correlation.
Regarding the scroll compressor, the following expression is used to evaluate respectively the mass flow rate:

. n .
m(‘{)mﬂ :pin L4 ﬂv ° @ e Dis (6)
pin is the inlet compressor density, n is the rotational speed, whereas Dis and 7, are respectively the compressor displacement and
the volumetric efficiency. Both of them have been calibrated on manufacturer data.
Finally, once able to evaluate all the states of the thermodynamic cycles, thermal power to the condenser, electrical powers for the

compressor and heat exchanger fans, and COP are evaluated through energy balances, as follows:

Qc{) = mwmp L4 (hin.co - houl.co) (7)
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1, is the compressor global efficiency, also calibrated on manufacturer data. Further details about the calibration processes for the
compressor and the valve, and about the resolution algorithm employed to simulate the behaviour of the entire system, are provided in
previous works [1,38].

3. Faults modelling

Among all the common soft faults for heat pumps, it has been decided to study refrigerant leakage, condenser fouling and evap-
orator fouling. As a matter of fact, as also clarified in Pelella et al. [38], these three faults have been chosen because other kinds of soft
anomalies are usually related to improper installation or maintenance operations and therefore can be identified in a small time after
the start-up (such as non-condensable in the refrigerant, defective expansion valve), or are related to single components (such
compressor ageing, valve leakage, defective expansion valve), and so they can be identified with dedicated models on the component
itself.

Regarding heat exchanger fouling, different methodologies have been adopted for respectively external and internal units. In Fig. 2
is shown an elementary geometry of a fin-and-tube heat exchanger, in case of clean surfaces (Fig. 2(a)) and in case of fouling of the
internal (Fig. 2(b)) and external (Fig. 2(c)) units.

Regarding the internal unit fouling, a filter is usually installed on the condenser to prevent the infiltration of dust particles on the fin
and tube surfaces [39]. The fouling evolution manifests itself as an accumulation of dust on the filter, causing an air mass flow rate
reduction (Fig. 2(b)). Therefore, to simulate this kind of fault, a fault intensity factor equal to the air mass flow rate penalization
compared with the clean heat exchanger has been defined as follows.

Flyeo = Vipeepionsout_ 100 an
free—flow,clean
This approach is in accordance with the one of Breuker and Braun [17], who artificially simulated the internal unit fouling by
reducing the mass flow rate of the secondary fluid. Therefore, once assigned an evaporator fouling fault intensity, the air mass flow rate
can be evaluated by Eq. (11), whereas the heat transfer surface remains unchanged with respect to the fault-free condition case.
Regarding the external unit instead, according to several experimental evidences [40,41], a preliminary fouling tends to accu-
mulate on the face-front of the heat exchanger, causing an enhancement of the heat transfer in the initial period. On the other hand, a
high fouling accumulation level can cause that several portions of the heat exchangers are completely blocked, with a local velocity
close to zero, as shown in Fig. 2(c). This results to be a dual penalization, both on the free-flow area of air across the heat exchanger
coil, and on the heat transfer surface of the heat exchanger. Therefore, in order to simulate the effect of the external unit fouling, used
as evaporator in winter mode, the following definition of the fault intensity for this fault is adopted:

Stree—flow fou Shtfou
Flpyep =220 100 = 217 o 100 (12)

) free—flow,clean ht.clean

The free-flow penalization evaluated through Eq. (12) causes an increase of pressure drops across the heat exchanger coil, and
consequently the new reduced air mass flow rate is evaluated from the new coupling point between fans and heat exchangers. The new

(b)

Air

Air

Fig. 2. Elementary geometry for a fin-and-tube heat exchangers. (a) Clean surfaces; (b) Fouling of the internal unit (condenser in heating mode) with dust accu-
mulated on the face-front filter; (c) Fouling of the external unit (evaporator in heating mode) with portions blocked by dust.
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heat transfer surface penalization instead can be directly evaluated through Eq. (12). This kind of approach is able to simulate both
particulate and freezing fouling, which are the two predominant fouling mechanisms in the winter season [42]. Moreover, this
methodology is in accordance with the one employed by Breuker and Braun [17], which uses vertical cardboard strip on the face-front
of the heat exchanger, in order to experimentally simulate the presence of this kind of fault.

For refrigerant leakage modelling, the definition of fault intensity for such fault has been considered as the percentage difference
between the actual refrigerant charge of the system and the nominal value, according to Mehrabi and Yuill [24]. The latter has been
assumed as the maximum value requested by the system in all the boundary conditions investigated in winter mode.

Flioy = Mpominal — Mactual e 100 (13)
Myominal

When a refrigerant leakage occurs in the model, we imposed a faulty condition whenever the liquid receiver becomes empty. The
effective refrigerant charge amount requested is evaluated through equations (3) and (4) depending on the external boundary con-
ditions. Assumed a saturated liquid at the exit of the liquid receiver, when the fault intensity is fixed to a value such that the required
amount of charge for the actual boundary conditions is less than the one currently available in the system, the extra amount of
refrigerant is stored in the accumulator. If instead the required amount, under the assumption of saturated liquid at the exit of the
liquid receiver, is higher than the one actually available, the model starts assuming an increasing vapor quality at the exit of the liquid
receiver up to the amount required is equal to the one actually available. The thermostatic valve started to be fed with a saturated
vapor, with a certain vapor quality (Xi,yave), resulting in a valve chocking and in a mass flow rate decrease. Consequently, this
reduction causes a variation in the coupling point between the compressor and the valve, and therefore a reduction also of the
evaporating temperature, as shown in Fig. 3. In the end, all these aspects cause a penalization both in thermal powers and in the system
performance.

Consistently to the description made, the fault intensity for the refrigerant charge corresponding to the moment when the liquid
receiver becomes empty depends on the initial amount of refrigerant charge. The assumption behind is to have an empty liquid
receiver when the boundary conditions requires the maximum refrigerant charge (maximum evaporation temperature equal to 12 °C
and maximum condensation temperature equal to 40 °C), which is the minimum refrigerant charge required to have a proper working
of the system under extreme conditions without a refrigerant loss.

4. Case study data and model calibration

The analysed case study is a rated 2.6 kW air-to-air residential heat pump for domestic heating. The system is the same studied in
the work of Pelella et al. [1], but inverting the two heat exchangers. The working fluid employed is R32, and the thermostatic
expansion valve controls a target superheating of 7 °C. The rated refrigerant charge of the system is 490 g. Other rated parameters of
the system and geometrical characteristics of the heat exchangers are provided in Table 1. It is worth noting that all the components
(compressor, heat exchangers) have been designed to operate properly in cooling mode, with the internal evaporator unit able to
provide a thermal power of 2.60 kW, and an external condenser unit a thermal power of 3.31 kW, for fixed ambient/indoor tem-
peratures of 35 °C/27 °C. The same heat exchangers have to work in heating mode, considering an internal condenser unit thermal
power of 2.58 kW and an external evaporator unit thermal power of 1.97 kW, for fixed ambient/indoor temperatures of 7 °C/20 °C.

Regarding the model calibration, for the compressor and the thermostatic valve, both sub-models have been calibrated on
manufacturer data. Regarding heat exchanger and faults instead, well known and used correlation of the literature and phenome-
nological relation are employed. Due to the novelty of this work, a validation of the entire system model is not possible. However, with
the aim of this work to analyse trends related to the occurring of faults, and not to focus on the precise numerical data, we considered
this approach reasonable.

5. Results: Effect of faults on the thermodynamic cycle

It is important to define the most influenced measurable parameters to develop FDDE strategies, analysing their effect on the
thermodynamic cycle. By imposing the faulty conditions, the resolution of the implemented model equations previously described

0.02 ‘ . : Small amount of  Large amount of
Refrigerant lost Refrigerant lost
—— Compressor
0.015 Valve (No leakage/Small amount of refrigerant lost) (l o quuld
s Valve (Large amount of refrigerant lost)

Receiver

%
= 0.01 Saturated liquid Two-phase flow «
£ at the exit of at the exit of 2
the receiver the receiver .
0.005 ' Expansion
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Fig. 3. Example of the valve behaviour in case of a liquid receiver of presence (X, yaive = O, blue line) and absence (X, yawe = 0.2, green line) of refrigerant charge in the
liquid receiver). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 1
Rated parameters of the system investigated and geometrical characteristics of the internal and external heat exchangers.
Parameter Machine
Heating Capacity (7-20 °C) [kW] 2.58
Working fluid R32
Rated evaporator superheating (°C) 7.0
Liquid line length (m) 0.5
Rated refrigerant charge (g) 490
Compressor rated speed (rpm) 1140

Dimensions [m] (Length x Width x Height)
Number of circuits — rows — tubes per row
Longitudinal tube pitch [m]

Transverse tube pitch [m]

Fin pitch [mm]

Fin thickness [mm]

Tube diameter [mm]

Tube thickness [mm]

Tube thermal conductivity [Wm 'K ~1]

Fin thermal conductivity [Wm 'K 1]

Internal Unit
0.55 x 0.17 x 0.16
49-8

0.02

0.02

2

0.3

7

0.5

386 (Copper)
204 (Aluminum)

External Unit
0.8 x 0.4 x 0.51
4-2-26

0.02

0.02

2

0.3

7

0.5

provides all the corresponding thermodynamic cycle parameters such as evaporation and condensation pressures and temperatures,
suction and discharge temperature of the compressor, thermal and electrical powers and COP. For instance, regarding standalone
faults, Fig. 4 shows three T-s diagrams in case of a 40% condenser fouling (Fig. 4(a)), a 40% evaporator fouling (Fig. 4(b)) and a 30%
refrigerant leakage (Fig. 4(c)). Faulty thermodynamic cycles, represented by dashed lines, are compared with the fault-free cycle
represented by solid lines, both in terms of thermodynamic conditions of refrigerant and of the two secondary fluids temperatures at
the condenser and at the evaporator, for fixed conditions of ambient and indoor temperatures of respectively 7 °C and 20 °C.

In case of a 40% condenser fouling (Fig. 4(a)), the most influenced variable is the condensing temperature, which increases of about
7 °C compare with the fault-free case, whereas the outlet compressor temperature and air condenser temperature difference increase
respectively of about 17 °C and 12.5 °C. On the other hand, both evaporating temperature and evaporator air temperature difference
seem to be almost unaffected. These aspects result in a COP degradation of about 16%, and a heating capacity which remains almost
unchanged. These results are comparable with the ones obtained in our previous work for the cooling mode [1], in which the COP
penalization was about 13%. In case of a 40% evaporator fouling (Fig. 4(b)), it does not particularly affect the thermodynamic cycle,
except for the evaporator fouling which seems to decrease of approximately 2 °C. It reflects on a reduction in heating capacity of about
4%, and a COP penalization of approximately 3.2%, which is quite lower compared to the one obtained for the cooling mode of
approximately 17%. Finally, in case of a 30% refrigerant leakage (Fig. 4(c)), both evaporating and condensing temperatures decrease

40% Condenser Fouling 40% Evaporator Fouling

140 | Air - Condenser 140 — Air - Condenser
120 Air - Evaporator ° 2 120 - —— Air - Evaporator ]
Refrigerant R32 Refrigerant R32 2
100 - o 100 - o° |
g 80
= 60
[
40 -
20
0
20t s s L s L L ]
0.5 1 1.5 2 2.5 0.5 1 1.5 2 25
s [kJ/kgK] s [kJ/kgK]
30% Refrigerant Leakage
(c) 140 - |——Aiir - Condenser
120 —Air - Evaporator ]
Refrigerant R32 02
100 |
OG 80 ¢
= 60
[
40 -
207
0
-20
0.5 25

s [kJ/kgK]

Fig. 4. Temperature — specific entropy diagrams comparison between faulty (dashed lines) and fault-free (solid lines) conditions, in case of a 40% condenser fouling
(a), a 40% evaporator fouling (b) and a 30% refrigerant leakage (c), for fixed conditions of ambient and indoor temperature of respectively 7 °C and 20 °C.
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respectively of 1.8 and 2.3 °C. Outlet compressor temperature and outlet evaporator superheating increase of about 13 °C and 5 °C
respectively, compared with the fault-free case, whereas air temperature differences are slightly affected by this fault, with a 0.6 °C
reduction at the evaporator and a 2.1 °C reduction at the condenser. Ultimately, a heating capacity reduction of approximately 21.3%,
and a COP reduction of about 12% are obtained. A slightly higher performance degradation (14%) was obtained in cooling mode from
our previous work [38], whereas the capacity reduction was slightly lower (15%).

The combination of more than one occurring fault can cause an overlapping effect on measured parameters of the machine
thermodynamic cycle, causing an enhancement or a mitigation. Therefore, the effects of two and three faults combination are analysed
in Fig. 5, by analysing and comparing faulty conditions characterized by a 40% condenser fouling (Fig. 5(a)), 40% evaporator fouling
(Fig. 5(b)) and 30% refrigerant leakage (Fig. 5(c)) respectively, both standalone and combined in pairs. Fig. 5(d) instead compares the
thermodynamic conditions related to the combination of all the three faults investigated with the fault-free case.

By combining a 40% condenser fouling and a 40% evaporator fouling, evaporating temperature decrease of about 1 °C compared
with a standalone condenser fouling, whereas the condensing temperature increase is slightly mitigated, passing from 7 °C to 6.4 °C.
On the other hand, the outlet compressor temperature increase is enhanced (+18.6 °C) compared with standalone faulty conditions,
whereas air temperature differences remain almost unaffected by the combination of faults compared with an only condenser fouling.
This results in a heating capacity which remains unchanged compared with an only evaporator fouling, whereas the performance
degradation of 17.5% is higher compared to the two standalone faulty conditions investigated.

By combining instead a 40% condenser fouling and a 30% refrigerant leakage, this causes a higher decrease of the evaporating
temperature of approximately 3 °C compared with a standalone condenser fouling and slightly lower than an only refrigerant leakage.
Regarding condensing temperature and air temperature difference at the condenser, the contrasting effect of the two faults investi-
gated causes a mitigation in the increase of these two variables, which rises respectively of 4.8 °C and 10.0 °C against the 7 °C and
12.5 °C increase of a standalone condenser fouling. Moreover, the increase of evaporator superheating is slightly mitigated compared
to a standalone refrigerant leakage, passing from approximately 4.7 °C-2.6 °C. Finally, the heating capacity reduction results to be
mitigated compared with an only refrigerant leakage, of about 12%, whereas the COP penalization is of approximately 21%, so
enhanced by the contemporaneity of the two faults.

By combining a 40% evaporator fouling and a 30% refrigerant leakage, the evaporating and condensing temperature reductions are
both enhanced by the overlapping effect of the two faults, becoming respectively 6 °C and 3 °C lower than the fault-free case. The outlet
compressor temperature and the evaporator superheating increase of about respectively 14.3 °C and 5 °C, causing a reduction of
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Fig. 5. Temperature-specific entropy diagrams for fault-free (solid red lines), standalone faulty (green solid lines) and simultaneous faulty (dashed lines) conditions,
for ambient and indoor temperatures of 7 °C and 20 °C, in case of a 40% condenser fouling(a), 40% evaporator fouling(b) and 30% refrigerant leakage (c) standalone
and combined in pairs, and in case of all the three faults simultaneously combined (d). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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heating capacity and COP of respectively 22.5% and 15.6%, both higher than the degradations obtained for the standalone faults.

Finally, by combining all the three faults investigated, so a 40% condenser fouling, a 40% evaporator fouling and a 30% refrigerant
leakage, it can be noticed a 5.3 °C evaporating temperature reduction caused by evaporator fouling and refrigerant leakage and a 3 °C
condensing temperature increase caused by the predominance of the condenser fouling effect on the others. Outlet compressor
temperature increases of about 27 °C, and all these aspects cause a heating capacity and COP reduction of respectively 21.3% and
25.8%.

All the numerical results in terms of evaporating and condensing temperatures, outlet compressor temperature, outlet evaporator
superheating, air temperature differences at the evaporator and condenser, heating capacity and COP are reported in Table 2, for the
fault-free, standalone and combined faulty conditions. Differences with the fault free cases are reported for each variable in brackets.

6. Results: Performance maps

Results of COP depending on the fault intensity value are reported in Fig. 6, for respectively condenser fouling (Fig. 6(a)), evap-
orator fouling (Fig. 6(b)) and refrigerant leakage (Fig. 6(c)), and for a fixed indoor temperature of 20 °C. As expected, COP values in
heating mode decrease both with the decrease of the external temperature and with the rise of the three fault intensities. Regarding the
internal condenser fouling, the decrease of COP with fault intensity slight increase for higher fault intensities, with a more evident
effect observable for higher ambient temperatures. On the other hand, the external evaporator fouling seems to slightly affect the
system performances, with the COP degradation almost not influenced by fouling for lower temperatures, and slightly linearly
increasing for higher external temperatures. Finally, the refrigerant leakage seems to slightly affect the system performance for low
values of fault intensity, due to the effect of liquid receiver, with a COP degradation that strongly increases for refrigerant leakages
higher than 30%. Overall, comparing results with the one obtained for the cooling mode, the effect of performance degradation in
heating mode is almost the same for refrigerant leakage and condenser fouling, whereas the effect of evaporator fouling is much more
marginal.

For multiple simultaneous faults instead, the COP penalization values are reported in Fig. 6(d), depending on the fault intensities
for the three faults investigated, occurring simultaneously in groups of two or three, in fixed conditions of ambient and indoor tem-
peratures of 7 °C and 20 °C. COPpqi; has been defined as follows:

COPfault—fr('e - COPfaulr_v .
COPfuul/—free

COP iz = 100 14)

The lower effect of the evaporator fouling in heating mode, compared to the one encountered for the cooling mode, is related to the
fact that the external unit, which has been designed as a condenser in cooling mode, results to be oversized for the heating mode, where
the thermal power transferred is lower due to similar thermal capacities of both operating conditions (approximately 2.6 kW). In
Table 3 results in terms of evaporation and condensation temperatures, COP, heat exchanger thermal powers and global conductances
are shown, comparing a fault-free and a 30% evaporator fouling conditions. In this case, it is worth noting that, despite a reduction of
the global conductance of respectively the internal and external unit in cooling and heating modes, the external unit thermal power of
the heating mode is approximately the half of the one of the cooling mode, passing from 3.31 to 1.99 in fault-free conditions.

This aspect can be better observed also in the following figures, in which results in terms of COP and Q,, penalization caused by
fouling are reported as a function of the average temperature difference at the evaporator, for both the operating modes and for several
evaporator fouling fault intensities. It is worth noting that the slight COP penalization for the heating mode corresponds to a lower
exchanger thermal power at the evaporator, and to lower average temperature differences, compared to the cooling mode, as shown in
Fig. 7(a). Same concerns are also valid regarding the penalization of the evaporator thermal power itself, as shown in Fig. 7(b).

Table 2
Values assumed by evaporating, condensing and outlet compressor temperatures, outlet evaporator superheating, air temperature differences at the evaporator and
condenser, heating capacity and COP, for all the standalone and simultaneous faulty conditions investigated.

Operation (Difference with fault- Ty [°C) T [°C) Toutcomp [°C] ATy, [°C) AT gir ov AT gir cona [°C) an kW) CcopP
free) [rq
Fault-free -0.1 35.5 99.9 7.0 3.5 14.9 2.58 4.35
40% Condenser Fouling -0.2 42.5 117.0 7.0 3.3 27.4 2.56 3.65
(-0.1°C) (+7.0°C) (+17.1°C) (+0.0 °C) (-0.2°C) (+12.5°C) (—0.8%) (—16.1%)
40% Evaporator Fouling -1.7 35.0 102.3 7.0 3.8 14.3 2.48 4.21
(-1.6°C) (-0.5°Q) (+2.4°C) (+0.0 °C) (+0.3°C) (-0.6 °C) (—3.9%) (—3.2%)
30% Refrigerant Leakage —-4.9 33.2 112.6 11.7 2.9 12.8 2.03 3.84
(—4.8°C) (-2.3°0) (+12.7 °C) (+4.7 °C) (—0.6 °C) (-2.1°0) (—21.3%) (—11.7%)
40% Condenser Fouling + 40% -1.3 41.9 118.5 7.0 3.6 26.7 2.48 3.59
Evaporator Fouling (-1.2°C) (+6.4 °C) (+18.6 °C) (4+0.0 °C) (4+0.1 °C) (+11.8°C) (—3.9%) (—17.5%)
40% Condenser Fouling + 30% -2.9 40.3 122.3 9.6 2.9 24.9 2.27 3.44
Refrigerant Leakage (-2.8°C) (+4.8°C) (+22.4°C) (+2.6 °C) (-0.6 °C) (+10.0 °C) (—12.0%) (—20.9%)
40% Evaporator Fouling + 30% —6.1 32.5 114.2 12.0 3.0 12.0 2.00 3.67
Refrigerant Leakage (-6.0°C) (=3.0°0) (+14.3°C) (+5.0°C) (-0.5°C) (-2.9°0) (—22.5%) (—15.6%)
40% Condenser Fouling + 40% -5.4 38.5 127.1 11.4 2.9 22.9 2.03 3.23
Evaporator Fouling + 30% (-5.3°C) (+3.0°C) (+27.2°C) (+4.4°C) (-0.6 °C) (+8.0°C) (—21.3%) (—25.8%)

Refrigerant Leakage
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Fig. 6. COP maps depending on the ambient temperature and the fault intensity value, in case of condenser fouling (a), evaporator fouling (b) and refrigerant leakage
(c) for an indoor temperature of 20 °C. Iso-performance degradation (COPpyenqi;) maps depending on the three fault intensities (d), for fixed ambient and indoor

temperature of respectively 7 °C and 20 °C.

Table 3

Comparisons in terms of evaporation and condensation temperatures, COP, heat exchangers thermal powers and global conductances between results obtained for the

cooling and heating modes.

Cooling (Summer)

Heating (Winter)

Ambient Temperature [°C] 35°C 7°C
Indoor Temperature [°C] 27 °C 20 °C
Fault-free Fl,, = 30% Fault-free FI,, = 30%
Evaporation Temperature [°C] 10.8 6.7 -0.1 -1.2
Condensation Temperature [°C] 45.1 44.4 35.5 35.2
cop 3.65 3.20 4.35 4.26
External unit thermal power [kW] 3.31 3.01 1.99 1.93
Internal unit thermal power [kW] 2.60 2.29 2.58 2.52
External unit global conductance [W/K] 368 343 413 335
Internal unit global conductance [W/K] 565 506 249 244
2.6 @
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Fig. 7. COP (a) and evaporator thermal power (b) as a function of the mean temperature difference between air and refrigerant at the evaporator, obtained for an
evaporator fouling fault intensity ranging from 0% to 40%, and for both the heating and cooling operating modes.
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Therefore, all these considerations lead to a lower effect of the heat transfer surface penalization caused by fouling.

7. Results: Seasonal simulations

The system analysed has been dynamically simulated, along a lifetime period of 12 years, in order to analyse the effect of faults on
the seasonal performance and on the environmental impact. Regarding the user for which the investigated machine is operating, a
room with an average global conductivity of 55 W/K has been considered, evaluated according to the European Regulation (EU) 2016/
2281 [43] in order to have a machine able to guarantee the user load at least for the 98% of the working hours, with a bivalent
temperature of —10 °C. Different scenarios in terms of fault intensity evolution, maintenance strategy and climate conditions have
been considered. In terms of occurring faults, different scenarios are obtained combining the following fault intensities.

o Ideal case: referred to a fault-free scenario, without the presence of any condenser fouling, evaporator fouling and refrigerant
leakage

e Refrigerant leakage (RL). Values for refrigerant leakage of 20% per year (RLyqx = 98 g/year), 10% per year (s RLyqx) and 5% per
year (Y RLmqy) have been considered. The maximum value is chosen according to typical values of refrigerant leakages of this kind
of air conditioning appliances, according to IIR [44]. Since the system pipeline is always characterized by a higher pressure than the
external environment, the refrigerant leakage evolution has been considered linear with the machine lifetime, independently from
if the machine is operating or not.

Condenser fouling (CF). Heat exchanger fouling development has been considered with a hyperbolic tangent trend depending on
the number of years. As a matter of fact, according to experimental evidences [45], fouling evolution is characterized by an initial
higher deposition process, and by a growth rate that becomes lower and asymptotic when deposition and removal rates become
equivalent each other, up to a maximum fault intensity. Therefore, values for condenser fouling of 40% (CFnax), 20% (%2 CFpay) and
10% (% CFpax) have been considered. Similar values have been adopted by several other works of the literature [21,46]. Moreover,
the fouling accumulation has been considered only if the machine is operating, with a number of hours to reach the 90% of the
maximum level of fouling of 5000.

Evaporator fouling (EF). The same hypotheses of condenser fouling in terms of fault evolution along time have been adopted.
Therefore, values for evaporator fouling of 40% (EF;4x), 20% (Y2 EFmgy) and 10% (Y EF,,4) have been considered, similar to the
ones adopted by other works of the literature. Also in this case the fouling process has been considered growing only if the machine
is operating, with a number of working hours of 3000 to reach the 90% of the maximum level of fouling. It is worth noting that this
number is lower than the one fixed for the condenser, because a higher fouling growth rate is expected for the external unit than the
internal.

In terms of maintenance strategies, the following have been considered.

Not planned maintenance by the user. The maintenance operation for every kind of fault occurs only when the user realizes about
the presence of a faulty condition due to a lack of service. Numerically, every fault is solved whenever the machine is not able to
satisfy neither the 30% of the thermal load requested by the user.

Ordinary maintenance every 4 years. After each 4 year period every fault is solved.

Ordinary maintenance every 2 years. After each 2 year period every fault is solved.

Ordinary maintenance every year. After each 1 year period every fault is solved.

Finally, this investigation has been carried out for the three climate conditions of Vienna in Austria, New York in USA and Beijing in
China. These three cities have been chosen because their high request of thermal load in winter can accurately describe the behaviour
of the machine considered in this work. In all cases the heating season has been considered between the months of October and April.
Values for the number of working hours of these climates depending on the external ambient temperature, and ambient temperature
evolution along the winter months are reported in Fig. 8. It can be noticed that Vienna is characterized by a tight distribution of number
of hours in which ambient temperature is between 0 and 20 °C, New York by a slightly larger distribution, with both cities charac-
terized by the same minimum temperatures. The city of Beijing instead is characterized by the lowest minimum temperatures compare
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Fig. 8. Number of working hours vs. ambient temperature (a) and ambient temperature evolution along the heating season (b) in the three climate conditions
investigated of New York, Beijing and Vienna.
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Table 4
Number of working hours in which the ambient temperature drops below 20 °C, for the climate conditions investigated.

Number of Working Hours (Zgms < 20°C)

New York Beijing Vienna

6387 5967 7613

with other climate conditions; however the temperature distribution seems to be the largest compared to the others.

Considering the machine working whenever the ambient temperature drops below 20 °C, Table 4 shows the number of working
hours for the three climate conditions investigated. It can be noticed that Vienna is characterized by the highest number of hours,
Beijing by the lowest (despite the lowest values of ambient temperatures) and New York by an intermediate value between Vienna and
Beijing.

A total of 768 scenarios has been simulated by combining all the possible options mentioned before, and for each of them values of
seasonal coefficient of performance (SCOP) and total equivalent warming impact (TEWI) are evaluated. SCOP is defined in this case as
the total heating energy delivered to the user divided by the total electric energy used to activate compressor and auxiliaries of the
machine. TEWI instead is defined as the sum of two contributions, the direct CO5 emissions related to the refrigerant leakages from the
system pipeline, and the indirect related to the energy consumption of the machine. Both are evaluated with the following expressions.

Z Qu,xer,t Z QU\'er.t
scop=2 ==L (15)

Z WEI,I Z %‘1’:‘[1
P =
TEWI = tyeo, ® GWP + Wei i @ froe  (k8CO2cquiv) (16)

Myeqx is the mass of refrigerant leaked along the entire machine lifetime, and it depends on the faulty scenario considered, whereas f,. is
the average emission factor for the electricity production and it depends on the country of the climate condition investigated. COP
values dependency with the rotational speed of the compressor has been neglected in this work.

Fig. 9 shows results considering a 10%/year refrigerant leakage, a maximum condenser fouling of 10% and a maximum evaporator
fouling of 20%, for New York climate conditions and in case of a not-planned (Fig. 9(a)) and every 2 years (Fig. 9(b)) maintenance
scenarios. On the top part of each image COP evolution along the entire machine lifetime is shown, distinguishing red points related to
the faulty conditions from grey points corresponding to the fault-free case. On the bottom part of each image instead the corresponding
fault evolution is presented for each of the three kinds of faults investigated. It is worth noting that, if no maintenance operation is
planned in these conditions, the user realizes about the presence of the fault only after about 9 years, where values of SCOP become
lower than 1 (COP values in the fault-free condition are between 3 and 6). Higher values of COP are instead obtained in case of an every
two year maintenance scenario, with a seasonal coefficient of performance which increases of about 33% passing from 2.92 to 3.88,
therefore closer to the ideal scenario (SCOP of the ideal scenario is 3.98).

New York - Not Planned Maintenance - SCOP=2.92 New York - Every 2 years maintenance - SCOP=3.88
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Fig. 9. COP values (upper part of figures) and related fault intensity evolutions (lower part of figures) along a 12 year lifetime of the heat pump investigated, in case of
a refrigerant leakage of 10%;/year, a maximum condenser and evaporator fouling of respectively 10% and 20%, in New York climate conditions, for a fixed indoor
temperature of 20 °C, and in case of a not-planned (a) and every 2 year maintenance strategy.
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Table 5
Values of SCOP, TEWI and number of maintenance interventions extracted from tables in the appendix, obtained considering the fault-free case (test 1) and the scenarios
in which every fault is occurring standalone with its maximum fault intensity (tests 4, 13 and 49), for New York climate conditions.

Test Fault Evolution New York

RL CF EF SCOP TEWI [tcoz.equiv] Ninterv.
1 0 0 0 3.98 6.19 0
Not planned maintenance by User
4 0 CFmax 0 3.46 7.13 0
13 0 0 EFmax 3.90 6.32 0
49 RLmax 0 0 2.98 8.27 2
Ordinary maintenance every 4 years
4 0 CFmax 0 3.51 7.03 3
13 0 0 EFmax 3.91 6.31 3
49 RLmax 0 0 2.99 8.81 3
Ordinary maintenance every 2 years
4 0 CFmax 0 3.59 6.87 6
13 0 0 EFmax 3.92 6.30 6
49 RLmax 0 0 3.83 7.23 6
Ordinary maintenance every year
4 0 CFmax 0 3.75 6.58 12
13 0 0 EFmax 3.93 6.27 12
49 RLmax 0 0 3.97 7.01 12

Results of all the simulations are provided in several tables in the appendix of this paper. Table 5 is an extract of all the results in
which values of SCOP, TEWI and number of interventions are reported for New York climate condition and for standalone faults
characterized by the maximum fault intensity. It is worth noting that, in case of a not planned maintenance scenario, SCOP results 13%,
2% and 25% penalized for respectively a maximum condenser fouling, evaporator fouling and refrigerant leakage. By considering an
ordinary maintenance every 4 years, both the number of maintenance and SCOP values increase. However, in case of refrigerant
leakage at least an ordinary maintenance every two years is able to increase SCOP which becomes only 4% lower than the ideal case,
whereas in case of condenser fouling at least a 1 year maintenance operation is necessary to guarantee a SCOP which becomes 6%
lower than the fault-free scenario. Similar consideration could be done for TEWI results, which values becomes closer to the ideal case
by increasing the number of maintenance interventions.

Regarding the effect of climate, in case of fault-free conditions, SCOP values for New York and Vienna are the same, whereas it is
lower for Beijing, due to the lowest level of external temperatures, as shown in the complete results reported in appendix. However, the
effect of fault penalization strongly depends on the working hours in which the machine is operating in non proper conditions, a
number which is higher for New York and Vienna, and lower for Beijing. Therefore, it explains the fact that the SCOP differences
between cities tends to reduce in case of faulty conditions in a not-planned maintenance scenario, and the fact that ordinary
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Fig. 10. Percentage of the 64 simulated scenarios, with a SCOP penalization over 15%(a), 10%(b) and 5%(c), depending on the maintenance strategy and on the
climatic condition investigated.

13



A.W. Mauro et al. Case Studies in Thermal Engineering 45 (2023) 103010

maintenance strategies seem to be more convenient for cities characterized by a higher number of working hours.

Finally, percentages of the 64 scenarios with a SCOP penalization of 15%, 10% and 5% are reported respectively in Fig. 10(a),
Fig. 10(b) and (c), depending on the climate condition and on the maintenance strategy considered. From Fig. 10(a) it is worth noting
that with a not-planned maintenance, the scenarios with a SCOP penalization over 15% are approximately the 60% of the total, for all
the climate conditions investigated. The percentages decrease to 20% and to almost 0% passing to a 4-year and 2-year maintenance
scenario respectively. From Fig. 10(b) instead, it can be noticed that passing from a 4-year to a 2-year maintenance strategy, the
number of scenarios which SCOP is penalized over 10% becomes almost 5% in case of Beijing, 22% for Vienna and 18% for New York.
Finally, considering SCOP penalization over 5% (Fig. 10(c)), even with a yearly maintenance scenario, the minimum threshold of
penalized scenario is about 20% for all the climate conditions investigated.

In cooling mode [1] we also obtained a high reduction of the penalized scenarios in increasing the number of maintenance in-
terventions along the machine lifetime, in the investigated climate conditions of Miami, Naples and Shanghai. As a matter of fact, in
that case, an every 2-year maintenance scenario was able to reduce the scenarios with a SCOP penalization over 10%, from 85% of the
total to approximately 58% for Miami, 38% for Shanghai and 18% for Naples, whereas a maintenance operation every year guaranteed
a reduction of the penalized scenarios to about 15% for Miami and to 0% for Naples and Shanghai.

Results show that it is not possible to identify a unique maintenance strategy able to reduce the number of penalized scenarios in the
same way for all the climate conditions, as also obtained for the cooling mode [1]. Moreover, it should be noted that, considering an
operating stock of machines, it is impossible to know in advance the fault probability curves on the single heat pump, since it depends
on several non-controllable factors. Therefore, it would be useful to have an intelligent fault detection, diagnosis and evaluation
(FDDE) method based on the machine monitoring, that would allow to carry out a maintenance intervention at the appropriate time,
depending on the effective performance degradation. The proof of concept of this aspect have been demonstrated in a previous paper
(Pelella et al. [38]).

8. Conclusions

This manuscript deals with a numerical investigation of a 2.6 kW air-to-air heat pump for residential heating. The analysis aims to
recognize the effect of the three different typical soft faults of condenser fouling, evaporator fouling and refrigerant leakage on the
system performance and the measured parameters of the thermodynamic cycle. Moreover, the machine has been dynamically
simulated to estimate the effect of faults on seasonal performance and environmental impact, considering different fault intensity
evolutions in 12 years of machine operation, different maintenance strategies among not-planned and organized every 4, 2 and 1 year,
and three different climate conditions of New York, Beijing and Vienna. The main highlights are here reported.

e Several sub-models for the system components, and for the three faults investigated have been developed and put together in order

to simulate the behaviour of the entire system

Regarding the effect of faults on performances, COP decreases with the increase of fault intensities, whereas increases with the

external ambient temperature. For condenser fouling and refrigerant leakage, the COP penalization is higher for higher ambient

temperature, whereas it is almost negligible in case of evaporator fouling.

e A standalone 40% condenser fouling mostly influences the condensing temperature, which rises of about 7 °C compared with the

fault free case, whereas a standalone 40% evaporator fouling slightly affects the evaporating temperature which decreases of about

2 °C. A standalone 30% refrigerant leakage instead causes a decrease of both evaporating and condensing temperature, an outlet

evaporator superheating and an outlet compressor temperature increase. In these three cases, COP penalization is respectively

16%, 3% and 12% compared with the fault-free case. In cooling mode, instead, whose results are reported in our previous work

[38], the COP penalization for the three investigated faults were approximately 13%, 17% and 14%. Therefore, penalizations

caused by refrigerant leakage and condenser fouling are rather similar between the two operating modes, whereas the evaporator

fouling seems to affect performance more in cooling mode. This aspect is mostly related to the fact that the external unit is designed
in cooling mode as a condenser. Since the heating and cooling capacities of the internal unit are similar under different conditions

(7 °C/20 °C for the heating mode and 35 °C/27 °C for the cooling mode), the external unit in winter has to handle a lower

evaporating power compared to the cooling mode. The unit itself results to be oversized, and a heat transfer surface portion be-

comes useless for the evaporation, differently from the cooling mode in which all the heat transfer surface is employed in the
condensation process. Therefore, a heat transfer surface penalization less than 40-50% in heating mode may lead to negligible
effects on the thermodynamic cycle.

From seasonal simulations, results show that SCOP results 13%, 2% and 25% penalized respectively for a maximum condenser and

evaporator fouling of 40%, and 10%/year refrigerant leakage. In cooling mode instead a penalization of respectively 14%, 13% and

41% for the same fault intensity evolutions had been obtained.

e The employment of ordinary maintenance scenarios seems to be more effective for cities with a higher number of operating hours,
for which the impact of faults on energy consumption is fundamental. Finally, a 4-year maintenance strategy is able to reduce to
approximately 40% the number of scenarios which SCOP is penalized over 10%, whereas a 2-year strategy reduces this percentage
to approximately 5% for Beijing, to 22% for Vienna and to 18% for New York.
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Appendix

Tables 6-9 shows the results in terms of SCOP, TEWI and of number of maintenance interventions, for all the scenarios obtained
combining all the possible fault evolutions, climate conditions and maintenance strategies.

Table 6
Values of SCOP, TEWI and number of maintenance interventions depending on the fault intensity evolution and on the climate condition, in case of a not-planned
maintenance by the user

Not planned maintenance by User

Test  Fault Evolution New York Beijing Vienna
RL CF EF SCOP  TEWI Ninterv. SCOP  TEWI Ninterv.  SCOP  TEWI Ninterv.
[tco2l [tco2] [tco2]
1 0 0 0 3.98 6.19 0 3.78 7.01 0 3.98 6.95 0
2 0 1/4 0 3.88 6.36 0 3.69 7.17 0 3.88 7.13 0
CFmax
3 0 172 0 3.78 6.53 0 3.60 7.34 0 3.78 7.32 0
CFmax
4 0 CFmax 0 3.46 7.13 0 3.33 7.94 0 3.46 8.00 0
5 0 0 1/4 3.97 6.21 0 3.77 7.02 0 3.97 6.96 0
EFmax
6 0 1/4 1/4 3.87 6.37 0 3.69 7.18 0 3.87 7.14 0
CFmax EFmax
7 0 172 1/4 3.77 6.54 0 3.60 7.35 0 3.77 7.33 0
CFmax EFmax
8 0 CFmax 1/4 3.46 7.13 0 3.33 7.95 0 3.45 8.00 0
EFmax
9 0 0 1/2 3.97 6.22 0 3.77 7.03 0 3.96 6.98 0
EFmax
10 0 1/4 1/2 3.87 6.38 0 3.68 7.19 0 3.86 7.16 0
CFmax EFmax
11 0 1/2 1/2 3.77 6.55 0 3.60 7.36 0 3.76 7.35 0
CFmax EFmax
12 0 CFmax 1/2 3.46 7.14 0 3.33 7.95 0 3.45 8.01 0
EFmax
13 0 0 EFmax 3.90 6.32 0 3.72 7.11 0 3.90 7.09 0
14 0 1/4 EFmax 3.81 6.47 0 3.64 7.26 0 3.81 7.26 0
CFmax
15 0 1/2 EFmax 3.72 6.63 0 3.57 7.42 0 3.72 7.43 0
CFmax
16 0 CFmax EFmax 3.43 7.20 0 3.31 8.01 0 3.42 8.08 0
17 1/4 0 0 3.51 7.21 0 3.39 7.98 0 3.50 8.08 0
RLmax
18 1/4 1/4 0 3.44 7.35 0 3.31 8.15 0 3.44 8.22 0
RLmax CFmax
19 1/4 1/2 0 3.37 7.50 0 3.23 8.33 0 3.37 8.38 0
RLmax CFmax
20 1/4 CFmax 0 3.13 8.04 0 3.05 8.81 0 3.13 9.02 0
RLmax
21 1/4 0 1/4 3.49 7.25 0 3.37 7.99 0 3.48 8.12 0
RLmax EFmax
22 1/4 1/4 1/4 3.42 7.39 0 3.29 8.17 0 3.41 8.27 0
RLmax CFmax EFmax
23 1/4 172 1/4 3.34 7.55 0 3.22 8.36 0 3.34 8.44 0
RLmax CFmax EFmax
24 1/4 CFmax 1/4 3.11 8.10 0 3.03 8.86 0 3.10 9.08 0
RLmax EFmax
25 1/4 0 1/2 3.46 7.31 0 3.34 8.04 0 3.45 8.19 0
RLmax EFmax

(continued on next page)
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Table 6 (continued)

Not planned maintenance by User

Test  Fault Evolution New York Beijing Vienna
RL CF EF SCOP  TEWI Ninterv. SCOP  TEWI Ninterv. = SCOP  TEWI Ninterv.
[tcoz] [tcoz] [tcozl
26 1/4 1/4 1/2 3.39 7.45 0 3.27 8.21 0 3.39 8.34 0
RLmax CFmax EFmax
27 1/4 1/2 1/2 3.32 7.61 0 3.19 8.41 0 3.32 8.50 0
RLmax CFmax EFmax
28 1/4 CFmax 1/2 3.09 8.15 0 3.01 8.90 0 3.08 9.14 0
RLmax EFmax
29 1/4 0 EFmax 3.37 7.50 0 3.27 8.22 0 3.36 8.40 0
RLmax
30 1/4 1/4 EFmax 3.31 7.63 0 3.20 8.39 0 3.30 8.54 0
RLmax CFmax
31 1/4 1/2 EFmax 3.24 7.78 0 3.12 8.58 0 3.24 8.70 0
RLmax CFmax
32 1/4 CFmax EFmax 3.03 8.30 0 2.95 9.04 0 3.02 9.30 0
RLmax
33 1/2 0 0 2.98 8.24 1 2.96 8.71 1 2.99 9.18 1
RLmax
34 172 1/4 0 2.94 8.34 1 291 8.83 1 2.95 9.28 1
RLmax CFmax
35 172 172 0 2.90 8.44 1 2.86 8.94 1 291 9.38 1
RLmax CFmax
36 1/2 CFmax 0 2.76 8.85 1 2.74 9.31 1 2.76 9.86 1
RLmax
37 172 0 1/4 2.98 8.22 1 2.95 8.67 1 2.98 9.16 1
RLmax EFmax
38 1/2 1/4 1/4 2.93 8.34 1 2.90 8.81 1 2.94 9.28 1
RLmax CFmax EFmax
39 1/2 172 1/4 2.89 8.46 1 2.85 8.96 1 2.90 9.42 1
RLmax CFmax EFmax
40 1/2 CFmax 1/4 2.75 8.87 1 2.73 9.34 1 2.75 9.89 1
RLmax EFmax
41 1/2 0 1/2 2.96 8.26 1 2.93 8.72 1 2.97 9.21 1
RLmax EFmax
42 172 1/4 1/2 2.92 8.37 1 2.89 8.84 1 2.93 9.32 1
RLmax CFmax EFmax
43 1/2 1/2 1/2 2.87 8.50 1 2.84 8.99 1 2.88 9.45 1
RLmax CFmax EFmax
44 172 CFmax 1/2 2.74 8.90 1 2.72 9.36 1 2.74 9.92 1
RLmax EFmax
45 172 0 EFmax 2.90 8.41 1 2.88 8.86 1 291 9.38 1
RLmax
46 1/2 1/4 EFmax 2.86 8.52 1 2.84 8.98 1 2.87 9.48 1
RLmax CFmax
47 1/2 172 EFmax 2.82 8.63 1 2.79 9.11 1 2.83 9.60 1
RLmax CFmax
48 1/2 CFmax EFmax 2.73 8.89 1 2.70 9.37 1 2.74 9.92 1
RLmax
49 RLmax 0 0 2.98 8.27 2 2.93 8.66 2 2.95 9.22 2
50 RLmax 1/4 0 2.94 8.35 2 2.89 8.77 2 2.92 9.31 2
CFmax
51 RLmax 1/2 0 2.90 8.45 2 2.84 8.88 2 2.88 9.40 2
CFmax
52 RLmax CFmax 0 2.76 8.82 2 2.73 9.19 2 2.74 9.83 2
53 RLmax 0 1/4 2.97 8.26 2 2.92 8.64 2 2.94 9.20 2
EFmax
54 RLmax 1/4 1/4 2.93 8.37 2 2.88 8.76 2 291 9.31 2
CFmax EFmax
55 RLmax 1/2 1/4 2.88 8.49 2 2.83 8.90 2 2.86 9.44 2
CFmax EFmax
56 RLmax CFmax 1/4 2.75 8.85 2 2.72 9.22 2 2.73 9.87 2
EFmax
57 RLmax 0 1/2 2.95 8.31 2 291 8.68 2 2.92 9.26 2
EFmax
58 RLmax 1/4 172 291 8.41 2 2.86 8.79 2 2.88 9.37 2
CFmax EFmax
59 RLmax 1/2 1/2 2.86 8.53 2 2.81 8.94 2 2.84 9.49 2
CFmax EFmax

(continued on next page)
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Table 6 (continued)

Not planned maintenance by User

Test  Fault Evolution New York Beijing Vienna
RL CF EF SCOP TEWI Ninterv. SCOP TEWI Ninterv. SCOP TEWI Ninterv.
[tcoz] [tcoz] [tcozl
60 RLmax CFmax 1/2 2.74 8.89 2 2.71 9.25 2 2.71 9.91 2
EFmax

61 RLmax 0 EFmax 2.89 8.47 2 2.85 8.82 2 2.86 9.43 2

62 RLmax 1/4 EFmax 2.85 8.56 2 2.81 8.94 2 2.83 9.53 2
CFmax

63 RLmax 172 EFmax 2.82 8.66 2 2.76 9.07 2 2.79 9.64 2
CFmax

64 RLmax CFmax EFmax 2.64 9.16 2 2.62 9.52 2 2.64 10.15 2

Table 7

Values of SCOP, TEWI and number of maintenance interventions depending on the fault intensity evolution and on the climate condition, in case of a 4 years ordinary
maintenance strategy

Ordinary maintenance every 4 years

Test  Fault Evolution New York Beijing Vienna
RL CF EF SCOP  TEWI Ninterv. SCOP  TEWI Ninterv. ~ SCOP  TEWI Ninterv.
[tcoz] [tcoz] [tcozl
1 0 0 0 3.98 6.19 3 3.78 7.01 3 3.98 6.95 3
2 0 1/4 0 3.89 6.34 3 3.70 7.15 3 3.89 7.11 3
CFmax
3 0 172 0 3.80 6.49 3 3.62 7.31 3 3.79 7.29 3
CFmax
4 0 CFmax 0 3.51 7.03 3 3.37 7.84 3 3.50 7.89 3
5 0 0 1/4 3.97 6.21 3 3.77 7.02 3 3.97 6.96 3
EFmax
6 0 1/4 1/4 3.88 6.35 3 3.69 7.16 3 3.88 7.13 3
CFmax EFmax
7 0 172 1/4 3.79 6.50 3 3.62 7.32 3 3.79 7.30 3
CFmax EFmax
8 0 CFmax 1/4 3.51 7.03 3 3.37 7.85 3 3.50 7.90 3
EFmax
9 0 0 1/2 3.97 6.22 3 3.77 7.03 3 3.96 6.98 3
EFmax
10 0 1/4 1/2 3.88 6.36 3 3.69 7.17 3 3.87 7.14 3
CFmax EFmax
11 0 172 1/2 3.79 6.51 3 3.61 7.32 3 3.78 7.31 3
CFmax EFmax
12 0 CFmax 1/2 3.50 7.04 3 3.37 7.85 3 3.50 7.91 3
EFmax
13 0 0 EFmax 3.91 6.31 3 3.73 7.10 3 3.90 7.08 3
14 0 1/4 EFmax 3.83 6.45 3 3.65 7.24 3 3.82 7.23 3
CFmax
15 0 1/2 EFmax 3.74 6.59 3 3.58 7.38 3 3.74 7.39 3
CFmax
16 0 CFmax EFmax 3.48 7.10 3 3.35 7.90 3 3.47 7.97 3
17 1/4 0 0 3.97 6.41 3 3.77 7.22 3 3.97 7.16 3
RLmax
18 1/4 1/4 0 3.88 6.55 3 3.69 7.36 3 3.88 7.32 3
RLmax CFmax
19 1/4 172 0 3.79 6.70 3 3.62 7.51 3 3.79 7.49 3
RLmax CFmax
20 1/4 CFmax 0 3.51 7.23 3 3.37 8.04 3 3.50 8.09 3
RLmax
21 1/4 0 1/4 3.96 6.43 3 3.76 7.23 3 3.96 7.18 3
RLmax EFmax
22 1/4 1/4 1/4 3.87 6.56 3 3.69 7.37 3 3.87 7.34 3
RLmax CFmax EFmax
23 1/4 172 1/4 3.79 6.71 3 3.61 7.52 3 3.78 7.51 3
RLmax CFmax EFmax
24 1/4 CFmax 1/4 3.51 7.23 3 3.37 8.05 3 3.50 8.10 3
RLmax EFmax
25 1/4 0 1/2 3.94 6.45 3 3.75 7.25 3 3.94 7.21 3
RLmax EFmax

(continued on next page)
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Table 7 (continued)

Ordinary maintenance every 4 years

Test  Fault Evolution New York Beijing Vienna
RL CF EF SCOP  TEWI Ninterv. SCOP  TEWI Ninterv. = SCOP  TEWI Ninterv.
[tco2] [tcoz] [tcozl
26 1/4 1/4 1/2 3.86 6.58 3 3.68 7.39 3 3.86 7.36 3
RLmax CFmax EFmax
27 1/4 1/2 1/2 3.78 6.73 3 3.61 7.53 3 3.77 7.53 3
RLmax CFmax EFmax
28 1/4 CFmax 1/2 3.50 7.24 3 3.37 8.05 3 3.50 8.11 3
RLmax EFmax
29 1/4 0 EFmax 3.87 6.57 3 3.70 7.35 3 3.86 7.35 3
RLmax
30 1/4 1/4 EFmax 3.81 6.68 3 3.64 7.47 3 3.80 7.47 3
RLmax CFmax
31 1/4 1/2 EFmax 3.73 6.81 3 3.57 7.61 3 3.72 7.62 3
RLmax CFmax
32 1/4 CFmax EFmax 3.47 7.30 3 3.35 8.11 3 3.46 8.18 3
RLmax
33 1/2 0 0 3.83 6.84 3 3.65 7.64 3 3.82 7.64 3
RLmax
34 172 1/4 0 3.77 6.94 3 3.60 7.75 3 3.76 7.75 3
RLmax CFmax
35 172 172 0 3.70 7.05 3 3.54 7.87 3 3.70 7.87 3
RLmax CFmax
36 1/2 CFmax 0 3.44 7.56 3 3.32 8.36 3 3.43 8.45 3
RLmax
37 172 0 1/4 3.80 6.88 3 3.63 7.68 3 3.79 7.69 3
RLmax EFmax
38 1/2 1/4 1/4 3.75 6.98 3 3.58 7.79 3 3.74 7.80 3
RLmax CFmax EFmax
39 1/2 172 1/4 3.68 7.09 3 3.52 7.91 3 3.68 7.91 3
RLmax CFmax EFmax
40 1/2 CFmax 1/4 3.43 7.59 3 3.31 8.39 3 3.42 8.49 3
RLmax EFmax
41 1/2 0 1/2 3.77 6.94 3 3.61 7.73 3 3.76 7.75 3
RLmax EFmax
42 172 1/4 1/2 3.72 7.03 3 3.56 7.84 3 3.71 7.85 3
RLmax CFmax EFmax
43 1/2 1/2 1/2 3.66 7.14 3 3.50 7.95 3 3.65 7.96 3
RLmax CFmax EFmax
44 172 CFmax 1/2 3.41 7.63 3 3.29 8.43 3 3.40 8.53 3
RLmax EFmax
45 172 0 EFmax 3.67 7.12 3 3.52 7.91 3 3.65 7.97 3
RLmax
46 1/2 1/4 EFmax 3.63 7.20 3 3.48 8.00 3 3.62 8.04 3
RLmax CFmax
47 1/2 172 EFmax 3.58 7.29 3 3.43 8.11 3 3.57 8.14 3
RLmax CFmax
48 1/2 CFmax EFmax 3.35 7.75 3 3.24 8.55 3 3.34 8.68 3
RLmax
49 RLmax 0 0 2.99 8.81 3 2.92 9.41 3 2.97 9.82 3
50 RLmax 1/4 0 2.95 8.91 3 2.87 9.53 3 2.93 9.92 3
CFmax
51 RLmax 1/2 0 2.90 9.02 3 2.82 9.65 3 2.88 10.03 3
CFmax
52 RLmax CFmax 0 2.77 9.42 3 2.71 9.99 3 2.74 10.50 3
53 RLmax 0 1/4 2.98 8.80 3 291 9.34 3 2.95 9.81 3
EFmax
54 RLmax 1/4 1/4 2.93 8.93 3 2.86 9.50 3 291 9.94 3
CFmax EFmax
55 RLmax 1/2 1/4 2.88 9.06 3 2.80 9.67 3 2.86 10.08 3
CFmax EFmax
56 RLmax CFmax 1/4 2.75 9.45 3 2.70 10.02 3 2.73 10.54 3
EFmax
57 RLmax 0 1/2 2.96 8.85 3 2.89 9.39 3 2.93 9.86 3
EFmax
58 RLmax 1/4 172 291 8.98 3 2.84 9.54 3 2.89 9.99 3
CFmax EFmax
59 RLmax 1/2 1/2 2.86 9.11 3 2.79 9.71 3 2.85 10.14 3
CFmax EFmax

(continued on next page)
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Table 7 (continued)

Ordinary maintenance every 4 years

Test  Fault Evolution New York Beijing Vienna
RL CF EF SCOP TEWI Ninterv. SCOP TEWI Ninterv. SCOP TEWI Ninterv.
[tco2] [tcoz] [tcozl
60 RLmax CFmax 1/2 2.74 9.50 3 2.68 10.05 3 2.71 10.59 3
EFmax

61 RLmax 0 EFmax 2.90 9.01 3 2.84 9.54 3 2.87 10.04 3

62 RLmax 1/4 EFmax 2.86 9.12 3 2.79 9.69 3 2.84 10.16 3
CFmax

63 RLmax 172 EFmax 2.82 9.24 3 2.74 9.83 3 2.80 10.28 3
CFmax

64 RLmax CFmax EFmax 2.70 9.60 3 2.64 10.14 3 2.68 10.70 3

Table 8

Values of SCOP, TEWI and number of maintenance interventions depending on the fault intensity evolution and on the climate condition, in case of a 2 years ordinary
maintenance strategy

Ordinary maintenance every 2 years

Test  Fault Evolution New York Beijing Vienna
RL CF EF SCOP  TEWI Ninterv. SCOP  TEWI Ninterv. ~ SCOP  TEWI Ninterv.
[tcoz] [tcoz] [tcozl
1 0 0 0 3.98 6.19 6 3.78 7.01 6 3.98 6.95 6
2 0 1/4 0 3.91 6.32 6 3.71 7.13 6 3.90 7.09 6
CFmax
3 0 172 0 3.83 6.44 6 3.65 7.26 6 3.82 7.24 6
CFmax
4 0 CFmax 0 3.59 6.87 6 3.44 7.69 6 3.57 7.74 6
5 0 0 1/4 3.97 6.21 6 3.77 7.02 6 3.97 6.96 6
EFmax
6 0 1/4 1/4 3.90 6.33 6 3.71 7.14 6 3.89 7.10 6
CFmax EFmax
7 0 172 1/4 3.82 6.45 6 3.64 7.27 6 3.81 7.25 6
CFmax EFmax
8 0 CFmax 1/4 3.58 6.88 6 3.44 7.69 6 3.57 7.75 6
EFmax
9 0 0 1/2 3.97 6.22 6 3.77 7.03 6 3.96 6.98 6
EFmax
10 0 1/4 1/2 3.89 6.34 6 3.70 7.15 6 3.89 7.11 6
CFmax EFmax
11 0 172 1/2 3.82 6.46 6 3.64 7.27 6 3.81 7.26 6
CFmax EFmax
12 0 CFmax 172 3.58 6.89 6 3.44 7.70 6 3.57 7.75 6
EFmax
13 0 0 EFmax 3.92 6.30 6 3.73 7.09 6 3.91 7.07 6
14 0 1/4 EFmax 3.85 6.41 6 3.67 7.21 6 3.84 7.20 6
CFmax
15 0 1/2 EFmax 3.78 6.53 6 3.61 7.33 6 3.77 7.34 6
CFmax
16 0 CFmax EFmax 3.55 6.94 6 3.42 7.75 6 3.54 7.81 6
17 1/4 0 0 3.98 6.39 6 3.78 7.21 6 3.98 7.15 6
RLmax
18 1/4 1/4 0 3.91 6.51 6 3.71 7.33 6 3.90 7.29 6
RLmax CFmax
19 1/4 172 0 3.83 6.64 6 3.65 7.46 6 3.82 7.44 6
RLmax CFmax
20 1/4 CFmax 0 3.59 7.07 6 3.44 7.89 6 3.57 7.94 6
RLmax
21 1/4 0 1/4 3.97 6.41 6 3.77 7.22 6 3.97 7.16 6
RLmax EFmax
22 1/4 1/4 1/4 3.90 6.52 6 3.71 7.34 6 3.89 7.30 6
RLmax CFmax EFmax
23 1/4 172 1/4 3.82 6.65 6 3.64 7.46 6 3.81 7.45 6
RLmax CFmax EFmax
24 1/4 CFmax 1/4 3.58 7.08 6 3.44 7.89 6 3.57 7.94 6
RLmax EFmax
25 1/4 0 1/2 3.96 6.42 6 3.77 7.23 6 3.96 7.18 6
RLmax EFmax

(continued on next page)
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Table 8 (continued)

Ordinary maintenance every 2 years

Test  Fault Evolution New York Beijing Vienna
RL CF EF SCOP  TEWI Ninterv. SCOP  TEWI Ninterv. = SCOP  TEWI Ninterv.
[tco2] [tcoz] [tcozl
26 1/4 1/4 1/2 3.89 6.53 6 3.70 7.34 6 3.89 7.31 6
RLmax CFmax EFmax
27 1/4 1/2 1/2 3.82 6.66 6 3.64 7.47 6 3.81 7.46 6
RLmax CFmax EFmax
28 1/4 CFmax 1/2 3.58 7.09 6 3.44 7.90 6 3.57 7.95 6
RLmax EFmax
29 1/4 0 EFmax 3.91 6.50 6 3.73 7.29 6 3.91 7.27 6
RLmax
30 1/4 1/4 EFmax 3.85 6.61 6 3.67 7.40 6 3.84 7.39 6
RLmax CFmax
31 1/4 1/2 EFmax 3.78 6.73 6 3.61 7.53 6 3.77 7.53 6
RLmax CFmax
32 1/4 CFmax EFmax 3.55 7.14 6 3.42 7.94 6 3.54 8.01 6
RLmax
33 1/2 0 0 3.97 6.61 6 3.77 7.42 6 3.97 7.36 6
RLmax
34 172 1/4 0 3.90 6.73 6 3.71 7.54 6 3.89 7.50 6
RLmax CFmax
35 172 172 0 3.82 6.85 6 3.64 7.66 6 3.82 7.64 6
RLmax CFmax
36 1/2 CFmax 0 3.59 7.27 6 3.44 8.09 6 3.57 8.14 6
RLmax
37 172 0 1/4 3.96 6.63 6 3.76 7.43 6 3.96 7.38 6
RLmax EFmax
38 1/2 1/4 1/4 3.89 6.74 6 3.70 7.55 6 3.88 7.52 6
RLmax CFmax EFmax
39 1/2 172 1/4 3.81 6.86 6 3.64 7.67 6 3.81 7.66 6
RLmax CFmax EFmax
40 1/2 CFmax 1/4 3.58 7.28 6 3.44 8.09 6 3.57 8.14 6
RLmax EFmax
41 1/2 0 1/2 3.94 6.65 6 3.75 7.45 6 3.94 7.41 6
RLmax EFmax
42 172 1/4 1/2 3.88 6.76 6 3.69 7.56 6 3.87 7.54 6
RLmax CFmax EFmax
43 1/2 1/2 1/2 3.81 6.88 6 3.63 7.68 6 3.80 7.67 6
RLmax CFmax EFmax
44 172 CFmax 1/2 3.58 7.29 6 3.44 8.10 6 3.57 8.15 6
RLmax EFmax
45 172 0 EFmax 3.88 6.76 6 3.70 7.55 6 3.87 7.54 6
RLmax
46 1/2 1/4 EFmax 3.82 6.85 6 3.65 7.64 6 3.82 7.64 6
RLmax CFmax
47 1/2 172 EFmax 3.76 6.96 6 3.60 7.75 6 3.75 7.77 6
RLmax CFmax
48 1/2 CFmax EFmax 3.55 7.35 6 3.41 8.15 6 3.53 8.22 6
RLmax
49 RLmax 0 0 3.83 7.23 6 3.65 8.04 6 3.81 8.04 6
50 RLmax 1/4 0 3.78 7.31 6 3.60 8.14 6 3.77 8.13 6
CFmax
51 RLmax 1/2 0 3.73 7.41 6 3.55 8.24 6 3.72 8.23 6
CFmax
52 RLmax CFmax 0 3.51 7.82 6 3.38 8.63 6 3.49 8.71 6
53 RLmax 0 1/4 3.81 7.27 6 3.63 8.08 6 3.79 8.09 6
EFmax
54 RLmax 1/4 1/4 3.76 7.35 6 3.59 8.17 6 3.75 8.17 6
CFmax EFmax
55 RLmax 1/2 1/4 3.71 7.44 6 3.54 8.27 6 3.70 8.27 6
CFmax EFmax
56 RLmax CFmax 1/4 3.50 7.85 6 3.36 8.66 6 3.48 8.74 6
EFmax
57 RLmax 0 1/2 3.78 7.33 6 3.61 8.13 6 3.76 8.15 6
EFmax
58 RLmax 1/4 172 3.73 7.40 6 3.56 8.22 6 3.72 8.23 6
CFmax EFmax
59 RLmax 1/2 1/2 3.69 7.49 6 3.52 8.31 6 3.68 8.32 6
CFmax EFmax

(continued on next page)
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Table 8 (continued)

Ordinary maintenance every 2 years

Test  Fault Evolution New York Beijing Vienna
RL CF EF SCOP TEWI Ninterv. SCOP TEWI Ninterv. SCOP TEWI Ninterv.
[tco2] [tcoz] [tcozl
60 RLmax CFmax 1/2 3.48 7.88 6 3.35 8.69 6 3.46 8.79 6
EFmax

61 RLmax 0 EFmax 3.68 7.49 6 3.52 8.30 6 3.66 8.35 6

62 RLmax 1/4 EFmax 3.65 7.56 6 3.49 8.38 6 3.63 8.41 6
CFmax

63 RLmax 172 EFmax 3.61 7.63 6 3.45 8.47 6 3.59 8.48 6
CFmax

64 RLmax CFmax EFmax 3.42 8.00 6 3.30 8.80 6 3.40 8.92 6

Table 9

Values of SCOP, TEWI and number of maintenance interventions depending on the fault intensity evolution and on the climate condition, in case of a 1 year ordinary
maintenance strategy

Ordinary maintenance every year

Test  Fault Evolution New York Beijing Vienna
RL CF EF SCOP  TEWI Ninterv. SCOP  TEWI Ninterv. ~ SCOP  TEWI Ninterv.
[tcoz] [tcoz] [tcozl
1 0 0 0 3.98 6.19 12 3.78 7.01 12 3.98 6.95 12
2 0 1/4 0 3.93 6.27 12 3.74 7.08 12 3.93 7.04 12
CFmax
3 0 172 0 3.89 6.35 12 3.69 7.16 12 3.87 7.14 12
CFmax
4 0 CFmax 0 3.75 6.58 12 3.58 7.40 12 3.72 7.44 12
5 0 0 1/4 3.98 6.20 12 3.77 7.02 12 3.97 6.96 12
EFmax
6 0 1/4 1/4 3.93 6.28 12 3.73 7.09 12 3.92 7.05 12
CFmax EFmax
7 0 172 1/4 3.88 6.36 12 3.69 7.17 12 3.87 7.15 12
CFmax EFmax
8 0 CFmax 1/4 3.74 6.59 12 3.57 7.41 12 3.71 7.44 12
EFmax
9 0 0 1/2 3.97 6.22 12 3.77 7.02 12 3.97 6.97 12
EFmax
10 0 1/4 1/2 3.92 6.29 12 3.73 7.10 12 3.91 7.06 12
CFmax EFmax
11 0 172 1/2 3.87 6.37 12 3.69 7.18 12 3.86 7.16 12
CFmax EFmax
12 0 CFmax 1/2 3.74 6.60 12 3.57 7.41 12 3.71 7.45 12
EFmax
13 0 0 EFmax 3.93 6.27 12 3.74 7.07 12 3.93 7.04 12
14 0 1/4 EFmax 3.89 6.34 12 3.70 7.15 12 3.88 7.13 12
CFmax
15 0 1/2 EFmax 3.84 6.42 12 3.66 7.22 12 3.83 7.22 12
CFmax
16 0 CFmax EFmax 3.71 6.64 12 3.55 7.45 12 3.69 7.50 12
17 1/4 0 0 3.98 6.39 12 3.78 7.20 12 3.98 7.15 12
RLmax
18 1/4 1/4 0 3.94 6.47 12 3.74 7.28 12 3.93 7.24 12
RLmax CFmax
19 1/4 172 0 3.89 6.55 12 3.69 7.36 12 3.87 7.34 12
RLmax CFmax
20 1/4 CFmax 0 3.75 6.78 12 3.58 7.60 12 3.72 7.64 12
RLmax
21 1/4 0 1/4 3.98 6.40 12 3.77 7.21 12 3.97 7.16 12
RLmax EFmax
22 1/4 1/4 1/4 3.93 6.48 12 3.73 7.29 12 3.92 7.25 12
RLmax CFmax EFmax
23 1/4 172 1/4 3.88 6.55 12 3.69 7.37 12 3.87 7.35 12
RLmax CFmax EFmax
24 1/4 CFmax 1/4 3.74 6.79 12 3.57 7.60 12 3.71 7.64 12
RLmax EFmax
25 1/4 0 1/2 3.97 6.41 12 3.77 7.22 12 3.97 7.17 12
RLmax EFmax

(continued on next page)
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Table 9 (continued)

Ordinary maintenance every year

Test  Fault Evolution New York Beijing Vienna
RL CF EF SCOP  TEWI Ninterv. SCOP  TEWI Ninterv. = SCOP  TEWI Ninterv.
[tcoz] [tcoz] [tcozl
26 1/4 1/4 1/2 3.92 6.49 12 3.73 7.30 12 3.91 7.26 12
RLmax CFmax EFmax
27 1/4 1/2 1/2 3.87 6.56 12 3.69 7.38 12 3.86 7.36 12
RLmax CFmax EFmax
28 1/4 CFmax 1/2 3.74 6.80 12 3.57 7.61 12 3.71 7.65 12
RLmax EFmax
29 1/4 0 EFmax 3.93 6.47 12 3.74 7.27 12 3.93 7.24 12
RLmax
30 1/4 1/4 EFmax 3.89 6.54 12 3.70 7.34 12 3.88 7.33 12
RLmax CFmax
31 1/4 1/2 EFmax 3.84 6.62 12 3.66 7.42 12 3.83 7.42 12
RLmax CFmax
32 1/4 CFmax EFmax 3.71 6.84 12 3.55 7.65 12 3.69 7.70 12
RLmax
33 1/2 0 0 3.98 6.59 12 3.78 7.40 12 3.98 7.35 12
RLmax
34 172 1/4 0 3.93 6.67 12 3.74 7.48 12 3.93 7.44 12
RLmax CFmax
35 172 172 0 3.89 6.74 12 3.69 7.56 12 3.87 7.53 12
RLmax CFmax
36 1/2 CFmax 0 3.75 6.98 12 3.58 7.80 12 3.72 7.83 12
RLmax
37 172 0 1/4 3.97 6.60 12 3.77 7.41 12 3.97 7.36 12
RLmax EFmax
38 1/2 1/4 1/4 3.93 6.67 12 3.73 7.49 12 3.92 7.45 12
RLmax CFmax EFmax
39 172 172 1/4 3.88 6.75 12 3.69 7.57 12 3.87 7.54 12
RLmax CFmax EFmax
40 1/2 CFmax 1/4 3.74 6.99 12 3.57 7.80 12 3.71 7.84 12
RLmax EFmax
41 1/2 0 1/2 3.97 6.61 12 3.77 7.42 12 3.97 7.37 12
RLmax EFmax
42 172 1/4 1/2 3.92 6.68 12 3.73 7.49 12 3.92 7.46 12
RLmax CFmax EFmax
43 1/2 1/2 1/2 3.87 6.76 12 3.69 7.57 12 3.86 7.56 12
RLmax CFmax EFmax
44 172 CFmax 1/2 3.74 6.99 12 3.57 7.81 12 3.71 7.85 12
RLmax EFmax
45 172 0 EFmax 3.93 6.68 12 3.74 7.47 12 3.92 7.44 12
RLmax
46 1/2 1/4 EFmax 3.89 6.74 12 3.71 7.54 12 3.88 7.52 12
RLmax CFmax
47 1/2 172 EFmax 3.84 6.81 12 3.67 7.61 12 3.83 7.61 12
RLmax CFmax
48 1/2 CFmax EFmax 3.71 7.04 12 3.55 7.84 12 3.69 7.90 12
RLmax
49 RLmax 0 0 3.97 7.01 12 3.77 7.81 12 3.97 7.76 12
50 RLmax 1/4 0 3.92 7.08 12 3.73 7.89 12 3.92 7.85 12
CFmax
51 RLmax 1/2 0 3.88 7.15 12 3.69 7.96 12 3.87 7.94 12
CFmax
52 RLmax CFmax 0 3.74 7.38 12 3.57 8.20 12 3.72 8.23 12
53 RLmax 0 1/4 3.96 7.03 12 3.76 7.83 12 3.96 7.78 12
EFmax
54 RLmax 1/4 1/4 3.91 7.09 12 3.72 7.90 12 3.91 7.87 12
CFmax EFmax
55 RLmax 172 1/4 3.87 7.17 12 3.68 7.97 12 3.86 7.95 12
CFmax EFmax
56 RLmax CFmax 1/4 3.74 7.39 12 3.57 8.20 12 3.71 8.24 12
EFmax
57 RLmax 0 1/2 3.94 7.06 12 3.75 7.85 12 3.93 7.82 12
EFmax
58 RLmax 1/4 172 3.90 7.12 12 3.72 7.91 12 3.90 7.89 12
CFmax EFmax
59 RLmax 1/2 1/2 3.86 7.18 12 3.68 7.99 12 3.85 7.97 12
CFmax EFmax

(continued on next page)
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Table 9 (continued)

Ordinary maintenance every year

Test  Fault Evolution New York Beijing Vienna
RL CF EF SCOP  TEWI Ninterv. SCOP  TEWI Ninterv. SCOP  TEWI Ninterv.
[tco2l [tcoz2] [tco2]
60 RLmax CFmax 1/2 3.73 7.40 12 3.57 8.21 12 3.71 8.25 12
EFmax

61 RLmax 0 EFmax 3.88 7.15 12 3.70 7.95 12 3.87 7.94 12

62 RLmax 1/4 EFmax 3.85 7.20 12 3.67 8.00 12 3.84 8.00 12
CFmax

63 RLmax 172 EFmax 3.82 7.25 12 3.64 8.06 12 3.80 8.06 12
CFmax

64 RLmax CFmax EFmax 3.71 7.45 12 3.55 8.25 12 3.68 8.31 12
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