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A B S T R A C T   

The European heat pump market is growing every year as European legislation moves towards the use of natural 
refrigerants that have less global warming potential than conventional refrigerants. Even though heat pumps are 
very efficient, the appearance of hard-to-detect faults increases energy consumption. The present study emulated 
some of the most common faults on a variable-speed heat pump charged with propane. The faults tested were 
evaporator fouling, compressor valve leakage, liquid line restriction and refrigerant overcharge. The effect of 
these faults on performance and several heat pump features are described. Evaporator fouling was the fault with 
least COP degradation and compressor valve leakage with the most (7% and 56% COP reduction, respectively). 
The results are compared with the results from a comparable study. The heat pump covered the demand 
generated by nearly all the faults at the expense of increasing the power consumption. The features of each fault 
are summarized in a chart, which could be used as table for diagnosing faults.   

1. Introduction 

In the European Union, space heating, water heating and space 
cooling account for 79.2% of the energy consumption in households 
(Eurostat, 2021). Electricity is the main source of space cooling, whereas 
gas is the main source of space and water heating (Eurostat, 2021). Heat 
pumps are one of the most efficient technologies for space heating and 
cooling (Nowak, 2018) and, coupled with renewable electricity sources 
they can reduce greenhouse emissions released by heating. However, 
refrigerant leaks and incorrect disposal at the end of life can increase 
greenhouse emission. For this reason, the European Union is moving 
towards the use of natural refrigerants such as propane or carbon di
oxide, which have a lower global warming potential (GWP) (Corberan 
2016). 

Despite their high performance, heat pumps could be working below 
their design efficiency (Domanski et al., 2014) because of incorrect 
system design and installation, and the appearance of faults that can 
remain undetected. These types of faults are known as soft faults because 
the equipment still covers the demand but energy consumption increases 

(Breuker and Braun, 1998). And they can turn into hard faults, which 
prevent the equipment from covering the load (Breuker and Braun, 
1998) or even from working properly. Hard faults are usually detected 
by the user or by the maintenance services. However, soft faults can be 
undetected for long periods of time, thus increasing energy consumption 
and operating costs. Fault detection and diagnosis Fault detection and 
diagnosis (FDD) systems can be used to detect soft faults and monitor the 
efficiency of the equipment (Jagpal, 2006). These systems monitor 
several heat pump features to detect deviations from normal behavior 
(Katipamula and Brambley, 2005), determine which features are 
affected and diagnose the fault. 

The effect of faults on fixed capacity heat pumps has been extensively 
studied for years (Breuker and Braun, 1998; Kim et al., 2006). However, 
the standard typology nowadays is the variable speed heat pump VSHP 
which can change the compressor speed to adapt to the demand. This 
feature helps to overcome the effects of faults, making it even more 
difficult to detect soft faults (Kim and Kim, 2005). Very little literature 
has been published on how common faults affect this type of heat pump. 
Noël et al. (2018) tested an air-to-water variable speed heat pump with 
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under and over-charge of refrigerant and evaporator and condenser 
fouling. After describing the effects on the coefficient of performance 
COP, compressor frequency and the features of each fault, they 
concluded that the impact on the variables needs to be understood to 
differentiate the faults. Kim and Kim (2005) tested a variable-speed, 
brine-to-water heat pump in cooling mode with an open-type recipro
cating compressor. They tested such faults as compressor valve leakage 
CVL, undercharge, and condenser and evaporator faults. The condenser 
and evaporator faults were emulated by reducing the transfer area of the 
heat exchangers and extracting the secondary fluid from several sub
sections of the heat exchangers. The results were compared with a fixed 
capacity heat pump, and it was found that the COP degradation was 
higher for the variable speed pump. They concluded that more experi
mental research should be done to find out how to operate VSHP with 
faults. Guo et al. (2017) tested refrigerant over and under-charge, a 
faulty four-way reversing valve and fouling of the outdoor heat 
exchanger on an air-to-water, variable-speed heat pump in heating 
mode. However, their paper focuses on the results of their data mining 
based FDD, and the fault effects are not shown. Li et al. (2018) tested the 
same equipment but in cooling conditions, and concluded that they 
needed more fault data to train their FDD. These articles show that the 
effects of faults in variable-speed heat pumps are different than in fixed 
speed pumps. The COP degradation is higher in VSHP. And they all 
conclude that more experimental studies need to be made on how faults 
affect VSHP, as this data could help to train and validate FDD. 

The present study contributes to FDD research by adding new fault 
data for VSHP. Tests were made on a variable-speed water-to-water 
propane-charged heat pump without faults and with imposed common 
faults (Bellanco et al., 2021b). The faults emulated were evaporator 
fouling (EF), compressor valve leakage (CVL), liquid line restriction (LL) 
and refrigerant overcharge (OC). Different levels of fault intensity were 
applied with different heat duties, and the effects are described. The 
COP degradation between faults is compared, and the effects are sum
marized in a trend chart. The results could be used to train FDD algo
rithms and to distinguish between different faults to diagnose VSHP. 
This is the first study to be made of a variable speed heat pump charged 
with natural refrigerants. 

The present study is structured as follows. We shall move on to 
Section 2, which describes the emulation of each fault. Then, in Section 
3 the heat pump tested and the sensors used are described. Section 4 
shows the results for the most affected features and describe the effects. 
Then, the effect of the faults on the COP is compared. In the discussion 
section, the results are compared with those of a previous study. A chart 
summarizes the trend of the features so that it can be used as a diagnosis 
chart. Finally, the conclusions describe the paper’s key points with 
outlook for future research. 

2. Methodology 

For the current study, two steady-state conditions were tested: one 
with a load of 10.2 kW and the other with a load of 12.3 kW. The 
condenser supply temperature was set to 45 ◦C, and the return tem
peratures were set to 40 ◦C and 39 ◦ for the lower and higher load, 
respectively. The water flow was fixed. Table 1 shows the different 
setpoints on the demand and source side for the two conditions in which 
the faults EF, CVL, LL and OC were tested. 

2.1. Evaporator fouling 

Evaporator fouling (EF) represents a circulating pump malfunction 
or the accumulation of dirt in the circuit, which reduces the evaporator 
flow. The higher effect of this fault is the reduction of flow on the sec
ondary fluid (air, water or brine) (Bellanco et al., 2021b). This fault is 
emulated by reducing the evaporator water flow to below the nominal 
value (Bellanco et al., 2021b). The indicator fault intensity (FI) is used to 
characterize each fault level (Yuill and Braun, 2013). The FIEF is shown 
in Eq. (1). 

FIEF =
V̇fault − V̇nom

V̇nom
(1)  

where V̇fault is the evaporator water flow for the current fault level and 
V̇nom is the evaporator water flow for the no-fault condition. Table 2 
shows the experimental plan followed for the steady-state tests. 

2.2. Compressor valve leakage 

The compressor valve leakage (CVL) fault represents the bypass of 
refrigerant between the high and low-pressure sides. This leakage can 
appear in the compressor or in the reversing valves (Bellanco et al., 
2021b). A pipe that bypasses the suction and discharge lines of the 
compressor was installed to emulate the fault. A valve allows the line to 
be opened or closed. 

The FI for this fault is shown in Eq. (2). 

FICVL =
ṁr fault − ṁr nom

ṁr nom
(2)  

where ṁr fault is the refrigerant mass flow for the fault condition, and 
ṁr nom is the refrigerant mass flow when no fault is present. As the heat 
pump has a variable-speed compressor, ṁr nom depends on the speed of 
the compressor. A correlation between compressor speed and refrigerant 
mass flow was obtained by running the compressor at different speeds 
without any faults, and measuring the refrigerant mass flow at steady 
state. 

The experimental plan is shown in Table 3. 

Table 1 
Steady-state test conditions. From the water side: condenser outlet temperature 
(Tcond,out), condenser inlet temperature(Tcond,in), evaporator inlet temperature 
(Tevap,in), condenser water flow (V̇cond) and evaporator water flow (V̇evap).  

Heating load 
(kW) 

Tcond,out 

(∘C)  
Tcond,in 

(∘C)  
Tevap,in 

(∘C)  
V̇cond 
(lpm)  

V̇evap 

(lpm)  

10.2 45 40 10 30 40 
12.3 45 39 10 30 40  

Table 2 
EF steady-state tests experimental plan.  

Code Load (kW) FIEF  

EF10.1 10.2 − 0.100  
EF10.2 10.2 − 0.157  
EF10.3 10.2 − 0.214  
EF10.4 10.2 − 0.271  
EF10.5 10.2 − 0.328  
EF10.6 10.2 − 0.385  
EF10.7 10.2 − 0.442  
EF10.8 10.2 − 0.500  
EF12.1 12.3 − 0.100  
EF12.2 12.3 − 0.157  
EF12.3 12.3 − 0.214  
EF12.4 12.3 − 0.271  
EF12.5 12.3 − 0.328  
EF12.6 12.3 − 0.385  
EF12.7 12.3 − 0.442  
EF12.8 12.3 − 0.500   
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2.3. Liquid line restriction 

The liquid line restriction (LL) appears when the filter located in the 
liquid line is clogged. To emulate this fault, the manufacturer placed a 
restriction valve in the liquid line to increase the pressure drop (Bel
lanco et al., 2021b). 

The FI of this fault is related to the pressure drop variation in the 
liquid line as Eq. (3) shows. 

FILL =
ΔPLL − ΔPnom

ΔPnom
(3)  

where ΔPLL represents the liquid line pressure drop with the fault and 
ΔPnom the liquid line pressure drop without the fault. The pressure drop 
in the liquid line was calculated as the pressure difference between the 
discharge and suction lines. 

The experimental plan is shown in Table 4. 

2.4. Refrigerant overcharge 

The refrigerant overcharge (OC) fault may appear during mainte
nance if the heat pump is filled with more refrigerant than recom
mended by the manufacturer. To emulate this fault, the heat pump was 
overcharged by 10% above the nominal amount. The FIOC is the relative 
difference between the current and the nominal charge, as Eq. (4) shows. 

FIOC =
mr fault − mr nom

mr nom
(4)  

where mr fault is the propane charge for faulty conditions, and mr nom is 
the nominal propane charge. Table 5 shows the experimental plan. An 
overcharge of 20% was also tested, but the heat pump could not run 
properly. As the heat pump has a small nominal charge (720 g), it may 
be more sensitive to variations in charge. 

Table 4 
LL steady-state tests experimental plan.  

Code Load (kW) FILL  

LL10.1 10.2 0.103 
LL10.2 10.2 0.181 
LL10.3 10.2 0.267 
LL10.4 10.2 0.418 
LL10.5 10.2 0.743 
LL12.1 12.3 0.055 
LL12.2 12.3 0.168 
LL12.3 12.3 0.281 
LL12.4 12.3 0.404 
LL12.5 12.3 0.648  

Table 5 
OC steady-state tests experimental plan.  

Code Load (kW) FIOC  

OC10.1 10.2 0.1 
OC12.1 12.3 0.1  

Fig. 1. Heat pump scheme. The desuperheater and subcooler were not used during the tests.  

Table 3 
CVL steady-state tests experimental plan.  

Code Load (kW) FICVL  

CVL10.1 10.2 − 0.042  
CVL10.2 10.2 − 0.296  
CVL10.3 10.2 − 0.372  
CVL10.4 10.2 − 0.648  
CVL12.1 12.3 − 0.131  
CVL12.2 12.3 − 0.379  
CVL12.3 12.3 − 0.608   
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3. Description of the tested heat pump 

For the present study, a 10 kW, variable-speed water-to-water heat 
pump was tested. The heat pump used was a prototype charged with 

720 g of propane as the refrigerant. Fig. 1 shows the heat pump archi
tecture. The compressor used is a hermetic scroll type YHV0461U from 
Emerson. It is specifically designed for propane applications and to meet 
the requirements of flammable refrigerants. A Carel inverter type 
power+ was used to control the compressor. Both the condenser and 
evaporator are brazed plate heat exchangers in countercurrent 
arrangement. The desuperheater is used for domestic hot water (DHW) 
production. The internal heat exchanger used the heat from the 
condensed liquid to function as a suction gas superheater. Its capacity 
was controlled by a separate expansion valve. The prototype has internal 
pressure and temperature sensors and a Coriolis flowmeter for the 
refrigerant mass flow measurement. A compressor frequency setpoint 
can be sent to the heat pump but has no internal speed control. We 
developed a PID control that adapted the compressor frequency to the 
difference between the condenser water supply temperature and a 
setpoint. 

The temperatures of the refrigerant circuit were obtained with NTC 

Table 6 
Test measurements precision.  

Magnitude Type Precision 

Pressure Piezo-resistive ± 1.00%  
Refrigerant mass flow meter Coriolis ± 0.10%  
Temperature refrigerant liquid side Pt1000 ± 0.15 K  
Temperature refrigerant gas side NTC ± 0.30 K  
Temperature water side Pt100 ± 0.25 K  
Electrical power Multimeter ± 1.00%  
Water Flow Electromagnetic ± 0.50%   

Fig. 2. Relevant features affected by the evaporator fouling fault (EF) for the 10 kW and 12 kW steady-state tests. Effect on: a) COP and compressor power con
sumption, b) evaporator saturation temperature and c) NMSR. 

Table 7 
Results for the overcharge test for 10 kW and 12 kW. FI: fault intensity, COP, Wcomp: compressor electrical power consumption, Qheat : condenser heating power, Tsc: 
subcooling, Tsh: superheating, Tevap: evaporator saturation temperature, Tcond: condenser saturation temperature, Tco: compressor outlet refrigerant temperature, Tll: 
liquid line refrigerant temperature, ṁr : refrigerant mass flow, f: compressor speed.  

Code FI COP Wcomp  Qheat  Tsc  Tsh  Tevap  Tcond  Tco  Tll  ṁr  f    
kW kW K K ∘C  ∘C  ∘C  ∘C  g s− 1  Hz 

OC10.1 0.1 3.6 2.8 10.1 24.9 10.7 7.0 64.8 84.8 40.0 29 52 
Uncertainty  ±0.27  ± 0.03  ± 0.75  ± 0.03  ± 0.03  ± 0.03  ± 0.03  ± 0.15  ± 0.15  ± 0.04  ± 0.03  
OC12.1 0.1 3.7 3.3 12.2 25.7 9.9 6.8 64.6 83.5 39.1 35 62 
Uncertainty  ±0.22  ± 0.03  ± 0.75  ± 0.03  ± 0.03  ± 0.03  ± 0.03  ± 0.15  ± 0.15  ± 0.05  ± 0.03   
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temperature probes at the suction line and with Pt1000 for the rest of the 
circuit. The duty was measured on the waterside with Pt100 probes and 
flowmeters. The pressure measurements were obtained with pressure 
transducers. The compressor speed was provided by the inverter and the 
power consumption was measured with a multimeter. Table 6 shows the 
precision of each sensor. The uncertainty of the tests were calculated 
using the Guide to Uncertainty in Measurement methods (JCGM, 2008). 
The dataset has been uploaded to the open-acces repository Zenodo 
(Bellanco et al., 2021a). 

4. Results 

Different heat pump features can be affected by each fault. The 
features selected for this study were the COP, compressor power con
sumption Wcomp, condenser heat duty Qheat , subcooling Tsc, superheating 
Tsh, evaporator saturation temperature Tevap, condenser saturation 

temperature Tcond, compressor outlet refrigerant temperature Tco, liquid 
line refrigerant temperature Tll, refrigerant mass flow ṁr and 
compressor speed f . 

In a variable-speed heat pump, the refrigerant mass flow depends on 
the compressor speed and the inlet density, which in turn depends on the 
evaporation temperature. When a fault occurs, the heat pump may 
change the compressor speed to meet the new demand, changing the 
mass flow rate. Therefore, the refrigerant mass flow should be inter
preted in terms of compressor speed. Because of this, the ratio between 
the refrigerant mass flow rate and the compressor speed (MSR) is used 
(Eq. (5)). The units are grams per revolution. 

MSR =
ṁr

f
(5) 

Eq. (6) shows the normalized value of MSR (NMSR), which is more 
intuitive. 

Fig. 3. Relevant features affected by the compressor valve leakage (CVL) fault for the 10 kW and 12 kW steady-state tests. Effect on: a) COP and compressor power 
consumption, b) subcooling, c) liquid line refrigerant temperature, d) compressor outlet refrigerant temperature and e) NMSR. 
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NMSR =
MSRfault

MSRnominal
(6) 

Figs. 2, 3 and 4 and Table 7 show the effects of the different faults. 
Only the features affected by each fault are shown. For Tsc, Tsh, Tevap, 
Tcond, Tco and Tll, the difference between the no-fault value (Tnom) and the 
current level fault (Tfault) was used (see Eq. (7)). The ΔT for FI of 0, is 0. 

ΔT = Tfault − Tnom (7) 

For EF, reducing the water flow lowers the evaporator pressure, 
which decreases the evaporation temperature and increases the evapo
rator outlet temperature. The compressor speed increases so that de
mand can still be covered, which decreases NMSR and increases power 
consumption. 

The CVL fault increases the pressure at the suction line while the 
discharge pressure remains the same. To compensate for all the refrig
erant that goes through the bypass, the compressor increases the speed, 

which increases the power consumption and the compressor outlet 
temperature. This increase in the outlet temperature triggers a safety 
limitation of the compressor speed. This limitation causes a decrease in 
power consumption at the highest fault level, as Fig. 3a shows. At that 
fault level, the refrigerant mass in the circuit is so low that the demand 
can not be covered. The outlet temperature increases, forcing the 
compressor to stop for its safety. 

The LL causes an additional pressure loss between condensation 
pressure and suction pressure. With low restriction values, the two 
expansion valves open simultaneously and there is no effect on the COP 
or other variables. When the restriction increase, the main valve (EEV1) 
is fully open, superheat at the evaporator outlet increases while the 
other valve (EEV2) closes. This reduces the refrigerant liquid line tem
perature by 4.5 ∘C and 3.5 ∘C for the lower and the higher load, 
respectively. Since the first FI value, the EEV1 reaches its capacity limit, 
and the refrigerant starts to be retained in the condenser leading to more 

Fig. 4. Relevant features affected by the liquid line restriction (LL) fault for the 10 kW and 12 kW steady-state tests. Effect on: a) COP and compressor power 
consumption, b) superheating and subcooling, c) condenser saturation temperature and evaporator saturation temperature, d) compressor outlet refrigerant tem
perature and e) NMSR. 
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subcooling. Because there is liquid trapped in the condenser, the tem
perature of the refrigerant at the outlet of the condenser approaches the 
temperature at the inlet of the water side, therefore the Tll values are 
constant for all the fault levels. The condensation temperature increases 
while the evaporation temperature decreases. The compressor speed 
increases to cover the demand, which decreases the NMSR and increases 
the power consumption. 

The OC fault increases the liquid trapped in the condenser, which 
increases the condensation temperature. The evaporation temperature 
increases due to an increase in suction pressure. The subcooling and the 
compressor outlet temperatures rise. The refrigerant mass flow rate 
slightly increases while the speed of the compressor drops, which in
creases the NMSR. This fault has little or no effect on systems with a 
liquid receiver (Kim and Kim, 2005). 

5. Discussion 

The fault impact ratio on COP (FIRCOP) is used to compare the extent 
to which each fault degrades COP (Yuill and Braun, 2013). Eq. (8) shows 
how it is calculated. A FIRCOP of one indicates that the COP does not 
change. 

FIRCOP =
COPfault

COPnominal
(8) 

Fig. 5 shows the FIRCOP for each fault. All the faults decreased the 
COP of the heat pump, with EF having the least effect and CVL the most. 
As the heat duty is usually not affected, the decrease in COP comes from 
an increase in electrical power consumption. The heat duty remains the 
same for all the faults except at the highest value of CVL. There are no 
significant differences between the results with different loads. 

The study that is most similar to ours, is the paper by Kim and Kim 
(2005), which uses a brine-to-water heat pump, but in cooling mode. 
They tested the faults CVL, OC, EF (in their case, the ground source heat 
exchanger is the condenser), undercharge and condenser fouling. They 
have measurements from the water and brine circuits, but also have the 
features Tcond, Tsc, Tco, and f . Table 8 compares the results of these two 
studies. For CVL, Kim found an increase in the compressor speed and 
outlet temperature, but the FI stayed 0.2, which may explain the lack of 
effect on other features. At the same fault level, we also found an in
crease in Tsc. For EF, it is difficult to compare the two systems because 
Kim worked in cooling mode. However, COP was affected more severely 

Fig. 5. Fault impact ratio on the COP for each fault intensity. The fault intensity is shown in absolute value.  

Table 9 
Trend for each of the features. ↑↑: high increasing trend, ↑: increasing trend, ↓: decreasing trend, ↓↓: high decreasing trend. The last two rows describe the criteria 
applied for constructing the table.  

Fault COP Wcomp  Qheat  Tsc  Tsh  Tevap  Tcond  Tco  Tll  ṁr  f MSR 

EF ↓  ↑     ↓      ↑   
CVL ↓↓  ↑↑  ↓↓  ↑     ↑↑  ↓  ↓↓  ↑↑  ↓↓  
LL ↓↓  ↑↑   ↑↑  ↑↑  ↓↓  ↑↑  ↑↑  ↓  ↓↓  ↑↑  ↓↓  
OC ↓  ↑↑   ↑↑   ↑  ↑↑  ↑↑  ↓   ↓  ↑  

↑↑,↓↓  ± 1  ± 0.5 kW  ± 1 kW  ± 5 ∘C  ± 5 ∘C  ± 5 ∘C  ± 5 ∘C  ± 5 ∘C  ± 5 ∘C  ± 5 g s− 1  ± 15 Hz  ± 15 g r− 1  

↑, ↓  ± 0.1  ± 0.1 kW  ± 0.2 kW  ± 2 ∘C  ± 2 ∘C  ± 2 ∘C  ± 2 ∘C  ± 2 ∘C  ± 2 ∘C  ± 2 g s− 1  ± 3 Hz  ± 3 g r− 1   

Table 8 
Trend for each of the features for the present study and the study by Kim and 
Kim (2005).↑: increasing trend, ↓: decreasing trend.  

Fault COP Tsc  Tco  f 

EF ↓   ↑  ↑  
EF_Kim ↓   ↑  ↑  
CVL ↓  ↑  ↑  ↑  
CVL_Kim ↓   ↑  ↑   
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in their case than in ours. The OC had no effect on the COP in their 
system due to a liquid receiver. In general, it is difficult to make a direct 
comparison between both systems. The heat pump in Kim’s study had a 
liquid line receiver which could change the effects of the faults as in the 
case of OC (Hu et al., 2021). 

Table 9 summarizes the feature trends for each fault of the propane 
heat pump and the results help to develop a diagnosis system. For 
example, an FDD could be developed by training no-fault models for 
each feature. Once these models have been trained, the model results are 
compared with the real measurements and, depending on the trends, the 
fault can be diagnosed (Rogers et al., 2019). For example, if the Tsh trend 
increases, the fault diagnosed will be LL. Obtaining more experimental 
results on VSHP helps to improve the FDD solutions and develop new 
ones. 

6. Conclusions 

Some of the common faults for heat pumps have been emulated in a 
variable-speed water-to-water heat pump in heating mode. The heat 
pump was a prototype charged with propane, which aligns with the 
legislation on the use of refrigerants with lower GWP. The tests showed:  

• EF had little impact on the heat pump, although it halve the water 
flow.  

• CVL had an impact on subcooling and the liquid line temperature. It 
considerably increased the compressor outlet temperature and the 
speed of the compressor.  

• LL had an impact on nearly all the features studied.  
• OC affected nearly all features except superheating, which remained 

constant because of the electronic expansion valves EEV.  
• All the faults decreased the COP. EF was the fault with the least effect 

and CVL the one with the most.  
• The demand could not be covered only at the highest value of CVL. 

For all the other faults, the heat pump increased the compressor 
speed to cover the demand, which increased the electrical power 
consumption. This situation could go unnoticed by the user because 
the demand is still covered. 

The comparison of the results with a similar study shows equivalent 
trends. However, the different working modes (heating or cooling) and 
different internal components (presence of liquid line receiver) hinder 
the direct comparison. A chart with the trends of the different features 
has been provided. This chart could be used to validate a diagnose 
system based on trend comparison, but it could be limited to this specific 
heat pump. Further work includes testing the FDD developed with dy
namic and field conditions. 
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