
UNIVERSIDAD POLITÉCNICA DE MADRID 

 

ESCUELA TÉCNICA SUPERIOR DE INGENIERÍA Y 

SISTEMAS DE TELECOMUNICACIÓN 

 

 

  

 

 

PHOTOVOLTAIC HEAT-PUMPS FOR COOLING 

APPLICATIONS 

 

 

 

TESIS DOCTORAL 

 

Celena Lorenzo Navarro 

Ingeniera Industrial 

2020 

  



 
 

  



UNIVERSIDAD POLITÉCNICA DE MADRID 

 

INSTITUTO DE ENERGÍA SOLAR 

 

ESCUELA TÉCNICA SUPERIOR DE INGENIERÍA Y 

SISTEMAS DE TELECOMUNICACIÓN 

 

  

 

 

PHOTOVOLTAIC HEAT-PUMPS FOR COOLING 

APPLICATIONS 

 

TESIS DOCTORAL 

 

AUTORA:                 Celena Lorenzo Navarro 

                                    Ingeniera Industrial 

DIRECTOR:             Luis Narvarte Fernández 

                                    Doctor Ingeniero de Telecomunicaciones 

 

2020 



 
 

  



Tribunal nombrado por el Magnífico y Excelentísimo Sr. 

Rector de la Universidad Politécnica de Madrid  

PRESIDENTE: Carlos del Cañizo Nadal 

Catedrático de la Universidad Politécnica de 

Madrid 

 

VOCALES: Manuel Collares Pereira 

Catedrático de la Universidade de Évora 

  

 Luis Marroyo Palomo 

Catedrático de la Universidad Pública de Navarra 

  

 José Antonio Expósito Carrillo 

Ingeniero R&D en sistemas de refrigeración en 

INTARCON S.L.   

  

SECRETARIA: Rita Hogan Almeida 

Profesora Ayudante Doctora de la Universidad 

Politécnica de Madrid 

  

SUPLENTES: Jorge Aguilera Tejero 

Catedrático de la Escuela Politécnica Superior de 

Jaén 

  

 Luis Fialho 

Investigador auxiliar de la Universidade de Évora 

 

Este tribunal acuerda entregar la calificación de: 

 

EL PRESIDENTE                                             LOS VOCALES  

 

 

LA SECRETARIA 

                                            

                                          Realizado el acto de defensa y lectura de la Tesis 

                                             en Madrid, el día         de                       de 2020 



 
 

  



AGRADECIMIENTOS 

 

Durante la realización de este trabajo, muchas y variadas personas se han cruzado por 

mi vida. Unas cuantas ya estaban, algunas hicieron apariciones puntuales y otras 

llegaron para quedarse. Cuando hablo de mi vida lo digo en el sentido más amplio, así 

que, aunque estos agradecimientos empiezan en el plano profesional, acaban en el 

personal. Y lo más bonito de todo es cuando ambos planos se mezclan.  

Mis amigos Isaac y Rita son un gran ejemplo de cuando lo personal y lo profesional se 

unen. Ambos merecen un primer lugar en estos agradecimientos, ya que sus 

aportaciones a la parte técnica de este trabajo fueron absolutamente fundamentales y 

siempre tuvieron la generosidad de permitir que las bombas de calor se subieran a los 

hombros de los sistemas de riego (metafóricamente hablando). Pero lo más importante 

que hicieron por mí fue apoyarme, animarme y ayudarme a controlar algún que otro 

“ataquito” de pánico cuando las cosas no salían como yo esperaba (o sea, casi siempre).  

Sobre esto del apoyo y la ayuda incondicional, mi mentor y cuidador Fran sabe 

bastante. Desde mi día uno en el grupo de investigación ha tenido conmigo una 

paciencia infinita, a pesar de robarle muchas veces un tiempo que no tenía. Desde 

explicaciones teóricas hasta ayudarme con la instalación de mi prototipo, aun cuando su 

propia lista de tareas ocupaba varias páginas. Sólo puedo decir que todos deberíamos 

tener un Fran en nuestras vidas. 

Carlos es probablemente el compañero con el que más horas he pasado estos años:  

caracterizando módulos en la terraza a la agradable temperatura de 35ºC, midiendo 

curvas de oscuridad en el laboratorio (lo cual dio lugar a una anécdota bastante graciosa 

durante un simulacro de incendio, que nuestros compañeros tienen a bien recordarnos 

de cada poco), tomando medidas para su tesis o montando el prototipo de la mía. Carlos 

siempre ha sido el primer voluntario cuando pedía ayuda, la mejor compañía posible y 

un buen amigo.   

Hay una persona que sin lugar a dudas merece el agradecimiento de todos, no sólo el 

mío. Estrella es la gallina que cuida de los polluelos, y lo hace con el amor de una 

madre. Siempre está dispuesta a escuchar (y a veces hasta arreglar) nuestros problemas, 



 
 

incluso los irrelevantes. Y siempre con esa sonrisa maravillosa en la cara, a pesar de 

cualquier circunstancia. Estrella, te quiero, te queremos.  

También quiero mencionar a tres compañeros con los que no he trabajado tanto 

directamente, pero a los que igualmente tengo gran cariño: Rodri, Luismi y Pablo. Con 

Luismi y Pablo no he compartido muchas horas de despacho, en parte por sus plazas de 

profesores que les obligan a “abandonarnos” muchas horas a la semana. Pero siempre he 

podido contar con su buen humor y con su ayuda (no desinteresada, es a cambio de que 

les avise cuando llega la hora de comer). Con Rodri coincidí poco tiempo antes de que 

él cofundara QPV, pero fueron mis primeros momentos y por eso dejaron muy buen 

recuerdo. En particular, un viaje a Murcia para caracterizar módulos (también a la 

agradable temperatura de 40ºC) con un inglés con acento murciano como cliente, un 

incendio descomunal a pocos metros de distancia y una resaca monumental por mi 

parte. Fue divertidísimo, sin ironías.  

Agradezco a Nikolay Tyutyundzhiev y Roberto Zilles haberme acogido en sus 

respectivos grupos durante mis estancias internacionales, su disponibilidad, sus 

cuidados y todos los conocimientos que han compartido. Recuerdos muy especiales a 

mi pequeña familia búlgara, a la que espero poder volver a ver muy pronto.  

Y, cómo no, infinitas gracias a Luis Narvarte. Decir que esta tesis no habría sido posible 

sin él es una obviedad y se queda corto. Lo que no habría sido posible sin Luis es este 

grupo, con la calidad científica y sobre todo humana que lo caracteriza. Luis no sólo me 

ha enseñado el buen hacer científico desde un punto de vista técnico, si no también 

ético. Y no sólo a través de sus palabras si no sobre todo de sus actos. Luis, yo quiero 

ser como tú de mayor.  

Para terminar con el plano profesional (aunque a veces también personal) de estos 

agradecimientos, quiero recordar a todos los compañeros con los que he coincidido a lo 

largo de estos años y que ahora siguen con sus vidas en otra parte: Isaac (de quien ya os 

he hablado), Alberto, José, Gilberto, Aitor y muy especialmente José Manuel, quien fue 

mi otro mentor (junto con Fran) durante las muchas horas trabajando en la terraza. 

Siempre asociaré con él la emoción de las primeras medidas, la primera vez que utilicé 

la grúa, abrir una carga para entender lo que había allí dentro… 



Y llegamos al plano más personal. Ese plano que nos sustenta cuando en el plano 

profesional nos asaltan las dudas y los miedos. Aquí la lista de nombres es extensísima 

y no puedo escribirla entera. Gracias a mis amigos (aunque algunos sigan pensando que 

trabajo con pilas desde que hice mi trabajo fin de carrera sobre baterías), por seguir ahí 

después de tantos años y tantos spoilers de películas y series (lo siento, no puedo 

evitarlo). Gracias a Cristina y a Santiago, “madrastra” y “padrastro” que nada tienen que 

ver con los de los cuentos. Santi, sin ti yo no sería la misma persona que contigo, has 

hecho la mejor versión de mí. Gracias a mi hermano pequeño, por recordarme que hasta 

una casi doctora puede seguir discutiendo con argumentos de tanto peso como el “y tú 

más”. Gracias a mi hermana mayor, mi referente de mujer científica, fuerte, valiente e 

independiente.   

Gracias a Miguel, amor de mi vida. Ya hemos recorrido mucho viaje juntos, pero aun 

así acabamos de empezar. 

Gracias a mamá. Literalmente no tengo palabras para explicar lo que eres para mí. 

Desde mi primer día hasta el último, mi mayor certeza en la vida siempre has sido tú. 

Gracias a papá. Igual que tú llorarás de emoción el día de la presentación de esta tesis, 

yo lloro de emoción al escribir estas líneas (de tal palo…). Eres el mejor padre que se 

puede tener, sin más.  

 

 

  



 
 

 



 

i 
 

ABSTRACT 

 

In the light of the exhaustion of fossil fuels and of the fight against the climatic change, 

it is necessary to increase the penetration rates or renewables energies in the energetic 

system, as well as its electrification. This situation offers a variety of new niches for 

photovoltaic systems. In particular, heat pump systems powered by photovoltaic 

generators permit to supply the heating and cooling thermal demands with a technology 

that only consumes electricity. Furthermore, this electricity comes from a renewable 

source. Cooling applications are especially favorable for this technology because of the 

better matching between generation and demand, which permits to reduce or even 

eliminate the storage needs.   

This work presents a new technical solution for photovoltaic heat pump systems, with a 

stand-alone configuration without batteries. This way, electric storage can be substituted 

(if needed) by thermal storage, which generally is cheaper and more reliable. This 

solution has been validated with an experimental prototype, where two different control 

algorithms have been implemented for the compressor of the heat pump. One of them 

has the objective of maximizing the photovoltaic utilization; the other one has the 

objective of maintaining a constant temperature in a room.  

With the data obtained from the tests implemented in this prototype, a series of 

indicators, some of them proposed specifically in this work, have been calculated. These 

indicators permit to evaluate separately the performance of the heat pump unit 

(thorough the EER and the SPF), of the photovoltaic generator (thorough the PR, the 

PRPV,STC,ref and three utilization ratios for identifying the causes of hypothetical low PR 

values), the integration of both components (thorough the SPFPV-HP,STC.ref) and how 

renewable the system is (thorough the SFPV and the SCR for not stand-alone 

configurations). The analysis of the results shows the good performance of the 

prototype, and how it could be improved. It has also been evaluated the stability of the 

system against solar power fluctuations due to cloud-passing. A total of 75% of the 

cloud-passing events during the tests have been resisted.  

Finally, an economic feasibility assessment has been performed, comparing the stand-

alone solution developed in this work with a self-consumption configuration and an 
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only grid-powered system. This evaluation shows a high economic profitability of 

photovoltaic heat pump systems. The stand-alone solution allows to reduce the 

electricity costs, not only for the consumption but especially because the power access 

term can be eliminated. Thanks to this, the economic profitability of installing a 

photovoltaic system would be higher than for a self-consumption solution.  

The technical solution developed and validated in this work is particularly relevant for 

industrial applications, where it is feasible to power the compressor of the heat pump 

directly with a photovoltaic generator and a frequency converter. Some examples of 

cooling applications are the conservation of food and medicines or the control 

temperature in industrial ambiences. Additionally, this solution is also valid for heating 

applications like food drying (cereals, carnic products…), which makes it feasible for a 

big amount of market opportunities.   
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RESUMEN 

 

Debido al agotamiento de los combustibles fósiles y a la lucha contra el cambio 

climático, se impone la necesidad de aumentar la penetración de las energías renovables 

en el sistema eléctrico y de electrificar el mismo. Esta situación abre un amplio abanico 

de nuevos nichos para los sistemas fotovoltaicos. Las bombas de calor alimentadas con 

generadores fotovoltaicos permiten cubrir las demandas de energía térmica con una 

tecnología que sólo consume electricidad, siendo esta además de origen renovable. En 

particular, las aplicaciones de frío son especialmente ventajosas por el mejor ajuste 

entre generación y demanda, reduciéndose e incluso eliminándose la necesidad de 

sistemas de acumulación.  

Este trabajo presenta una nueva solución técnica desarrollada para sistemas de bomba 

de calor fotovoltaicos, autónomos y sin baterías. De esta forma, la acumulación eléctrica 

puede sustituirse (en caso de hacer falta) por acumulación térmica, en general más 

barata y fiable. Esta solución ha sido validada en un prototipo experimental, en el que se 

han implementado dos lógicas de control para el compresor de la bomba de calor: una 

que busca maximizar la utilización de la generación fotovoltaica y otra que busca 

mantener una temperatura constante en un espacio.  

Con los datos obtenidos de los ensayos con este prototipo se han calculado una serie de 

indicadores de rendimiento, algunos de ellos propuestos en este trabajo. Estos 

indicadores permiten evaluar por separado el rendimiento de la bomba de calor 

(mediante el EER y el SPF), del generador fotovoltaico (mediante el PR, el PRPV,STC,ref y 

tres factores de utilización, que permiten identificar las causas de posibles valores bajos 

del PR), la calidad de la integración de ambos componentes (mediante el SPFPV-

HP,STC.ref) y cuánto de renovable energéticamente es el sistema (mediante el SFPV y el 

SCR, para configuraciones no autónomas). Mediante el análisis de los valores 

obtenidos, se ha demostrado el correcto funcionamiento del prototipo y se han 

identificado las principales vías de mejora. También se ha evaluado la estabilidad ante 

fluctuaciones de potencia por paso de nube, de las cuáles se han soportado un 75% 

durante los ensayos.   
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Finalmente, se ha realizado una evaluación económica comparativa entre esta solución, 

una de autoconsumo y un sistema alimentado sólo con la red eléctrica, aplicadas a la 

climatización de dos granjas industriales localizadas en el norte de España. Esta 

evaluación muestra una gran rentabilidad económica de las bombas de calor 

fotovoltaicas. La solución autónoma permite reducir los costes de electricidad, no sólo 

en el término de consumo si no principalmente porque elimina el término de potencia, 

lo cual hace que la inversión de instalar un sistema fotovoltaico ofrezca una mayor 

rentabilidad económica que para un sistema de autoconsumo.  

La solución técnica aquí desarrollada y validada es especialmente relevante para 

aplicaciones industriales, donde sea factible alimentar directamente el compresor con el 

generador fotovoltaico a través de un variador de frecuencia. Ejemplos de aplicaciones 

de frío son la conservación de alimentos y medicinas, o el control de temperatura en 

procesos industriales. Además, esta solución también es válida para aplicaciones de 

calor de baja temperatura, como el secado de alimentos (cereales, productos 

cárnicos…). En definitiva, es viable para una gran cantidad de oportunidades de 

mercado. 
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1.1 THE CONSTRUCTION OF A HOUSE 

It might surprise the reader, but before talking about Photovoltaic (PV) energy or Heat 

Pump (HP) systems, I would like to discuss something much more familiar and present 

in our everyday life: houses. Houses are structures built by humans for living inside 

them, usually in families or bigger groups. For the biologists E. O. Wilson and Bert 

Hölldobler [1], the hearth, which is etymologically the floor of a fireplace, was the 

origin of the “eusociality” that only humans have developed among all mammals. This 

“eusociality” is typical of some insects, like bees or ants, that live in communities where 

individuals are less important than the survival of the group. The center of the life of 

these communities is the house (the hive and the anthill).       

Nowadays it is most common to start living in a house after it has been built, and we 

participate very rarely on the design and construction process. However, it is easy to 

understand the satisfaction that our ancestors found in projecting and erecting with their 

own hands what would be their shelter in the coming years. This was usually the result 

of a group effort of the whole village and a great opportunity for bonding. Differences 

aside, and trying to bring the topic a bit closer to what the reader could expect from a 

PhD thesis, one can also experiment this kind of satisfaction if having the privilege to 

participate in the creation of a new research line. It is a construction process that implies 

several members of the research group, who have different capacities for facing 

different challenges, and if the adventure ends well, it will give them shelter, not in an 

organic sense, but intellectual. Well, I have had this privilege. My house is the research 

line of PV systems for cooling generation. My village, the Photovoltaic Systems 

research group from the Institute of Solar Energy, Universidad Politécnica de Madrid 

(IES-UPM). This PhD thesis was somewhat the construction of the first floor of our 

house, which was built on very solid foundations. A one-floor house might not seem 

very ambitious, but if more levels want to be added in the future (and I tell you in 

advance that we do want to), it is primal that the first one is solid and without cracks, or 

it will not be able to support the weight.   
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1.2 THE FOUNDATIONS 

I do not consider myself a person particularly inclined to risk. And building a house is 

certainly one. However, the reader will agree that the possibilities of success increase 

importantly if one can count on high quality foundations. I could try to convince you of 

my genius brain, which all by itself came up with the idea of a new research line and 

started to develop it. However, that would be both risky (as my actually average brain 

would have to live after that standard) and a lie. In reality, the foundations of my house 

were already constructed, and are very solid ones indeed. The leaders of my village are 

the ones who realized the existence of these foundations, made me aware of them and 

gave me the means to initiate the construction of the house. My biggest merit was to 

grasp the opportunity.  

Foundations are typically composed of different materials that can be set in different 

configurations, depending on the terrain characteristics and the building that will be 

constructed on top of them. But it is not my intention to take our simile that far, as I 

confess that I would not know of what type of foundations we could be talking about. 

For what is pertinent here, I will only say that the foundations I encountered are 

composed of three elements: 

 

a) The paradigm shift towards the electrification of the energetic system 

If one pays attention to the common narrative about solar energy, it might seem that this 

technology and its full potential were conceived by the second half of the 20th century, 

motivated by the perception that fossil fuels were coming to an end. This narrative 

comes from a very extended believe that disruptive technological progress has its origin 

in human needs, and is the result of conscious efforts to solve specific problems. The 

historian George Basalla does not share this vision and neither do I, but citing Basalla 

seems as a more solid defense: he believes in an evolutionist approach, comparing the 

evolution of technology to the evolution of life, both being the result of progressive 

modifications of pre-existent forms that eventually became useful for survival [2]. This 

theory has two implications: there is always a precedent to any technological invention 

and things are not necessarily invented when they are needed. Besides, the term “need” 

often makes us think of absolute natural needs, as breathing or eating. In reality, most of 
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our needs are only perceived, and depend on the context (for example, in developed 

countries we perceive Internet as a necessity, while for most people in the world it is 

still a luxury they cannot afford). Let’s take the example of the wheel, the paradigm of 

development and revolutionary inventions: it was discovered independently in different 

regions of the planet, but the uses it was given varied according to the needs of each 

society. In Mesoamerica, wheels were present in toys and small miniatures, but were 

useless for transportation due to the topology of the terrain. This contradicts the 

European vision that the wheel is the origin of modern civilization: it is the origin of 

European modern civilization, because at that time it gave answer to their transportation 

and commercial needs. But needing it was not the reason why it was invented; 

otherwise, Mesoamericans would have had to wait to be colonized for learning the 

technology.  

Coming back to solar energy, Diego Abad de Santillán gave us an example of how the 

potential of a technology can be grasped before a society needs it (or perceives it needs 

it). In 1938, he wrote [3]: “All energy comes from the Sun; coal and oil are stored solar 

energies…The ideal would be to directly profit from that energy source…There is no 

fear to the consequences of the exhaustion of the existences of coal and oil. Nowadays 

they can already be substituted in a big measure, even completely.” The reader will 

agree that he was a real prophet! He was indeed a very intelligent person with a 

fascinating life, but it is unlikely that he was the single one to forecast the importance of 

solar energy as a substitute of fossil fuels. So, the question is, why now? Why are we 

living a paradigm shift of the energetic system in 2020 and not in 1938? One possible 

answer is that the exploitation of different energy sources is cyclic, and no new cycle 

begins until the previous one is exhausted. History repeatedly shows how human 

societies always wait for their main energy resource to be almost extinct before 

incorporating new ones, even if their existence was sufficiently known before. These 

energetic transitions always take place at the cost of social and economic crisis. It seems 

that solidarity and anticipation are not our strengths.    

This “theory of the cycles” is not original of this work [4], but seems very pertinent in 

the current energetic landscape. According to it, societies behave as thermodynamic 

systems that consume energy for maintaining their order, generating a waste in the 

process.  The history of societies is composed of cycles associated to a certain 

disposition of energy resources. At the beginning of each cycle, resources are abundant 
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and the system grows very fast, progressively demanding more energy for its 

maintenance. Despite technological advancements to increase its efficiency, the system 

eventually becomes unstable due to a difficult access to the resources and to waste 

accumulation. Then it begins a period of transition, an energetic crisis usually 

characterized by a huge demographic pressure and by very intense technological 

development. A new cycle begins when the system incorporates a new energy resource, 

but always at the cost of an increase in the complexity and a decrease in the efficiency. 

Sadly, nothing escapes to the second law of thermodynamics: the entropy (i.e. the 

disorder) of a system can only increase. Nowadays, there is little doubt that we are 

living an energetic crisis (or are on the bridge of it), a transition between fossil fuels and 

renewable energies as our main source of energy. Such transition is motivated by the 

exhaustion of fossil fuels (understood as a limited access to them, not as their actual 

physical extinction) and by the accumulation of our waste, that has generated an 

additional environmental crisis. Besides the tragic implications of this cathartic process, 

it offers a unique opportunity for scientific research and innovation.  

Crisis are usually associated to uncertainties, and our 21st century crisis is no different. 

This reflects on a big variability among future scenarios predicted by different 

institutions. The International Energy Agency (IEA) estimates an annual growth of 

primary energy demand between 1% (Stated Policies Scenario) and 1.3% (Current 

Policies Scenario), meaning a total increase between 20% and 26% by 2040 [5]. The 

World Energy Council is more optimistic and predicts an increase by 2040 between 0% 

(Unfinished Symphony Scenario), 13% (Modern Jazz Scenario) and 21% (Hard Rock 

Scenario) [6]. Despite the differences, practically all scenarios coincide that primary 

energy demand will keep rising for the following decades. The Sky Scenario by Shell 

[7] links this increase of energy demand to our perceived needs: a big percentage of the 

world’s population desire a better life, comparable to the one enjoyed by medium class 

in Europe and North America, even if such way of life implies an energetic 

consumption way above our biological needs. At the same time that our society 

consumes more and more, our main energy sources (oil and coal) are becoming too 

expensive in both economic and energetic terms. The answers to this dilemma are very 

varied, but once again most scenarios agree in two bullet points: the diversification of 

energy resources, incorporating renewable energies in shares bigger than 50%, and the 

electrification of the energetic system.  
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The Sky Scenario, for example, sets a pathway for society to achieve the objectives of 

the December 2015 Paris Agreement [8], reaching net-zero CO2 emissions by 2070. For 

that, the current energetic mix will need to be significantly modified, as shows Figure 1 

[7]. Solar energy will need to represent 32% of the total final energy consumption by 

2070, the biggest share followed by bioenergy and wind. The oil share is reduced from 

32% today to 10% in 2070, and the coal from 27% to 6%. As for the sectors that 

consume this final energy, building will still represent an important 30%, as shown in 

Figure 2 [7]. Industry will be reduced from 32% to 27%, a portion of transports will 

shift from passenger transport to freight transport by road and air, and the non-energy 

uses (construction, agriculture…) will increase from 9% to 15%.  

 

Figure 1. World total final energy consumption by energy source, in 2018 and in 2070 

[7]. 
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Figure 2. World total final energy consumption by sector, in 2018 and in 2070 [7]. 

 

The increase in the share of renewable energies, especially solar and wind, can only 

happen through an electrification of the energetic system. The Sky Scenario stablishes 

that the electrification rate needs to be at least tripled compared to the historic trend, in 

order to achieve an electricity share of more than 50% of the final energy by 2070 (see 

Figure 3 [7]). This implies the addition of 1,400 TWh of electricity generation per year 

from now on, equivalent to 50 giant nuclear power stations. Other institutions coincide 

in the need of an accelerated electrification. For example, according to the IEA, the 

global electricity demand will grow by 2.1% annually to 2040, at double rate than the 

primary energy consumption [5]. According to the World Energy Council, the 

electricity’s share will increase up to 20-31% by 2040, depending on the scenarios [6]. 

In any case, we definitely need to rush.  
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Figure 3. Historic trend of electrification rates and the estimated necessary trend for 

achieving the net-zero emission objective by 2070 [7]. 

   

b) The sustained growth of the HP and cooling markets.  

Periods of transition between two energetic cycles are characterized by an intense 

technological innovation, searching for more efficient ways of profiting from an energy 

resource. This innovation does not necessarily translate into the apparition of a brand-

new technology, but more frequently into the improvement and new utilizations of 

already existing ones. This is precisely the case of heat pumps: they are known since the 

19th century, but in the last decades they have been optimized and perfectioned, 

becoming feasible for a very wide range of applications (air/water heating/cooling, 

refrigeration…) in the residential, commercial and industrial sectors. They are 

electricity powered and very efficient in the electric-to-thermal conversion process, so 

they are a key agent in the electrification of the energy system. They are called to 

substitute coal and natural gas heaters, which currently provide the majority of thermal 

heating demand, but they are also very well suited for covering the increasing cooling 

demand. They can be classified attending to the physical ambient from where they 

extract heat: water-source (high exchange rates), air-source (cheaper and quicker to 

install) and ground-source (safe and silent).  

The theoretical foundations of heat pumps were stablished by Lord Kelvin in 1852, and 

the first prototype was finished 5 years later by Peter von Rittinger, who used water 
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vapor’s latent heat for the evaporation of salt brine. Ice making was also an early 

application of heat pumps, the first prototypes appearing by the late 19th century. Figure 

4 shows an ice making machine of 1875: the central part of the machine corresponds to 

the mechanical device acting as a compressor, while the two buckets are heat 

exchangers, one of them cooling water into ice and the other releasing heat to the 

ambient. The basic physiognomy of these devices remains essentially the same 

nowadays.  

 

Figure 4. Ice making machine of 1875.  

 

By 1945, a real-scale water-source demonstrator was operating for central heating in 

Norwich (England) but, despite its good performance, the technology was not widely 

extended because fossil fuels still offered a very cheap alternative. At the beginning of 

the 1960’s, only 1.8% of homes in the USA used electricity as a heating source; by the 

beginning of the 1980’s, after the first oil crisis in 1973, this percentage increased up to 

18.4%. Since then, the evolution of this technology has been exponential. This has led 

to the development of a surprisingly big number of technologies and models. However, 

describing this heat pump landscape would require too many theoretical details and 

exceeds the objective of this work. As a more practical alternative, the improvements 

that have been achieved so far can be classified into: 
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- Technological: the most significant are “inverter” systems (which can 

regulate the working load according to the demand, hence reducing the 

consumption), multiparameter control systems, cascade and double 

compression cycles (for high temperature applications) and heat-recovery 

subsystems.  

- Environmental: mainly the evolution of refrigerant fluids for reducing their 

environmental impacts and a great increase in the efficiency.    

- User-friendly oriented: better comfort conditions, better air-quality and 

lower noise levels.   

The motive for such a quick technological evolution was the realization of a great 

market potential. Since the beginning of the 21th century, the growth of this market has 

been very fast, and most forecasts predict this growth will accelerate. In 2018, the 

global HP market was valued at more than 50€ billion [9], and it is expected to 

overcome 100€ billion by 2025, rising at a market growth of 8.6% CAGR (Compound 

Annual Growth Rate) [10]. Other forecasts estimate a growth of 11.08% CAGR for the 

period 2018-2023 [11], even more optimistic. By region, Asia Pacific holds the biggest 

market share, because the growth of the residential and commercial sectors increases the 

demand of heat pumps. Countries like India and China have a particularly significant 

role, due to their huge populations and their expanding medium-class. Europe is the 

second largest HP market, partly thanks to the substitution of aging and polluting 

installations (gas/coal heaters, old air conditioners…), strongly promoted by 

governments and institutions. In the “old continent”, the number of HP units sold per 

year increased by 120% in the period 2007-2018 [12], as shown in Figure 5, and by 

12.5% only in the last year [13]. Just considering the units sold in 2018, they 

contributed to avoid the emission of 33 Mtons of CO2 and to save 75.5 TWh of primary 

energy [12]. The average annual primary energy consumption in Europe is close to 40 

MWh per capita, so these savings represent the annual consumption of almost two 

million Europeans. Finally, Spain is one of the leading HP markets in Europe, 

accounting for 9.7% of the total HP units installed in Europe, only preceded by France 

and Italy (see Figure 6) [12].  

The key players of global heat pump market are distributed in Asia and Europe, as 

corresponds to the leading roles of these two continents. Japan is clearly a world power 

in HP manufacturing: Daikin, Panasonic Corporation and Hitachi are all Japanese and in 
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the top ten of HP companies. The giant Midea Group (including, for example, Toshiba) 

dominates the Chinese market and has a strong presence in South America (specially in 

Brazil). In Europe, the four biggest companies are the Irish Ingersoll Rand (industrial 

manufacturing) and Glen Dimplex (electric components manufacturing and 

development), the German Stiebel Eltron (central heating systems) and the Danish 

Danfoss (food cooling, heating/cooling buildings).  

 

Figure 5. European Heat Pump Market: number of million heat pump units sold per 

year for the period 2007-2018 [12]. 
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Figure 6. Number of heat pump units installed by 2019 in Europe, by country [12]. 

Our research line focuses on the use of HP units combined with PV generators for 

cooling applications (instead of both heating and cooling) for two reasons. Firstly, 

although the global heating demand still outweighs the global cooling demand, this 

situation is being reversed. In 2030, it has been estimated that cooling demand in 

Europe will have increased by 72%, while heating demand will have decreased by 30% 

[14]. In 2060, the worldwide cooling demand is expected to overtake the heating 

demand [14]. The global warming is the principal cause of this switch, increasing the 

cooling demand for food and medicine conservation and transportation, for control 

temperature in industrial processes and for human comfort. Spain is one of the warmer 

European countries, and its economy is highly dependent on food 

production/conservation/distribution and hostelry. The two sectors account for nearly 

40% of the Global Domestic Product (GDP) and they rely heavily on the cooling chain. 

Consequently, cooling generation is critical for the well-being of Spanish economy. In 

response, the Spanish cooling market has increased between 7% and 15% annually in 

the last 3 years; only in 2018, it implied an income of more than €5,000 million [15]. 

This has promoted the development of an important business infrastructure of 

climatization and refrigeration (with over 5,000 companies registered, clustered in 

associations like AFEC, AFAR, AEFYT, ATECYR…) that could profit from technical 

advancements in the sector.    



PHOTOVOLTAIC HEAT PUMPS FOR COOLING APPLICATIONS 

15 
 

The second reason why we focus on cooling is that its demand generally matches the 

PV generation profile better than heating (sunny hours and usually warmer and PV 

production is typically greater in summer than in winter). This permits to reduce the 

storage needs, that strongly affect the economic profitability of these systems. Most 

importantly, modern “inverter” HP compressors are fitted for variable frequency 

operation, which opens the door to real-time managing of solar power fluctuations due 

to cloud-passing. In consequence, no Electricity Energy Storage (EES) would be 

needed; instead, Thermal Energy Storage (TES) systems could be enough to solve the 

day-night generation cycle. The main advantages of TES over electro-chemical batteries 

(the most extended EES) are their higher reliability, lower costs and lower 

environmental impact (at least with the current state-of-the-art recycling of batteries).    

 

 

c) The search for new niche markets to explore in the Photovoltaic Systems 

research group.  

I have begun this introduction by stating a simile between this PhD work and the 

construction of a house, which is part of a village that is the PV Systems research group 

from the IES-UPM. I have also mentioned that the merit of identifying the opportunity 

for this work was not mine, but from the leaders of this village. This was not an isolated 

event, this village has in fact a long tradition in early detection, starting with its 

foundation in 1984, when PV energy was still a very long way from becoming an 

affordable technology for bulk power generation. However, there were some signs 

(forgive me for the non-very-scientific term, but intuition had a lot do to) that suggested 

that this could change in the incoming years, signs that were very well interpreted by 

Eduardo Lorenzo. This good interpretation came from a combination of experience and 

intelligence, but mostly from a very close contact to reality (not only the scientific 

community, but specially the civil society and the industry). Since then, all generations 

of researchers in this group/village have been taught this philosophy: keep in touch with 

reality and always try to anticipate to its needs. It has certainly proven to be very 

successful: nowadays, the PV Systems research group is one of the world references in 

the sector, it has produced more than 30 doctors (some of whom have founded sister 
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villages of our own), lead more than 20 research projects, both national and 

international, and given more than 100 provisions of services to private companies.   

In the beginning, the research activity of this group focused on stand-alone installations 

for rural electrification in Spain, the North of Africa and South America, giving access 

to electricity for more than 30,000 people. In 2005, the market of grid-connected PV 

farms gained importance due to the reduction of the prices of PV modules. This implied 

a very fast transition from small scale to large power PV installations, upscaling from 

some watts or kilowatts to gigawatts in only 15 years. The PV Systems group was able 

to successfully accompany this process thanks to, once again, a keen knowledge of 

reality outside academia. The research line of large-power grid-connected systems is 

already consolidated and still represents a big share of the total activity of the group. 

However, despite a change in direction (in 2012, the leader of our village abdicated -

only from presidency, thankfully not from his scientific activity-), we keep being 

faithful to our philosophy and we have no intention of getting accommodated. The same 

way that, when exercising in a treadmill, you need to keep running to avoid falling 

down.  

Today, the world is going through an energetic crisis, and there is little room for 

discussing that PV energy is going to play a fundamental role in the solution. However, 

there is still big uncertainty about how and to what extent. There are many “ifs” in any 

scenario, whether optimistic or conservative. The PV research group, as you have 

probably guessed, wants to be a protagonist in a script that will need to be written 

almost at the same time that it is interpreted. It is not an easy task, but early detection 

keeps being our best ally. For that purpose, the group dedicates many efforts to the 

identification of new niche markets for PV systems. Large-power PV irrigation systems 

are a very successful chapter in this story, of which I will give more details in section 

1.4. Regarding my PhD, it is the beginning of another chapter, PV-HP systems for 

cooling applications, that hopefully will be as fortunate. But independently of the result, 

I will always consider myself lucky for having been admitted in this picturesque village. 

It was in 2015, when my research career was hardly initiated. If you allow me still 

another metaphor, during these 5 years I have been a sailor in a very well navigated 

boat, which certainly helps not to get drown in the deep sea.    
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1.3 THE FIRST FLOOR 

I hope that by now the reader has a better picture of the situation that motivated this 

PhD work. The world is experimenting a paradigm shift of the energetic system, 

currently dependent on fossil fuels. High renewable energies penetration rates and 

electrification are key points in this transition. Heat pumps are a technology that permits 

to cover a thermal demand by consuming electricity, so combining them with PV 

generators gives a direct answer to these necessities. Cooling applications are 

particularly suited for being PV-powered, as the better matching between generation 

and consumption reduces the storage needs. The leaders of a small but prominent 

village became aware that this situation provided very solid foundations for the 

construction of a house, and offered the project to a young new resident (I could add 

more adjectives, but let us remain professional). Once we have the foundations and we 

have decided to construct our building, we obviously need to begin with the first floor. 

It is convenient to stress the importance of ground floors: they need to be able to stand 

the weight of the rest of the house without it tilting or collapsing. Furthermore, once we 

inhabit the house, we will always need to cross the first floor for getting to the upper 

ones. So, it is important that we like the final result, as we will need to revisit it 

constantly.  

When building a new construction, whether it is the ground level or at the top of a 

skyscraper, it is convenient to start with the floor, understood as the lower surface of a 

room on which we walk. We need to be able to stand in order to construct the walls and 

the ceiling. Metaphorically speaking, a good room floor should be composed of two 

materials in the right proportions: 50% of the right questions and 50% of the answers to 

those questions. As regards PV cooling systems, the right questions on which we stand 

are: What solutions are already developed and reported? Is PV cooling technically and 

economically feasible? What are the main technical and economic barriers that need to 

be addressed? Which solution should be tested first, considering the current state of the 

art? The main objective of this PhD thesis, as the first step into our new research line, 

gives answers to these questions. 

Our building is the research line of PV-HP systems for cooling applications and the first 

floor, the technical and economic validation of a technical solution without batteries. 

The lack of batteries (or EES in general) offers reliability and economic advantages, but 
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implies the management of solar power fluctuations due to cloud-passing. Hybrid 

configurations (typically with the electric grid or with diesel generators) can be a partial 

answer, but with obvious limitations. The main objective of this work is to develop and 

validate a new technical solution in stand-alone operation, which will also guarantee its 

technical feasibility with other configurations: hybrid or with TES systems as back-up 

(cheaper, more reliable and less polluting than batteries).  

 

Objectives of this PhD thesis  

Initially, the main objective of my work was to both initiate and finish the construction 

of the first floor of our building. However, this was partly the consequence of my 

unexperienced optimism. Ultimately, one of the most important lessons I have learned 

along these years is that experimental science takes time, a huge amount of time. There 

is a sort of non-written rule that prays: when estimating how long a task is going to take, 

multiply what you initially calculate by three for keeping your expectations realistic. In 

my experience, this rule should be a golden one in a handbook for young researchers. 

After learning this valuable lesson, I reformulated my objective: to construct the 

structure and the walls of the first floor. Painting and decorating will be done, but they 

are not essential for the stability of the building. In other words, the main objective of 

this PhD is to develop and validate a new PV-HP solution on one prototype, and to 

demonstrate that functioning without batteries is feasible and reliable. Extending 

this validation to other locations and configurations is an ongoing process that will still 

give me many head breakers.  

When facing the development of a new technology (or, in this case, the combination of 

two existing technologies), it is a must to begin by learning what has already been done 

by the scientific community, and how to help to improve it. Investing efforts in solved 

problems is close to the definition of stupidity. Also, we must be able to share our future 

results, not only in purchase of the ideal that knowledge is universal, but also for 

receiving a feedback that nourishes our work. For that, it is fundamental that we all 

speak the same language. Once bounded what problems still need to be solved, and 

what information is required for assessing the validity of our solution, the next logical 

step it to install a laboratory prototype that permits to stablish and test hypothesis, to 

understand the working fundamentals and to identify the technical barriers. Finally, 
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taking the solution out of the laboratory would only be possible (or, certainly, much 

more likely to happen) if its economic viability is sufficiently proved. This way, three 

specific objectives are outlined:  

• Proposal of new Key Performance Indicators (KPIs) for PV-HP systems. This 

implies a comprehensive review of the state of the art for knowing the most 

common KPIs currently used and their boundaries, and for solving important 

questions. What solutions have already been validated? How to characterize a 

PV-HP system? What information do we need for comparing different 

experiments?  

 

• Technical validation of a new PV-HP solution without batteries. A laboratory 

prototype has been designed, implemented and characterized for a stand-alone 

configuration. The results were assessed in terms of: 

- The values obtained for the defined KPIs. 

- The stability of the system against solar power fluctuations due to cloud-

passing. 

- The representativeness of the carried-out experiments.  

 

• Economic assessment for a real industrial application. The economic viability of 

the solution developed in this work has been tested for the air conditioning of 

two livestock industrial farms located in Spain.  
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1.4 AN UNFINISHED (BUT PROJECTED) HOUSE 

It might seem strange nowadays, but aforetime it was rather common to leave houses 

unfinished even after inhabiting them. Of course, some minimum comfort conditions 

were required (roughly, four walls that offer protection against the wind and a roof that 

keeps the inside dry), but the owner usually left open the possibility of constructing 

more floors or adding more rooms. Uncertainty was assumed to be an unavoidable part 

of life without producing as much anguish as today, but that does not mean they could 

not be optimistic. If things go better (or keep going well, depending on the case), it is 

important to have the means for taking profit from the situation. Our house, as the 

reader has probably guessed, is unfinished. But it can already be inhabited.  

There is a detail about our building that I have not mentioned yet: it is a detached house. 

It shares one wall and has the same structure as the near building, which is the building 

of PV irrigation systems and was the “pilot” house of a new urbanization (remember the 

search for new niche markets for PV systems). It is also unfinished, but it already has 

three complete floors (plus the solid foundations). The construction of the second floor 

consisted on taking the validated technology from the laboratory to the real world, 

installing real-scale demonstrators by means of public funding destined to R+D. This 

was done in the context of the project Maslowaten, financed by the European 

Commission. This technology was so technically successful and socially well received, 

that is was only natural to keep on with the construction of a third floor: the scale of the 

projects increased and private funding was mobilized. Currently, the PV Systems 

research group, within the research line of PV irrigation systems, is behind the 

installation of several megawatts of power (compared to the few kilowatts of the 

laboratory prototype).  

Back to our house (or research line) of PV-HP systems for cooling generation, the 

construction of two more floors has already been projected, following the example of 

PV irrigation systems. Figure 7 shows the structure of our unfinished (but projected) 

building: the three solid foundations, described in section 1.2, sustain the first floor that 

contains the specific objectives of this PhD. Once this first floor is painted and 

decorated, at least two more will be constructed. The second floor will imply the 

installation and validation of real-scale demonstrators. The third floor will achieve the 

market penetration of PV-HP systems in competitive financial conditions. And, finally, 



1. INTRODUCTION 

 

22 
 

as we accept the uncertainty of life but are optimistic, we will leave a temporary roof 

waiting for further extensions.    

 

Figure 7. Structure of the unfinished house of PV-HP systems for cooling applications. 
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WHAT DOES A PHOTOVOLTAIC ENGINEER NEED TO KNOW ABOUT 

HEAT PUMPS? 

For understanding the fundamentals of HPs, some thermodynamic concepts need to be 

introduced. Thermodynamics is the branch of physics that studies the relations between 

heat and mechanical work, and the conversion of one into another. In particular, 

chemical thermodynamics studies the interrelation of energy and chemical reactions or 

with a physical change of state. Changes of state, and specially phase transitions, are the 

keystone of how HPs work. Substances can exist in three possible phases (solid, liquid 

and gaseous), depending on their pressure and temperature conditions. Substances that 

alternate between liquid and gaseous phases are called fluids. Usually, this alternation 

occurs at constant pressure and at a certain temperature, so the energy of the fluid varies 

by changing its specific volume. The thermal energy exchanged in the process is called 

the latent heat or enthalpy of vaporization (Hv), and it is defined as positive when the 

system absorbs energy (i.e. in the transition from liquid to gaseous phase). In general, 

the enthalpy (H) can be understood as the sum of the system’s internal energy. Finally, 

the enthalpy is closely related to entropy (S), which refers to the measure of the level of 

disorder in a thermodynamic system, according to the following equation (known as the 

second Gibbs equation): 

𝑑𝐻 = 𝑇𝑑𝑆 + 𝑉𝑜𝑙 × 𝑑𝑝 (1) 

Where T, p and Vol are the temperature, the pressure and the volume of the 

thermodynamic system, respectively. Conceptually, the first term of the equation is the 

energy exchanged in terms of heat (ΔQ), and the second is the energy exchanged in 

terms of mechanical work (ΔW). In the particular cases of processes at constant pressure 

or at constant entropy (called isentropic), this equation is simplified as follows: 

∆𝐻𝑃 = 𝑇∆𝑆 = ∆𝑄 (2) 

∆𝐻𝑆 = 𝑉∆𝑝 = ∆𝑊 (3) 

Where ΔHP is the enthalpy variation at constant pressure, equivalent to the thermal 

energy, and ΔHS is the enthalpy variation at constant entropy, equivalent to the 

mechanical energy.  
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When analyzing a certain thermodynamic cycle, in which a fluid transits between 

several states, it is very typical to represent such states in a pressure-enthalpy (p-H) 

diagram or Mollier diagram (see Figure 8). Besides the two axes (the p axis in 

logarithmic scale), the saturation curve and the critical point, at which liquid and gas 

phases have the same density and cannot be distinguished,  delimit three different 

regions: the subcooled liquid state (outside the saturation curve, to the left of the critical 

point), the two-phase state (inside the saturation curve) and the superheated vapor state 

(outside the saturation curve, to the right of the critical point). The transition between 

liquid and gaseous phases occurs in the two-phase state, where the isotherm lines are 

horizontal lines (as already mentioned, phase transitions occur at constant pressure and 

temperature).  

 

Figure 8. Example of a pressure-enthalpy diagram or Mollier diagram of a refrigerant 

fluid. 

 

Once these basic concepts have been defined, it is easier to understand the specific 

thermodynamic cycle of a HP, known as the simple vapor compression refrigeration 

cycle. Figure 9 presents the main components of a HP system: the compressor, the 

condenser, the evaporator and the expansion valve. The refrigerant fluid flows from one 

component to another through a closed-cycle piping, changing its phase from liquid to 

vapor, and vice versa, for transporting heat from the hot borehole to the cold one. The 

heat exchanges occur inside the condenser and the evaporator, between the refrigerant 
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and the two fluids that constitute the boreholes, typically air or water. The process 

where the refrigerant completes a round (starting and ending in point 1) is called a 

simple vapor compression cycle. Figure 10 shows an ideal simple-compression cycle 

represented on a P-H diagram. The complete thermodynamic cycle consists of the 

following steps: 

• Compression stage (1→2): the refrigerant enters the compressor as saturated 

vapor (point 1 coincides with the saturation curve) and its pressure is lifted, 

increasing its energy (i.e. enthalpy) and becoming an overheated vapor. Ideally, 

this process is isentropic, so all the enthalpy gain corresponds to mechanical 

work (see Eq. (3)). For generating such mechanical work, the compressor 

consumes electric power (Pcom). This power consumption is proportional to the 

area within the lines of the whole cycle: observe that the longer the line between 

points 1 and 2 (i.e. the higher the compression ratio), the bigger the area of the 

cycle, hence the higher the power consumption.  

• Condensation stage (2→3): the refrigerant enters the condenser in gaseous 

phase and condensates at constant pressure and temperature, releasing thermal 

power (Qcond) to the cold borehole. This thermal power is proportional to the 

length of the line connecting points 2 and 3. According to Eq. (2), this process 

does not involve any mechanical work. In the ideal cycle, the refrigerant outs the 

condenser as saturated liquid (point 3 coincides with the saturation curve), 

although in reality it is common to produce subcooled liquid.   

• Lamination stage (3→4): the refrigerant enters the lamination valve as 

saturated liquid state and its pressure is lowered in an isenthalpic process (i.e. at 

constant enthalpy). A fraction of the refrigerant evaporates in an adiabatic 

(ΔQ=0) process, obtaining a liquid and vapor mixture. This process does not 

generate nor consume any power.  

• Evaporation stage (4→1): the refrigerant completely evaporates at constant 

pressure and temperature in the evaporator, absorbing thermal power (Qevap) 

from the hot borehole. This thermal power is proportional to the length of the 

line connecting points 4 and 1. In the ideal cycle, the refrigerant outs the 

evaporator as saturated vapor, although in reality it is common to produce 

superheated vapor.    
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Figure 9. Schematic of the main components of a Heat Pump system. 

 

Figure 10. Pressure-enthalpy diagram or Mollier diagram of an ideal simple-

compression thermodynamic cycle. 

 

Finally, HPs are reversible because their two heat exchangers can operate as the 

evaporator or as the condenser, depending on the operation mode of the system (heating 

or cooling). The interior and exterior units of the HP contain one heat exchanger each. 

When the heat exchanger in the interior unit acts as the evaporator, the HP is operating 

in cooling mode; when it acts as the condenser, the HP is operating in heating mode. 
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For example, in cooling mode the refrigerant absorbs heat from the room at the 

evaporator and releases it to the ambient in the condenser. Usually, two mechanical 

devices (air fans or water pumps) help to improve the heat exchange rates. HP systems 

need of an integrated control that regulates the compressor, the expansion valve and the 

fans or pumps for optimizing the efficiency and reducing the electricity consumption. 

The critical component is the compressor: it consumes more than 60% of the total 

electricity consumption of the system and mostly determines the maximum heat 

exchange that can be achieved in a cycle.     
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2.1 INTRODUCTION 

Research into PV-HP is quite recent, as the elevated prices of solar PV panels were an 

economic barrier until they started dropping in 2010. The first reported experimental 

study into PV-HP was published in 1997 [16]. It was a hybrid solar 

Photovoltaic/Thermal (PVT) system that combined a PV module with a thermal 

collector on its back surface which worked as the evaporator of the HP and helped to 

reduce the electricity consumption of the system. This electricity could be supplied by 

the PV array and/or traditional energy sources (i.e. the local grid or diesel generators). 

PVT technology is still the most dominant in the research literature but the reduction in 

PV prices has brought about increasing attention in Only-PV (OPV) HP systems, in 

which solar technology is used just for powering the HP. In fact, some studies show that 

the solar collector is already the most expensive component of a PVT-HP system, so 

OPV systems help to reduce the initial investment cost very significantly [17], [18], 

[19], [20], [21].  

This interesting scenario contrasts with the lack of review works that summarize the 

progress of research in this field in general and of the performance of PV-HPs in 

particular. That was precisely the motivation of this chapter, which presents a review of 

both historic and most recent studies into PV-HP (including both PVT and OPV 

systems), analyzing the KPIs they used and their values. The objective is to check if 

these KPIs are useful for: 

• First, evaluating the performance and the renewable character of the PV-HP 

from the point of view of the electricity consumed for the thermal conversion. 

This is done in the framework of both research studies and potential quality 

control procedures of real systems (for example, in their commissioning). 

 

• Second, comparing the results reported by the different research studies. 

As a result of this analysis, this chapter contributes to the search of new KPIs for PV-

HP systems that make it easier to compare the results of different studies, and that allow 

checking the performance quality of the real systems that, in the near future, will reach 

the market and will be subject to contractual frameworks. 
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2.2 TECHNOLOGY OVERVIEW 

There are different possible criteria for classifying solar HP systems, but one of the 

most extended is attending to their motive power: thermal, electric and PVT. Thermal 

HPs can be divided into sorption systems (based on the use of Solar Thermal (ST) 

collectors), which can be open cycle or closed cycle, and thermo-mechanic systems, 

mainly the steam jet generator and the Rankine cycle [22]. Electric HPs are classified 

into OPV/Vapor compression (using PV generators for powering a vapor compressor), 

the Stirling cycle and thermo-electric systems (based on the Peltier effect) [22]. Finally, 

hybrid PVT HPs, that combine solar thermal collectors and solar PV generators, can be 

divided into air and water systems [23]. Those categories that include a PV generator 

(OPV/Vapor compression and PVT systems) can present stand-alone or grid-connected 

configurations.  

As it can be observed, there is a wide variety of HP technologies that makes their 

comparison very complex (and probably not useful). Therefore, this paper focuses only 

on PV-HP systems, which include PVT and OPV. Figure 11(a) shows the schematic of 

a basic direct expansion PVT-HP system (other technologies, such as indirect 

expansion, and configurations do exist, but for simplicity reasons, we will focus here on 

direct expansion PVT-HP). It has a PVT collector, consisting of a PV generator with a 

heat exchanger on its back surface that acts as the evaporator of the system (e). This 

way, electric (Eel) and thermal energy (Eth) are simultaneously generated using only one 

device. The refrigerant circulating through the evaporator absorbs heat from the PV 

cells, reducing the temperature of the PV generator and consequently increasing its 

electrical efficiency, and is evaporated. Then, it enters a compressor (com) that raises its 

pressure to reach a suitable condensing temperature (Tcond). The refrigerant circulates 

through another heat exchanger that acts as the condenser of the system (c), where it 

releases heat and condenses into a liquid. Finally, the liquid refrigerant enters an 

expansion valve (ex) that reduces its pressure to reach a suitable evaporation 

temperature (Tevap), and a new heat pump cycle begins. The PV electricity is used to 

feed the compressor with an inverter and a battery in the stand-alone configuration or 

hybridized with the grid to feed the compressor in the grid-connected configuration. The 

thermal energy absorption at the evaporator from the PV array helps to reduce the 

electricity consumption, as well as cooling the PV panels, hence making the system 

more efficient.  
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Figure 11(b) shows the schematic of a basic OPV heat pump system. The 

thermodynamic heat pump cycle is similar to the PVT case, but now there is no 

collector that connects the PV generator and the evaporator, so Eel and Eth do not depend 

on each other and both heating and cooling applications are possible with the same 

system. Both types of PV-HP (PVT and OPV) can present two main configurations: 

grid-connected systems (in which the compressor is powered by both the grid and the 

PV generator) and stand-alone systems (in which the compressor is powered just by the 

electricity generated by the PV array, and batteries might be used as back-up for periods 

when the PV generation and the cooling/heating demand do not match).  It must be 

noted that, although these schematics only consider the electric consumption of the 

compressor, the commercial heat pumps also present additional electric loads such as 

valves and fans. These loads are secondary compared to the compressor, but they are 

not negligible when assessing the performance of the system. 

 

(a) 
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(b) 

Figure 11. Schematic of a PVT heat pump system (a) and that of an OPV heat pump 

system (b), both presenting two possible configurations: grid-connected (in blue) or 

stand-alone (in red). 

 

Solar technologies can be especially beneficial for cooling applications, as the thermal 

demand matches the solar power generation (sunny hours are usually warmer), reducing 

the need to use storage systems. In particular, PV-HPs present a great potential due to 

their low electricity consumptions and to the reduction in the cost of PV panels. 

Furthermore, the same HP installation can be used for both heating and cooling 

applications. However, there is a lack of review works that summarize the most recent 

research in this field. Table 1 presents a summary of recent reviews into solar cooling 

systems and solar HPs. It can be observed that most of them focus on ST technologies, 

and very few mention PVT and/or OPV systems, which are precisely the scope of this 

review.  
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Solar Cooling systems 

Reference Focus 

[24] G. A. Florides et al. ST and PV solar cooling for buildings 

[25] A. M. Papadopoulos et al. ST and electric air-conditioning  

[26] C. A. Balaras et al. ST air-conditioning 

[27] H-M Henning et al. ST air-conditioning 

[28] D. S. Kim et al.  ST and electric solar refrigeration 

[29] L. A. Chidambaram et al. ST cooling with thermal storage 

[30] K. Moradi et al. PVT cooling  

[31] I. Sarbu et al. ST and electric solar cooling 

[23] F. Shan et al. PVT cooling  

[32] D. Zhao et al. Electric cooling (only thermoelectric systems) 

[33] S. Pintaldi et al. ST cooling with thermal storage 

[22] A. Allouhi et al.  ST, electric and PVT cooling 

[34] A. J. Alazazmeh et al. ST and electric solar cooling 

[35] M. Zeyghami et al. ST cooling (only thermo-mechanic) 

[36] S. R. Reddy et al. PVT cooling  

Solar Heat Pump systems 

Reference Focus 

[37] O. Ozgener et al. ST heat pumps for heating applications 

[38] O. Kara et al. ST heat pumps, direct expansion systems 

[39] M. Y. Haller et al. ST heat pumps  

[40] P. Omojaro et al.  ST heat pumps  

[41] Z. Mohd. Amin et al. ST heat pumps for heating applications 

[42] R. Shukla et al. ST heat pumps for water heating applications 

[43] J. Ruschenburg et al. ST heat pumps for heating applications 

[44] R. S. Kamel et al. PVT heat pumps 

[45] M. S. Buker et al. ST heat pumps for water heating applications 

[46] V. Kapsalis et al.  ST heat pumps with thermal storage 

[47] M. Mohanraj et al. ST and PVT heat pumps 

[48] M. Mohanraj et al. ST and PVT heat pumps 

[49] S. Poppi et al.  ST, PVT and OPV heat pumps for heating 

applications  

Table 1. Recent reviews into solar cooling technologies and solar heat pump systems, 

including ST, PVT and OPV. 
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2.3 METHOD FOR THE CRITICAL ANALYSIS OF KPIs FOR PV-HP 

SYSTEMS 

The method that we propose to review the identified studies has three objectives: first, 

describing the KPIs used in these studies; second, analyzing their suitability to evaluate 

the performance and the renewable character of PV-HP systems and identifying their 

boundaries; and third, proposing new KPIs that consider the performance of the PV 

generator, of the HP unit and of their integration, and that make it easier to compare the 

results of the different studies. These new indices are based on the traditional ones but 

appropriately adapted to the specific characteristics of the PV-HP systems. Finally, the 

traditional and the new proposed KPIs will be reported/calculated and discussed in the 

following section of this chapter. 

2.3.1 KPIs used in the reviewed studies  

The performance of HP systems, in terms of how efficiently they transform electrical 

energy into thermal energy, is typically evaluated through the Coefficient of 

Performance (COP) when operating in heating mode or through the Energy Efficiency 

Ratio (EER) when operating in cooling mode. These indicators are defined as follows: 

𝐶𝑂𝑃 =
𝑄𝑐𝑜𝑛𝑑

𝑃𝐻𝑃
 (4) 

𝐸𝐸𝑅 =
𝑄𝑒𝑣𝑎𝑝

𝑃𝐻𝑃
 (5) 

Where 𝑄𝑐𝑜𝑛𝑑 is the thermal power released at the condenser, 𝑄𝑒𝑣𝑎𝑝 is the thermal power 

absorbed at the evaporator and 𝑃𝐻𝑃 is the electric power consumed by the HP unit under 

certain test conditions.  

The Seasonal Performance Factor (SPF) is the ratio between the total useful thermal 

energy generated (𝐸𝑡ℎ) and the electric energy consumption of the HP unit (𝐸𝑒𝑙) –

usually including all its electric loads, not only the compressor- over a whole year of 

operation or over a complete heating/cooling season: 

𝑆𝑃𝐹 =
𝐸𝑡ℎ

𝐸𝑒𝑙
 (6) 
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A HP system is considered renewable (independently of how its electrical consumption 

is generated) if its SPF is greater than 2.5 [50]. Some precautions must be taken when 

using the SPF [51]: 

• It is similar to the average COP or EER, but not identical. Even though, we 

found that some authors consider them to be equivalent.  

• It is important to know the boundaries of the system under evaluation, especially 

if only the electricity consumption of the compressor is considered, or if 

additional electric loads are also included. 

• The SPF can be reported for shorter periods than a year or a heating/cooling 

season, but it must be properly indicated.  

For ST-HP and PVT-HP systems, the Solar Fraction (SF) is generally used to assess 

how much thermal energy (absorbed at the evaporator or liberated at the condenser, 

depending on the application) is provided by the solar collector (EST), contributing to 

reducing the electricity consumption of the system. SF presents values of between 0 and 

1, and it is given by equation (7): 

𝑆𝐹 =
𝐸𝑆𝑇

𝐸𝑡ℎ
 (7) 

However, the SF only evaluates the use of the solar thermal collector and it is 

independent of the PV system, so it is not included in this analysis. Instead, we define 

the PV Solar Fraction, SFPV, (also presenting values of between 0 and 1) representing 

the share of the total electricity consumed by the HP that has been generated by the PV 

generator, as shown in equation (8): 

𝑆𝐹𝑃𝑉 =
𝐸𝑃𝑉−𝐻𝑃

𝐸𝑒𝑙
 (8) 

 

Where 𝐸𝑃𝑉−𝐻𝑃 is the PV energy consumed by the HP, both directly or after being stored 

in a battery. 
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For PVT-HP and OPV-HP systems, there are three commonly used performance 

indicators to evaluate the PV contribution: the Performance Ratio (PR) for evaluating 

the performance of the PV generator, the Self-Consumption Ratio (SCR) and the PV 

Solar Fraction (SFPV) for evaluating the quality of the coupling between the PV 

generator and the compressor of the HP. The PR represents the ratio between the PV 

energy that is actually delivered to the HP and the PV energy that could have been 

ideally generated for a certain period of time, and it is given by equation (9): 

𝑃𝑅 =
𝐸𝐴𝐶

𝑃𝑀𝑃𝑃
∗

𝐺∗ ∫ 𝐺(𝑡)𝑑𝑡
 (9) 

Where 𝐸𝐴𝐶 is the useful (meaning that it is either used for powering the compressor, for 

charging a battery or exported to the grid) AC electric energy produced by the PV 

generator, 𝑃𝑀𝑃𝑃
∗  is the power of the PV generator at the Maximum Power Point (MPP) 

and under Standard Test Conditions (STC), 𝐺∗is the global solar irradiance under STC 

and 𝐺 is the global solar irradiance received in the plane of the PV generator. The PR 

for grid-connected PV systems is traditionally defined in terms of the AC energy. 

However, most studies included in this review only reported DC energy and no DC/AC 

efficiency.  

The SCR (which also presents values between 0 and 1) represents the share of the total 

PV energy generation that is consumed by the compressor of the HP system, and it is 

given by equation (10): 

𝑆𝐶𝑅 =
𝐸𝑃𝑉−𝐻𝑃

𝐸𝑃𝑉
 (10) 

2.3.2 Boundaries of the used KPIs 

There are some boundaries to these KPIs when comparing the results of the different 

studies and when evaluating the quality of PV-HP performance, both in real systems 

and in contractual frameworks (for example, in commissioning procedures). 

- The first boundary is the influence of the local climate conditions in the 

performance of PV-HP. The same high-quality PV-HP will have a lower value 

of PR in Spain than in Denmark just because the mean ambient temperature in 
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Spain is higher, leading to higher thermal losses in the PV system. These losses 

are not related to the quality of the system but to the operating climatic 

conditions in the location where the PV-HP has been installed. Something 

similar happens with the SPF, COP and EER, which are highly dependent on the 

ambient and room temperatures [51]. This dependence is not linear and is not 

the same for different technologies and models of HPs. This makes it very 

difficult to compare the performance results of studies carried out in different 

climatic regions. 

- The second boundary is the influence of the time span of the studies. As the used 

KPIs depend on the operating conditions, they may vary along the year. If the 

time span is short, the KPIs will show different values depending on the period 

of the year when the measurements have been taken. This effect is attenuated in 

long time spans as the KPI values are not affected by particular operating 

conditions but by mean values. This is why the use of the SPF and PR over a 

whole year is recommended when possible. However, these annual time spans 

are useful for simulation studies, but they may not be for experimental analysis 

or for commissioning tests, which must be done in shorter time spans. 

- The third boundary is related to the different HP technologies used in the 

reviewed studies. While 95% of the PV market is crystalline-silicon technology 

[52], the variety of HP technologies is much wider and therefore a general 

comparison of their performance may have no sense. This is why this review 

focuses on the performance analysis from the electrical-consumption point of 

view and its renewable character. So, for a given thermal demand, we will only 

consider the HP electrical consumption (in other words, its index SPF) 

regardless of the technology, and how much of that electricity comes from a 

renewable energy source (i.e. PV). It is important to clarify the frontier of the 

system under analysis: most studies consider all the electric loads of the HP unit, 

but some consider only the compressor. In any case, in this review we indicate 

which HP is water to water, air to air, etc., and what application it is used for 

(i.e. water/space heating/cooling) as additional information that can be useful for 

the reader. Other aspects such as the initial investment, size and surface 

occupation are not here considered, but are key aspects to select one HP 

technology or another.  
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2.3.3 New performance indicators for PV-HP systems 

When approaching the performance evaluation of a PV-HP system, a combination of 

the aforementioned indicators would help to integrate three different characteristics of 

the system to evaluate: the quality of the heat pump (characterized by COP, EER and/or 

SPF), the quality of the PV generator (characterized by the PR), and the quality of the 

integration of the two systems (characterized by SCR and SFPV).   

An important aspect to take into account is that the PR, as traditionally defined, is 

highly affected by factors that do not depend on the quality of the PV system when 

coupled to a HP, such as the heating/cooling period (which could be different over the 

whole year), the daily heating/cooling demand profile (which depends on the 

application and the user behavior) or possible failures of the compressor or any of the 

components of the heat pump. If the heat pump does not operate during sunny hours, 

whether because there is no thermal demand or because the compressor has technical 

problems, the 𝐸𝑃𝑉 will be zero during these periods, even if the PV generator is 

performing well, so the PR values will be lowered. Regarding these considerations, the 

PR is factorized by distinguishing between irradiation losses for three essentially 

different reasons: the non-heating/cooling period, the intrinsic characteristics of the PV-

HP system design and the external factors: 

𝑃𝑅 = 𝑃𝑅𝑃𝑉 × 𝑈𝑅HCp × 𝑈𝑅PV−HP × 𝑈𝑅EF (11) 

The meanings of the four factors from Equation (11) are given in Table 2, where HCp is 

the heating/cooling period determined by the particular application, Guseful is the 

available useful irradiance during the HCp determined by the relationship between the 

𝑃𝑀𝑃𝑃
∗ , the PV generator structure and the type of heating/cooling system that will 

determine the power requirements throughout the day, and Gused is the irradiance 

effectively used by the system.  
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𝑃𝑅PV =
𝐸𝐴𝐶

𝑃𝑀𝑃𝑃
∗ /𝐺∗

𝑥
1

∫ 𝐺useddt
 

This is the PR considering only losses strictly 

associated to the PV system 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. 

𝑈𝑅HCp =
∫ 𝐺dt

HCp

∫ 𝐺dt
 

This is the ratio of the total irradiation throughout the 

heating/cooling period, HCp, to the total annual 

irradiation (Figure 12-a). It is intrinsic to a given 

application of heating/cooling. Note that it can only be 

applied to the annual period. 

𝑈𝑅PV−HP =
∫ 𝐺useful dt

∫ Gdt
HCp

 
This is the ratio of the irradiation necessary to deliver 

the power required by the HP to the total irradiation 

throughout the HCp (Figure 12-b). It is intrinsic to the 

heating/cooling system design; specifically, it depends 

on the type of heating/cooling system (at constant or at 

variable power), the ratio between the PV peak power 

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

the tracking geometry.  

𝑈𝑅EF =
∫ 𝐺used dt

∫ 𝐺useful dt
 

This is the ratio of the irradiation required by the HP 

during the heating/cooling scheduling to the total 

irradiation that could be useful. It is intrinsic to the 

control algorithm implemented and to the end user’s 

behavior. 

 

Table 2. Definition of the factors proposed for the PR factorization for PV-HP systems. 

 

To clarify these concepts, G, GHCp, Guseful, and Gused are shown in Figure 12 for a 

hypothetic constant power HP system. The example of constant power has been selected 

for reasons of simplicity and the clarity of the explanation. It can be shown that GHCp is 

the total irradiance during the heating/cooling period determined by a certain 



PHOTOVOLTAIC HEAT PUMPS FOR COOLING APPLICATIONS 

43 
 

application (Figure 12-a). Guseful is the irradiance required to deliver the constant power 

required by a certain HP (Figure 12-b). It is worth noting that with irradiances below 

Guseful the HP will not be able to work because the power required will not be reached, 

and irradiances higher than Guseful will be partially wasted because the system works at 

constant power. Finally, Gused is the part of Guseful that has been used effectively as a 

result of the scheduling of heating/cooling selected by the end-user (Figure 12-c). In this 

last figure, the irradiance from 7 am to 2 pm was wasted because of the heating/cooling 

scheduling rather than technical problems in the PV system. 

 

(a) 

  

(b) (c) 

Figure 12. Graphical representation of the different irradiations considered: (a) 

∫ 𝑮𝑯𝑪𝒑 is the irradiation during the heating/cooling period (HCp), (b) ∫ 𝑮𝒖𝒔𝒆𝒇𝒖𝒍 is the 

useful irradiation during the HCp determined by the design of the PV HP system; and 

(c) ∫ 𝑮𝒖𝒔𝒆𝒅 is the irradiation used effectively by the system. 
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It is worth noting that storing PV energy in a battery for its later use or feeding it into 

the grid are possible solutions for avoiding the reduction in the PR due to external 

factors and it would have the effect of extending the Guseful. Unfortunately, published 

studies do not generally provide the information needed to calculate these utilization 

ratios (URs), so we were not able to include their values in this review. However, we 

strongly recommend their use for future works. 

Finally, a new performance indicator (SPFPV-HP), resulting from the combination of the 

traditional SPF with the PR, SCR and SFPV, is proposed in Equation (12): 

𝑆𝑃𝐹𝑃𝑉−𝐻𝑃 = 𝑆𝑃𝐹(1 + 𝑃𝑅 × 𝑆𝐶𝑅 × 𝑆𝐹𝑃𝑉) (12) 

where 𝑃𝑅 is defined in Equation (11), and SPFPV-HP and SPF can be extended to 

different time spans (hourly, monthly or yearly) as will be later discussed.  

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

use (PR=SCR=SFPV=0); SPFPV-HP will double the traditional SPF if the PV generator 

performs ideally and all its electricity production is used for powering the compressor in 

stand-alone regime (PR=SCR=SFPV=1). SPFPV-HP will be applied for both heating and 

cooling applications. 

The main motivation for proposing this new KPI, SPFPV-HP, is that it combines the 

performance quality of the HP (SPF), of the PV system (PRPV), its utilization ratios 

(𝑈𝑅HCp, 𝑈𝑅PV−HP and  𝑈𝑅EF ) and of the integration of the two systems (SCR and 

SFPV). This way, SPFPV-HP can be seen as an indicator of the system performance, 

including the integration of the subsystems (meaning the heat pump and the PV 

generator), and the renewable character of the PV-HP: a high value of SPFPV-HP would 

mean a high efficiency of the HP, a high and efficient use of PV electricity and, 

therefore, a good integration of both systems. Figure 13 illustrates this: 
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Figure 13. Factors proposed to calculate SPFPV-HP and their conceptual meaning. 

The maximization of the SPFPV-HP has several implications for a PV-HP designer. It 

obliges the designer to select an efficient HP and to size the PV system balancing the 

different factors. A high ratio P*
MPP/PHP would lead to a high value of SFPV but to low 

values of PR and SCR, and vice versa. So, a balance exercise will be necessary. 

Moreover, external factors to the quality of the PV-HP, evaluated by the defined URs, 

will also affect the PV-HP performance. They will oblige to adapt the PV-HP design to 

the specific restrictions and needs of the final application of the HP and its user.  

The designer will lose the physical meaning of the SPF and the PR when using SPFPV-

HP but, on the contrary, the designer will be able to evaluate not only the quality of the 

HP or of the PV system separately, but also the quality of its integration. In any case, 

our proposal is not that the SPFPV-HP substitutes the other KPIs that constitute it, but to 

evaluate both the SPFPV-HP and its seven factors. The reader could be surprised that to 

assess the quality of a PV-HP system it is necessary to consider 8 KPIs but, this way, in 

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

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

assigned if necessary (to the manufacturers of the components, to the designer 

responsible for their integration, or to the use of the system by the end user). 

The drawback of using this new KPI is that it is necessary to register not only the 

different thermal and electrical energies related to the SPF, the SCR and the SFPV, but 

also the irradiance on the plane of the PV generator, G, to calculate the PR. 

The SPFPV-HP does not solve the limitations corresponding to the different time spans 

and climatic conditions that impede the results of the different studies to be comparable, 

but its variation with the different climatic conditions can be attenuated by using the 

PRSTC instead of the PR [53]. Applying this to the PRPV, we obtain equation (13): 
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𝑃𝑅𝑃𝑉,𝑆𝑇𝐶 =
𝐸𝑃𝑉

𝑃𝑀𝑃𝑃
∗

𝐺∗ ∫ 𝐺𝑢𝑠𝑒𝑑(𝑡)(1 + 𝛾(𝑇𝑐(𝑡) − 𝑇𝐶
∗))

𝜂(𝐺)
𝜂∗ 𝑑𝑡

 
(13) 

 

Where γ is the coefficient of variation of the PV power at the MPP with the solar cell 

temperature, TC is the solar cell temperature of the PV generator, TC* is the solar cell 

temperature under STC (25ºC), 𝜂(𝐺) is the efficiency of the PV generator at the given G and 

𝜂∗is the efficiency of the PV generator under STC. 

The PRPV,STC has the same meaning than the PRPV but eliminating the thermal losses 

caused by different ambient temperatures and irradiances. Therefore, it allows 

comparing PV systems in different climatic conditions. The drawback of using the 

PRPV,STC is the obligation to register not only G but also the solar cell temperature, TC, 

of the PV generator. Regarding the time span, it is also possible to attenuate its effect 

using a reference PV module to measure G and TC [54]. This way, the constancy of 

PRPV,STC,ref is kept even in short intervals of evaluation. Following this trend of thought, 

it is possible to define a SPFPV-HP,STC,ref: 

𝑆𝑃𝐹𝑃𝑉−𝐻𝑃,𝑆𝑇𝐶,𝑟𝑒𝑓 = 𝑆𝑃𝐹(1 + 𝑃𝑅𝑃𝑉,𝑆𝑇𝐶,𝑟𝑒𝑓 × 𝑈𝑅HCp × 𝑈𝑅PV−HP × 𝑈𝑅EF × 𝑆𝐶𝑅 × 𝑆𝐹𝑃𝑉) (14) 

This indicator is not completely free of the influence of the climatic conditions and 

different time spans, as the SPF still depends on them, but such influence is importantly 

mitigated thanks to the PRPV,STC,ref. It would be ideal to obtain a similar modification of 

the SPF to some STC, but it is difficult to find a general mathematical model due to the 

big variety of technologies, models and applications. This is the reason why we propose 

to extend the time span of SPF to other than yearly values, but always informing about 

it. This way it is possible to reconcile the need to evaluate studies based on short-time 

experiments (from one day to several weeks) with the caution of not comparing results 

corresponding to different time spans.  
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2.4 RESULTS AND DISCUSSION 

 

2.4.1 Review of the described KPIs for the studies considered 

Table 3 presents the information about all the studies included in this review that permit 

to know if they are comparable or not. That is the HP technology used, the application 

of the system, whether it is experimental (E) or simulated (S), the reported time span -

which can be classified as hourly (H), monthly (M) or yearly (Y)- and the average 

ambient conditions along the test period -global irradiance on the plane of the PV 

generator (G), ambient temperature (Tamb) and the consequent cell temperature (Tc)-. 

Cells with ‘-‘ correspond to those cases where information was not available. Tc is not 

usually measured or simulated, because it is not necessary for obtaining the traditional 

KPIs. For being able to calculate the new KPIs proposed in this work, we have 

estimated Tc in the following cases:  

- When the location, orientation, inclination and nominal power of the PV 

generator were known but no test conditions were reported, we obtained G, Tamb 

and Tc with the simulation tool SISIFO [55]. For each specific location, SISIFO 

downloads the Typical Meteorological Year (TMY) from PVGIS [56] and the 

corresponding daily irradiance profiles are derived by selecting the Erbs model 

[57] for breaking down the global values in direct and diffuse components and 

the Perez model [58] for transposition from horizontal to in-plane diffuse 

irradiances. No shadowing losses were considered.  

When G and Tamb were reported, Tc was calculated using the following approximation: 

𝑇𝐶 = 𝑇𝑎𝑚𝑏 + 30
𝐺

𝐺∗
 (15) 

that corresponds to a standard value of the Nominal Operation Cell Temperature 

(NOCT) of 44ºC [59]. 
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Ref. HP 

Tech. 

Syst. 

App. 

Exp/Sim Time span Location G 

(W/m2) 

Tamb 

(ºC) 

Tc (ºC)  

[16] A-W W-H E 8h (H) - - - - 

P
V

T
 g

ri
d

-c
o

n
n

ec
te

d
 

[60] A-W W-H E 8h (H) - - - - 

[61]b A-

A/W 

SW-H E 4 days (H) Hefei (China), 31.88ºN, 117.25ºE 606 13.7 31.9 

[62] A-W W-H E 7h (H) Hefei (China), 31.88ºN, 117.25ºE 603 15.8 33.9 

[63]b A-

A/W 

SW-H S 8h (H) Hefei (China), 31.88ºN, 117.25ºE - - - 

[64]b A-W W-H S 3h (H) - 800 25 49.0 

[65]b A-W W-H E 5h (H) - 700 36 57.0 

[66]a A-

A/W 

SW-H E 1 year (Y) Frankfurt (Germany), 50.7ºN, 8.41ºE 261 13 20.0 

[67]b A-A S-H E 8h (H) - 837 22.1 47.2 

[68]b A-A S-H E 9h (H) Coimbatore (India), 10.98ºN, 76.96ºE 650 32 51.5 

[69]b A-W W-H E 1h (H) Nottingham (UK), 52.93ºN, 1.18ºW 800 21.7 45.7 

[70] W-W W-H S 1 year (Y) Nice (France), 43.2ºN, 7.25ºE - - - 

[71] W-W W-H S 1 year (Y) Cythelia (France), 45.54ºN, 5.91ºE - - - 

[72] W-

A/W 

SW-H E 8h (H) Hong Kong (China), 22.2ºN, 114.1ºE - 25.3 - 

[73]b A-W W-H S 6h (H) - 699 36.1 57.1 

[74]b W-W W-H E 8h (H) Beijing (China), 39.9ºN, 116.3ºE 656 37 56.7 

[75]b W-A S-H E 7h (H) Beijing (China), 39.9ºN, 116.3ºE 637 3.7 22.8 

[76] W-W S-H S 1 day (H) Washington DC (USA), 38.91ºN, 

77.22ºW 

- - - 

P
V

T
 s

ta
n

d
-a

lo
n

e 

[77]a W-W S-H S 1 year (Y) Montreal (Canada), 45.56ºN, 73.87ºW 380 10.8 20.0 

[78]b A-W W-H S 9h (H) Lhasa (Tibet), 29.67ºN, 91.13ºE 764 6.2 29.1 

[79] A-W W-H S 8h (H) Salerno (Italy), 40.77ºN, 14.79ºE - - - 

[80]b A-A W-H E 2h (H) - 610 24.5 42.8 

[81] A-W W-H S 4h (H) - - - - 

[82]a A-W S-H E 1 day (H) Madrid (Spain), 40.42ºN, 3.68ºW 589 5.5 20.7 

[83]b W-W W-H E 8h (H) Shanghai (China), 31.18ºN, 121.48ºE 525 15.28 31.0 
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[84]b W-

A/W 

SW-H E 7h (H) Cardiff (UK), 51.48ºN, 3.18ºW 717 19.50 41.0 

[85]a W-W SW-H S Season (M) Vicenza (Italy), 45.55ºN, 11.45ºE 392 8.7 19.7 

[86] W-W W-H E 33 days(M) Copenhagen (Denmark), 55.7ºN, 12.6ºE - - - 

[87]a W-W SW-H S Season (M) Vicenza (Italy), 45.55ºN, 11.45ºE 392 8.7 19.7 

[88] A-W S-H S Season (M) Saskatoon (Canada), 52.13ºN, 106.68ºW - - - 

[89]a A-W S-H S 1 year (Y) Kragujevac (Serbia), 44.02ºN, 20.92ºE 363 15.1 24.7 

O
P

V
 g

ri
d

-c
o

n
n

ec
te

d
 

[90] A-W W-H E 1 year (Y) - - - - 

[91] A-W W-H S 1 year (Y) Stuttgart (Germany), 48.8ºN, 9.2ºE - - - 

[92] A-W W-H S 1 year (Y) Neuchâtel (Switzerland), 46.98ºN, 6.92ºE - - - 

[93] A-W W-H S 1 year (Y) - - - - 

[94] A-W S-H S 1 year (Y) Kgs. Lyngby (Denmark), 55.78ºN, 

12.47ºE 

- - - 

[95] A-W W-H S 1 year (Y) Pretoria (South Africa), 25.73ºS, 28.18ºE - - - 

[96]a A-W W-H E 4,5 h (H) Winterthur (Switzerl.), 47.48ºN, 8.72ºE 279 16.1 23.2 

[97] A-W S-H S 1 year (Y) Munich (Germany), 48.13ºN, 11.57ºE - - - 

[98] A-W S-C E 5 h (H) Rapperswil-Jona (Switz), 47.22ºN, 8.82ºE - - - 

[99]a A-W S-CH S 1 year (Y) Naples (Italy), 40.83ºN, 14.25ºE 470 18.7 31.0 

[100] A-W SW-H S 1 year (Y) Stuttgart (Germany), 48.8ºN, 9.2ºE - - - 

[101]

a 

A-A S-C E Season (M) Alicante (Spain), 38.33ºN, 0.47ºE 506 22.9 36.1 

[102] A-W S-C E 1 year (Y) Zhuhai (China), 21.48ºN, 113.03E - - - 

[103] A-A S-C S Season (M) Puigverd de Lleida (Spain), 41.53ºN, 

0.73ºE 

- - - 

[104]

a 

A-A S-H S 1 year (Y) Reutlingen (Germany), 48.48ºN, 9.13ºE 347 12.7 21.8 

[105] A-A S-C E 1 year (Y) Kumasi (Ghana), 6.72ºN, 1.6ºW - - - 

[106]

a 

A-A S-CH E 1 year (Y) Alicante (Spain), 38.33ºN, 0.47ºE 486 19.2 32.1 

[107] A-W W-H S 1 year (Y) Chemnitz (Germany), 50.5ºN, 12.55ºE - - - 

[108] A-A S-C E Not Specif. - - - - 

O
P

V
 s

ta
n

d
-a

lo
n

e 

[109]

a 

A-W S-H E 1 day (H) Madrid (Spain), 40.42ºN, 3.68ºW 554 12 26.9 

[110]

a 

A-A S-H S 1 year (Y) Munich (Germany), 48.13ºN, 11.57ºE 327 16.6 25.7 
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[111] A-W W-H S 1 year (Y) Adelaide (Australia), 34.93ºS, 138.58ºE - - - 

[112] A-A S-C E Not Specif. - - - - 

a Experimental or simulated studies for which the ambient conditions G, Tamb and Tc have been obtained 

with the simulation tool SISIFO [55]. 

b Experimental or simulation studies for which the Tc has been obtained from G and Tamb, using Equation 

(15).  

Table 3. Description of the studies about PVT and OPV HP systems included in this 

review, including the information required to know if they are comparable or not. The 

nomenclature used for the HP technology and application is explained in  

Table 4. 

 

Table 4 presents the nomenclature used in table 4 for the different HP technologies and 

system applications. This is one possible classification of both, but others could be 

defined.  

Nomenclature Application 

W-H Water heating 

S-H Space heating 

SW-H Space and water heating 

S-C Space cooling 

S-CH Space cooling and heating 

Nomenclature Technology 

A-A Air to air 

A-W Air to water 

A-A/W Air to air and/or water 

W-A Water to air 

W-W Water to water 

W-A/W Water to air and/or water 

 

Table 4. Nomenclature used in Table 3 to describe the HP tech ology and the 

application of the system. 

 

When analyzing the results shown in Table 3, it can be observed that it is actually very 

difficult to compare PV-HP systems as reported, as they are very heterogeneous. The 
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majority of the systems use A-W HPs, but there are also many that use W-W, A-A and 

even some combinations of these. In very general terms, A-W and W-W systems are 

used for water heating applications and A-A systems, for space heating or cooling, but 

there are exceptions like [75] (W-W system for S-H) or [80] (A-A system for W-H).  It 

can be seen that grid-connected systems have been widely explored, while stand-alone 

configurations are less frequent. In particular, there are very few examples of OPV 

stand-alone systems. It is also remarkable that most studies are for heating applications 

and very few for cooling. This is probably due to the fact that many of these studies 

have been developed in cold regions of the planet and because PVT systems, which are 

the most abundant, are better suited for heating applications than for cooling. As for the 

time span and the test conditions, there is also a very high variability among the studies 

here included. Most PVT systems report hourly results, which have little 

representativity of the long-term performance of the system, while OPV systems 

generally report a whole year of operation (although many of them are simulations). 

Finally, these studies were performed in different regions of the planet, covering a wide 

range of climatic zones: irradiances vary from 261 to 837 W/m2, ambient temperatures 

from 3.7 to 37ºC and cell temperatures from 19.7 to 57.1ºC.  

For example, references [99] and [106] report a whole year of operation in two regions 

of the planet with similar climatic conditions (Naples and Alicante) and both of the 

systems described are OPV, grid-connected and for space heating and cooling. 

However, they are only completely comparable if we disregard the HP technology, 

because one of them uses an A-W HP while the other uses an A-A. A similar analysis 

should be performed for any couple of studies before making any comparison.  

Table 5 presents the values of the traditional and new performance indicators obtained 

for all of the HP studies included in Table 3, together with the ratio between the 

nominal power of the PV generator and the nominal power of the HP system. The cells 

with ‘-‘  mean that there was not enough information to calculate the performance 

indicators proposed here. As some studies reported the nominal COP or EER, and some 

the average values along the test period, the distinction between both has been made in 

this table. For heating applications, EER is Not Applicable (NA), as well as COP for 

cooling applications – they are marked with ‘.’ in Table 5-. SPF and SPFPV-HP values are 

given together with the time span for which they were calculated -hourly (H), monthly 

(M) or yearly (Y). It is important to note that PR values are given in DC terms for this 
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review, as the studies included do not report AC PV energies. There is only one case -

reference [78]- where it was not specified (NS) whether the PV energy was given in AC 

or DC terms. Finally, it is indicated which studies consider only the electricity 

consumption of the compressor (super index a), which studies define COP and EER in 

terms of energy instead of in terms of power, and therefore have been considered as 

SPF values (super index b), and which PR values have been obtained using the 

simulation tool SISIFO (super index c), under the same conditions described for 

calculating the ambient conditions in Table 3.  

 

Ref. P*
MPP/PHP COPnom COPav SPFH EERnom EERav SPFC SCR SFPV PR SPFPV-HP  

[16]a - - - - . . . - - - - 

P
V

T
 g

ri
d

-c
o

n
n

ec
te

d
 

[60]a - - - - . . . - - - - 

[61]a 0.58 - 5.4 - . . . 1.00 0.98 0.81 - 

[62]a 0.58 - 6.5 6.68 (H) . . . 0.74 1.00 0.94 11.34 (H) 

[63]a 0.58 - - 5.26 (H) . . . 1.00 0.74 - - 

[64] - - 4.8 - . . . - - - - 

[65]a 0.21 - 4.8 4.48 (H) . . . 1.00 0.10 0.82 4.82 (H) 

[66] - - - 4.24 (Y) . . . 1.00 0.79 0.81c 6.94 (Y) 

[67] - - - - . . . - - - - 

[68]a 0.34 - 3.5 3.24 (H) . . . 1.00 0.16 0.84 3.67 (H) 

[69]a - - 4.6 4.81 (H) . . . 1.00 0.05 0.95 5.04 (H) 

[70] - 4.9 4.34 - . . . - - - - 

[71] 4.97 5.1 - - . . . - 1.00 - - 

[72] - - - 4.01b (H) . . . 1.00 0.44 - - 

[73]a - - - 3.89b (H) . . . - - - - 

[74]a 0.39 - - 2.77b (H) . . . 1.00 0.21 0.69 3.18 (H) 

[75]a 1.59 - 3.18 - . . . 1.00 - 0.79 - 

[76] 1.15 - - - . . . 0.96 1.00 - - 
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[77] 1.38 5.3 - - . . . 0.29 1.00 0.83c - 

[78]a 1.68 - 6.01 5.50 (H) . . . 0.77 1.00 0.90 (NS) 9.31 (H) 
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[79]a 2.00 - - - . . . 0.75 1.00 0.99 - 

[80] - - 2.88 - . . . - - - - 

[81]a - - - - . . . 0.37 1.00 - - 

[82] - - 3.5 3.16 (H) . . . 0.64 1.00 0.78c 4.75 (H) 

[83] - - - 5.51b (H) . . . 0.91 1.00 0.63 8.65 (H) 

[84] - - - - . . . - - - - 

[85] 1.48 - - 3.64b (M) . . . 0.67 1.00 0.84c 5.69 (M) 

[86] - - - 6.86 (M) . . . 1.00 1.00 - - 

[87] 1.71 - - 3.62b (M) . . . 0.53 1.00 0.84c 5.22 (M) 

[88] 4.82 3.27 - 3.44 (M) . . . 0.75 1.00 - - 

[89] 0.34 3.5 - - . . . 0.10 0.30 0.80c - 

O
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n
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[90] 2.67 3 - - . . . - - - - 

[91] - - - 3.1 (Y) . . . 0.38 0.40 - - 

[92] 2.75 - - - . . . 0.41 - - - 

[93] 3.27 3.06 - - . . . 0.37 0.38 - - 

[94] 1.00 - - - . . . 0.91 1.00 - - 

[95] - - - - . . . - - - - 

[96] 2.00 4.4 - 3.6 (H) . . . 1.00 0.80 0.75c 5.76 (H) 

[97] 3.33 - - - . . . 0.58 0.67 - - 

[98] - . . . - - - - - - - 

[99] 1.82 3.19 - - 3.32 - - 0.77 0.61 0.80c - 

[100] 1.00 - - - . . . 0.70 0.50 - - 

[101] 0.82 . . . 4.10 - 5.15b (M) 0.39 0.65 0.78c 6.17 (M) 

[102] 1.08 . . . - - - 0.50 0.50 0.82 - 

[103] - - - - . . . - - - - 

[104] 1.69 4.6 - - . . . 0.82 0.40 0.80c - 

[105] 1.30 . . . 3.13 - - - 0.51 - - 

[106] 0.82 3.83 - 3.83 (M) 4.09 - 5.15 (M) 0.41 0.54 0.83c 5.26 (Y) * 

[107] 6.94 3.8 - 3.16 (Y) . . . - - - - 

[108] - . . . - 3.30 - - - - - 
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[109] - - - 2.9b (H) . . . 0.37 1.00 0.80c 3.76 (H) 

[110]a 0.83 3 - - . . . 0.97 1.00 0.86c - 

[111] - 3.5 - - . . . - - - - 

[112] - - - - - - - - - - - 

a These studies only consider the electricity consumption of the compressor, without additional electric 

loads such as fans or valves. 

b These studies define the COP and/or EER in terms of energy instead of in terms of power. We have 

assigned the reported values to the SPF, according to the definition used in this review. 

c PR values obtained with the simulation tool SISIFO [55]. 

* Calculated from a yearly SPF of 4.44, which is the mean value of SPFH and SPFC. The system 

operated in cooling mode from May to October and in heating mode from November to April. 

Table 5. Values of the traditional and new performance indicators obtained for all of 

the studies included in this review, together with the ratio between the nominal PV 

power and the nominal power of the HP system. 

 

There is a lot of diversity in the results shown in Table 5, not only in the values obtained 

for the KPIs but also in which KPIs are reported or can be calculated from the given 

information. In fact, there are up to 7 references ([16], [60], [67], [84], [95], [98] and 

[103]) that do not permit to obtain any of the KPIs for different reasons: only minimum 

and maximum values are reported but not the average ones, only the thermal energies 

are given, the system has been designed but not tested…   

COP, EER and SPF values are not reported for many of the analyzed studies, and for 

most of the cases only the nominal or the average values are given, but not both. The 

ranges of values are (2.88-6.50) for the COP, (3.10-4.10) for the EER -which is only 

given for 5 OPV systems- and (2.77-6.86) for the SPF. In addition, some studies define 

the COP and the EER in terms of energy instead of in terms of power. According to 

equations given in section 2.3.1, these COP and EER values have been considered as 

SPF values. This different criterion when defining these KPIs can create confusion 

when comparing different studies, so it is important to report exactly how they are 

defined in each case.  

SCR and SFPV are the most reported KPIs among the studies included in this review. 

However, it is remarkable that, especially for PVT systems, these KPIs are not always 
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given together with the ratio of the nominal power of the PV generator and the HP. The 

values of SCR and SFPV are by definition dependent on this ratio of powers, which 

should be one of the key design parameters of the system. In general terms, higher 

power ratios lead to lower SCR and higher SFPV, although other aspects are also 

significant (for example, if the HP unit operates only during daily hours or also at 

night). By definition, SFPV=1 for all stand-alone systems. 

PR values were not directly reported for the great majority of the studies but, in many 

cases, they could be calculated from given information or simulated with the SISIFO 

tool. As already mentioned, the PR is reported in terms of DC energy in this review, 

although it is traditionally defined in terms of AC energy, so the obtained values will be 

slightly higher than expected if comparing them to traditional grid-connected systems. 

Even though, it is surprising to observe 3 studies with PR values higher than 0.9: 

1. Reference [62] (PR=0.94): this study has a short time span of only 7h, which 

is favorable for obtaining a high PR as it is easier to match the generation to 

the demand. Also, it is not specified if the reported solar irradiance was 

measured in the horizontal or in the plane of the generator. If the first, it 

could also explain the high PR obtained.  

2. Reference [69] (PR=0.95): this study has the shortest time span reported 

(only 1h). Moreover, the solar irradiance was simulated with a set of 

tungsten halogen floodlights, which has a spectral behavior different to the 

real Sun.  

3. Reference [79] (PR=0.99): as well as reference [62], this study reports a 

short time span of only 8h and it is not specified how the irradiance was 

measured. Furthermore, the ambient temperature conditions along the 

experiment were not given. 

Finally, the SPFPV-HP could only be obtained for 15 out of the 53 studies included in the 

review, because the rest did not report all the information needed, even if using the 

SISIFO tool. From these 15 studies, only 4 correspond to OPV systems because they do 

not usually report the traditional SPF. The range of values is (3.18-11.34), but is 

important to highlight that they are not comparable. As previously discussed in this 

section, the conditions under which these studies were performed are different, as well 
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as the HP technology used and the application of the system. Following the example 

used for the discussion of Table 3, we are going to discuss the KPIs obtained for 

references [99] and [106]. Both systems are used for space heating and cooling and they 

report the nominal values of the COP and the EER, but such values are higher for the 

reference [106] (corresponding to an A-A HP) than for [99] (which is A-W). As for the 

ratio of the nominal power of the PV generator and the HP, it is higher for reference 

[99], which also has a higher SFPV, as expected. However, its SCR is surprisingly higher 

than the one of reference [106], which seems contradictory with the higher power ratio. 

It is probably due to a different use of the HP (the set temperature in the room and the 

occupation hours). Regarding the PR, both studies present similar values of 0.8 and 

0.83, as expected for similar climatic zones (which would be Naples and Alicante) and 

time spans (1 year). It was not possible to compare the SPF nor the SPFPV-HP values, as 

the first was not reported for reference [99].  

In the light of the results discussed here, we suggest that future works include the 

following information for obtaining and analyzing their KPIs and to know if they are 

comparable or not: 

• HP technology, application, whether it is experimental or simulated, the time 

span, the location and the ambient conditions (G, Tamb). Also, it should be 

indicated how those ambient conditions were measured/estimated. 

• Yearly time spans are recommended to mitigate the influence of particular 

operating conditions. If other different time spans are reported, they should be 

clearly indicated.  

• The values of P*
MPP/PHP, SPF, SCR, SFPV and PR (or all necessary data for 

calculating them). It is important to know if the PR is given in terms of DC or 

AC energy, although we recommend using AC energy to consider the inverter 

efficiency and the losses in the AC wiring.  

• It should be clearly indicated if the work reports rated COP/EER, average 

COP/EER or SPF.  
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2.4.2 Usefulness of the new proposed KPIs 

Figure 14 present the SPFPV-HP values obtained for the 15 studies that provided enough 

information. Only 3 of them correspond to time spans of at least one month -in red- and 

only two are reported for a whole year of operation -in green-. The remaining values are 

only for some hours of operation -in blue-. In order to show the usefulness of the new 

KPIs proposed for designers, Figure 15 presents the radar charts of these 15 studies, 

considering the 4 KPIs that compose the SPFPV-HP (i.e. SPF, SCR, SFPV and PR).  The 

SPF axis has been normalized to the maximum obtained for these studies (which is 

6.86). Figure 14 allows evaluating which study presents a higher SPFPV-HP and Figure 

15, to assess why. For example, the highest SPFPV-HP corresponds to radar chart 1, with 

high SPF, SFPV and PR; the lowest SPFPV-HP corresponds to radar chart 5, with low 

SPF, SFPV and PR. If the needed information was provided, similar radar charts could 

be done with the different factors of the PR to evaluate the causes of hypothetical low 

values. We must insist that no conclusions about which system performs better can be 

drawn, as they are not comparable. However, this could serve as an example of how to 

visually evaluate the performance of one system along different periods of operation, or 

of several studies as long as they are comparable.  

 

 

Figure 14. SPFPV-HP values obtained for the 15 studies included in this review that 

provided enough information. Values corresponding to hourly time spans (H) are in 

blue, to monthly time spans (M) in red and to a whole year (Y) in green. 
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[101] [106] [109] 

Figure 15. Radar charts for the 15 studies included in this review that provided enough 

information to calculate the SPFPV-HP. Charts corresponding to hourly time spans (H) 

are in blue, to monthly time spans (M) in red and to a whole year (Y) in green. The 4 

axes correspond to the SPF (1), the SCR (2), the SFPV (3) and the PR (4). 

 

Table 6 presents the values obtained for the PR, the PRSTC and the PRSTC,ref for those 

studies that provided enough information to simulate the PR with SISIFO (the same 

ones as indicated in Table 3 and Table 5). It can be observed that the difference between 

the PR and the PRSTC is bigger than 3% for those systems operating in warm regions of 

the planet, as they suffer higher thermal losses. They are highlighted in grey and they 

correspond to systems located in Serbia, Italy and Spain. As for the PRSTC,ref, it is the 

highest one for all the cases, as a reference PV module always measures a smaller 

irradiance than a pyrometer. This is precisely the indicator that is independent from the 

climatic conditions and the time span of the measurement, and that makes PV systems 

actually comparable.  
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Ref. PR PRSTC PRSTC,ref 

[66] 0.83 0.84 0.89 

[77] 0.81 0.82 0.87 

[82] 0.78 0.78 0.85 

[85] 0.84 0.86 0.90 

[87] 0.84 0.86 0.90 

[89] 0.80 0.83 0.88 

[96] 0.75 0.76 0.89 

[99] 0.80 0.84 0.91 

[101] 0.78 0.84 0.91 

[103] 0.80 0.82 0.86 

[105] 0.83 0.87 0.94 

[108] 0.80 0.81 0.85 

[109] 0.86 0.88 0.93 

 

Table 6. Values obtained with the SISIFO tool for the PR, the PRSTC and the PRSTC,ref for 

those studies that provided enough information. 

To show that the PRSTC,ref is more stable than the others, Figure 16 presents the monthly 

values obtained for these three indicators for the reference [99], located in Naples. It is 

easy to observe how the variability along the year is reduced with the PRSTC and 

practically eliminated with the PRSTC,ref.   

 

Figure 16. Monthly values for the PR, the PRSTC and the PRSTC,ref obtained with the 

SISIFO tool for a system located in Naples [99]. 
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In the light of the discussion of the new KPIs proposed here, we suggest that future 

works follow the following practices for obtaining the SPFPV-HP and the SPFPV-HP,STC,ref: 

• To use a reference PV module to measure G and Tc and to provide the time 

series, instead of just average values, in order to be able to correct PR values to 

STC. 

• When analyzing the G time series, to distinguish between GHCp, Guseful and Gused 

in order to obtain the PRPV,STC,ref and the URs defined in Table 2. 

Finally, it would be very interesting for future works to define the equivalent of the 

PRSTC,ref for the SPF. That way, all the SPFPV-HP,STC,ref calculated from these 

standardized indicators would be comparable independently of the time span and 

climatic conditions. 
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2.5 CONCLUSIONS 

This chapter presents a review of the historic and most recent studies into PV-HP 

systems, both Photovoltaic-Thermal (PVT) and Photovoltaic-Only (OPV). An analysis 

of the traditional KPIs used for this type of systems (COP, EER, SPF, SCR, SFPV and 

PR) has been performed. The boundaries of these indicators were identified and new 

KPIs (PRPV, PRPV,STC,ref, URHCp, URPv-HP, UREF, SPFPV-HP and SPFPV-HP,STC,ref) were 

proposed for trying to mitigate such limitations, as well as for evaluating not only the 

quality of the HP and the PV generator, but also the quality of their integration and the 

renewable character of the whole system. The following conclusions could be drawn 

from this analysis: 

− It was not possible to obtain all the KPIs for all the studies included in this 

review, because the necessary information was not always reported. The 

simulation tool SISIFO was used in some cases to estimate the climatic 

conditions and the PR. The indicators that are more frequently reported are the 

SCR and the SFPV, while the least frequently reported is the SPF. 

− The traditional KPIs used for PV-HP systems depend on the climatic conditions 

and the time span for which those indicators are reported. This makes it very 

difficult to establish comparisons among different studies, only possible when 

they have been performed under similar condition, during a similar time span 

and when they use the same HP technology for the same application.  

− A factorization of the PR indicator is proposed, defining PRPV and the utilization 

ratios URHCp, URPV-HP, and UREF. This way, in case of an unexpected value of 

the PR, it is easier to identify the causes. However, the information required to 

calculate these utilization ratios was not available for any of the studies 

analyzed. 

− A new KPI (SPFPV-HP) composed of 4 or 7 factors (depending on whether we 

can calculate the utilization ratios of the PR) is proposed. This indicator 

considers the performance of the HP system, of the PV generator and how well 

they are integrated, so in case of unexpected values it is easier to identify the 

causes. It was possible to calculate the SPFPV-HP only for 15 studies. They are 

not comparable because of the diversity of technologies, applications, climatic 
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zones and time spans, but the results can give an idea of the expected values for 

this KPI...     

− In order to make studies more comparable, it is proposed to use the PRPV,STC 

and, especially, the PRPV,STC,ref instead of the traditional PR, leading to the new 

SPFPV-HP,STC,ref. This reduces the effect of different climatic conditions and time 

spans, but implies that the irradiance and the cell temperature must be measured 

with a reference PV module in the same plane of the generator. It would be very 

useful to define some similar correction for the SPF, but the diversity of HP 

technologies, models and applications make it very difficult to find a general 

equation. 

This chapter is aimed to be framed in the common effort of the PV-HP research 

community to reach a set of KPIs that allow comparing the different future works. 

Experimental or simulation studies should follow common criteria when characterizing 

the PV-HP systems; our contributions for achieving these common criteria are the 

following recommendations and future research lines: 

− For knowing if systems are comparable or not, it has to be specified the HP 

technology, the application, whether it is experimental or simulated, the time 

span, and the climatic zone of the system. Yearly time spans are preferable.  

− The values of P*
MPP/PHP, SPF, SCR, SFPV and PR (or all necessary data for 

calculating them) should be reported for calculating the SPFPV-HP. Values of 

AC energy for calculating the PR are recommended.  

− Common definitions of COP, EER and SPF must be adopted. We suggest that 

future works clearly distinguish between rated COP, average COP and SPF 

(or EER for cooling applications).  

− We recommend measuring the time series of G and Tc with a reference PV 

module installed in the same plane as the generator. With them it is possible 

to calculate the PRSTC,ref  and mitigate the effect of different climatic 

conditions and time spans.  



PHOTOVOLTAIC HEAT PUMPS FOR COOLING APPLICATIONS 

65 
 

− If the PR is factorized into the URs proposed in Table 2, it is possible to 

evaluate the causes of hypothetical low values, which is especially useful for 

commissioning procedures. It is necessary to split the irradiance data (G) into 

GHCp, Guseful and Gused. 

− For the SPFPV-HP,STCref to be comparable among different studies, it is 

necessary to propose equivalent modifications of the SPF to the ones applied 

to the PR for obtaining the index PRSTC,ref. These modifications are proposed 

as a future research line that would allow making SPF independent of the 

operating conditions and time span. 

 

  



2. REVIEW OF THE PERFORMANCE INDICATORS OF PHOTOVOLTAIC HEAT PUMPS 

 

66 
 

  



PHOTOVOLTAIC HEAT PUMPS FOR COOLING APPLICATIONS 

67 
 

 

 

 

 

 

3. TECHNICAL EVALUATION OF A 

STAND-ALONE PHOTOVOLTAIC 

HEAT PUMP SYSTEM WITHOUT 

BATTERIES FOR COOLING 

APPLICATIONS 
  



3. TECHNICAL EVALUATION OF A STAND-ALONE PV-HP SYSTEM WITHOUT BATTERIES  

 

68 
 

  



PHOTOVOLTAIC HEAT PUMPS FOR COOLING APPLICATIONS 

69 
 

3.1 INTRODUCTION 

From all the studies contained in the previous chapter, only two of them ([108], [112]) 

describe air-to-air stand-alone installations using batteries. The use of batteries is 

motivated by the intermittent nature of the PV resource, which has been traditionally 

dealt with by using electricity storage systems and/or connecting the system to the grid. 

However, the possibilities of stand-alone PV-HP systems complemented by other types 

of energy storage (if necessary) have hardly been explored but seem to be promising. 

Actually, a recent study [113] estimates that around 50% of the cooling demand can be 

directly covered with PV without any storage system, and up to 70% if the system 

included water-based thermal storage tanks. Finally, for most reported the PV generator 

is used for powering the control board of the HP unit, so there is a dependency on the 

manufacturer control logics and it is not possible to adapt them to the PV specifics (i.e. 

solar power fluctuations and day-night generation cycle). In any case, these publications 

indicate an interest of the research community in improving the performance of PV-HP 

systems, due to a perception of them as relevant agents in a sustainable energetic 

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

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

However, there is still a lot of room for improvement in this relatively new research 

field.  

This chapter presents the results of the implementation of a stand-alone PV-HP system 

with the novelty of not using batteries, which are still expensive components that could 

put at risk the economic feasibility of these systems. Furthermore, dispensing with 

batteries will make this solution feasible for high-power applications, where batteries 

still can pose important technical and safety issues. Two different control algorithms, 

already present in the HP industry, have been adapted to power the compressor, which 

is the component that mostly determines the electric consumption of the whole unit. The 

lack of an electric storage system implies that the compressor will experience solar 

power fluctuations in real time. Dealing with these fluctuations is one of the major 

difficulties found in this study, but also one of the main novelties of the technical 

solution developed.  

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

cooling power as possible by tracking the Maximum Power Point (MPP) of the PV 
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generator (and, therefore, known as the MPPT control), while the second one regulates 

the frequency of the compressor for keeping a constant temperature in the room 

(therefore, called the inverter control, which is the same name used in the industry). The 

MPPT control algorithm is applicable to industrial environments where the volume of 

air to be cooled is large enough to demand the maximum power possible throughout the 

day. This could be the case of an industrial refrigeration chamber for food or medicine 

conservation, or of industrial atmospheres where it is necessary to keep the high 

temperatures under control. This control is also representative of applications that 

require the renewable energy share to be increased without modifying the pre-existing 

cooling system (i.e. grid and/or diesel powered). In that case, the addition of a stand-

alone PV-HP could reduce the economic costs of energy consumption, but could also 

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

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

during the summer season, during which reaching good comfort conditions is the 

priority. Especially for office buildings, the highest cooling demand coincides with the 

sunniest hours of the day, hence favoring PV as energy source. 

The objective of this chapter is to evaluate the technical feasibility of this solution by 

means of: 

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

Maximum Power Point (MPP) of the PV generator (hence called MPP Tracking 

(MPPT) control), and regulating the frequency of the compressor for keeping the 

temperature of a room constant (inverter control). 

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

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

HP system under different operating conditions. A combination of traditionally 

used performance indicators and new proposed ones are used for this evaluation. 

This is also one of the main contributions of this work: to give some input to the 

open question about which performance can be expected from this kind of 

systems. 
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3.2 METHODOLOGY 

 

3.2.1 Experimental set up 

 

Figure 17 shows the schematic of the PV-HP prototype installed at the IES-UPM 

facilities in Madrid (Spain). It consists of two thermally isolated rooms (dimensioned 

250x250x250 cm) where the interior and exterior units of a commercial air-to-air heat 

pump have been placed and powered by a PV system without batteries. This way, one 

of the rooms acts as the space to be cooled and the other, as the exterior ambient. For 

controlling the operating conditions in both rooms, two auxiliary heat pumps have been 

placed for temperature control purposes; they are powered by the conventional electric 

grid and are not considered for the energy balances of the PV-HP under study. Finally, 

the compressor of the PV-HP (which is located in the exterior unit) is powered by a PV 

generator through a Frequency Converter (FC) that is controlled by a Programmable 

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

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

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

required by the compressor) and the frequency set point value (depending on the 

temperature conditions in the interior room and only for the inverter control).  

Figure 18 shows the pictures of the main components of this prototype: the interior unit 

of the PV-HP (a), the exterior unit with the compressor (b), the PV generator with the G 

and Tc sensors (c) and the control and monitoring system (d) with the FC, the PLC, the 

wattmeter and the data logger. 
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Figure 17. Schematic of the PV-HP prototype installed at the IES-UPM facilities in 

Madrid (Spain). The interior and exterior units of the PV-HP are installed in seldom 

thermally isolated rooms, where two auxiliary grid-powered HPs have also been 

installed for temperature control purposes. The PV-HP is powered by the PV generator 

through a frequency converter, which is controlled by a PLC. The monitoring system 

consists of a wattmeter (WT), a voltmeter (V) and a data logger (DL). 
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(a) (b) 

  

  
(c) (d) 

 

Figure 18. Images of the main components of the PV-HP prototype installed at the IES-

UPM facilities in Madrid (Spain): the interior unit of the PV-HP (a), the exterior unit 

with the compressor (b), the PV generator with the irradiance, G, and cell temperature, 

Tc, sensors (c) and the control and monitoring system (d) with the Frequency Converter, 

the Programmable Logic Controller, the wattmeter and the data logger. 

 

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

crystalline-silicon PV generator are included in Table 7. It is important to highlight that 

the compressor of the HP unit is moved by a Permanent Magnet (PM) brushless motor, 

a technology that presents two challenges: the poles need to be aligned in a specific 

position at the start up, and the motor is not able to change its working point very 

quickly (otherwise, a mechanical valve impedes the compression and the motor keeps 

rotating without a load).  

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

installed: 
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- A wattmeter (WT) calculates the DC and AC powers (input and output of the 

FC) from current and voltage measurements.  

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

(𝑇𝐶 ) given by two reference PV modules, calibrated as sensors at the IES-UPM 

[114] and installed on the same plane as the PV generator. Both reference 

modules are from the same manufacturer and model as those that make up the 

generator.  

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

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

the air temperature before and after the heat exchanger and the speed of the 

interior fan (which the manufacturer relates to the air flow). It also registers the 

frequency set point sent from the PLC to the FC for the inverter control 

algorithm.  

 

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 

 

Table 7. Technical specifications of the main components of the PV-HP prototype 

installed at the IES-UPM facilities in Madrid (Spain): the HP unit, its motor 

compressor and the PV generator. 
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3.2.2 Control algorithms 

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

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

under different temperature conditions: 

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

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

Derivative (PID) control. Figure 19 shows the schematic of the PID control used 

for this test: a DC voltage set point value is compared to the DC voltage 

measured at the output of the PV generator, and the FC acts on the frequency of 

the compressor accordingly. Generally, PID controls for this type of system are 

reverse acting (for reducing the DC voltage, the frequency of the compressor is 

increased, and vice versa) and without a derivative component due to the high 

noise of the signals [115]. 

 

Figure 19. Schematic of the PID control used for the Maximum Power Point Tracking 

control algorithm implemented for the compressor of the PV-HP prototype. 

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

reference PV modules) is calculated in accordance with Eq. (16), 

𝑉𝑀𝑃𝑃 =  𝑉𝑀𝑃𝑃
∗ (1 + 𝛽(𝑇𝐶 − 𝑇𝐶

∗)) (16) 

Where 𝑉𝑀𝑃𝑃
∗  is the DC voltage at the MPP under Standard Test Conditions 

(STC), 𝛽 is the coefficient of variation of 𝑉𝑀𝑃𝑃 with 𝑇𝐶  and 𝑇𝐶
∗ is the cell 

temperature under STC (25ºC). For irradiances higher than 400 W/m2, the 

accuracy of this expression is better than 4% in 𝑇𝐶 , which leads to about 1% in 
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power terms. There are more complex and accurate expressions, but they require 

the total irradiance received on the plane of the PV generator, G, and Tc to be 

measured simultaneously. However, the FC used in this prototype does not have 

enough analog input terminals.  

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

order to keep the temperature in the interior room constant at a certain set point 

value (Tint,SP). The PLC determines a compressor frequency set point (freqSP), 

depending on the difference between the measured Tint and Tint,SP (∆Tint) in 

accordance with Eq. (17), 

 

𝑓𝑟𝑒𝑞𝑆𝑃 =  40𝐻𝑧 +
90𝐻𝑧

8º𝐶
∆𝑇𝑖𝑛𝑡     ∀ ∆𝑇𝑖𝑛𝑡 ≥ 0 (17) 

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

commercial systems (the so-called inverter HPs). In fact, Eq. (17) is empirical 

and imitates the manufacturer’s control unit. Once ∆Tint=0, the compressor 

operates at freqSP=40Hz (its minimum value) until ∆Tint=-2ºC, when it stops, and 

it is not restarted until ∆Tint=+2ºC. This hysteresis also imitates the 

manufacturer´s control. The FC uses a PID control very similar to the one 

implemented for the MPPT test, but the set point is a frequency value (calculated 

for a certain Tint, the new control variable) which is compared to the measured 

frequency of the compressor. 

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

algorithm for mitigating the undesirable effects of solar power fluctuations due 

to passing clouds. A passing cloud event can be defined as a reduction of G of at 

least 10% in 1 minute, which represents less than 10% of the total solar power 

fluctuations [116]. This reduction implies a DC voltage drop that is sometimes 

too fast for the PID control to follow it, with the risk of an abrupt stopping of the 

system due to an under-voltage alarm in the FC [117].  This abrupt stopping can 

reduce the lifetime of the FC and the compressor.  To avoid this risk, the PID 

control is temporarily deactivated when the DC voltage drops below 220V, 
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ordering a low frequency set point and permitting a power regeneration that 

partially mitigates the voltage fluctuation. Once the cloud has passed (i.e. the 

DC voltage increases above 240V) the PID control is reactivated; if the cloud 

persists the compressor is ordered to softly stop by the PLC. It can be considered 

that a cloud has been resisted when the system does not stop operating abruptly. 

This algorithm was developed by the IES-UPM for large power PV irrigation 

systems [118], and adapted for this PV-HP prototype.  

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

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

under-voltage alarms in the FC. However, during the implementation of this test 

another phenomenon associated to passing clouds was observed: if abrupt G 

fluctuations occur when the compressor is rotating at low frequencies, a 

protection valve impedes the compression and the motor keeps rotating without 

a load. The FC detects this situation and forces the compressor to stop. For 

assessing the effectiveness of the passing cloud algorithm, the compressor was 

stopped for 30 seconds after a valve-induced stop, and for 60 seconds after an 

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

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

𝐶𝑅 = (
𝑁º𝑐𝑙𝑜𝑢𝑑𝑠 − 𝑈𝑉 − 𝐴𝑉

𝑁º𝑐𝑙𝑜𝑢𝑑𝑠
) 𝑥100 (18) 

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

AV is the number of stops caused by the activation of the protection valve of the 

compressor.   

 

3.2.3 Key Performance Indicators (KPIs) 

 

The equations given in the previous chapter of this document for the different KPIs 

have been adapted to the specifics of this experimental work. First, the PV generator is 

only used to power the compressor (excluding additional electric loads as valves and 

fans), so PHP is substituted by Pcom (the AC energy consumed by the compressor). 

Secondly, it is a cooling test, so Eth is equal to Eevap (the useful thermal energy is the one 
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absorbed at the evaporator) and HCp is equivalent to the Cp (cooling period). Finally, it 

is a stand-alone system without storage, so by definition SFPV=SCR=1.  

The KPIs for the HP unit have been calculated according to the following expressions: 

𝐸𝐸𝑅 =
𝑄𝑒𝑣𝑎𝑝

𝑃𝑐𝑜𝑚
 (19) 

𝑆𝑃𝐹 =
𝐸𝑒𝑣𝑎𝑝

𝐸𝑐𝑜𝑚
 (20) 

The PR and its factorization Table 2remain the same as expressed in Eq. (11) and Table 

2. As for the total PV-HP system, its performance has been evaluated according to the 

SPFPV-HP defined in Eq. (12). For eliminating the dependency on the climatic conditions 

for the PV generator, it has been proposed to correct the PRPV (which only considers the 

G used by the compressor) to STC with the G and Tc measured with the two reference 

PV modules (PRPV,STC,ref), according to Eq. (13). This results into the corrected SPFPV-

HP,STC,ref: 

𝑆𝑃𝐹PV−HP,𝑆𝑇𝐶,𝑟𝑒𝑓 = 𝑆𝑃𝐹(1 + 𝑃𝑅PV,STC,ref × 𝑈𝑅Cp × 𝑈𝑅PV−HP × 𝑈𝑅EF) (21) 

  

3.2.4 Uncertainty analysis 

 

 

Figure 20 shows a diagram of the sources of uncertainty that affect the variables 

involved in the calculation of the KPIs.  

Table 8 presents the information available about the most significant components shown 

in  

Figure 20, together with their corresponding standard uncertainties. Finally,  

Table 9 includes the standard uncertainties of the variables and KPIs shown in  

Figure 20.  
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(a) 

 

 

 
(b) 

 

Figure 20.  Sources of uncertainty that affect the variables involved in the EER and SPF 

calculations (a) and in the PR and PRPV,STC,ref calculations (b). 
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Component Input information 
Stand. uncertainty 

(%) 

PT1000 
Accuracy: ±0.415 ºC (rectangular distribution) 

(characteristic Temp 30ºC) 
0.79 

Datalogger 
Accuracy: ±0.06 ºC (rectangular distribution) 

(characteristic Temp 30ºC) [119] 
0.12 

Airflow 
None (hypothesis. 10%. rectangular 

distribution) 
5.77 

Wattmeter V 0.1% + 0.1%range [120] Negligible 

Wattmeter I 0.1% + 0.1%range [120] Negligible 

Sensor G 0.82% (k=2) [114] 0.41 

Sensor Tc 0.381% (k=1) [114] 0.38 

Non uniformity 2% (Gausssian distribution) 1.00 

 

Table 8.  Information available about the most significant sources of uncertainty that 

affect the variables involved in the calculation of the KPIs, together with their 

corresponding standard uncertainties 

 

 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,ref 1.15 

 

Table 9. Standard uncertainty of the variables and KPIs shown in  

Figure 20. 
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3.3 RESULTS AND DISCUSSION 

 

3.3.1 Control algorithms assessment 

 

a. MPPT control 

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

(although the monitoring system stopped recording for 4 days during that period) and 

data were recorded every 4 seconds. The two auxiliary heat pumps helped to simulate 

warm conditions in the interior and exterior rooms. Both heat pumps were set at heating 

mode at a temperature of 30ºC. This way, the interior auxiliary heat pump compensated 

the cooling energy produced by the PV-HP unit and the exterior auxiliary heat pump 

simulated summer conditions.  

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

power available permits, by tracking the MPP of the PV generator. Hence, its 

implementation is assessed by analyzing the relationship between VDC and VMPP.  Over a 

complete sunny day (15/01/2019), the standard deviation of the MPPT error (defined as 

the relative error of VDC respect to VMPP) was less than 1%, indicating a satisfactory 

implementation of the control.  Furthermore, the bigger deviations are caused by 

voltage disruptions produced  by the ON/OFF cycle of the interior fan of the HP unit, as 

shown in Figure 21. When this fan is at its maximum speed (the control voltage being 

3.2 V) VDC oscillates close to VMPP according to the PID control; when the speed of the 

fan is reduced (the control voltage being 2.7 V) there is an increase of VDC, followed by 

a sudden drop when the fan in turned OFF. This disturbance occurs because the fan 

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

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

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

manufacturers control unit (as the FC only acts on the compressor). It could be avoided 

with an integrated control system that was able to regulate all the components of the HP 

unit accordingly. 
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Figure 21. Evolution of the Measured DC voltage at the input of the frequency 

converter (VDC, blue line) and theoretic DC voltage at the Maximum Power Point of the 

PV generator (VMPP, red line), for two ON/OFF cycles of the interior fan of the heat 

pump unit (green line). 

 

 

Figure 22 shows the daily evolution of G (in green) and Pcom (in blue) for a very sunny 

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

representation excludes the early morning and late afternoon because the PV generator 

is affected by shading during these periods. As the solar irradiance is practically 

proportional to the maximum PV power, both variables present a similar daily profile as 

corresponds to the MPPT control algorithm. Whenever a solar power fluctuation (or G 

fluctuation) occurred, Pcom fluctuated accordingly.  
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(a) 

 

 
(b) 

 

Figure 22. Effective irradiance in the plane of the PV generator (G, green line) and AC 

power consumed by the compressor of the PV-HP unit (Pcom, blue line) for a sunny day 

(a), 15/01/2019, and a day with some passing clouds (b), 16/01/2019, with the MPPT 

control implemented. The early morning and late afternoon are excluded because the 

PV generator was affected by shading. 

 

b. Inverter control 

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

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

04/09/2019 with Tint,SP=24ºC, and data were recorded every 10 seconds. For this test it 
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was not necessary to simulate warm conditions in the two rooms, so the auxiliary heat 

pumps were turned off. The door of the interior room was left open so that its initial 

temperature was the same as the rest of the building.  

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

order to keep a constant temperature in the interior room. Figure 23 represents freqSP 

values sent from the PLC to the FC versus ∆Tint for two very sunny days, 11/07/2019 (a) 

and 16/08/2019 (b), with different Tint,SP, 18 and 24ºC respectively, excluding the 

periods when there was not enough solar power to turn the compressor on. Figure 24 

represents the probability distribution function of ∆Tint for the same two days and for the 

same periods of time. It should be commented that the algorithm implemented 

recalculates ∆Tint every two minutes; during those two minutes the actual Tint varies but 

not freqSP, hence obtaining the horizontal lines that can be observed in Figure 24.  To 

obtain a perfect lineal behavior, it would be necessary to send a frequency command in 

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

stress on the compressor and would not have a significant effect on the comfort 

conditions. In fact, commercial systems operate in a similar way as the control 

implemented here. It can be observed that Tint,SP=18ºC is never reached, so in Fig. 23(a) 

∆Tint is always positive, most points being in the range 60-85 Hz. As for Fig. 24(a), it 

can be seen that ∆Tint presents a symmetric distribution centered at 3.9ºC with a 

standard deviation of 1.2ºC. On the other hand, Tint,SP=24ºC was easily reached, so most 

points in Fig. 23(b) are within the range ∆Tint =±2ºC, which corresponds to 

freqSP=40Hz. In fact, Fig. 24(b) shows an asymmetric distribution with an average ∆Tint 

of 3.9 ºC (standard deviation of 1.2 ºC). Overall, the room was at a temperature very 

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

 

 
(b) 

 

Figure 23. Frequency set point value sent from the PLC to the frequency converter 

(freqSP) versus the difference between the temperature measured in the interior room 

and the temperature set point of the algorithm (∆Tint), for two very sunny days, 

11/07/2019 (a) and 16/08/2019 (b), with different temperature set points, 18ºC and 

24ºC respectively, excluding the periods during which there was not enough solar 

power to turn the compressor on. 
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(a) 

 

 
(b) 

Figure 24. Probability distribution function of the difference between the temperature 

measured in the interior room and the temperature set point of the algorithm (∆Tint), for 

two very sunny days, 11/07/2019 (a) and 16/08/2019 (b), with different temperature set 

points, 18ºC and 24ºC respectively, excluding the periods during which there was not 

enough solar power to turn the compressor on. The average and standard deviation 

values are included.  

 

Figure 25 shows the daily evolution of G (in green) and Pcom (in blue) for two days with 

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

16/08/2019 (c) and 18/08/2019 (d), with the inverter control implemented. During this 

period of the year, the PV generator was not affected by shading in the early morning 

and late afternoon. Now the two variables no longer have the same profile because Pcom 

is regulated for keeping Tint as close to Tint,SP as possible. The PV power limits Pcom only 

in the early morning and late afternoon and if ∆Tint is high (for example, in Fig. 25(a) 

the envelope curve of Pcom follows the same profile as the irradiance except for the 
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midday hours). It can be observed that for Tint,SP=18ºC the compressor does not stop 

working during the sunny hours because it is difficult to reach the temperature set point. 

On the other hand, for Tint,SP=24ºC the compressor frequently stops when the 

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

enhancement, can be observed in Fig. 25(b) and 25(d). The IES-UPM experience 

includes over-irradiances even higher than that [121].  

 

(a) 

 

(b) 
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(c) 

 

(d) 
 

Figure 25. Effective irradiance in the plane of the PV generator (G, green line) and AC 

power consumed by the compressor of the PV-HP unit (Pcom, blue line) for two days 

with a temperature set point of 18ºC, 11/07/2019 (a) and 12/07/2019 (b), and for two 

days with a temperature set point of 24ºC, 16/08/2019 (c) and 18/08/2019 (d), with the 

inverter control implemented. 

 

c. Cloud-passing algorithm 

Figure 26 shows G and freq for two consecutive clouds with the MPPT control 

implemented, during the day 11/01/2019. During the first cloud, the irradiance fell 27% 
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in 20 seconds, the frequency suffered a perturbation but the compressor did not stop 

operating; the cloud was resisted by the passing cloud algorithm. The second cloud 

brought about a sharper irradiance fluctuation (37% in 20 seconds) and the compressor 

experienced an abrupt stop because of an under-voltage alarm.  

 

Figure 26. Solar irradiance (G, green line) and frequency of the compressor (freq, blue 

line) for two consecutive clouds with the Maximum Power Point Tracking control 

implemented, during the day 11/01/2019. 

 

Table 10 presents the weekly values of the number of clouds registered, UV, AV and CR 

for the MPPT control and for the inverter control with two different temperature set 

points. During the MPPT test the number of clouds registered was less than 50% of the 

number registered during the inverter control, either with Tint,SP=18ºC or 24ºC; this can 

be explained because it was implemented during the winter season, when there are 

typically fewer passing clouds (days are usually very sunny or the sun is completely 

covered by clouds). Also, during the MPPT test AV=0, so all the stops caused by 

passing clouds were due to under-voltage alarms. On the other hand, during the inverter 

tests with the two temperatures, more than 90% of the stops were caused by the 

protection valve of the compressor. In the first case, DC operation voltages were lower, 

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

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

values are very similar for the MPPT test and for the inverter test with Tint,SP=18ºC 
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(80% and 79% respectively), but significantly lower with Tint,SP=24ºC (66%), mainly 

because of the higher AV. It can be deduced that the protection valve is more sensitive 

when the compressor operates at lower frequencies, which was the case of the inverter 

test with Tint,SP=24ºC.  

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

the system against passing clouds for the MPPT control, but it would have little effect if 

using the inverter control. In that case, it would be convenient to use a different type of 

motor compressor that allowed faster fluctuations.   

  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% 

 

Table 10. Weekly values of the number of clouds registered, the number of stops caused 

by under-voltage alarms in the frequency converter (UV), number of stops caused by 

the activation of the protection valve of the compressor (AV) and percentage of clouds 

resisted (CR), for the Maximum Power Point Tracking control and for the Inverter 

control with two different temperature set points. 

 

d. Representativeness of the experiments 

It is necessary to consider carefully the operation conditions of the experiments 

presented here when analyzing their representativeness and when comparing the results 

with other works. These experiments were designed to be reasonably representative of a 

whole summer season, although they only lasted a few weeks. Calculating 𝑃𝑅PV,STC,ref 

implies that the results concerning only the PV generator are independent of the climatic 

conditions and of the time span.  Consequently, the representativeness of the tests 

implemented is determined mostly by the temperature conditions in the interior and 
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exterior rooms, which affect the performance of the HP unit. For the MPPT control test, 

the exterior and interior temperatures were both fixed at 30ºC (representative of the 

summer season in Madrid), in order to simplify the complexity of evaluating this PV-

HP control strategy. For the inverter control, on the other hand, the experiment was 

carried out under real temperature conditions during the summer season. Consequently, 

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

better with the European standard [122].  

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

frequency of the occurrence of clear-sky and cloudy days. During the MPPT control 

implementation there were many cloudy days, while for the inverter control, most of the 

days were clear-sky days with occasional passing clouds, which is more typical of 

summer seasons in Mediterranean climate areas. In any case, in the current state of the 

art, it is valuable to offer performance results from experimental works to the PV-HP 

research community.  This data can contribute to answering the question about the 

performance that can be expected from this kind of system, provided the 

aforementioned boundaries are also reported. 

 

3.3.2 Key Performance Indicators (KPIs) 

 

Table 11 includes the weekly values of the total irradiation received in the plane of the 

PV generator (Gw), Eevap, Ecom, the PR and its URs (URPV-HP and UREF; URCp=1 always, 

so it was not presented in the table), the PRPV,STC,ref the EER, the SPF and the SPFPV-

HP,STC,ref. 
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General Boundaries 

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

  Gw  

(kWh/m2) 

Eevap  

(kWh) 

Ecom  

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

M
P

P
T

 

Particular Boundaries 

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

Week 1 24.26 52.93 14.99 0.77 0.88 0.95 0.97 3.56 3.53 6.37 

Week 2 21.06 16.52 5.52 0.33 0.85 0.42 0.96 2.62 2.99 4.01 

Week 3 29.38 26.11 8.80 0.37 0.90 0.46 0.95 2.89 2.97 4.13 

Total 74.70 95.56 29.30 0.49 0.88 0.60 0.96 3.02 3.26 4.93 

In
v

e
r
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 17.12 17.29 7.10 0.52 0.95 0.72 0.90 2.48 2.43 3.93 

Total 75.37 81.45 32.69 0.54 0.93 0.77 0.91 2.51 2.49 4.11 

In
v

e
r
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 4.19 

Week 2 19.36 6.50 2.27 0.15 0.89 0.23 0.84 2.96 2.87 3.37 

Week 3 29.57 9.47 3.39 0.14 0.92 0.23 0.83 2.83 2.79 3.28 

Total 63.15 23.97 8.05 0.16 0.91 0.25 0.84 3.06 2.98 3.55 

 

Table 11. Weekly values of the total irradiation received in the plane of the PV 

generator (Gw), the electric energy consumed (Ecom) and the thermal energy absorbed 

by the evaporator (Eevap), together with the Key Performance Indicators defined for the 

Photovoltaic Heat Pump system, for the Maximum Power Point Tracking control and 

for the Inverter control with two different temperature set points. 

 

As regards the PR values, they present average values of 0.49 for the MPPT test, 0.54 

for the inverter test with Tint,SP=18ºC and 0.16 for the inverter test with Tint,SP=24ºC. 

Grid-connected systems usually present PR values of between 0.75 and 0.9 [123], [124], 

[125], higher than those obtained here. Nevertheless, a low PR does not necessarily 

mean that the PV system is underperforming; it could be due to the system utilization. 

The technical quality of the PV system itself is better indicated by the PRPV,STC,ref, 

which considers only the irradiance actually used by the compressor and excludes the 

thermal and low irradiance losses. For this KPI we obtained values of 0.96, 0.91 and 

0.84. In the last case, there were longer periods of time during which Tint was close to 

the set point, so the compressor and hence the FC operated at very low partial loads; FC 

devices present lower efficiencies under these operation conditions (i.e. the DC/AC 

losses are bigger), which explains the lower PRPV,STC,ref. In any case, the PRPV,STC,ref 

values are in agreement with those expected from a grid-connected system, so it can be 
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concluded that the low PR values are associated to the PV-HP application, and not to 

the underperformance of the PV system.  

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

the cases. It is the UREF, with average values of 0.60, 0.77 and 0.25, which mostly 

contributed to the reduction in the PR. It can surprise to obtain such a low UREF for the 

MPPT test. For the first week, actually, this indicator presented a high value of 0.95. 

Later, the control algorithm was modified to reduce the number of starts and stops of 

the compressor due to the shadows affecting the PV generator in the early morning and 

late afternoon (waiting for 60 minutes to start if three failed startups occurred in less 

than 30 minutes). This is the reason why the UREF was significantly smaller during the 

rest of the test period. Similarly, the values of UREF are lower when Tint,SP=24ºC, 

because the temperature set point is reached earlier and the compressor remains stopped 

for longer periods.  

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

control and for the inverter control with Tint,SP=24ºC, the EER values obtained (3.02 and 

3.06) are very similar to those reported in the manufacturer’s datasheet (3.15). For the 

case with Tint,SP=18ºC, EER is significantly lower (2.51). Figure 27 shows the EER 

versus the Pcom for three sunny days, 15/02/2019 (a), 11/07/2019 (b) and 16/08/2019 (c), 

corresponding to the MPPT test and to the inverter test with the two Tint,SP. It can be 

observed that the higher the Pcom, the lower the EER, which explains the differences 

observed between the three tests. Note that in the three figures there is a group of points 

corresponding to EER=0, that in fact reduces the average value of this indicator 

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

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

which occurs every 8 minutes (see Figure 21). As for the SPF values, they are very 

similar to the EER as expected; they both express the ratio of electric-to-thermal 

conversion but in terms of power in the case of the EER, and of energy in the case of the 

SPF. Comparing the EER and SPF values obtained in these tests to the EER given in the 

datasheet (there is no SPF provided, but it is expected to be similar), it can be concluded 

that the control algorithms implemented for the compressor do not reduce the 

performance of the whole HP unit.   
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(a) 

 

 
(b) 

 

 
(c) 

 

Figure 27. Energy Efficiency Ratio (EER) of the PV-HP unit versus the electric power 

consumed by the compressor (Pcom) for 3 sunny days, one with the MPPT control 

algorithm, 15/01/2019 (a), and two with the inverter control algorithm but with two 

different temperature set points, 18ºC, 11/07/2019 (b), and 24ºC, 16/08/2019 (c). 
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Finally, SPFPV-HP,STC,ref  presents larger average values than 4 for all the cases. The 

highest value (4.93) was obtained for the MPPT control because of the high SPF and 

PRPV,STC,ref (that indicate a good performance of the PV generator and the HP unit) and 

despite the low UREF (which, as explained before, can be improved for future tests). For 

the inverter control with Tint,SP=18ºC, the SPFPV-HP,STC,ref   presented a lower value of 

4.11; PRPV,STC,ref, URPV-HP and UREF present very good values, among the highest, but 

the SPF is much lower than for the two other cases. As discussed in the previous 

paragraph, this is a consequence of the operating conditions of the compressor, and it 

does not imply an underperformance of the HP unit. Finally, for Tint,SP=24ºC the SPFPV-

HP,STC,ref  obtained was the lowest with a value of 3.55. In this case, PRPV,STC,ref, URPV-HP 

and SPF show high values, but the UREF was the lowest because the compressor 

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

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

To evaluate how good these results are, the SPFPV-HP,STC,ref  of each test can be 

compared to a best-case value, calculated from the highest weekly values of the 5 

factors that make it up. For this prototype, these maximum values are PRPV,STC,ref=0.97, 

URPV-HP=0.95, UREF=0.95 and SPF=3.53, so we could achieve an SPFPV-HP,STC,ref  as 

high as 6.62. This can be seen as an “ideal value” of this HP unit coupled to a PV 

system with an optimum integration and utilization. The difference between this and the 

actual values corresponds to the losses due to the different configurations, and a case-

by-case comparison can help to improve the performance of future experiments. 

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

required from systems with other configurations and other test conditions.  
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3.4 CONCLUSIONS 

 

This chapter presents the results of the implementation of two control algorithms 

specifically designed for the compressor of a stand-alone PV-HP prototype operating in 

cooling mode without batteries. The first control aims to generate as much cooling 

power as the available solar power permits by following the maximum power point of 

the PV generator (and, therefore, named the MPPT control), while the second one 

minimizes the energy consumption while keeping a constant temperature in the room 

(therefore, called the inverter control).  Furthermore, both of them have a specific 

algorithm for mitigating the solar power fluctuations due to passing cloud, avoiding 

abrupt stops of the system. The technical feasibility of this solution has been evaluated 

and the following conclusions have been drawn from the results:  

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

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

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

the inverter control regulated the frequency of the compressor for maintaining 

the temperature set point (Tint,SP).  

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

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

frequency converter. On the other hand, for the inverter test, 90% of the stops 

were brought about by the activation of a protection valve of the compressor. A 

better tuning of the PID control could improve the resistance of the system 

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

using the inverter control 

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

traditional PR ranged from 0.16 to 0.54, but the PRPV,STC,ref (which only 

considers the irradiance used by the compressor and excludes the thermal and 

low irradiance losses), ranged from 0.84 to 0.96, similar to what could be 

expected for a grid-connected system. The EER and SPF ranged from 2.51 to 

3.06 and from 2.49 to 3.26 respectively, being higher when the compressor 

operates at low partial loads.  
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• SPFPV-HP,STC,ref has been proposed here for considering the whole system 

performance (including the integration of the HP and the PV generator), 

allowing responsibilities to be assigned in case of underperformance and 

therefore helping to the bankability of these systems. If combining the maximum 

values obtained for the 5 factors that make up this KPI (𝑆𝑃𝐹,𝑃𝑅PV,STC,ref, 

𝑈𝑅HCp, 𝑈𝑅PV−HP and 𝑈𝑅EF), we can establish a theoretical best-case SPFPV-

HP,STC,ref. However, for establishing a general performance reference, more data 

would be required from systems with other configurations and under other test 

conditions.  

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

alone PV-HP systems. Using a different type of moto compressor, lacking the 

protection valve that limited the effectiveness of the cloud-passing algorithm, has been 

suggested. Also, the possibility of adding a thermal storage system (more economic and 

reliable than electric storage), could be explored for less flexible applications, where it 

is critical to satisfy a specific instantaneous cooling demand or cooling is also required 

at night.  
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4.1 INTRODUCTION 

As previously discussed, stand-alone PV-HP systems are very rare in literature and 

always present an Electricity Energy Storage (EES) as back-up, typically batteries. The 

main reason for using EES instead of Thermal Energy Storage (TES) systems, which 

are generally cheaper, is being able to deal with solar power fluctuations due to cloud 

passing. However, the technical solution developed in this work has proved to be able to 

resist up to 75% of the clouds without using EES. Implementing this solution allows 

stand-alone PV-HP systems to operate without EES, incorporating TES only if the 

application requires it for solving the day-night generation cycle.  

This chapter presents an economic assessment and comparison of two technical 

solutions for PV-HP systems: a grid-connected configuration for PV self-consumption 

(SC) and an autonomous (AU) configuration with water tanks as TES and a diesel 

generator as back-up during winter. The AU system would operate with the control 

algorithm developed by the IES-UPM. Both configurations have been dimensioned to 

satisfy the space heating and cooling needs of two industrial livestock farms located in 

Spain, used as study cases. The PV production of these systems was simulated for a 

whole year and compared to the electricity consumption of both farms. The objective of 

this assessment is to evaluate the economic viability of implementing these PV-HP 

solutions (instead of a traditional grid-connected system without PV generation), and 

deducing if and under which conditions one solution could be more profitable than the 

other. SC solutions are simpler technically and more extended, but AU solutions permit 

to eliminate certain power terms from the contract with the utility, reducing the 

electricity bill not only in the energy term. Determining when AU solutions can be more 

profitable than SC and the grid, is an open question and its answer will favor the wide 

spreading of PV systems in the electric system.  

The economic viability is expressed in terms of: 

• The profitability of the Initial Investment Cost (IIC) required to install a PV 

system, as well as the water tank for the AU solution (the diesel generator is 

assumed to be pre-existent, as they are usually installed in this type of 

installations for back-up purposes). This profitability is quantified by the 

Profitability Index (PI), the Internal Rate of Return (IRR) and the Payback 

Period (PBP).  
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• The savings in terms of Levelized Cost of Energy (LCOE) along the lifetime of 

the system (typically 25 years for PV systems), comparing the two PV-HP 

solutions (SC and AU) to the only grid-powered (OGP) system.  
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4.2 METHODOLOGY 

Two livestock farms have been selected as study cases for space heating and cooling: a 

poultry farm (PO) and a rabbit farm (RA) located in the Northwest region of Spain. The 

surface of the poultry farm is of 6,600 m2, and the indoor temperature varies between 

18ºC and 33ºC (depending on the age of the animals). The surface of the rabbit farm is 

of 20,700 m2 and the indoor temperature varies between 18ºC and 22ºC.    

4.2.1 System sizing 

The simulation tool SISIFO [55] was used to simulate the electricity production of both 

PV-HP systems with the PV generators mounted in two different structures, a static (St) 

one and a North-South horizontal axis tracking (Tr) structure, along a whole year and 

with hourly resolution.  Comparing the simulated PV productions with the hourly 

electricity consumptions from the grid of the two farms, a different PV generator size 

was selected for each farm -PO and RA- and for each configuration -St and Tr-.  The 

sizing criteria was to generate at least as much PV electricity as the farm consumed 

from the grid during the summer season (from April to October), on a daily basis. 

During sunny hours there will be a PV surplus that will be sold to the electric grid in the 

SC solution or used to heat/cool water in the TES in the AU solution). At night, energy 

will be bought from the grid or taken from the TES, respectively. During the winter 

periods when PV production is not enough, the grid (in the SC solution) or a diesel 

generator (in the AU solution) will act as a back-up. Figure 28 shows the schematic of 

the system components for the SC configuration (a) and the AU configuration (b). Once 

the PV system is dimensioned, the expected savings in terms of CO2 emissions are 

calculated, assuming an average CO2 emissions intensity of 229.5 gCO2/kWh [126]. 

Finally, the TES is dimensioned for storing all the nightly consumption (Enight) of the 

typical day of the “worst summer month” (in terms of the ratio 

consumption/generation). This worst summer month is July or August, depending on 

the system. For the typical day of that month, the total electricity consumption from 18h 

to 8h needs to be stored in the TES as thermal energy. The conversion from electric to 

thermal energy requires the SPF, which expresses the ratio of electric-to-thermal energy 

conversion of the heat pump, and the efficiency of the heat exchanger inside the water 

tank (eff), which will imply certain thermal losses. It was assumed that large-power air-

to-water HPs (suitable for this application) would have an SPF of 5 [127] and eff=90% 

[128]. The resulting thermal energy that needs to be stored (ETES) is obtained as follows: 
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𝐸𝑇𝐸𝑆 =
𝐸𝑛𝑖𝑔ℎ𝑡 × 𝑆𝑃𝐹

𝑒𝑓𝑓
 (22) 

  

  

(a) (b) 

Figure 28. Schematic of the system components for the Self-Consumption configuration 

(a) and the Autonomous configuration (b). 

 

The simulations were carried out for the locations of the two farms (PO: Lat: 42.65ºN, 

Long: 5.54ºW; RA: Lat: 42.59ºN, Long: 5.64ºW). Based on such locations, SISIFO is 

able to import the monthly mean values of horizontal daily irradiation, as well as of the 

maximum and minimum ambient temperatures for each place from the PVGIS database 

[56]. Then, the mean-sky model is used to split the monthly mean daily horizontal 

global irradiation in its beam and diffuse components, which are calculated using the 

global diffuse correlations of Erbs [57]. The estimation of the instantaneous values of 

these components is made as described by Collares-Pereira and Rabl [129]. The Perez 

model [58] is used for transposition from horizontal to in-plane diffuse irradiances. The 

Martinez shading model [130] is also used to calculate the effect of the mutual shadows 

between the different rows of the PV generator. The selected PV modules are Si-c, with 

a power model that considers the temperature effect with a power temperature 

coefficient of              -0.42%/ºC and a NOCT of 45ºC. Table 12 and Table 13 present 

the characteristics of the St and Tr structures. The SC solution operates with a grid-tied 

inverter, while the AU solution operates with a frequency converter. Finally, wiring 

DC+AC losses were assumed to be 4%, soiling effect losses 2%, and ground reflectance 

0.2.  

Figure 29 shows the hourly values of the electricity consumption needed for space 

cooling during the typical day of each summer month (from April to October, the period 



PHOTOVOLTAIC HEAT PUMPS FOR COOLING APPLICATIONS 

105 
 

of the year that determines the sizing of the system) at the PO (a) and RA (b) farms. The 

first consumes less than half the electricity than the second. Also, the consumption 

profile for the PO farm is quite similar to the daily irradiance of a sunny day, but with 

the peak at 17h instead of at 14h (UTC+2h). The RA farm, on the other hand, presents a 

high consumption during most daytime hours, with a peak around midday, and lower at 

night.  

Parameter Value 

Generator inclination [º] 30 

Generator orientation [º] 0 

Separation between structure rows in N-S direction 1.5 

 

Table 12. Parameters of the static structure used for the SISIFO simulations. 

 

Parameter Value 

Separation between trackers in E-W direction 3 

Maximum rotation angle [º] 45 

Axis orientation [º] 0 

Axis inclination [º] 0 

Module inclination [º] 0 

Backtracking option Yes 

 

Table 13. Parameters of the North-South horizontal axis tracking structure used for the 

SISIFO simulations. 
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(a) 

 

 
(b) 

 

Figure 29. Hourly values of the electricity consumption needed for space cooling in 

summer (from April to October, the period of the year that determines the sizing of the 

system) at the Poultry (a) and Rabbit (b) farms. The electricity consumption axis is the 

same in both figures for comparison. 

 

4.2.2 Economic viability analysis 

For estimating the values of IP, IRR and PBP for a monetary investment, the annual 

Cash Flows (CFs) need to be calculated for the whole lifetime of the system (25 years) 

as the difference between the annual profits and costs [131]. In this analysis, the annual 

profits are matched to the annual savings (S), comparing the electricity costs with the 

two PV-HP systems and with the OGP one. Consequently, the annual CF for the year n 

were calculated using the following equation: 

𝐶𝐹 𝑛 = {
−𝐼𝐼𝐶                                                                         (𝑖𝑓 𝑛 = 0)

(𝑆𝑉𝑛 − 𝑂𝑀 − 𝑅𝐶 − 𝐴𝑀𝑛) × (1 − 𝑡) + 𝐴𝑀𝑛    (𝑖𝑓 𝑛 ≠ 0)
 (23) 

Where SVn are the annual Savings for the year n, OM is the Operation and Maintenance 

cost, RC is the Replacement Cost, AMn is the annual Amortization in the year n and t is 

the corporate tax rate. The unit IIC was estimated as 0.8 €/Wp for the St PV system, 1 

€/Wp for the Tr PV system [132] and 10 €/kWhth for the TES [128], OM and RC were 
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considered to be 2% of the IIC [133], AM was calculated assuming a constant 

amortization linear coefficient of 7% of the IIC [134] and t is 25% in Spain [135].  

The annual savings are the difference between the electricity cost with the OGP system 

and with the PV-HP system. They are given by Eq. (24) for the SC solution and by Eq. 

(25) for the AU solution: 

𝑆𝑉𝑛,𝑆𝐶 = (𝑃𝐶𝑛,0𝐺𝑃 + 𝐸𝐶𝑛,0𝐺𝑃 − 𝑃𝐶𝑛,𝑆𝐶 − 𝐸𝐶𝑛,𝑆𝐶 + 𝑆𝑢𝐶𝑛) × (1 + 𝑡𝑒) (24) 

𝑆𝑉𝑛,𝐴𝑈 = (𝑃𝐶𝑛,0𝐺𝑃 + 𝐸𝐶𝑛,0𝐺𝑃) × (1 + 𝑡𝑒) − 𝐷𝐹𝐶𝑛,𝐴𝑈 (25) 

Where 𝑃𝐶𝑛,0𝐺𝑃 and 𝑃𝐶𝑛,𝑆𝐶 are the annual Power Costs of the OGP system and the SC 

solution, 𝐸𝐶𝑛,0𝐺𝑃 and 𝐸𝐶𝑛,𝑆𝐶 are the annual Energy Costs of the OGP system and the 

SC solution, 𝑆𝑢𝐶𝑛 is the annual cost of the PV Surplus generated with the SC solution, 

𝑡𝑒 is the tax rate on the electricity costs, and 𝐷𝐹𝐶𝑛,𝐴𝑈 is the annual Diesel Fuel Cost for 

the AU solution. The values of PC and EC are determined according to the tariff 6.1 in 

Spain for access power and energy consumption [136], SuC is calculated for a unit price 

of 4.69 c€/kWh (the average electricity market price in the last 10 years [137]), 𝑡𝑒 is 

5.11% of 15% of the total costs [138],  and DFC is calculated for a unit price of 68.36 

c€/l (the average in the last 5 years [139]), considering an average diesel fuel 

consumption per energy unit of 3.5 kWh/l [133]. Additionally, PC, EC and DFC were 

updated for an annual inflation rate of 1.7% (the average in the last 10 years in the Euro 

Area [140]), and PC and EC were also assumed to increase by 3% annually [141]. 

Although this scenario has been selected for the case of Spain, it can also be 

representative of other Mediterranean countries. 

Once the annual CFs have been obtained, the PI (defined as the present value of future 

cash flows divided by the IIC) can be determined as follows [142]: 

𝑃𝐼 =
∑

𝐶𝐹 𝑛

(1 + 𝑖)𝑛
25
𝑛=1

𝐼𝐼𝐶
 

(26) 
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Where i is the interest rate, which is given the value 0.81% (the average in the last 10 

years in Spain [135]). The PI expresses the value created per unit of investment so, 

intuitively, it must be bigger than 1 for an inversion to be attractive. The higher the PI, 

the more attractive the inversion. However, this indicator presents some limitations: 

when comparing different projects, they must have the same lifetime in years to be 

comparable by means of the PI. Otherwise, two projects might present the same PI, but 

the one with a shorter lifetime would actually be more profitable. Furthermore, this 

index does not consider the possibility of splitting the investment of a project into 

several years, which would affect its profitability. Nevertheless, the PI is suitable for the 

assessment and comparison of the cases considered in this paper. 

Finally, the IRR is the expected annual rate of return that will be earned on a project and 

is the interest rate at which the IIC is returned at the end of the lifetime of the project 

[131], and PBP is the period of time required for the IIC to be returned with the present 

value of cash flows, disregarding the interest rate [131]. They are given by the following 

expressions: 

𝐼𝐼𝐶 = ∑
𝐶𝐹 𝑛

(1 + 𝐼𝑅𝑅)𝑛

25

𝑛=1

 (27) 

𝐼𝐼𝐶 = ∑ 𝐶𝐹𝑛

𝑃𝐵𝑃

𝑛=1

 (28) 

  

4.2.3 Levelized Cost of Energy (LCOE) 

The LCOE represents the average net present cost of the total electricity production 

(EP) over the lifetime of the system, including the IIC, AM, RC and the generation costs 

[143]. For the OGP system, IIC=OM=RC=0, and the generation costs are those paid for 

the access power and energy consumption from the grid: 

𝐿𝐶𝑂𝐸0𝐺𝑃 =
∑

(𝑃𝐶𝑛,0𝐺𝑃 + 𝐸𝐶𝑛,0𝐺𝑃) × (1 + 𝑡𝑒)
(1 + 𝑖)𝑛

25
𝑛=1

∑
𝐸𝑃𝑛,𝑂𝐺𝑃

(1 + 𝑖)𝑛
25
𝑛=1

 (29) 
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For the PV-HP system with the SC solution, the IIC, OM and RC are those 

corresponding to the PV system, and the generation costs are those paid for the access 

power and energy consumption from the grid minus the cost of the PV surplus sold to 

the grid: 

𝐿𝐶𝑂𝐸𝑆𝐶 =
𝐼𝐼𝐶𝑆𝐶 + ∑

𝑂𝑀 + 𝑅𝐶 + (𝑃𝐶𝑛,𝑆𝐶 + 𝐸𝐶𝑛,𝑆𝐶 − 𝑆𝑢𝐶𝑛) × (1 + 𝑡𝑒)
(1 + 𝑖)𝑛

25
𝑛=1

∑
𝐸𝑃𝑛,𝑆𝐶

(1 + 𝑖)𝑛
25
𝑛=1

 (30) 

Finally, for the PV-HP system with the AU solution, IIC, OM and RC are those 

corresponding to the PV system and the TES, and the generation costs are those 

associated to the diesel required in winter: 

𝐿𝐶𝑂𝐸𝐴𝑈 =
𝐼𝐼𝐶𝐴𝑈 + ∑

𝑂𝑀 + 𝑅𝐶 + 𝐷𝐹𝐶𝑛

(1 + 𝑖)𝑛
25
𝑛=1

∑
𝐸𝑃𝑛,𝐴𝑈

(1 + 𝑖)𝑛
25
𝑛=1

 (31) 

It must be noted that, for this analysis, the IIC associated to the extension of the grid 

(which would affect the OGP and the SC systems) has been disregarded, assuming that 

there is a grid-connection point already available. In the sensitivity analysis, other 

scenarios will be explored.       



4. A COMPARATIVE ECONOMIC FEASIBILITY STUDY OF PV-HP SYSTEMS  

 

110 
 

  



PHOTOVOLTAIC HEAT PUMPS FOR COOLING APPLICATIONS 

111 
 

4.3 RESULTS AND DISCUSSION 

 

4.3.1 System sizing and energy yield 

Table 14 includes the PV installed power (kWp), energy yield (kWh/kWp), CO2 savings 

(kgCO2/kWp) and thermal capacity of the TES (kWhth/kWp) for each of the PV-HP 

cases here considered: PO and RA farms, St and Tr configurations, SC and AU 

solutions. The PO farm requires approximately a third of the PV power required by the 

RA farm (90 compared to 250 kWp with the St configuration and 70 compared to 240 

kWp with the Tr configuration), as expected taking into account the electricity 

consumptions in Figure 29. It can also be observed that St configurations need bigger 

PV installations than Tr configurations for matching the same electricity consumption: 

90 compared to 70 kWp for the PO farm and 250 compared to 240 kWp for the RA farm. 

This is explained by observing the annual PV energy yields: considering one solution 

(SC or AU), St configurations reach lower annual productions than Tr ones (for 

example, the SC solution for the PO farm produces 1530.5 kWh/kWp with the St 

configuration and 1951.3 kWh/kWp with the Tr one). Finally, PV systems reach higher 

productions for the SC solution than for the AU solution: for example, the Tr 

configuration for the RA farm produces 2006.9 kWh/kWp using the SC solution and 

1214.2 kWh/kWp using the AU solution. The reason is that SC systems can use all the 

daily irradiance for generating electricity, even if there is no demand (in that case, the 

PV surplus is sold to the grid), while AU systems must stop generating if there is no 

thermal demand and the TES is already full. Nevertheless, despite this lower utilization 

of the PV generator, AU solutions not only reduce the cost of the electricity but also 

eliminate the power term of the electricity bill, opening the possibility of bigger 

economic savings. 

The savings in terms of CO2 emissions follow the same trend as the PV energy yield 

and are in the 223.2-460.6 kgCO2/kWp range. This information could be relevant for 

designing a fair taxation system, where fossil fuels accounted for all their associated 

external costs (including environmental [144]). However, PV systems manufacturing 

and transport do emit CO2, so a carbon payback period between 4.6 and 9.4 years 

should be considered when assessing these results [145].    
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As for the TES, it is only needed for the AU solution. The PO farm requires bigger 

water tanks per kWp than the RA farm: 11.6 compared to 10.3 kWhth/kWp for the St 

configuration and 12 compared to 8.3 for the Tr configuration. This is explained 

because nightly consumptions relative to the size of the system are generally higher for 

the PO farm. Table 14 also shows that the St configuration implies bigger TES than the 

Tr configuration for the RA farm (10.3 compared to 8.3 kWhth/kWp). This is because 

the PV production of St structures is smaller in the early morning and late afternoon (so 

the TES is needed to meet the demand in these periods) than at midday hours, while Tr 

structures present almost constant productions along daily hours during the summer 

period.       

   
PV Power (kWp) / 

Surface (m2) 

PV Energy Yield 

(kWh/kWp) 

CO2 savings 

(kgCO2/kWp) 

TES capacity (kWhth/ 

kWp) / Volume (m3) 

PO 

St 
SC 

90 / 675 
1530.5 351.2 NA 

AU 972.4 223.2 11.6 / 20.9 

Tr 
SC 

70 / 1,050 
1951.3 447.8 NA 

AU 1250.2 286.9 12.0 / 16,8 

RA 

St 
SC 

250 / 1,875 
1571.9 360.8 NA 

AU 1165.6 267.5 10.3 / 51.5 

Tr 
SC 

240 / 3,600 
2006.9 460.6 NA 

AU 1214.2 278.7 8.3 / 39.8 

 

Table 14. PV installed power (kWp) and terrain surface needs (m2), yearly energy yield 

(kWh/kWp), CO2 savings (kgCO2/kWp), capacity (kWhth/kWp) and volume (m3) of the 

Thermal Energy Storage (TES) system for the Poultry (PO) and Rabbit (RA) farms, for 

the Static (St) and Tracking (Tr) configurations and for the Self-Consumption (SC) and 

Autonomous (AU) solutions. TES are Not Appliable (NA) for the SC solution. 

 

4.3.2 Economic viability analysis 

The installation of a PV-HP system, instead of a traditional OGP system, would be 

economically feasible when the resulting PI is bigger than 1, the IRR is higher than the 

discount rate, and the PBP is significantly lower than the lifetime of the system (25 

years) [131].  

Table 15 presents the PI (€/€), the IRR (%) and the PBP (years) obtained for all the 

cases here considered. It can be observed that the conditions required for the investment 

to be cost effective are met for all the cases. The PI values are in the 2.23-2.97 range 

(all bigger than 1), the IRR values are in the 8.1-10.9% range (all higher than 0.81%) 
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and the PBP values are in the 9.2-11.0 years range (less than half the lifetime of the 

system).   

 

 

   PI (€/€) IRR (%) PBP (years) 

PO 

St 
SC 2.23 8.1 10.9 

AU 2.79 10.2 9.6 

Tr 
SC 2.33 8.5 10.7 

AU 2.91 10.7 9.3 

RA 

St 
SC 2.50 9.5 9.8 

AU 2.97 10.9 9.2 

Tr 
SC 2.28 8.2 11.0 

AU 2.69 9.8 9.9 

 

Table 15. Profitability Index (PI), Internal Rate of Return (IRR) and Payback Period 

(PBP) obtained for the Poultry (PO) and Rabbit (RA) farms, for the Static (St) and 

Tracking (Tr) configurations and for the Self-Consumption (SC) and Autonomous (AU) 

solutions. 

Figure 30, Figure 31 and Figure 32 show the PI (€/€), the IIR (%) and the PBP (years) 

values obtained for all the cases under study. The three indicators show the same trends: 

when a system is more profitable, it presents higher PI and IIR values and a lower PBP.  

Comparing the two livestock farms and the two types of PV structures, it cannot be 

concluded that one of them is always more profitable than the other: the PO farm 

presents better results when using a Tr structure (for example, a PI of 2.33 compared to 

2.23 for the SC solution), while the RA farm is favored when using a St structure (with 

a PI of 2.50 compared to 2.28 for the SC solution). The consumption of the PO farm 

presents a peak between 17h and 18h, a few hours after midday; the PV production of a 

St structure at that time of the day is much lower than at midday hours, so the PV 

system would need to be oversized for matching the PO farm needs. On the other hand, 

the RA farm presents the maximum consumption at around 14h for most of the months, 

fitting better the typical PV generation of a St structure.    

Comparing the SC and AU solutions, the second is more profitable regardless of the 

farm or the type of PV structure. Although these differences may not seem very 

significant in absolute terms, they are in relative terms. Observing the IRR, the 
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difference can be as high as 26% (for the PO farm with a Tr structure, a SC solution 

offers an IIR of 8.5%, while the AU solution reaches 10.7%). In terms of PI this relative 

difference is also significant: 2.91 with the AU solution is a 25% higher than 2.33 with 

the SC solution. Finally, in terms of PBP, this difference represents a 15% (10.7 years 

with SC compared to 8.5 with AU). From these results it can be deduced that, although 

the AU solution requires to invest in a TES and implies the use of a diesel generator in 

winter, the savings that it permits in the electricity bill (both in power and energy) are 

more significant for its profitability. For the SC solution, these savings are smaller 

because the user still needs a contract with the electricity company. Also, the reductions 

in the power term of the electricity bill are mainly in the central hours of the day, when 

PV production is higher and the power term of the electricity bill is more expensive. In 

general terms, the annual savings of the AU systems are between 14% and 26% higher 

than for the SC ones.      

 

Figure 30. Profitability Index (€/€) obtained for the Poultry (PO, in red) and Rabbit 

(RA, in blue) farms, for the Static (St, unstriped) and Tracking (Tr, striped) 

configurations and for the Self-Consumption (SC, discontinuous border) and 

Autonomous (AU, continuous border) solutions. 
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Figure 31. Internal Rate of Return (%) obtained for the Poultry (PO, in red) and Rabbit 

(RA, in blue) farms, for the Static (St, unstriped) and Tracking (Tr, striped) 

configurations and for the Self-Consumption (SC, discontinuous border) and 

Autonomous (AU, continuous border) solutions. 

 

 

Figure 32. Payback Period (years) obtained for the Poultry (PO, in red) and Rabbit 

(RA, in blue) farms, for the Static (St, unstriped) and Tracking (Tr, striped) 

configurations and for the Self-Consumption (SC, discontinuous border) and 

Autonomous (AU, continuous border) solutions. 
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4.3.3 Levelized Cost of Energy 

Table 16 presents the LCOE (c€/kWh) values for the OGP system and for the PV-HP 

systems, as well as the corresponding LCOE savings (%) obtained. These savings are in 

the 57-70% range, so it can be affirmed that the generation of electricity for industrial 

space heating and cooling in significantly cheaper if using PV-HP systems. The 

differences observed between different system configurations are explained if looking at 

the energy yields in Table 14: higher energy yields lead to lower LCOEs. For the type of 

systems considered in this work, the monetary expenses in the concepts of installation, 

operation and maintenance are directly proportional to the nominal PV power. Hence, if 

a system needs to install less PV power for achieving the same energy generation (in 

other words, has a bigger energy yield), it will imply less monetary expenses and a 

lower LCOE.  

The LCOEs are lower for the RA farm than for the PO farm because its daily 

consumption matches better the PV production, hence achieving higher energy yields. 

The biggest difference is observed for the Tr structure with the SC solution: the RA 

farm presents a LCOE a 23% lower than the PO farm. If comparing the St and Tr 

structures, the first presents higher LCOE values than the seconds, with a maximum 

difference of 14% for the RA farm with the SC solution.  

Finally, the most relevant factor is the technical solution adopted: SC solutions achieve 

bigger energy yields and, consequently, lower LCOEs (with a maximum difference of 

43% for the RA farm with the Tr structure). The lower costs associated to the AU 

systems are compensated by their lower annual productions (between 46% and 52% 

lower than with the SC solution). However, it is important to highlight that these results 

have been obtained for a scenario that favors the SC solution: it has been assumed that 

there is already an available grid connection point, hence the IIC required to extend the 

grid is cero. In isolated areas without grid-access, the AU solution could be better in 

terms of both economic profitability and LCOE. 
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   LCOEOGP (c€/kWh) LCOEPV-HP (c€/kWh) LCOE savings (%) 

PO 

St 
SC 

17.43 

5.76 67 

AU 7.46 57 

Tr 
SC 5.83 67 

AU 7.31 58 

RA 

St 
SC 

15.71 

5.40 66 

AU 6.68 57 

Tr 
SC 4.74 70 

AU 6.78 57 

 

Table 16. Levelized Cost of Energy (LCOE) obtained for the Only Grid-Powered system 

(OGP) and for the Photovoltaic Heat Pump (PV-HP) systems, as well as the 

corresponding LCOE savings, for the Poultry (PO) and Rabbit (RA) farms, for the 

Static (St) and Tracking (Tr) configurations and for the Self-Consumption (SC) and 

Autonomous (AU) solutions. 

 

4.3.4 General discussion 

All the base cases analyzed here show a good economic feasibility of PV-HP systems 

compared to OGP systems. However, there are two possible criteria for stablishing 

which configuration is better. The PI, IRR and PBP values evaluate the economic 

profitability of an inversion, which is higher for the AU solutions mainly due to the 

bigger savings in the electricity bill (which are between 14% and 26% higher for the 

AU solutions than for the SC ones). Also, water-based TES systems (that have been 

proposed here for guarantying the technical feasibility of the AU solution) are very 

competitive, accounting for less than 15% of the IIC. As for the St or Tr structures, it 

cannot be stated that one is better than the other: it will depend on the daily 

consumption profile to be matched. The economic profitability would be the most 

relevant criteria for maximizing the benefits for an investor, whether it is a particular or 

a financing entity. 

On the other hand, the LCOE evaluates the energetic profitability of an inversion, or the 

monetary expense required for generating a unit of energy. Hence, the EP achieved is a 

relevant factor, while it did not affect the economic profitability analysis. SC solutions 

achieve bigger productions than the AU ones (between 46% and 52% higher), as they 

can harness all the daily irradiation (if there is no consumption, the PV surplus is sold to 

the grid). This difference is big enough to overcompensate the lower costs of the AU 
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solutions. For the same reason, Tr structures also offer lower LCOEs. This would be the 

most relevant criteria for maximizing the PV energy production at the lowest cost.  
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4.4 SENSITIVITY ANALYSIS   

Besides the base case scenario considered in this study, a sensitivity analysis has been 

performed for testing the robustness of the economic results. This section presents the 

most relevant variables of the model and the corresponding results that are significantly 

affected.  

4.4.1 Annual variation of electricity costs (PC and EC) 

For this analysis, PC and EC (which constitute the electricity costs) have been assumed 

to increase by 3% annually.  

Figure 33 presents the values of the PI (a), the LCOE (b) and the LCOE savings 

compared to the OGP system (c), obtained for an annual variation of electricity costs 

between -6% and +12%. Note that IRR and PBP values are not presented, although they 

are also sensible to this input, because with the PI it is easier to visually distinguish 

when the economic inversion stops being profitable (PI<1). Roughly, this would occur 

if electricity prices decreased by more than -3% annually, which is a rather unlikely 

scenario in the present energy landscape. In terms of PI, AU solutions (represented with 

the continuous lines) are more sensible than the SC ones (represented with 

discontinuous lines), because the term Sn,AU varies more than Sn,SC -see Eq. (24) and 

(25)-. On the other hand, the LCOEAU does not vary, while the LCOESC increases 

exponentially with the electricity costs. In fact, the LCOEAU could be lower than the 

LCOESC for an annual increase of the electricity cost of more than 6%. As for the LCOE 

savings, they follow logarithmic functions for all the cases, but with a bigger coefficient 

for the AU solutions. Even if the electricity costs decreased by 3% annually, PV-HP 

systems would still be more economic than OGP ones.  
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(a) 

 

 
(b) 

 

 
(c) 

 

Figure 33. Profitability Index (a), Levelized Cost of Energy (b) and LCOE savings 

compared to the Only Grid Powered system (c), obtained for an annual variation of 

electricity prices between -6% and +12%. Results are given for the Poultry (PO) and 

Rabbit (RA) farms, for the Static (St) and Tracking (Tr) configurations and for the Self-

Consumption (SC) and Autonomous (AU) solutions. Discontinuous lines correspond to 

SC and continuous lines, to SC. 

 

4.4.2 Interest rate (i) 

The profitability of the economic inversion for installing PV-HP systems is very 

sensitive to the national interest rate. Even though IRR and PBP values do not change, 

the inversion would only be profitable while i < IRR. Furthermore, the PI, the LCOE 

and the LCOE savings do experiment significant variations with this input, as shown in 

Figure 34. The PI decreases when the i increases, according to a quadratic function. 

However, the i would have to increase nearly up to 10% for the inversion not to be 
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profitable, and not even for all the cases under study. In developed countries like Spain, 

it is very unlikely that the interest rate increases from 0.8% (the current value) to 10%. 

Finally, it can be observed that the LCOE increases exponentially with the i, while the 

LCOE savings decrease also exponentially. AU solutions (continuous lines) are more 

sensitive than SC solutions (discontinuous lines) because of their higher CFs, that 

experiment bigger variations with the i when discounted to their present value.      

 
(a) 

 

 
(b) 
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(c) 

Figure 34. Profitability Index (a), Levelized Cost of Energy (b) and LCOE savings 

compared to the Only Grid Powered system (c), obtained for an internal rate (i) in the 

0-10% range. Results are given for the Poultry (PO) and Rabbit (RA) farms, for the 

Static (St) and Tracking (Tr) configurations and for the Self-Consumption (SC) and 

Autonomous (AU) solutions. Discontinuous lines correspond to SC and continuous 

lines, to SC. 

 

4.4.3 PV surplus and diesel costs (SuC and DFC) 

The economic profitability of PV-HP systems is not very sensitive to the variation of 

the SuC -in the case of SC solutions- or the DFC -in the case of AU solutions-, because 

they have little weight in comparison to the savings in terms of electricity costs. The 

LCOE and LCOE savings, on the other hand, experiment significant variations as shown 

in Figure 35. For AU solutions, the LCOE increases linearly with the DFC and the 

LCOE savings decrease also linearly; for the SC solutions, the LCOE decreases 

logarithmically with the SuC and the LCOE savings increase also logarithmically. If 

both DFC and SuC decreased by -60%, the LCOEAU would be bigger than the LCOESC. 

Although the DFC is not likely to decrease in the future, the SuC is susceptible to 

variations even bigger than that as the energetic policies and markets evolve.  

Note that Figure 35 can be used for analyzing scenarios where the PV surplus and the 

diesel costs did not experiment the same variation, as each variable affect only a set of 

curves (SC or AU). For example, let us assume that the SuC decreased by -40% and the 

DFC increased by 20%. For the PO farm with a St structure, we would need to compare 

the purple point corresponding to -40% (for an SC solution) and the orange point 

corresponding to 20% (for the AU solution).  
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(a) 

 

 
(b) 

 

Figure 35. Levelized Cost of Energy (a) and LCOE savings compared to the Only Grid 

Powered system (b), obtained for a variation of the PV surplus cost -in the case of SC 

solutions- or of the diesel cost -in the case of AU solutions- in the ±60% range. Results 

are given for the Poultry (PO) and Rabbit (RA) farms, for the Static (St) and Tracking 

(Tr) configurations and for the Self-Consumption (SC) and Autonomous (AU) solutions. 

Discontinuous lines correspond to SC and continuous lines, to SC. 

 

4.4.4 Grid Expansion Costs (GEC) 

The previous analysis has been done under the assumption that there is an available grid 

connection point. Nevertheless, it is not uncommon that new farms are far from urban 

areas and isolated from any grid infrastructure. In that case, both OGP and SC solutions 

would require of an extra IIC to extend the grid, which would favor the AU solution 

economically. In order to explore this scenario, a sensitivity analysis to the grid 

expansion costs (GEC) has been performed. Figure 36 presents the LCOE (a) and LCOE 

savings (b) obtained for a GEC in the 0-3,000 €/kW range. The LCOESC increases 
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linearly with the GEC; it could be bigger than the LCOEAU if the GEC was higher than 

2,500 €/kW. As for the LCOE savings, they increase linearly for the AU solutions and 

decrease linearly for the SC solutions. If the GEC increased, the savings in the 

installation costs for an AU solution compared to an OGP system would be bigger.  

However, the saving for installing a SC solution (that needs a grid connection point) 

would be smaller. For example, if the GEC increased up to 3,000 €/kW, the LCOE 

savings in a PO farm with a Tr structure would be 3% points higher for an AU solution 

(yellow line, LCOE savings of 67%) than for a SC solution (grey line, LCOE savings of 

64%).  

 
(a) 

 

 
(b) 

 

Figure 36. Levelized Cost of Energy (a) and LCOE savings compared to the Only Grid 

Powered system (b), obtained for a Grid Expansion Cost in the 0-3000 €/kW range. 

Results are given for the Poultry (PO) and Rabbit (RA) farms, for the Static (St) and 

Tracking (Tr) configurations and for the Self-Consumption (SC) and Autonomous (AU) 

solutions. Discontinuous lines correspond to SC and continuous lines, to SC. 
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4.4.5 Lifetime of the system 

This analysis has been made under the assumption that the system has a lifetime of 25 

years. However, this lifetime could vary, especially for the PV generator if it suffered 

different degradation rates than the one assumed in this work (0.8% annually) [146]. 

Figure 37 presents the LCOE savings and the PI (b) obtained for a lifetime in the 15-30 

years range. The LCOE savings increase logarithmically with the lifetime of the system, 

and the sensitivity is bigger for the AU solution. The PI increases exponentially and the 

sensitivity is also bigger for the AU solution. However, note that even for a lifetime of 

15 years, less than the guarantees of PV modules (typically 25 years), the PV-HP 

implementation would still be profitable and LCOE savings would be more than 30%.  

 

(a) 

 
(b) 

 

Figure 37. LCOE savings compared to the Only Grid Powered system (a) and 

Profitability Index (b), obtained for a lifetime of the system in the 15-30 years range. 

Results are given for the Poultry (PO) and Rabbit (RA) farms, for the Static (St) and 

Tracking (Tr) configurations and for the Self-Consumption (SC) and Autonomous (AU) 

solutions. Discontinuous lines correspond to SC and continuous lines, to AU. 
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4.5 CONLUSIONS 

This chapter presents an economic assessment and comparison of two technical 

solutions for PV-HP systems for space heating and cooling: a grid-connected 

configuration for PV self-consumption (SC) and an autonomous (AU) configuration 

with water tanks as TES and a diesel generator as back-up during winter. These systems 

have been dimensioned for two livestock farms (a poultry -PO- farm and a bigger rabbit 

-RA- farm), considering the possibility of using static (St) or tracking (Tr) PV 

structures. The AU system would operate with a control algorithm developed by the 

IES-UPM, that permits to resist up to 75% of the PV power fluctuations caused by 

passing clouds (hence eliminating the need of electric storage). This economic 

assessment has been performed in terms of the profitability of the investment required 

to install a PV-HP system (given by the PI, the IRR and the PBP) and in terms of the 

LCOE, both in comparison to a traditional Only Grid Powered (OGP) HP system. 

Finally, the robustness of the economic profitability of PV-HP systems has been tested 

by means of a sensitivity analysis. The main conclusions drawn from this analysis are 

the following: 

• SC solutions reach bigger PV energy yields than AU solutions, because the PV 

surplus can be sold to the grid even when there is no consumption. Tr structures 

obtain higher PV productions than St ones, hence requiring smaller PV systems 

for covering a certain demand.  

• The PI values obtained are all positive and in the 2.23-2.97 €/€ range, all bigger 

than 1. AU solutions offer higher PIs than SC solutions (because they imply big 

savings in electricity costs).  

• The IRR values are in the 8.1-10.9% range, all higher than the interest rate 

(0.8%). AU solutions offer better profitability in term of IRR than SC solutions.   

• The PBP values are in the 9.2-11 years range, all less than half the lifetime of 

the PV system (25 years). The bigger the IRR, the lower the PBP, so AU 

solutions permit to recover the economic investment sooner than the SC 

solutions. 
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• The LCOE values are in the 4.74-7.46 c€/kWh range, representing LCOE 

savings compared to the OGP system between 57% and 70%. Lower LCOEs (or 

higher LCOE savings) correspond to the SC solutions because of their higher 

energy yields.  

• The PI, IRR and PBP express the economic profitability of a project and are the 

relevant selection criteria for an investor. The most significant factor for 

determining which solution is better are the economic savings in the electricity 

bill. The LCOE, on the other hand, expresses the energetic profitability of a 

project, helping to determine which option generates the maximum energy at the 

minimum cost. The most relevant factor in this case is the annual electricity 

production.   

• The results are significantly sensitive to: the annual variation of electricity prices 

(the installation of a PV-HP system would be profitable unless these prices 

decreased by more than -3% annually, which is unlikely), the interest rate (PV-

HP systems would be profitable unless it was higher than 10%), the PV surplus 

cost -in the case of SC solutions- or the diesel cost -in the case of the AU 

solutions- (if both decreased by more than -60%, LCOEAU could be lower than 

LCOESC), the grid expansion cost (if it was higher than 2,500 €/kW, LCOEAU 

could be lower than LCOESC) and the lifetime of the system (although even for a 

lifetime of 15 years, PV-HP systems would still be profitable and generate 

LCOE savings of more than 30%). 

In general terms, the installation of PV-HP systems instead of OGP-HP systems for 

industrial space heating and cooling is already very profitable in economic and energetic 

terms. This profitability would only be endangered under certain circumstances that are 

not likely to occur in the present energetic and economic landscape. Despite their higher 

LCOEs, AU solutions offer a better economic profitability than SC ones, because they 

permit bigger savings in terms of electricity costs, not only in the term of energy but 

also in the term of power.  
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5.1 CONCLUSIONS 

This PhD work is the first step of the PV Systems research group in a new research line 

focused on PV-HP systems for cooling applications. The main objective is to 

demonstrate the feasibility and reliability of a technical solution without batteries 

(avoiding EES presents technical, safety and environmental benefits). Following the 

simile that we stablished in the introduction, this PhD represents the construction of the 

first floor of a house, including its structure and its walls.  

The most important contributions of this work are: 

- Proposal of new KPIs for the technical evaluation and comparison of PV-HP 

systems, with two main improvements compared to the traditional KPIs: 

 

o The factorization of the PR into the PRPV (independent from the climatic 

conditions and time span of the experiments) and three Utilization Ratios 

related to the cooling period (URCp), the characteristics of the PV-HP system 

components (URPV-HP) and the energy demand of the system application, 

partially dependent on the end user’s behavior (UREF).  

 

o The definition of the SPFPV-HP,STC as a combination of the PRPV,STC, the three 

URs and the SPF of the HP unit. This indicator allows to compare different 

systems and to identify the causes of possible underperformances by 

analyzing the factors that compose it. This is very helpful for assigning 

responsibilities and improving the bankability of future projects. 

 

- Implementation and technical validation of the proposed solution without 

batteries, in a stand-alone configuration. The values of the defined KPIs 

demonstrate a good performance of the system and of its components 

(PRPV,STC,ref is in the 0.84-0-96 range, SPF is in the 2.49-3.26 range and SPFPV-

HP,STC,ref is in the 3.55-4.93 range). The representativity of the results is restricted 

to the technologies used in the prototype at the IES-UPM (polycrystalline PV 

modules and air-to-air HP unit) and to the seasonal character of the tests 

implemented (summer conditions were simulated indoors when necessary, but 

the PV generator was exposed to real weather conditions).  



PHOTOVOLTAIC HEAT PUMPS FOR COOLING APPLICATIONS 

133 
 

 

- Identification and quantification of the main uncertainty sources for the 

calculation of the defined KPIs, using the data from the tests implemented at the 

IES-UPM. The main uncertainty source is the estimation of the cooling thermal 

power absorbed at the evaporator (standard uncertainty bigger than 5%), used 

for the calculation of the EER and the SPF. However, this percentage could be 

lowered by introducing temperature and flow sensors into the refrigerant circuit 

(currently, these variables are measured for the air absorbed and released by the 

evaporator).  

 

- The cloud-passing algorithm resisted up to 75% of the cloud-passing events 

detected during the characterization tests of the stand-alone configuration. This 

means that it was able to avoid the sudden stop of the compressor due to a solar 

power fluctuation, and the consequent electric and mechanical stress of the 

system components that can reduce its lifetime. The limitations of the current 

cloud-passing algorithm have been linked to the moto compressor used in this 

prototype, that include a protection valve that stops the compression when very 

sharp fluctuations occur. Understanding and possibly avoiding this protection 

could increase the success ratio of the algorithm, presumably more than using a 

more complex method for the tuning the PID control.     

 

- The technical solution developed in this work has been economically validated 

for an industrial application, using real electric consumption data from two 

livestock farms located in Spain. This economic study compared two 

configurations, stand-alone and self-consumption. Both solutions are profitable 

(the PI is in the 2.23-2.97 range, the IRR is in the 8.1-10.9% range and the PBP 

is in the 9.2-11 years) and reduce the levelized cost of energy compared to a grid 

powered system (LCOE savings are in the 57-70% range). The stand-alone 

configuration allows important economic savings in terms of energy and power 

in the electricity bill, which benefits its economic profitability compared to the 

self-consumption configuration.  
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5.2 FUTURE RESEARCH LINES 

Once the first floor of our house has been erected, there are still many details to be 

polished for enjoying perfect living conditions: painting walls, buying furniture, maybe 

hanging a nice painting in a room…  Also, let us not forget our intention to build more 

floors on top of the first one, for what we will need to reinforce our structure. In 

practical terms, this translates into the following future research lines: 

- To generate a bigger data base with experimental data from PV-HP systems with 

different technologies, configurations and test conditions. This data base would 

help to validate the KPIs proposed in this work, and would possibly lead to some 

variations or modifications. Also, interesting conclusions could be drawn from 

the analysis of the SPFPV-HP,STC and its factors. 

 

- The PRPV,STC is independent from the time span and climatic conditions during 

the test implemented. However, for the SPFPV-HP,STC to be completely 

independent from these, it would be necessary to develop a SPFSTC, equivalent 

to the PRSTC but for the HP system. This way, different experimental works 

could be comparable as long as they used components from similar 

technologies.  

 

- Even though the stand-alone configuration without batteries is capable of 

mitigating the majority of power fluctuations due to cloud passing, it is limited 

for certain applications that demand energy at night or during cloudy days. 

Solutions with TES are a promising alternative that is already being explored by 

the IES-UPM in collaboration with the Central Laboratory of Solar Energy and 

New Energy Sources (CLSENES) from the Bulgarian Academy of Sciences.    

 

- For increasing the percentage of resisted passing clouds, the working principles 

of the protection valve present in the compressor must be comprehended. Other 

types of compressor that lack this protection should be explored. 

 

- An environmental assessment of PV-HP systems for several representative 

applications would help to promote this technology. For example, quantifying 

the possible benefits in terms of kg of CO2 emissions that could be avoided.  
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- PV-HP technology can be suited for a wide range of industrial applications, 

besides space heating and cooling. As an example, the PV Systems research 

group has already applied for leading a national project, focused on the use of 

PV-HP systems for the drying of alfalfa bales in La Rioja.  
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