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Abstract: The coupling of Photovoltaic (PV) and Heat Pump (HP) systems is an attractive 9 

alternative for reducing the energy consumption associated to cooling applications, as well as 10 

increasing the renewable share in the electric systems. This work presents the results of the 11 

technical validation of a stand-alone PV-HP system operating without batteries, for two 12 

different control algorithms implemented for the compressor of the HP unit: the Maximum 13 

Power Point Tracking control (MPPT) and the inverter control. Both algorithms include a 14 

routine for mitigating the solar power fluctuations due to passing clouds, which was able to 15 

resist 75% of the clouds registered during the carrying out of the tests. The values of the main 16 

Key Performance Indicators (KPIs) traditionally used for the characterization of PV and HP 17 

systems –Performance Ratio (PR), Energy Efficiency Ratio (EER) and Seasonal Performance 18 

factor (SPF)– were calculated, as well as some new KPIs proposed for PV-HP systems. These 19 

new KPIs are proposed to distinguish the loss of performance due to any bad quality of the PV-20 

HP and to external factors such as user behavior or the cooling period. The results show a PR of 21 

between 0.17 and 0.5, an EER of between 2.51 and 3.06 and a SPF of between 2.51 and 3.01. 22 

The low PR value is explained by the utilization ratios of the system (UREF ranged from 0.27 to 23 

0.77) due to the characteristics of this application, rather than any bad quality in the PV-HP 24 

system.  25 

 26 

1. Introduction 27 

In the last decade, the Heat Pump (HP) market has experienced a sustained and significant 28 

growth worldwide and particularly in Europe. During the period 2007-2018, the number of HP 29 

units sold per year in Europe increased by 120% [1], and by 12.5% only in the last year [2]. 30 

Although it is a technology that uses thermal energy sources that are usually available and 31 

abundant (typically ambient air or underground boreholes) and which reduces the primary 32 

energy consumption (by 75.7 TWh if we only consider the units installed in 2018 [2] ), it  33 

consumes electricity. Hence, this market growth implies an increase in the demand for 34 

electricity for heating and cooling applications. Furthermore, the leading markets in recent years 35 

have been France, Italy and Spain, countries with warm climatic conditions characterized by 36 

very high temperatures in summer. This suggests that cooling applications are becoming of 37 

major importance. At the same time, the European Union has agreed to increase its share of 38 

renewable energy to at least 32% by 2030 [3], so the use of renewable electric energy sources 39 

for powering heat pump units will be vital in the achievement of this objective. In the particular 40 

case of cooling applications, it is very attractive to couple HP units with Photovoltaic (PV) 41 

generators, as the warmer periods of time are usually the sunniest. However, research into PV-42 
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HP systems is still very recent and mostly related to PV Thermal (PVT) systems for heating 43 

applications [4], which consists in combining a PV array with a solar thermal collector on its 44 

back that acts as the HP evaporator.  45 

The first experimental study describing a PV-HP system was published in 1997 and corresponds 46 

to a PVT prototype for water heating [5]. It was not until 2011 that the first study of a PV-HP 47 

without thermal collectors was published [6], but it focused on heating applications. Finally, 48 

after 2016 there arose a sudden interest in PV-HP systems for cooling applications in the 49 

literature, probably motivated by the great drop in the prices of PV modules and the increase in 50 

the energy demand for cooling applications [7]. Most of these studies report experimental or 51 

simulation results for grid-connected systems, but for different HP technologies and for 52 

different time spans. Some studies refer to air-to-water systems: [8] reports some hours of 53 

operation of an air-to-water grid-connected PV-HP system, while [9] reports a whole year of 54 

operation and [10] is a simulation work without any experimental data reported. However, air-55 

to-air are the most common systems: [11] and [12] report a complete cooling season; [13] and 56 

[14], a whole year of operation. Finally, only two studies ([15], [16]) describe air-to-air stand-57 

alone installations using batteries. The use of batteries is motivated by the intermittent nature of 58 

the PV resource, which has been traditionally dealt with by using electricity storage systems 59 

and/or connecting the system to the grid. However, the possibilities of stand-alone PV-HP 60 

systems complemented by other types of energy storage (if necessary) have hardly been 61 

explored but seem to be promising. Actually, a very recent study [17] estimates that around 50% 62 

of the cooling demand can be directly covered with PV without any storage system, and up to 63 

70% if the system included water-based thermal storage tanks. Finally, for all of the studies 64 

reported in this introduction the PV generator is used for powering the control board of the HP 65 

unit, so there is a dependency on the manufacturer control logics and it is not possible to adapt 66 

them to the PV specifics (i.e. solar power fluctuations and day-night generation cycle). In any 67 

case, these publications indicate an interest of the research community in improving the 68 

performance of PV-HP systems, due to a perception of them as relevant agents in a sustainable 69 

energetic system. The current state of the art is grid-connected installations and stand-alone 70 

systems operating with batteries, which give answer to a wide set of applications. However, 71 

there is still a lot of room for improvement in this relatively new research field.  72 

This work presents the results of the implementation of a stand-alone PV-HP system with the 73 

novelty of not using batteries, which are still expensive components that could put at risk the 74 

economic feasibility of these systems. Furthermore, dispensing with batteries will make this 75 

solution feasible for high-power applications, where batteries still can pose important technical 76 

and safety issues. Two different control algorithms, already present in the HP industry, have 77 

been adapted to power the compressor, which is the component that mostly determines the 78 

electric consumption of the whole unit. The lack of an electric storage system implies that the 79 

compressor will experience solar power fluctuations in real time. Dealing with these 80 

fluctuations is one of the major difficulties found in this study, but also one of the main 81 

novelties of the technical solution developed.  82 

The two algorithms have different specific objectives: the first aims to generate as much cooling 83 

power as possible by tracking the Maximum Power Point (MPP) of the PV generator (and, 84 

therefore, known as the MPPT control), while the second one regulates the frequency of the 85 

compressor for keeping a constant temperature in the room (therefore, called the inverter 86 

control, which is the same name used in the industry). The MPPT control algorithm is 87 

applicable to industrial environments where the volume of air to be cooled is large enough to 88 



 

demand the maximum power possible throughout the day. This could be the case of an 89 

industrial refrigeration chamber for food or medicine conservation, or of industrial atmospheres 90 

where it is necessary to keep the high temperatures under control. This control is also 91 

representative of applications that require the renewable energy share to be increased without 92 

modifying the pre-existing cooling system (i.e. grid and/or diesel powered). In that case, the 93 

addition of a stand-alone PV-HP could reduce the economic costs of energy consumption, but 94 

could also eliminate the power terms of electricity tariffs during certain periods.  On the other 95 

hand, the inverter control is better suited for households or office buildings cooling during the 96 

summer season, during which reaching good comfort conditions is the priority. Especially for 97 

office buildings, the highest cooling demand coincides with the sunniest hours of the day, hence 98 

favoring PV as energy source. 99 

The objective of this paper is to evaluate the technical feasibility of this solution by means of: 100 

- Whether the specific objectives of each algorithm are met: working at the Maximum 101 

Power Point (MPP) of the PV generator (hence called MPP Tracking (MPPT) control), 102 

and regulating the frequency of the compressor for keeping the temperature of a room 103 

constant (inverter control). 104 

- The stability of the system under solar power fluctuations due to passing clouds. 105 

- The performance of the PV generator, of the compressor and of the whole PV-HP 106 

system under different operating conditions. A combination of traditionally used 107 

performance indicators and new proposed ones are used for this evaluation. This is also 108 

one of the main contributions of this work: to give some input to the open question 109 

about which performance can be expected from this kind of stand-alone PV-HPs 110 

without batteries. 111 

This paper is structured as follows: the methodology section includes the description of the 112 

experimental set up installed at the Institute of Solar Energy from the Universidad Politécnica 113 

de Madrid (IES-UPM) facilities and of the two control algorithms implemented, as well as the 114 

definition of the Key Performance Indicators (KPIs) used for the technical validation of the 115 

prototype; the experimental results obtained for two different cooling tests (one for each of the 116 

control algorithms) are presented and discussed, and the main conclusions extracted from this 117 

discussion are summarized in the final section.  118 

The nomenclature used in this paper for referring to specific terms, variables or components is 119 

as follows (typical dimensions of the variables are indicated between brackets):   120 

AV Number of stops of the compressor brought about by the activation of a 

protection valve during the passing of a cloud [-]  

CR Percentage of the total number of clouds that have been resisted [-] 

Cp Cooling period  

DL Data Logger 

EAC AC energy generated by the PV system [Wh] 

Eevap Thermal cooling energy absorbed by the evaporator [Wh] 

Ecom AC electric energy consumed by the compressor [Wh] 

EER Energy Efficiency Ratio of the HP unit [W/W] 

freq Measured compressor frequency [Hz] 

freqSP Compressor frequency set point [Hz] 

FC Frequency Converter 

G Global solar irradiance in the plane of the PV generator [W/m2] 



 

G* Global solar irradiance in the plane of the PV generator at STC [W/m2] 

Gused G considering only the periods of time when the compressor is functioning 

[W/m2] 

Guseful G considering only the periods of time when the PV power is within the power 

range of operation of the compressor [W/m
2
] 

Gw Total irradiation received in the plane of the PV generator over a whole week 

[Wh/m2] 

HP Heat Pump 

I*
SC Short circuit DC current of the PV module at STC [A] 

KPI Key Performance Indicator 

MPP Maximum Power Point 

MPPT  Maximum Power Point Tracking. 

Pcom AC electric power consumed by the compressor [W] 

PMPP DC maximum power of the PV generator at the given G and Tc [W] 

P*
MPP DC maximum power of the PV generator at STC [W] 

PID Proportional, Integral and Derivative 

PLC Programmable Logic Controller 

PM Permanent Magnet 

PR Performance Ratio of the PV-HP system [Wh/Wh] 

PRPV Performance Ratio considering only the losses strictly associated to the PV 

system [Wh/Wh]  

PRSTC Performance Ratio corrected to STC [Wh/Wh] 

PRPV,STC Performance Ratio corrected to STC considering only the losses strictly 

associated to the PV system [Wh/Wh] 

PV Photovoltaic 

PVT Photovoltaic Thermal 

Q Thermal power extracted from the interior room by the PV-HP [W] 

QAUX1 Thermal power supplied to the interior room by the interior auxiliary HP [W] 

QAUX2 Thermal power supplied to the exterior room by the exterior auxiliary HP [W] 

Qevap Thermal cooling power absorbed at the evaporator [W] 

SPF Seasonal Performance Factor of the HP unit [Wh/Wh] 

SPFPV-HP Seasonal Performance Factor of the PV-HP system [Wh/Wh] 

SPFPV-HP,STC Seasonal Performance Factor of the PV-HP system, PR-corrected to STC 

[Wh/Wh] 

STC Standard Test Conditions 

𝑇𝐶  Cell temperature of the PV generator [ºC] 

𝑇𝐶
∗ Cell temperature of the PV generator at STC [ºC] 

Text Temperature measured in the exterior room [ºC] 

Tint Temperature measured in the interior room [ºC] 

Tint,SP Temperature set point in the interior room [ºC] 

UR Utilization Ratio [Wh/Wh] 

UREF UR considering the irradiance effectively used by the HP system [Wh/Wh] 

URCp UR considering the irradiance during the cooling period [Wh/Wh] 

URPV-HP UR considering the irradiance required to deliver the HP power demand 

[Wh/Wh] 

UV Number of stops of the compressor caused by an under-voltage alarm in the FC 

during a passing cloud [-]  

VDC Measured DC voltage of the PV generator [V] 

VMPP DC voltage at the MPP of the PV generator at the given G and 𝑇𝐶 [V] 

V*
MPP DC voltage at the MPP of the PV generator at STC [V] 



 

V*
OC Open circuit DC voltage of the PV module at STC [V] 

WT Wattmeter 

∆Tint Difference between the measured Tint and the set point value Tint,SP [ºC] 

α Coefficient of variation of the short circuit current of the PV module with 

𝑇𝐶 [A/ºC] 

β Coefficient of variation of the open circuit voltage of the PV module with 

𝑇𝐶 [V/ºC] 

γ Coefficient of variation of the maximum power of the PV module with 

𝑇𝐶 [W/ºC] 

η(G) Efficiency of the PV generator at the given G [-] 

η* Efficiency of the PV generator at STC [-] 

 121 

2. Metholodogy 122 

 123 

2.1 Experimental set up 124 

Figure 1 shows the schematic of the PV-HP prototype installed at the IES-UPM facilities in 125 

Madrid (Spain). It consists of two thermally isolated rooms (dimensioned 250x250x250 cm) 126 

where the interior and exterior units of a commercial air-to-air heat pump have been placed and 127 

powered by a PV system without batteries. This way, one of the rooms acts as the space to be 128 

cooled and the other, as the exterior ambient. For controlling the operating conditions in both 129 

rooms, two auxiliary heat pumps have been placed for temperature control purposes; they are 130 

powered by the conventional electric grid and are not considered for the energy balances of the 131 

PV-HP under study. Finally, the compressor of the PV-HP (which is located in the exterior unit) 132 

is powered by a PV generator through a Frequency Converter (FC) that is controlled by a 133 

Programmable Logic Controller (PLC). The FC runs the two control algorithms implemented 134 

for the compressor (MPPT and inverter), but it receives the ON/OFF command from the PLC 135 

(depending on the PV power available, which must be higher than the minimum required by the 136 

compressor) and the frequency set point value (depending on the temperature conditions in the 137 

interior room and only for the inverter control). Figure 2 shows the pictures of the main 138 

components of this prototype: the interior unit of the PV-HP (a), the exterior unit with the 139 

compressor (b), the PV generator with the G and Tc sensors (c) and the control and monitoring 140 

system (d) with the FC, the PLC, the wattmeter and the data logger. 141 



 

 142 

Figure 1. Schematic of the PV-HP prototype installed at the IES-UPM facilities in Madrid 143 
(Spain). The interior and exterior units of the PV-HP are installed in seldom thermally isolated 144 
rooms, where two auxiliary grid-powered HPs have also been installed for temperature control 145 
purposes. The PV-HP is powered by the PV generator through a frequency converter, which is 146 
controlled by a PLC. The monitoring system consists of a wattmeter (WT), a voltmeter (V) and 147 

a data logger (DL). 148 

  149 

  
(a) (b) 

  



 

  
(c) (d) 

 150 

Figure 2. Images of the main components of the PV-HP prototype installed at the IES-UPM 151 
facilities in Madrid (Spain): the interior unit of the PV-HP (a), the exterior unit with the 152 

compressor (b), the PV generator with the irradiance, G, and cell temperature, Tc, sensors (c) 153 
and the control and monitoring system (d) with the Frequency Converter, the Programmable 154 

Logic Controller, the wattmeter and the data logger. 155 

The technical specifications of the air-to-air HP, the moto compressor and the crystalline-silicon 156 

PV generator are included in Table 1. It is important to highlight that the compressor of the HP 157 

unit is moved by a Permanent Magnet (PM) brushless motor, a technology that presents two 158 

challenges: the poles need to be aligned in a specific position at the start up, and the motor is not 159 

able to change its working point very quickly (otherwise, a mechanical valve impedes the 160 

compression and the motor keeps rotating without a load).  161 

For the characterization of this prototype, the following monitoring system has been installed: 162 

- A wattmeter (WT) calculates the DC and AC powers (input and output of the FC) from 163 

current and voltage measurements.  164 

- A voltmeter (V) registers the global solar irradiance (G) and the cell temperature (𝑇𝐶 ) 165 

given by two reference PV modules, calibrated as sensors at the IES-UPM [18] and 166 

installed on the same plane as the PV generator. Both reference modules are from the 167 

same manufacturer and model as those that make up the generator.  168 

- A data logger (DL) registers the variables needed for calculating the cooling thermal 169 

power absorbed at the evaporator (located in the interior unit of the HP): the air 170 

temperature before and after the heat exchanger and the speed of the interior fan (which 171 

the manufacturer relates to the air flow). It also registers the frequency set point sent 172 

from the PLC to the FC for the inverter control algorithm.  173 

 174 

Table 1. Technical specifications of the main components of the PV-HP prototype installed at 175 
the IES-UPM facilities in Madrid (Spain): the HP unit, its motor compressor and the PV 176 

generator. 177 

Heat Pump Unit 

Nominal Energy Efficiency Ratio (EER) 3.15 

Nominal Cooling Capacity (kW) 3.40  

Nominal AC Power Consumption (kW) 1.08  

Motor compressor 

Number of poles 4 



 

Nominal AC power (kW) 0.67 

Minimum power (kW) / frequency (Hz) 0.28 / 40 

PV generator 

Orientation 8ºE 

Inclination 30º 

Nominal DC power, PMPP (kW) 0.8 

Power Temperature Coefficient, γ (%/ºC) -0.38 

STC characteristics:  

Short-circuit / MPP Current (A) 2.9 / 2.73 

Open-circuit / MPP Voltage (V) 363 / 293 

 178 

2.2 Control algorithms 179 

The two different control algorithms implemented in the PV-HP prototype regulate the power 180 

consumption of the compressor, but they do so with different objectives and under different 181 

temperature conditions: 182 

a. MPPT control: its objective is to generate as much cooling power as possible by 183 

operating at the MPP of the PV generator through a Proportional Integral and 184 

Derivative (PID) control. Figure 3 shows the schematic of the PID control used for this 185 

test: a DC voltage set point value is compared to the DC voltage measured at the output 186 

of the PV generator, and the FC acts on the frequency of the compressor accordingly. 187 

Generally, PID controls for this type of system are reverse acting (for reducing the DC 188 

voltage, the frequency of the compressor is increased, and vice versa) and without a 189 

derivative component due to the high noise of the signals [19]. 190 

 191 

 192 

Figure 3. Schematic of the PID control used for the Maximum Power Point Tracking control 193 
algorithm implemented for the compressor of the PV-HP prototype. 194 

 195 

The DC voltage at the MPP (VMPP) at the given 𝑇𝐶 and G (measured with two reference 196 

PV modules) is calculated in accordance with Eq. (1), 197 

 198 

𝑉𝑀𝑃𝑃 =  𝑉𝑀𝑃𝑃
∗ [1 + 𝛽(𝑇𝐶 − 𝑇𝐶

∗)] (1) 

 199 

 200 

Where 𝑉𝑀𝑃𝑃
∗  is the DC voltage at the MPP under Standard Test Conditions (STC), 𝛽 is 201 

the coefficient of variation of 𝑉𝑀𝑃𝑃 with 𝑇𝐶  and 𝑇𝐶
∗ is the cell temperature at STC 202 



 

(25ºC). For irradiances higher than 400 W/m2, the accuracy of this expression is better 203 

than 4% in 𝑇𝐶 , which leads to about 1% in power terms. There are more complex and 204 

accurate expressions, but they require the total irradiance received on the plane of the 205 

PV generator, G, and Tc to be measured simultaneously. However, the FC used in this 206 

prototype does not have enough analog input terminals.  207 

 208 

b. Inverter control: its objective is to regulate the frequency of the compressor in order to 209 

keep the temperature in the interior room constant at a certain set point value (Tint,SP). 210 

The PLC determines a compressor frequency set point (freqSP), depending on the 211 

difference between the measured Tint and Tint,SP (∆Tint) in accordance with Eq. (2), 212 

 213 

𝑓𝑟𝑒𝑞𝑆𝑃 =  40𝐻𝑧 +
90𝐻𝑧

8º𝐶
∆𝑇𝑖𝑛𝑡      ∀ ∆𝑇𝑖𝑛𝑡 ≥ 0 (2) 

 214 

This type of frequency regulation is similar to the one implemented in commercial 215 

systems (the so-called inverter HPs). In fact, Eq. (3) is empirical and imitates the 216 

manufacturer’s control unit. Once ∆Tint=0, the compressor operates at freqSP=40Hz (its 217 

minimum value) until ∆Tint=-2ºC, when it stops, and it is not restarted until ∆Tint=+2ºC. 218 

This hysteresis also imitates the manufacturer´s control. The FC uses a PID control very 219 

similar to the one implemented for the MPPT test, but the set point is a frequency value 220 

(calculated for a certain Tint, the new control variable) which is compared to the 221 

measured frequency of the compressor. 222 

 223 

c. Passing cloud algorithm: both the MPPT and the inverter controls share an algorithm 224 

for mitigating the undesirable effects of solar power fluctuations due to passing clouds. 225 

A passing cloud event can be defined as a reduction of G of at least 10% in 1 minute, 226 

which represents less than 10% of the total solar power fluctuations [20]. This reduction 227 

implies a DC voltage drop that is sometimes too fast for the PID control to follow it, 228 

with the risk of an abrupt stopping of the system due to an under-voltage alarm in the 229 

FC [21].  This abrupt stopping can reduce the lifetime of the FC and the compressor.  230 

To avoid this risk, the PID control is temporarily deactivated when the DC voltage 231 

drops below 220V, ordering a low frequency set point and permitting a power 232 

regeneration that partially mitigates the voltage fluctuation. Once the cloud has passed 233 

(i.e. the DC voltage increases above 240V) the PID control is reactivated; if the cloud 234 

persists the compressor is ordered to stop by the PLC. It can be considered that a cloud 235 

has been resisted when the system does not stop operating abruptly. This algorithm was 236 

developed by the IES-UPM for large power PV irrigation systems [22], and adapted for 237 

this PV-HP prototype.  238 

 239 

With the inverter control, the system operates most of the time at a lower power than 240 

PMPP, (i.e. at a higher DC voltage than VMPP), which reduces the risk of under-voltage 241 

alarms in the FC. However, during the implementation of this test another phenomenon 242 

associated to passing clouds was observed: if abrupt G fluctuations occur when the 243 

compressor is rotating at low frequencies, a protection valve impedes the compression 244 

and the motor keeps rotating without a load. The FC detects this situation and forces the 245 

compressor to stop. For assessing the effectiveness of the passing cloud algorithm, the 246 

compressor was stopped for 30 seconds after a valve-induced stop, and for 60 seconds 247 



 

after an under-voltage alarm; this way they could be differentiated when processing the 248 

data. The percentage of clouds resisted, CR, is calculated as follows: 249 

 250 

𝐶𝑅 = (
𝑁º𝑐𝑙𝑜𝑢𝑑𝑠 − 𝑈𝑉 − 𝐴𝑉

𝑁º𝑐𝑙𝑜𝑢𝑑𝑠
) 𝑥100 (3) 

 251 

Where UV is the number of stops brought about by an under-voltage alarm and AV is 252 

the number of stops caused by the activation of the protection valve of the compressor.   253 

 254 

 255 

2.3 Key Performance Indicators (KPIs)  256 

 257 

2.3.1 Heat Pump unit 258 

The performance of heat pump systems operating in cooling mode, in terms of how efficiently 259 

they transform electrical power into thermal power, is typically evaluated through the Energy 260 

Efficiency Ratio (EER), expressed in terms of power1, and the Seasonal Performance Factor 261 

(SPF), expressed in terms of energy: 262 

𝐸𝐸𝑅 =
𝑄𝑒𝑣𝑎𝑝

𝑃𝑐𝑜𝑚
 (4) 

 263 

 264 

𝑆𝑃𝐹 =
𝐸𝑒𝑣𝑎𝑝

𝐸𝑐𝑜𝑚
 (5) 

 265 

Where 𝑄evap is the thermal cooling power absorbed by the evaporator of the HP unit, 𝑃com is 266 

the electric power consumed by the compressor, 𝐸evap is the thermal cooling energy absorbed at 267 

the evaporator over a certain period of time and 𝐸com is the electric energy consumed by the 268 

compressor over the same period of time. Ideally, this period of time should be a whole cooling 269 

season, although shorter periods might also be reported as long as it is indicated [5], [8], [23]. In 270 

that case, the representativeness of the results presented must be carefully assessed, as discussed 271 

in section 2.3.4.   272 

2.3.2 PV system 273 

The Performance Ratio (PR) of a PV system is traditionally used to measure its quality and it is 274 

defined as the ratio between the energy that has been actually generated and the maximum 275 

energy that could be ideally generated over a certain period of time, integrating G: 276 

𝑃𝑅 =
𝐸AC

𝑃MPP
∗

𝐺∗ ∫ 𝐺(𝑡)𝑑𝑡
 (6) 

 277 

                                                            
1 Here we have respected the extended custom in the HP ambiences of using the term “Energy”, even 

though this variable is a ratio of powers.  



 

Where 𝐸AC is the AC energy delivered by the PV generator (which in this case is equal to 278 

𝐸𝑐𝑜𝑚), and 𝑃MPP
∗  is the maximum power of the PV generator at STC and 𝐺∗, the global solar 279 

irradiance in the plane of the generator at STC (1,000 W/m2).  280 

For PV grid-connected systems, all the available power is injected into the grid, so the PR can 281 

be directly understood as an indicator of technical quality. However, when the PV system is 282 

coupled to the compressor of a HP unit (or to another intermittent electric load), this PR is 283 

highly affected by factors that do not depend on the quality of the PV system itself. The main 284 

factors to take into account are the cooling period (which, depending on the application, might 285 

not be the whole year), the power range within which the compressor can operate and the 286 

thermal demand profile, that usually depends on the application and/or the end user’s behavior 287 

(i.e. Tint,SP value and the utilization timetable). For example, if the available solar power is lower 288 

than the minimum power required for turning the compressor on, or higher than the power 289 

demanded at the given thermal conditions, the corresponding irradiance will not be converted 290 

into electricity and, therefore, the PR will be lower than expected for a grid-connected system. 291 

Something similar will occur if the PV-HP is stopped by the user when solar irradiance is 292 

available, for example, because he/she is not at home. Regarding these considerations and in 293 

order to distinguish the cause of a hypothetical low PR value, this indicator  has been factorized 294 

as follows [4]: 295 

 296 

𝑃𝑅 = 𝑃𝑅PV × 𝑈𝑅Cp × 𝑈𝑅PV−HP × 𝑈𝑅EF (7) 
  297 

Where the three Utilization Ratios (URs) are defined in Table 2. 298 

 299 

Table 2. Definition of the Utilization Ratios (URs) proposed for the factorization of the PR for 300 
PV-HP systems. 301 

𝑃𝑅PV =
𝐸AC

𝑃MPP
∗ /𝐺∗

𝑥
1

∫ 𝐺useddt
 

This is the PR considering only losses strictly associated to the 

PV generator itself, i.e., actual versus nominal peak power, 

dirtiness, thermal and DC/AC conversion losses. It is intrinsic 

to the technical quality of the PV component and its 

maintenance. 𝐺used is the irradiance effectively used by the 

system, considering only the periods of time when the 

compressor is functioning. 

𝑈𝑅Cp =
∫ 𝐺dt

Cp

∫ 𝐺dt
 

This is the ratio of the total irradiation (which is the integration 

of the irradiance over a period of time) throughout the cooling 

period (Cp) to the total annual irradiation. It is intrinsic to a 

given application. Note that it can only be applied to the 

annual period. 

𝑈𝑅PV−HP =
∫ 𝐺useful dt

∫ Gdt
Cp

 

This is the ratio of the irradiation that corresponds to the range 

of power that is useful for the compressor to the total 

irradiation throughout the Cp. It is intrinsic to the cooling 

system design; specifically, it depends on the power range of 

operation of the compressor, the ratio between the PV peak 



 

power and the PV power required for cooling, and on the 

tracking geometry. 𝐺useful is the irradiance considering the 

periods of time when the PV power is within the power range 

of operation of the compressor. 

𝑈𝑅EF =
∫ 𝐺used dt

∫ 𝐺useful dt
 

This is the ratio of the irradiation required by the compressor 

during the cooling scheduling to the irradiation that could be 

useful for the compressor. It is intrinsic to the control 

algorithm implemented and to the end user’s behavior. 

 302 

2.3.3 PV-HP system  303 

For assessing the performance of a stand-alone PV-HP system, it is proposed to combine the 304 

KPIs related to the HP unit and to the PV system for obtaining a SPF referred to the whole PV-305 

HP system (SPFPV-HP) [4]: 306 

𝑆𝑃𝐹PV−HP = 𝑆𝑃𝐹(1 + 𝑃𝑅PV × 𝑈𝑅Cp × 𝑈𝑅PV−HP × 𝑈𝑅EF) (8) 

 307 

SPFPV-HP will be equal to the traditional SPF if there is no PV energy generation and/or use 308 

(PR=0); it will double the traditional SPF if the PV generator performs ideally and all of its 309 

electricity production is used for powering the compressor (PR=1). The designer will lose the 310 

physical meaning of SPF and PR when using SPFPV-HP but, on the other hand, the designer will 311 

be able to evaluate not only the quality of the HP or of the PV system separately but also the 312 

quality of its integration. In any case, our proposal is not that SPFPV-HP substitutes the other KPIs 313 

that constitute it, but to evaluate both the SPFPV-HP and its 5 factors. The reader could be 314 

surprised that to assess the quality of a PV-HP system it is necessary to consider 6 KPIs but, this 315 

way, in case of a low or unexpected value of SPFPV-HP, the causes can be easily evaluated. This 316 

can be particularly useful in a commissioning procedure, so that responsibilities can be assigned 317 

if necessary (to the manufacturers of the components, to the designer responsible for their 318 

integration, or to the use of the system by the end user). 319 

2.3.4 Boundaries of the defined KPIs 320 

When using the KPIs here defined for comparing different PV-HP systems, or the same system 321 

throughout different operation periods, it is important to take certain precautions:  322 

 Component technology: while 95% of the PV market is crystalline-silicon technology 323 

[24], the variety of HP technologies is much wider (air-to-air, air-to-water…). Different 324 

technologies lead to different SPFs, so precautions must be taken if stablishing 325 

comparisons between them. In this work we compare the KPIs obtained for the same 326 

air-to-air HP unit and the same crystalline-silicon PV generator, under different test 327 

conditions. 328 

 Time span and temperature conditions during the test: ideally, they should be 329 

representative of a whole cooling season, as the different KPIs depend on the climatic 330 

conditions. In this work, the actual representativeness of the results is limited for the 331 

EER and SPF because, for the PRPV, the dependency on the climatic conditions can be 332 



 

avoided by correcting to STC, i.e. by discounting the losses due to TC≠ 25oC and G ≠ 333 

G*. That leads to: 334 

 335 

𝑃𝑅PV,STC =
𝐸AC

𝑃MPP
∗

𝐺∗ ∫ 𝐺used(𝑡)[1 + 𝛾(𝑇𝑐(𝑡) − 𝑇𝑐
∗)]

𝜂(𝐺)
𝜂∗ 𝑑𝑡

 
(9) 

 336 

 337 

Where 𝛾 is the coefficient of variation of 𝑃𝑀𝑃𝑃 with 𝑇𝐶 . 338 

 339 

It is possible to obtain 𝑆𝑃𝐹PV−HP,STC, hence eliminating its dependency on the climatic 340 

conditions for one of its factors: 341 

𝑆𝑃𝐹PV−HP,𝑆𝑇𝐶 = 𝑆𝑃𝐹(1 + 𝑃𝑅PV,STC × 𝑈𝑅Cp × 𝑈𝑅PV−HP × 𝑈𝑅EF) (10) 

 342 

For this work, we report the weekly values of 𝑆𝑃𝐹PV−HP,STC and its 5 factors (𝑆𝑃𝐹, 𝑃𝑅PV,STC, 343 

𝑈𝑅HCp, 𝑈𝑅PV−HP and 𝑈𝑅EF) obtained for the two control algorithms described in section 2.2.  344 

 345 

2.3.5 Analysis of uncertainties  346 

Figure 4 shows a diagram of the sources of uncertainty that affect the variables involved in the 347 

calculation of the KPIs. Table 3 presents the information available about the most significant 348 

components shown in Figure 4, together with their corresponding standard deviations. Finally, 349 

Table 4 includes the standard deviations of the variables  and KPIs shown in Figure 4.  350 

 
(a) 

 



 

 
(b) 

 351 

Figure 4.  Sources of uncertainty that affect the variables involved in the EER and SPF 352 
calculations (a) and in the PR and PRPV,STC calculations (b). 353 

Table 3.  Information available about the most significant sources of uncertainty that affect the 354 
variables involved in the calculation of the KPIs, together with their corresponding standard 355 

deviations 356 

Component Input information Stand. deviation (%) 

PT1000 
Accuracy: ±0.415 ºC (rectangular distribution) 

(characteristic Temp 30ºC) 
0.79 

Datalogger 
Accuracy: ±0.06 ºC (rectangular distribution) 

(characteristic Temp 30ºC) [25] 
0.12 

Airflow 
None (hypothesis. 10%. rectangular 

distribution) 
5.77 

Wattmeter V 0.1% + 0.1%range [26] Negligible 

Wattmeter I 0.1% + 0.1%range [26] Negligible 

Sensor G 0.82% (k=2) [18] 0.41 

Sensor Tc 0.381% (k=1) [18] 0.38 

Non uniformity 2% (Gausssian distribution)  1.00 

 357 

Table 4. Standard deviations of the variables and KPIs shown in Figure 4. 358 

 Component Standard uncertainty (%) 

V
a

ri
a

b
le

s Qevap 5.83 

Pcom Negligible 

G 0.41 

Tc 1.07 

K
P

Is
 

EER 5.83 

SPF 5.83 

PR 0.41 

PRPV,STC 1.15 

 359 



 

3. Results and discussion 360 

 361 

3.1 Control algorithms assessment 362 

 363 

3.1.1 MPPT control 364 

The test was implemented during the winter season, from 11/01/2019 to 04/02/2019 (although 365 

the monitoring system stopped recording for 4 days during that period) and data were recorded 366 

every 4 seconds. The two auxiliary heat pumps helped to simulate warm conditions in the 367 

interior and exterior rooms. Both heat pumps were set at heating mode at a temperature of 30ºC. 368 

This way, the interior auxiliary heat pump compensated the cooling energy produced by the PV-369 

HP unit and the exterior auxiliary heat pump simulated summer conditions.  370 

The objective of this control algorithm is to generate as much cooling power as the solar power 371 

available permits, by tracking the MPP of the PV generator. Hence, its implementation is 372 

assessed by analyzing the relationship between VDC and VMPP.  Over a complete sunny day 373 

(15/01/2019), the standard deviation of the MPPT error (defined as the relative error of VDC 374 

respect to VMPP) was less than 1%, indicating a satisfactory implementation of the control.  375 

Furthermore, the bigger deviations are caused by voltage disruptions produced  by the ON/OFF 376 

cycle of the interior fan of the HP unit, as shown in Figure 5. When this fan is at its maximum 377 

speed (the control voltage being 3.2 V) VDC oscillates close to VMPP according to the PID control; 378 

when the speed of the fan is reduced (the control voltage being 2.7 V) there is an increase of 379 

VDC, followed by a sudden drop when the fan in turned OFF. This disturbance occurs because 380 

the fan speed affects the heat exchange rate of the evaporator, which modifies the current 381 

demanded by the compressor and hence the voltage for maintaining a certain power 382 

consumption. This behavior is repeated every 8 minutes and it is ordered by the manufacturers 383 

control unit (as the FC only acts on the compressor). It could be avoided with an integrated 384 

control system that was able to regulate all the components of the HP unit accordingly. 385 

 386 

Figure 5. Evolution of the Measured DC voltage at the input of the frequency converter (VDC, 387 
blue line) and theoretic DC voltage at the Maximum Power Point of the PV generator (VMPP, red 388 

line), for two ON/OFF cycles of the interior fan of the heat pump unit (green line). 389 



 

 390 

Figure 6 shows the daily evolution of G (in green) and Pcom (in blue) for a very sunny day (a), 391 

15/01/2019, and a day with some passing clouds (b), 16/01/2019. The representation excludes 392 

the early morning and late afternoon because the PV generator is affected by shading during 393 

these periods. As the solar irradiance is practically proportional to the maximum PV power, 394 

both variables present a similar daily profile as corresponds to the MPPT control algorithm. 395 

Whenever a solar power fluctuation (or G fluctuation) occurred, Pcom fluctuated accordingly.  396 

 
(a) 

 

 
(b) 

 397 

Figure 6. Effective irradiance in the plane of the PV generator (G, green line) and AC power 398 
consumed by the compressor of the PV-HP unit (Pcom, blue line) for a sunny day (a), 399 

15/01/2019, and a day with some passing clouds (b), 16/01/2019, with the MPPT control 400 
implemented. The early morning and late afternoon are excluded because the PV generator was 401 

affected by shading. 402 



 

 403 

3.1.2 Inverter control 404 

This test was implemented for two different temperature set points during the summer season, 405 

from 08/07/2019 to 30/07/2019 with Tint,SP=18ºC and from 14/08/2019 to 04/09/2019 with 406 

Tint,SP=24ºC, and data were recorded every 10 seconds. For this test it was not necessary to 407 

simulate warm conditions in the two rooms, so the auxiliary heat pumps were turned off. The 408 

door of the interior room was left open so that its initial temperature was the same as the rest of 409 

the building.  410 

The objective of the inverter control is to regulate the frequency of the compressor in order to 411 

keep a constant temperature in the interior room. Figure 7 represents freqSP values sent from the 412 

PLC to the FC versus ∆Tint for two very sunny days, 11/07/2019 (a) and 16/08/2019 (b), with 413 

different Tint,SP, 18 and 24ºC respectively, excluding the periods when there was not enough 414 

solar power to turn the compressor on. Figure 8 represents the probability distribution function 415 

of ∆Tint for the same two days and for the same periods of time. It should be commented that the 416 

algorithm implemented recalculates ∆Tint every two minutes; during those two minutes the 417 

actual Tint varies but not freqSP, hence obtaining the horizontal lines that can be observed in Fig. 418 

8.  To obtain a perfect lineal behavior, it would be necessary to send a frequency command in 419 

accordance with real time temperature variations. However, this could cause excessive stress on 420 

the compressor and would not have a significant effect on the comfort conditions. In fact, 421 

commercial systems operate in a similar way as the control implemented here. It can be 422 

observed that Tint,SP=18ºC is never reached, so in Fig. 7(a) ∆Tint is always positive, most points 423 

being in the range 60-85 Hz. As for Fig. 8(a), it can be seen that ∆Tint presents a symmetric 424 

distribution centered at 3.9ºC with a standard deviation of 1.2ºC. On the other hand, Tint,SP=24ºC 425 

was easily reached, so most points in Fig. 7(b) are within the range ∆Tint =±2ºC, which 426 

corresponds to freqSP=40Hz. In fact, Fig. 8(b) shows an asymmetric distribution with an average 427 

∆Tint of 3.9 ºC, standard deviation of 1.2 ºC). Overall, the room was at a temperature very close 428 

to 24ºC (∆Tint =±2ºC) for more than 83% of the day.  429 

 430 

 



 

(a) 

 

 
(b) 

Figure 7. Frequency set point value sent from the PLC to the frequency converter (freqSP) versus 431 
the difference between the temperature measured in the interior room and the temperature set 432 

point of the algorithm (∆Tint), for two very sunny days, 11/07/2019 (a) and 16/08/2019 (b), with 433 
different temperature set points, 18ºC and 24ºC respectively, excluding the periods during 434 

which there was not enough solar power to turn the compressor on. 435 

 436 

 
(a) 

 



 

 
(b) 

Figure 8. Probability distribution function of the difference between the temperature measured 437 
in the interior room and the temperature set point of the algorithm (∆Tint), for two very sunny 438 
days, 11/07/2019 (a) and 16/08/2019 (b), with different temperature set points, 18ºC and 24ºC 439 
respectively, excluding the periods during which there was not enough solar power to turn the 440 

compressor on. The average and standard deviation values are included.  441 

 442 

Figure 9 shows the daily evolution of G (in green) and Pcom (in blue) for two days with 443 

Tint,SP=18ºC, 11/07/2019 (a) and 12/07/2019 (b), and for two days with Tint,SP=24ºC, 16/08/2019 444 

(c) and 18/08/2019 (d), with the inverter control implemented. During this period of the year, 445 

the PV generator was not affected by shading in the early morning and late afternoon. Now the 446 

two variables no longer have the same profile because Pcom is regulated for keeping Tint as close 447 

to Tint,SP as possible. The PV power limits Pcom only in the early morning and late afternoon and 448 

if ∆Tint is high (for example, in Fig. 9(a) the envelope curve of Pcom follows the same profile as 449 

the irradiance except for the midday hours). It can be observed that for Tint,SP=18ºC the 450 

compressor does not stop working during the sunny hours because it is difficult to reach the 451 

temperature set point. On the other hand, for Tint,SP=24ºC the compressor frequently stops when 452 

the temperature set point is reached. Over irradiances up to 1,400 W/m2, caused by cloud-453 

enhancement, can be observed in Fig. 9(b) and 9(d). The IES-UPM experience includes over 454 

irradiances even higher than that [27].  455 

 456 



 

 
(a) 

 

 
(b) 

 



 

 
(c) 

 

 
(d) 

 457 

Figure 9. Effective irradiance in the plane of the PV generator (G, green line) and AC power 458 
consumed by the compressor of the PV-HP unit (Pcom, blue line) for two days with a 459 

temperature set point of 18ºC, 11/07/2019 (a) and 12/07/2019 (b), and for two days with a 460 
temperature set point of 24ºC, 16/08/2019 (c) and 18/08/2019 (d), with the inverter control 461 

implemented. 462 

 463 

3.1.3 Passing cloud algorithm 464 

Figure 10 shows G and freq for two consecutive clouds with the MPPT control implemented, 465 

during the day 11/01/2019. During the first cloud, the irradiance fell 27% in 20 seconds, the 466 

frequency suffered a perturbation but the compressor did not stop operating; the cloud was 467 

resisted by the passing cloud algorithm. The second cloud brought about a sharper irradiance 468 



 

fluctuation (37% in 20 seconds) and the compressor experienced an abrupt stop because of an 469 

under-voltage alarm.  470 

 471 

Figure 10. Solar irradiance (G, green line) and frequency of the compressor (freq, blue line) 472 
for two consecutive clouds with the Maximum Power Point Tracking control implemented, 473 

during the day 11/01/2019. 474 

 475 

Table 5 presents the weekly values of the number of clouds registered, UV, AV and CR for the 476 

MPPT control and for the inverter control with two different temperature set points. During the 477 

MPPT test the number of clouds registered was less than 50% of the number registered during 478 

the inverter control, either with Tint,SP=18ºC or 24ºC; this can be explained because it was 479 

implemented during the winter season, when there are typically fewer passing clouds (days are 480 

usually very sunny or the sun is completely covered by clouds). Also, during the MPPT test 481 

AV=0, so all the stops caused by passing clouds were due to under-voltage alarms. On the other 482 

hand, during the inverter tests with the two temperatures, more than 90% of the stops were 483 

caused by the protection valve of the compressor. In the first case, DC operation voltages were 484 

lower, as being closer to the MPP, so when a cloud passed and could not be resisted, there was 485 

an under-voltage alarm before the protection valve could be activated. Finally, CR values are 486 

very similar for the MPPT test and for the inverter test with Tint,SP=18ºC (80% and 79% 487 

respectively), but significantly lower with Tint,SP=24ºC (66%), mainly because of the higher AV. 488 

It can be deduced that the protection valve is more sensitive when the compressor operates at 489 

lower frequencies, which was the case of the inverter test with Tint,SP=24ºC.  490 

In conclusion, a better tuning of the PID control is likely to improve the resistance of the system 491 

against passing clouds for the MPPT control, but it would have little effect if using the inverter 492 

control. In that case, it would be convenient to use a different type of motor compressor that 493 

allowed faster fluctuations.   494 

 495 

Table 5. Weekly values of the number of clouds registered, the number of stops caused by 496 
under-voltage alarms in the frequency converter (UV), number of stops caused by the activation 497 



 

of the protection valve of the compressor (AV) and percentage of clouds resisted (CR), for the 498 
Maximum Power Point Tracking control and for the Inverter control with two different 499 

temperature set points. 500 

  
Nº 

clouds 
AV UV CR  

M
P

P
T

 

Week 1 35 0 4 89% 

Week 2 47 0 16 66% 

Week 3 74 0 11 85% 

Total 156 0 31 80% 
In

v
er

te
r
, 

T
in

t,
S

P
=

1
8
ºC

 Week 1 260 45 2 82% 

Week 2 116 35 3 67% 

Week 3 40 4 0 90% 

Total 416 84 5 79% 

In
v
er

te
r
, 

T
in

t,
S

P
=

2
4
ºC

 Week 1 122 48 3 58% 

Week 2 134 46 0 66% 

Week 3 74 16 0 78% 

Total 330 110 3 66% 

 501 

3.1.4 Representativeness of the experiments 502 

It is necessary to consider carefully the operation conditions of the experiments presented here 503 

when analyzing their representativeness and when comparing the results with other works. 504 

These experiments were designed to be reasonably representative of a whole summer season, 505 

although they only lasted a few weeks. Calculating 𝑃𝑅PV,STC implies that the results concerning 506 

only the PV generator are independent of the climatic conditions and of the time span.  507 

Consequently, the representativeness of the tests implemented is determined mostly by the 508 

temperature conditions in the interior and exterior rooms, which affect the performance of the 509 

HP unit. For the MPPT control test, the exterior and interior temperatures were both fixed at 510 

30ºC (representative of the summer season in Madrid), in order to simplify the complexity of 511 

evaluating this PV-HP control strategy. For the inverter control, on the other hand, the 512 

experiment was carried out under real temperature conditions during the summer season. 513 

Consequently, the inverter control test, with Text values ranging between 25ºC and 39ºC, 514 

complies better with the European standard [28].  515 

Other seasonal effects can affect the characterization tests of a system, such as the frequency of 516 

the occurrence of clear-sky and cloudy days. During the MPPT control implementation there 517 

were many cloudy days, while for the inverter control, most of the days were clear-sky days 518 

with occasional passing clouds, which is more typical of summer seasons in Mediterranean 519 

climate areas. In any case, in the current state of the art, it is valuable to offer performance 520 

results from experimental works to the PV-HP research community.  This data can contribute to 521 

answering the question about the performance that can be expected from this kind of system, 522 

provided the aforementioned boundaries are also reported. 523 

 524 

3.2 Key Performance Indicators 525 



 

Table 6 includes the weekly values of the total irradiation received in the plane of the PV 526 

generator (Gw), Eevap, Ecom, the PR and its URs (URPV-HP and UREF; URCp=1 always, so it was not 527 

presented in the table), the EER, the SPF and the 𝑆𝑃𝐹PV−HP,STC. 528 

 529 

Table 6. Weekly values of the total irradiation received in the plane of the PV generator (Gw), 530 
the electric energy consumed (Ecom) and the thermal energy absorbed by the evaporator (Eevap), 531 
together with the Key Performance Indicators defined for the Photovoltaic Heat Pump system, 532 
for the Maximum Power Point Tracking control and for the Inverter control with two different 533 
temperature set points. 534 

  
General Boundaries 

HP technology: air-to-air; Location: Madrid;  

  
Gw  

(kWh/m2) 

Eevap  

(kWh) 

Ecom  

(kWh) 
PR URPV-HP UREF PRPV,STC EER SPF SPFPV-HP,STC 

MP

PT 

Particular Boundaries 

Application: MPPT control; Time span: 3 weeks; Operating conditions: fixed exterior and interior temperatures: 30ºC 

Week 1 30.48 52.93 14.99 0.74 0.84 0.89 0.98 3.56 3.53 6.14 

Week 2 21.06 16.52 5.52 0.29 0.82 0.35 0.96 2.62 2.99 3.83 

Week 3 29.38 26.11 8.80 0.37 0.90 0.45 0.95 2.89 2.97 4.11 

Total 80.93 95.56 29.31 0.47 0.86 0.57 0.96 3.02 3.26 4.78 

In
v

er
te

r,
 T

in
t,

S
P
=

1
8

ºC
 Particular Boundaries 

Application: Inverter control; Time span: 3 weeks; Operating conditions: variable exterior and interior temperatures: 

ranging from 26ºC to 39ºC and from 18ºC to 32ºC respectively 

Week 1 28.47 31.17 11.93 0.52 0.92 0.75 0.92 2.53 2.61 4.27 

Week 2 29.77 32.99 13.66 0.57 0.92 0.83 0.91 2.51 2.42 4.11 

Week 3 77.94 18.56 8.95 0.40 0.95 0.72 0.90 2.48 2.07 3.35 

Total 136.19 82.72 34.54 0.50 0.93 0.77 0.91 2.51 2.39 3.95 

In
v

er
te

r,
 T

in
t,

S
P
=

2
4

ºC
 Particular Boundaries 

Application: Inverter control; Time span: 3 weeks; Operating conditions: variable exterior and interior temperatures: 

ranging from 25ºC to 36ºC and from 20ºC to 31ºC respectively 

Week 1 14.23 8.00 2.39 0.21 0.92 0.32 0.85 3.38 3.35 4.17 

Week 2 19.36 6.50 2.27 0.16 0.88 0.26 0.84 2.96 2.87 3.41 

Week 3 29.57 9.47 3.39 0.14 0.91 0.23 0.82 2.83 2.79 3.27 

Total 63.15 23.97 8.05 0.17 0.90 0.27 0.84 3.06 2.98 3.58 

 535 

As regards the PR values, they present average values of 0.47 for the MPPT test, 0.50 for the 536 

inverter test with Tint,SP=18ºC and 0.17 for the inverter test with Tint,SP=24ºC. Grid-connected 537 

systems usually present PR values of between 0.75 and 0.9 [29], [30], [31], higher than those 538 

obtained here. Nevertheless, a low PR does not necessarily mean that the PV system is 539 

underperforming; it could be due to the system utilization. The technical quality of the PV 540 

system itself is better indicated by the PRPV,STC, which considers only the irradiance actually 541 

used by the compressor and excludes the thermal and low irradiance losses. For this KPI we 542 

obtained values of 0.96, 0.91 and 0.84. In the last case, there were longer periods of time during 543 

which Tint was close to the set point, so the compressor and hence the FC operated at very low 544 

partial loads; FC devices present lower efficiencies under these operation conditions (i.e. the 545 

DC/AC losses are bigger), which explains the lower PRPV,STC. In any case, the PRPV,STC values 546 

are in agreement with those expected from a grid-connected system, so it can be concluded that 547 

the low PR values are associated to the PV-HP application, and not to the underperformance of 548 

the PV system.  549 



 

During this study, the URPV-HP presented high average values (greater than 0.85) in all the cases. 550 

It is the UREF, with average values of 0.57, 0.77 and 0.27, which mostly contributed to the 551 

reduction in the PR. It can surprise to obtain such a low UREF for the MPPT test. For the first 552 

week, actually, this indicator presented a high value of 0.89. Later, the control algorithm was 553 

modified to reduce the number of starts and stops of the compressor due to the shadows 554 

affecting the PV generator in the early morning and late afternoon (waiting for 60 minutes to 555 

start if three failed startups occurred in less than 30 minutes). This is the reason why the UREF 556 

was significantly smaller during the rest of the test period. Similarly, the values of UREF are 557 

lower when Tint,SP=24ºC, because the temperature set point is reached earlier and the compressor 558 

remains stopped for longer periods.  559 

The performance of the HP unit is reflected in the EER and SPF values. For the MPPT control 560 

and for the inverter control with Tint,SP=24ºC, the EER values obtained (3.02 and 3.06) are very 561 

similar to those reported in the manufacturer’s datasheet (3.15). For the case with Tint,SP=18ºC, 562 

EER is significantly lower (2.51). Figure 11 shows the EER versus the Pcom for three sunny days, 563 

15/02/2019 (a), 11/07/2019 (b) and 16/08/2019 (c), corresponding to the MPPT test and to the 564 

inverter test with the two Tint,SP. It can be observed that the higher the Pcom, the lower the EER, 565 

which explains the differences observed between the three tests. Note that in the three figures 566 

there is a group of points corresponding to EER=0, that in fact reduces the average value of this 567 

indicator significantly. These points correspond to the time when the fan of the interior unit is 568 

turned off (hence there is no thermal exchange between the refrigerant and the air), which 569 

occurs every 8 minutes (see Figure 5). As for the SPF values, they are very similar to the EER 570 

as expected; they both express the ratio of electric-to-thermal conversion but in terms of power 571 

in the case of the EER, and of energy in the case of the SPF. Comparing the EER and SPF 572 

values obtained in these tests to the EER given in the datasheet (there is no SPF provided, but it 573 

is expected to be similar), it can be concluded that the control algorithms implemented for the 574 

compressor do not reduce the performance of the whole HP unit.   575 

 
(a) 

 



 

 
(b) 

 

 
(c) 

 576 

Figure 11. Energy Efficiency Ratio (EER) of the PV-HP unit versus the electric power 577 
consumed by the compressor (Pcom) for 3 sunny days, one with the MPPT control algorithm, 578 

15/01/2019 (a), and two with the inverter control algorithm but with two different temperature 579 
set points, 18ºC, 11/07/2019 (b), and 24ºC, 16/08/2019 (c). 580 

 581 

Finally, 𝑆𝑃𝐹PV−HP,STC presents larger average values than 4 for all the cases. The highest value 582 

(4.78) was obtained for the MPPT control because of the high SPF and PRPV,STC (that indicate a 583 

good performance of the PV generator and the HP unit) and despite the low UREF (which, as 584 

explained before, can be easily improved for future tests). For the inverter control with 585 

Tint,SP=18ºC, the 𝑆𝑃𝐹PV−HP,STC presented a lower value of 3.95; PRPV,STC, URPV-HP and UREF 586 

present very good values, among the highest, but the SPF is much lower than for the two other 587 

cases. As discussed in the previous paragraph, this is a consequence of the operating conditions 588 



 

of the compressor, and it does not imply an underperformance of the HP unit. Finally, for 589 

Tint,SP=24ºC the 𝑆𝑃𝐹PV−HP,𝑆𝑇𝐶 obtained was the lowest with a value of 3.58. In this case, 590 

PRPV,STC, URPV-HP and SPF show high values, but the UREF was the lowest because the 591 

compressor remained stopped or was operating at low partial loads. Once again, this is a 592 

consequence of the specific application studied here, and not of any underperformance.  593 

To evaluate how good these results are, the 𝑆𝑃𝐹PV−HP,STC of each test can be compared to a 594 

best-case 𝑆𝑃𝐹PV−HP,STC, calculated from the highest values of the 5 factors that make it up. For 595 

this prototype, these maximum values are PRPV,STC=0.98, URPV-HP=0.95, UREF=0.89 and 596 

SPF=3.53, so we could achieve an 𝑆𝑃𝐹PV−HP,STC as high as 6.45. This can be seen as an “ideal 597 

value” of this HP unit coupled to a PV system with an optimum integration and utilization. The 598 

difference between this and the actual values corresponds to the losses due to the different 599 

configurations, and a case-by-case comparison can help to improve the performance of future 600 

experiments. However, for establishing a general performance reference, more data would be 601 

required from systems with other configurations and other test conditions.  602 

 603 

4. Conclusions 604 

This work presents the results of the implementation of two control algorithms specifically 605 

designed for the compressor of a stand-alone PV-HP prototype operating in cooling mode 606 

without batteries. The first control aims to generate as much cooling power as the available solar 607 

power permits by following the maximum power point of the PV generator (and, therefore, 608 

named the MPPT control), while the second one minimizes the energy consumption while 609 

keeping a constant temperature in the room (therefore, called the inverter control).  Furthermore, 610 

both of them have a specific algorithm for mitigating the solar power fluctuations due to passing 611 

cloud, avoiding abrupt stops of the system. The technical feasibility of this solution has been 612 

evaluated and the following conclusions have been drawn from the results:  613 

 The two control algorithms were able to act on the compressor of the HP unit in 614 

accordance with their specific objectives. The MPPT control followed the MPP DC 615 

voltage accurately (VDC presents a deviation of less than 1% from VMPP) and the inverter 616 

control regulated the frequency of the compressor for maintaining the temperature set 617 

point (Tint,SP).  618 

 The average percentage of clouds resisted was 75%. For the MPPT test, all the abrupt 619 

stops of the compressor were caused by under-voltage alarms in the frequency 620 

converter. On the other hand, for the inverter test, 90% of the stops were brought about 621 

by the activation of a protection valve of the compressor. A better tuning of the PID 622 

control could improve the resistance of the system against passing clouds for the MPPT 623 

control, but it would have little effect if using the inverter control 624 

 The KPIs of the system showed a good performance of its components: the traditional 625 

PR ranged from 0.17 to 0.50, but the PRPV,STC (which only considers the irradiance used 626 

by the compressor and excludes the thermal and low irradiance losses), ranged from 627 

0.84 to 0.96, similar to what could be expected for a grid-connected system. The EER 628 

and SPF ranged from 2.51 to 3.06 and from 2.39 to 3.26 respectively, being higher 629 

when the compressor operates at low partial loads.  630 

 𝑆𝑃𝐹PV−HP,STC has been proposed here for considering the whole system performance 631 

(including the integration of the HP and the PV generator), allowing responsibilities to 632 



 

be assigned in case of underperformance and therefore helping to the bankability of 633 

these systems. If combining the maximum values obtained for the 5 factors that make 634 

up this KPI (𝑆𝑃𝐹,𝑃𝑅PV,STC, 𝑈𝑅HCp, 𝑈𝑅PV−HP and 𝑈𝑅EF), we can establish a theoretical 635 

best-case 𝑆𝑃𝐹PV−HP,STC However, for establishing a general performance reference, 636 

more data would be required from systems with other configurations and under other 637 

test conditions.  638 

These conclusions show that there is still room for improvement in the field of stand-alone PV-639 

HP systems. Using a different type of moto compressor, lacking the protection valve that 640 

limited the effectiveness of the cloud-passing algorithm, has been suggested. Also, the 641 

possibility of adding a thermal storage system (more economic and reliable than electric 642 

storage), could be explored for less flexible applications, where it is critical to satisfy a specific 643 

instantaneous cooling demand or cooling is also required at night. Finally, economic and 644 

environmental assessments of this solution would help its penetration in the market.  645 
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