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II. Abstract 
The proposed work investigates existing standards and procedures employed to measure the efficiency and 
performance of heat pumps and photovoltaic (PV) systems. Specifically, the most appropriate attributes and 
performance metrics for each asset type, e.g. material composition, the effect of the location, how the 
deterioration affects the system, how to perform system efficiency checks, identifying available standards 
and reviewing the latest asset management research for each asset type. This project aims to aid in 
developing remote measuring systems using the data collected in this project. 
 
Keywords: Information Collection; research; collection and analysis; heat pumps; photovoltaic energy. 
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VII. Nomenclature 

a. Abbreviations  
A  Ampere 
A  Area 
AC  Alternating current 
AM  Air mass 
CdTe  Cadmium telluride 
CEC  California energy commission 
CIGS  Copper indium gallium selenide 
CIGSe  Copper indium gallium selenide (back mirror) 
cm  Centimetres 
COP  Coefficient of performance 
COPe  Coefficient of performance effective 
COPr  Coefficient of performance real 
CSP  Concentrated solar power 
DC  Direct current 
EM  Energy Mutual 
EUR  European 
FF  Fill factor 
G  Irradiation 
Geff  Effective irradiance  
h  Enthalpy 
HIL-Si   Heterojunction intrinsic layer monocrystalline silicon 
HIT  Silicon heterostructure 
HP  Heat pump 
I  Current 
IBC-Si  Integrated back contact monocrystalline silicon 
Isc  Short circuit intensity 
J  Jules 
k  Boltzmann constant 
kg  Kilograms 
kW  Kilowatts 
kWh  Kilowatt-hour 
m  metre 
mA  Milliamperes 
NTP  Normal temperature and pressure 
p  Pressure 
PV  Photovoltaic 
qc  Heat load in the condenser 
Qh  Annual heat demand 
Qhe  Annual work supplied 
s  Entropy 
SCOP  Seasonal coefficient of performance 
STC  Standard testing conditions 
SR  Soiling rate 
T  Temperature 
v  Velocity 
V  Voltage 
W  Watts 
w  Work 
 
 



Assessments of standards and procedures to measure efficiency and performance of photovoltaic and heat 
pumps 

Montaño, Michael R.                                                                                     Page 11 of 52 

b. Greek letters 
Δ  Differential 
η  Efficiency 

c. Subscripts 
B-O  Boron and oxygen 
c-Si  Crystalline silicon 
JSC  Short circuit current density 
mono-Si Mono-crystalline silicon 
poly-Si  Poly-crystalline or multi-crystalline silicon 
Tamb  Ambient temperature 
tc  Temperature in the condenser 
to  Temperature in the refrigerator 
VOC  Open circuit voltage 
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1 Introduction 

Humanity has started using fossil fuels extensively since the industrial revolution at the end of the 19th 
century. From that point to this day, the earth’s temperature has risen 0.08°C per decade since 1880. 
Simultaneously, energy consumption has increased drastically since the 19th century, as shown in Figure 1. It 
can be seen humanity is heavily dependent on fossil fuels like oil, coal and gas. This lifestyle increases the 
greenhouse effect, which is how heat is maintained on Earth’s surface by greenhouse gases, such as water 
vapour, methane, carbon dioxide, and nitrous oxides (Earth Science Communications Team, 2022). On its 
own, this effect is not harmful whatsoever since this is a natural process. The problem comes from the 
increment of greenhouse gases which humans emit into the atmosphere every day. In other to deal with this 
problem, governments around the world are investing and promoting alternatives to fossil fuels like solar, 
wind, hydropower, or biofuels.  

 
Figure 1. Global energy consumption from 1800 to 2019. (Smil, 2017) 
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Figure 2. Yearly land and ocean temperature to the 20th-century average from 1880 to 2020. (NOAA National Centers for 

Environmental Information, 2020) 

Private or community parties that want to or have renewable energy facilities might be interested in 
managing their assets. There is when Energy Mutual (EM) comes in. EM is a company that delivers energy 
infrastructure projects and operates energy assets, standardising asset management processes, sharing best 
practices and data, and identifying collaboration opportunities. From the repertory EM wants to develop, 
this project is going to be acquired two energy assets: 
 

• Solar Photovoltaic (PV) 

• Heat pump 

1.1 What is solar PV? 

PV is a technology that converts the energy produced by the sun in the form of irradiance into electrical 
energy. This technology is not the same as concentrated solar power (CSP). However, they have similarities: 
solar energy conversion into electrical energy (Issaadi & Issaadi, 2018). The main components of a PV 
installation are (more details in Appendix  A): 

• Solar panels 

• Battery manager 

• Batteries  

• Inverter 



Assessments of standards and procedures to measure efficiency and performance of photovoltaic and heat 
pumps 

Montaño, Michael R.                                                                                     Page 14 of 52 

 

Figure 3. Possible elements of PV systems. (IEC 61724-1, 2017) 

In a solar panel, photovoltaic cells are elements that suffer the photovoltaic effect, which is the generation 
of continuous voltage through the absorption of light. This effect usually is present in semiconductors 
explicitly designed for this purpose (UNE-206008, 2013). It implies the direct conversion of radiation into 
electricity when photon particles hit a cell. (Ghatak, et al., 2021) 
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Figure 4. Light of sufficient energy can generate electron-hole pairs in silicon, both of which move for a time freely throughout the 

crystal. (Heresch & Zweibel, 1982) 

The battery manager is also known as maximum power point tracking (MPPT), which is a device that converts 
DC to DC coming from the solar panels to the batteries, adapting the voltage to meet the needed voltage for 
charging batteries. (Victron Energy, 2022) It should be noticed that in some installations, the battery manager 
is included in the inverter. 
The battery is the device that storages the surplus energy and releases it when the intake of electrical energy 
coming from the solar panels is not high enough to satisfy the necessities. 
The inverter is a device whose function is to transform the energy from the solar panels in direct current to 
alternating current for any AC electronic device. 
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1.2 What is a heat pump (HP)? 

A heat pump is a device whose purpose is to absorb energy from the outside (heat source) and move it 
through a fluid called refrigerant to the inside (heat sink) using mechanical work (Byrne & Ghoubali, 2018). 
There are three sources (air, water, and ground) and two possible outcomes (heating air or heating water). 

 
Figure 5. Schematic of a single-stage compression refrigerant system. (Sarbu & Sebarchievici, 2016) 

In Figure 5 can be seen the components of a heat pump, which are: 

• Compressor 

• Condenser 

• Expansion valve 

• Evaporator 

The compressor is a device that increases the refrigerant's temperature and pressure. 
The condenser decreases the temperature of the refrigerant, realising heat to the inside through 
condensation. The expansion valve reduces the temperature and pressure of the refrigerant below the 
outside environment’s temperature. Finally, in the evaporator, the refrigerant absorbs heat from the cold 
climate and then the cycle repeats. 
This project aims to extract the most appropriate attributes and performance metrics for each asset type for 
providing data for developing remote measuring systems by EM. Therefore, the objectives are: 

• Extract installation attributes 

• Extract performance metrics 
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2 Literature Review 

Now it is known what PV and HP are in a nutshell. However, for analysing and determining the aspects that 
affect these assets’ performance, it should be necessary to research more about this topic with the latest 
research papers, standards, articles, etc. Because this project focuses on two different systems, this literature 
review will also be divided into two parts. 

2.1 PV 

From the standard (IEC 61724-1, 2017), it can be extracted that the main components of a solar PV installation 
are solar panels and inverters. For that reason, in this project, these two components will be analysed. 

2.1.1 Solar panel 

(Green, et al., 2020) introduces the evolution of the efficiency of solar panels since 1993. Mr Green also lists 
the highest confirmed efficiencies measured independently by recognised test centres, for a range of 
photovoltaic cells. This report it is defined three subcategories within each semiconductor, which are: 

• Mono-crystalline or crystalline 

• Poly-crystalline or directionally solidified 

• Thin films 

In these subcategories, there can be found several sub-technologies apprised in Appendix  A 

 
Table 5. Elements of different PV systems. 
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Appendix  B (NREL, 2022), for instance, Copper Indium Gallium Selenide (CIGS), Cadmium Telluride (CdTe), 
Perovskite, Silicon Heterostructure (HIT), and so on. This appendix reflects the efficiencies of several 
manufacturers and sub-technologies. The problem with this data is that it reflects the maximum efficiency 
these panels can reach. However, the efficiency customers can measure during the time might be worse due 
to degradation. (LONGI, 2022)  

 
Figure 6. Liner power output warranty for 25 years. In red for the manufacturer product (LR4-60HPH) and in black for standard 

linear power. (LONGI, 2022) 

This decreasement in power output was studied by (Hallam, et al., 2017) and noted the efficiency 
decreasement was correlated to the concertation of boron and oxygen (B-O) in the silicon, and the 
decreasement on efficiency did not happen when boron was substituted for gallium (Ga). Thus, this author 
concluded that it was a B-O defect causing the reduction in performance. That is why in any warranty is 
reflected the decreasement in performance. 
Not only the decreasement in performance is relevant but also the technical limitations of a solar panel. 
(Heresch & Zweibel, 1982) claims there is a limitation of converting sunlight into electricity which can go up 
to 30% or more depending on the complexity of the cell design. Only the absorbed light can produce the 
photovoltaic effect, but not all electromagnetic spectrums can have this effect. Just leaving with gamma rays, 
x rays, ultraviolet (UV), visible light, and a part of infrared. This spectrum is reflected in (IEC 60904-3, 2019) 
or (ASTM G173-03, 2006) standard, which says “the terrestrial spectral irradiance distribution for use in 
terrestrial applications that require a standard reference spectral irradiance for hemispherical solar 
irradiance (consisting of both direct and diffuse components) incident on a sun-facing, 37° tilted surface or 
the direct normal spectral irradiance”. Figure 7 from (ASTM G173-03, 2006) shows two lines, one in red and 
one in blue. The blue line represents the global tilt which includes diffuse and direct radiation. The red line 
represents the direct radiation plus circumsolar radiation. 
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Figure 7. Reference solar spectral irradiance at AM 1.5. 

AM stands for air mass which is the path length that light takes through the atmosphere. (Honsberg & 
Bowden, 2019) explains that “AM quantifies the reduction in power of light as it passes through the 
atmosphere and is absorbed by air and dust.” The Air Mass can be measured with the following equation: 

𝑡ℎ𝑒 𝐴𝑀 ≈ √1 + (
𝑠

ℎ
)

2

=
1

cos(𝜗) + 𝑘(𝜗)
 

( 2.1) 

Where s is the shadow length, h is the object height, and 𝜗 is the angle between the normal and the sun. Eq.( 
2.1) considers the atmosphere as a flat horizontal layer, then 𝑘(𝜗)is equal to 0. If the curvature of the Earth 
is considered, (Kasten & Young, 1989) introduce that 𝑘(𝜗) is: 

𝑘(𝜗) = 0.50572 ∗ (96.07995 −  𝜗)−1.6364 
( 2.2) 

In addition, (Heresch & Zweibel, 1982) show that untreated silicon reflects typically 36% of the total 
irradiance captured or more. For that reason, (Semenova, et al., 2014) says applying additional layers of 
silicon monoxide can reduce the light reflected by 10% and a second layer with a secondary material e. g. 
titanium dioxide can reduce the reflection as low as 3%. Moreover, (Heresch & Zweibel, 1982) added that 
texturing the material’s surface increases the probability of light being absorbed as shown in Figure 8. 
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Figure 8. Texturing a cell and its effects. 

Digging more into the subcategories of solar panels, from (NREL, 2018) analysis, more than 90% of PV systems 
use crystalline silicon cells. (Heresch & Zweibel, 1982) explains that obtaining a mono-crystalline cell is 
necessary to melt a single silicon cell. On the other hand, poly-crystalline is obtained after purifying silicon. 
The process is the following: 

Purifying silicon → Poly-crystalline → Mono-crystalline 
The extra step for getting mono-crystalline makes it more expensive but more efficient since it presents less 
or almost no defects (grain boundary) (Figure 9). Appendix  B from NREL confirms mono-crystalline cells are 
more efficient than poly-crystalline. Finally, thin films can be made of silicon, however, there are more 
material based alternatives e.g. CGIS, CGISe, CdTe, Amorphous Si:H (stabilized), Perovskite, etc; and its 
efficiency then to be lower than the other two exposed before, however, in recent years, there are popping 
up prototypes with 25.6% of efficiency, from Panasonic (See Appendix  B). 
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Figure 9. Microstructure of poly-crystalline silicon (a) and mono-crystalline silicon (b). (Heresch & Zweibel, 1982) 

Apart from the intrinsic limitation solar panels have, there are others which do not depend on the solar panel. 
One of them is studied in (Reich, et al., 2009) which studies the effect of low irradiance for mono and poly-
crystalline cells from different manufacturers at many light levels. From Reich article, the solar cell efficiency 
equation is: 

𝜂 =
𝑃𝑜𝑤𝑒𝑟 𝑜𝑢𝑡

𝑃𝑜𝑤𝑒𝑟 𝑖𝑛
 =

𝑃𝑜𝑤𝑒𝑟 𝑜𝑢𝑡

𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 ∗ 𝐴𝑟𝑒𝑎
= 𝐹𝐹 ∗ 𝐽𝑠𝑐 ∗

𝑉𝑜𝑐

𝐺
 

( 2.3) 

Where: 

• Power out is the power that goes to the inverter from the solar panels. [W] 

• Area  is the surface of the solar panels. 

• FF is the fill factor which is the ratio of maximum power. [-] 

• Jsc is the short-circuit current density which can be obtained when the panel is biased to zero voltage. 
In [mA/cm2]. This parameter removes the dependency on the area of the solar panel. 

• Voc is the open-circuit voltage measured under standard test conditions when there is no current 
flowing in the circuit. In [V]. 

• G is the irradiance in [W/m2]. 
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Figure 10. Measurement of efficiency for several solar cell between 3 to 1000 W/m2. (Reich, et al., 2009) 

Eq. ( 2.3) is going to be relevant in methodology section given that this forms part of the objective. 

In order to get a general idea of how much irradiation a zone gets, (The World Bank, 2022) shows, in Appendix  
D, how much intensity each country around the globe gets (horizontal and global irradiation). It also includes 
the irradiation Ireland gets from 1994 to 2018. 

Another key aspect that affects the efficiency of solar panels is temperature. (Honsberg & Bowden, 2019) 
says that solar panels, as other semiconductor devices, are sensitive to temperature. Moreover, the 
parameter that is most affected by temperature is VOC, as seen in Figure 11. Unlike the short-circuit current 
(ISC), that increases slightly. For understanding better this part, it is necessary to introduce the intensity-
voltage curve or IV curve. (Honsberg & Bowden, 2019) says that the IV curve represents the possible points 
a solar panel can be at specific conditions (temperature, irradiance spectra, and wind). This curve in the 
absence of light is quite similar to a diode curve, but, when it starts to capture light, the curve shifts increasing 
the intensity. If this curve is compared to a diode curve it might look a little bit different, because the IV curve 
for solar panels is inverted (the intensity) by convention, being mainly in the first quadrant of the diagram. 
The point of contact between the curve and the axes are called VOC and ISC. From (LONGI, 2022), it can be 
seen the decreasement in efficiency when the temperature is risen. 
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Figure 11. Intensity-voltage (I-V) curve for LR4-60HPH. 

For getting values in a IV curve, the following equation may be useful: 

𝐼 = 𝐼𝐿 − 𝐼0[exp(
𝑞𝑉

𝑛𝑘𝑇
) − 1] 

( 2.4) 

𝐼0 = 𝑞𝐴
𝐷𝑛𝑖

2

𝐿𝑁𝐷
 

( 2.5) 

𝑉𝑂𝐶 =
𝑘𝑇

𝑞
ln(

𝐼𝑆𝐶

𝐼𝑂
) 

( 2.6) 

Where: 

Io is the dark saturation current. 
IL is the light generated current. 
n is the ideality factor. 
k is Boltzmann constant. 
q is a constant base on the electronic charge. 
A is the area of the panels. 
D is a parameter depending on the silicon. 
L is the minority carrier diffusion length. 
ND depends on the doping of silicon. 
ni is a constant that depends on the parameters of silicon. 
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T is the temperature. 
(Heresch & Zweibel, 1982) adds that not only high temperatures negatively affect the efficiency, but also very 
low temperatures do the same. 

And the last point which is going to be discussed in this project is the effect of debris on solar panels. In 
(Anwar Sulaiman, et al., 2014) can be found that debris like dust, water, sand, or moss on the solar panel can 
obstruct the light from reaching the cells, thus reducing the performance. It was found in this report that this 
effect can reduce up to 85% of the performance. 

 

Figure 12. Variation of properties in IV curve for different type of debris at 310 W/m2 (left) and 250 W/m2 (right) (Anwar Sulaiman, 
et al., 2014) 

From Figure 12, can be seen that the most harmful for the efficiency is dust and sand (between 65% and 74% 
of reduction for sand and dust) and the effect of water is negligible (between 0.5% and 4.3% reduction). It 
should be noticed that this test was only done for mono-crystalline cells. In (Martz-Oberlander, 2017) project, 
it is explored the effects of general debris for diferent technologies.  
These are the three points (irradiance, temperature, and dust) that are going to be developed in the next 
point. 

2.1.2 Inverter  

The standard (UNE-206008, 2013) stablishes that an inverter is a device that converts DC into AC. For that 
reason, the efficiency of an inverter is: 

η =
𝑃𝐴𝐶

𝑃𝐷𝐶
 

( 2.7) 

Also from the same standard, there are 2 ways of measuring efficiency of inverters. 

• European efficiency  

• California energy commission efficiency (CEC) 

• Maximum efficiency 

The third one is not included in this standard but, some manufacturers, e.g. (Solis, 2019), include this 
efficiency for showing the peak efficiency an inverter can reach. 
 

η𝐸𝑈𝑅 = 0.03 ∗ η5% + 0.06 ∗ η10% + 0.13 ∗ η20% + 0.10 ∗ η30% + 0.48 ∗ η50% + 0.20 ∗ η100% 
( 2.8) 

η𝐶𝐸𝐶 = 0.03 ∗ η5% + 0.06 ∗ η10% + 0.13 ∗ η20% + 0.10 ∗ η30% + 0.48 ∗ η50% + 0.20 ∗ η100% 
( 2.9) 
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For measuring the partial load η𝑛%  in Eq.( 2.8) and Eq. ( 2.9), n is the fraction of the maximum power point 
of the inverter. 

2.2 HP 

From (Cengel & Boles, 2015), it is introduced the coefficient of performance (COP) which represents the 
relation between the heat load (qc) in condenser and the work of the compressor (w).From (UNE 14825, 
2019) is extracted Eq.( 2.10) which represents the coefficient of performance theorical of a HP. 

𝐶𝑂𝑃 =
𝑞𝑐

𝑤
=

ℎ2 − ℎ3

ℎ2 − ℎ1
 

( 2.10) 

This can also be related to (Sarbu & Sebarchievici, 2016) graphics (see Figure 13). However, in real life, there 
are decreasement of performance. The most noticeable is the decreasement on performance in the 
compressor, expressed in the following equation: 

η𝑖 =
𝑤

𝑤′
=

ℎ2′′ − ℎ3

ℎ2 − ℎ1
 

( 2.11) 

 

 
Figure 13. Temperature-entropy and pressure-enthalpy diagram for theorical (up) and real(down) cycle. 

And the real COP is: 

𝐶𝑂𝑃𝑟 =
𝑞𝑐′

𝑤′
= (𝐶𝑂𝑃 − 1) ∗ η𝑖 + 1 

( 2.12) 

Where: 
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qc is the heat load in the condenser 
w is the work in the compressor 
qc’ and w’ represents the same thing but updated to the real cycle. 
ηi is the efficiency of the compressor. 
It can be seen that COP is dependent on the enthalpies of refrigerant’s temperature (see Appendix  G).The 
refrigerant is the fluid that is pumped through the circuit and its duty is to move the heat from the outside  
to the inside. (Pavkovic, 2013) describes and shows several refrigerants and its properties. 

 
Figure 14. Refrigerant future alternatives. (Pavkovic, 2013) 

(Sarbu & Sebarchievici, 2016) explains that COP gives you the performance of a specific time (t). For solving 
that this report introduces three ways of measuring efficiency: 

• Seasonal energy efficiency ratio (SEER) 

• Seasonal coefficient of performance (SCOP) 

• Heating seasonal performance factor (HSPF) 

This are long term measurements, energetic measurements, considering fluctuations of temperature and 
stand-by periods. (Sarbu & Sebarchievici, 2016)This provides more reliable efficiency over heating/cooling 
seasons. Moreover, at least one of this three is normally used in specifications sheet of manufacturers. 
 

𝑆𝐶𝑂𝑃 =
𝑄𝑎𝑛𝑛𝑢𝑎𝑙 𝑑𝑒𝑚𝑎𝑛𝑑

𝑄𝑎𝑛𝑛𝑢𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
=

𝑄ℎ

𝑄ℎ𝑒
 

( 2.13) 

𝑄ℎ = 𝑃𝑑𝑒𝑠𝑖𝑔𝑛 ∗ 𝐻ℎ𝑒 
( 2.14) 

Pdesign is the power of the HP which was design for, in kW. 
Hhe are the number of equivalent hours the HP is active, in h. 

2.3 Synopsis  

After reviewing these two systems, this project is going to focus on how to obtain the efficiency of each 
system, based on standards and article shown before. This project will deal with normal solar panels (not 
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concentrator systems), and for HP, this project will address HP air to air mainly, since the majority of 
components and equations are the same it would be valid for others sources up to some extent. 
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3 Methodology 

3.1 PV 

 
Figure 15. Properties of a solar panel. 

For measuring the efficiency of a solar panel first off all is necessary to see the label behind the solar panel 
where the Voc, Isc and the Pmax can be retrieved, this is only valid if there are under STC, otherwise, there 
have to be calculated with Eq.( 2.3). The STC (Standard Testing Conditions) are: Irradiance 1000 W/m2, cell 
temperature 25 °C and spectra at AM 1.5. 

3.1.1 Irradiance sensors 

Then, the irradiance can be measured with three types of sensors: 

• Thermopile pyranometer 

• PV reference device 

• Photodiode sensor 

These sensors can be categorized in three tears, A, B, or C depending on the type of application. (UNE-EN 
61724-1, 2017). Each sensor must be calibrated before testing the system and any part of the system should 
be documented, maintenance, log of events, component changes, etc. 
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Table 1. Monitoring system classification and suggested applications; sampling and recording interval requirements; sensor type for 
different requirements. 

The inspection of the sensors must be done annually, for A and B class, and for C class it is per site-specific 
requirement. Each inspection should look for displacement or damage to external sensors, loose cables, or 
other potential threads. For sampling reporting or recording should be defined a specific time based on Table 
1.it is strongly recommended to include a timestamp in each report, following ISO 8601. In Appendix  E can 
be seen the minimum and the recommended number of sensor for each requirement. 
Another important part is the location of the sensors. These should avoid being in a shaded position during 
sunrise and sunset. Secondary sensors should be placed around temporarily shaded zones to track the level 
of irradiance in low light. The alignment of the sensors is also contemplated by (UNE-EN 61724-1, 2017) in 
the following table: 
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Recalibrations of sensors should be done in place for minimizing the offline time of the sensors. If any sensor 
needs to be sent into a laboratory for recalibration, the system should contain redundant sensor for not 
losing tracking. 

 

 
Table 2. Sensor alignment and irradiance sensor maintenance. 

3.1.2 Temperature sensors 

For measuring the temperature of the PV module, a sensor is attached to the back of the panel. The 
uncertainty of this type of sensor shall be less or equal than 2%. Its recalibration has to be every two years 
for class A, defined by manufacturer for class B and not necessary for class C. For measuring ambient 
temperature (Tamb), the sensors should be placed in solar radiation shields which allow free air movement. 

3.1.3 Wind sensor 

Wind’s speed and direction are used for estimating the temperature of the panel. The hight of measurement 
is relevant since it has to be in a relevant hight for the panels and for comparing with meteorological data. 
Always avoiding shading the cells. Its recalibration is defined by the manufacturer for all classes. 

3.1.4 Soil measurement 

For measuring the soiling ration, which is the relation between a soiled panel power output and the output 
power of a clean panel. For that reason, a reference panel is leaved as the soiled panel, and it has to be 
representative for comparing with another panel which is going to be cleaned frequently, daily or twice a 
week for A class, and a lesser interval for class B and C. this process could be done manually or with a machine. 
There are two methods for measuring soiling: 

• Method 1: max power reduction due to soiling 

• Method 2: short-circuit current reduction due to soiling 

(UNE-EN 61724-1, 2017) recommends using method 1 since it represents a more accurate power loss even if 
the soil is not homogeneous. The recalibration should be done each year, at least. The process is: 

• Measure Isc and T of the clean device. 

• Measure maximum power and T for soiled panel. 
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• Calculate the effective irradiance (Geff) from the first point. 

• Calculate the expected max. power of the soiled device at Geff from the previous point. 

• Calculate the relation between the soiled panel max. power with the expected max. power. Soling 
ratio (SR). 

3.1.5 Inverter efficiency measurement 

All electrical measurements should be capable of running at least at 120% of the expected value when the 
PV system is operating at the maximum rating of the inverter operating at STC. 

 

 
Table 3. Electrical requirements for measuring parameters; AC output measurements requirements. 
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3.2 HP SCOP 

For measuring SCOP, it is going to be followed the standard (UNE 14825, 2019). This standard has Eq. ( 2.13) 
and Eq. ( 2.14) as the beginning of the process. Then QHE is calculated with: 

 
( 3.1) 

Hnn are the number of hours that it is consider as in stan-by mode, in h. 
Pnn is the power that it is considered when is in stand-by mode. 
SCOPon is the coefficient of the seasonal efficiency. This can be calculated with the following equation: 

 
( 3.2) 

Tj is the time interval in h 
j is the number of intervals 
n is the total number of intervals 
Ph(Tj) is the heating load in kW 
Hj is the interval of hours for Tj 
COPbin (Tj) is the COP value at Tj 
elbu(Tj) is required power of the supplementary heater at Tj 
pl(Tj) is partial load factor 
Tdesign is the reference temperature of design for heating. 

𝑃ℎ(𝑇𝑗) = 𝑃𝑑𝑒𝑠𝑖𝑔𝑛 ∗ 𝑝𝑙(𝑌𝑗) = 𝑃𝑑𝑒𝑠𝑖𝑔𝑛 ∗
𝑇𝑗 − 16

𝑇𝑑𝑒𝑠𝑖𝑔𝑛 − 16
 

( 3.3) 

For calculating COPbin: 

 
( 3.4) 

 
( 3.5) 

COPd is the CP at power Pdh 
Cd is the coefficient of degradation 
CR is the power factor  CR≤1 
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Figure 16. Test layout. 

Where: 
1 is the study object 
2 is airflow 
3 is the static pressure (external) 
4 is a pipe which connects the study object with the airflow sensor and fan 
5 is a gate 
6 is the location of the airflow sensor 
7 is a fan 
The procedure measuring SCOP is the following: 
First, determine Pdesign and COPd in the maximum step of power. If this stage allows to reach the required 
heating load by 10% margin, it is considered that: 
At T≥ Tbib, then COP is COPbin. Otherwise, COP and COPbin have to be considered as different values. 
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4 Results 

4.1 PV 

For photovoltaic systems there is a standard, (UNE-EN 61724-1, 2017),in which is clearly expressed what 
aspects should be taken in consideration, agreeing with other reports shown in literature review . These are: 

• Irradiation as the principal factor 

• Temperature 

• Dust 

• Wind 

• Rain  

• Snow  

• Humidity 

• Inverter  

• Solar panel 

Moreover, in this standard there is a section (point 8) where it sets some guidelines for doing quality checks, 
and in point 10 it deals with performance metric of PV. 

 
Table 4. Performance metrics. 

4.2 HP 

From the standard (UNE 14825, 2019), it can be gathered that the attributes that a company must consider 
are the ambient temperature, the cycle temperature, the properties of the specific HP, since some 
parameters are dependent on the type of HP like the design power, the refrigerant that is used, and the time 
when the HP is working. However, (Piechurski, et al., 2017) adds that from his test compared to EN 14825, 
his results are different from what it should get since he claims that EN 14825 does not include the impact of 
defrosting. 
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5 Conclusion  

The method for PV is optimal since it takes into account all the relevant parameters for determine the 
efficiency of PV. Nonetheless, it should also be into consideration the economic costs of each step. See the 
economic viability of cleaning frequently the panels or leaving the debris. It would be interesting to dig more 
into I-V curve with one diode and two diode model for evaluating the difference between these two models 
and how accurate is for different cell technologies, not only crystalline silicon. 
In short it can be concluded, for HP, that the procedure proposed by EN 14825 is partially optimal since it 
contemplates key characteristics for evaluation. However, as discussed in the previous point, there are some 
aspects that are not evaluated or assumed as negligible that should be considered. It would be interesting to 
review EN 14825-2 and EN 14825-3 for getting more information related to other types of heat pumps. 
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7 Appendices 

Appendix  A 

 
Table 5. Elements of different PV systems. 
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Appendix  B 
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Appendix  C 

 

Figure 17. Confirmed single-junction terrestrial cell and submodule efficiency measured under STC. (Green, et al., 2020) 
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Appendix  D 
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Appendix  E 
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Table 6. Requirements for monitoring. 
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Table 7. Relation between system size and number of sensors (this is also known as Table 4 by the Table above). 

🗸 means a required parameter to measure on site. The symbol “E” indicates that might be estimated based 
on regional or local meteorological or satellite data, instead of measuring on site. 
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Appendix  F 
(Pavkovic, 2013) Properties of several refrigerants. 
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Appendix  G 

Temp [°C] 
Pressure Volume [m3/kg] Density [kg/m3] Enthalpy [kJ/kg] Entropy [kJ/(kg)(K)] 

kPa 
(abs) 

Liquid 
 vf 

Vapor 
vg 

Liquid 
1/vf 

Vapor 
1/vg 

Liquid  
hf 

Latent 
hfg 

Vapor  
hg 

Liquid 
 sf 

Vapor  
sg 

22 608.49 0.0008 0.0338 1217.0 29.549 230.4 180.7 411.0 1.1060 1.7182 
23 627.25 0.0008 0.0328 1213.3 30.462 231.8 179.8 411.6 1.1107 1.7178 
24 646.44 0.0008 0.0318 1209.6 31.399 233.2 178.9 412.1 1.1155 1.7175 
25 666.06 0.0008 0.0309 1205.9 32.359 234.6 178.0 412.6 1.1202 1.7171 
26 686.13 0.0008 0.0300 1202.1 33.344 236.1 177.0 413.1 1.1250 1.7168 
27 706.66 0.0008 0.0291 1198.3 34.354 237.5 176.1 413.6 1.1297 1.7165 
28 727.64 0.0008 0.0283 1194.4 35.389 238.9 175.2 414.1 1.1345 1.7161 
29 749.04 0.0008 0.0274 1190.6 36.451 240.4 174.2 414.6 1.1392 1.7158 
30 771.02 0.0008 0.0266 1186.7 37.540 241.8 173.3 415.1 1.1439 1.7155 
31 793.43 0.0008 0.0259 1182.8 38.657 243.3 172.3 415.6 1.1487 1.7151 
32 816.28 0.0008 0.0251 1178.8 39.802 244.8 171.3 416.1 1.1534 1.7148 
33 839.66 0.0009 0.0244 1174.9 40.975 246.2 170.3 416.6 1.1581 1.7145 
34 863.53 0.0009 0.0237 1170.8 42.179 247.7 169.3 417.0 1.1628 1.7142 
35 887.91 0.0009 0.0230 1166.8 43.413 249.2 168.3 417.5 1.1676 1.7138 
36 912.80 0.0009 0.0224 1162.7 44.679 250.6 167.3 418.0 1.1723 1.7135 
37 938.20 0.0009 0.0218 1158.6 45.977 252.1 166.3 418.4 1.1770 1.7132 
38 964.14 0.0009 0.0211 1154.5 47.308 253.6 165.3 418.9 1.1817 1.7129 
39 990.60 0.0009 0.0205 1150.3 48.672 255.1 164.2 419.3 1.1864 1.7125 
40 1017.61 0.0009 0.0200 1146.1 50.072 256.6 163.2 419.8 1.1912 1.7122 
41 1045.16 0.0009 0.0194 1141.9 51.508 258.1 162.1 420.2 1.1959 1.7119 
42 1073.26 0.0009 0.0189 1137.6 52.980 259.6 161.0 420.6 1.2006 1.7115 
43 1101.93 0.0009 0.0184 1133.3 54.490 261.1 159.9 421.1 1.2053 1.7112 
44 1131.16 0.0009 0.0178 1128.9 56.040 262.7 158.8 421.5 1.2101 1.7108 
45 1161.01 0.0009 0.0174 1124.5 57.630 264.2 157.7 421.9 1.2148 1.7105 
46 1191.41 0.0009 0.0169 1120.0 59.261 265.7 156.6 422.3 1.2195 1.7101 
47 1222.41 0.0009 0.0164 1115.6 60.934 267.3 155.4 422.7 1.2242 1.7097 
48 1253.95 0.0009 0.0160 1111.0 62.652 268.8 154.3 423.1 1.2290 1.7093 
49 1286.17 0.0009 0.0155 1106.4 64.415 270.4 153.1 423.5 1.2337 1.709 
50 1319.00 0.0009 0.0151 1101.8 66.225 271.9 151.9 423.8 1.2384 1.7086 
51 1352.44 0.0009 0.0147 1097.1 68.084 273.5 150.7 424.2 1.2432 1.7082 
52 1386.52 0.0009 0.0143 1092.4 69.992 275.1 149.5 424.6 1.2479 1.7077 
53 1421.23 0.0009 0.0139 1087.6 71.952 276.6 148.3 424.9 1.2527 1.7073 
54 1456.58 0.0009 0.0135 1082.8 73.966 278.2 147.0 425.3 1.2574 1.7069 
55 1492.59 0.0009 0.0132 1077.9 76.035 279.8 145.8 425.6 1.2622 1.7064 
56 1529.26 0.0009 0.0128 1072.9 78.162 281.4 144.5 425.9 1.2670 1.7059 
57 1566.61 0.0009 0.0124 1067.9 80.348 283.0 143.2 426.2 1.2717 1.7055 
58 1604.63 0.0009 0.0121 1062.8 82.596 284.6 141.9 426.5 1.2765 1.705 
59 1643.35 0.0009 0.0118 1057.7 84.908 286.3 140.5 426.8 1.2813 1.7044 
60 1682.76 0.0010 0.0115 1052.5 87.287 287.9 139.2 427.1 1.2861 1.7039 
61 1722.88 0.0010 0.0111 1047.2 89.735 289.5 137.8 427.4 1.2909 1.7033 
62 1763.72 0.0010 0.0108 1041.8 92.255 291.2 136.4 427.6 1.2957 1.7028 
63 1805.28 0.0010 0.0105 1036.4 94.851 292.9 135.0 427.9 1.3006 1.7021 
64 1847.47 0.0010 0.0103 1030.9 97.526 294.5 133.6 428.1 1.3054 1.7015 

Table 8. Freon 134a (R-134a) thermodynamics properties. 

 


